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Fore word 

It has often been said that we know more about radiation than any other 
pollutant known to man. We are at this vantage point now because of an early 
conccrn for radiation protection when nuclear programs were developing at 
U.S. Government and university laboratories. Indeed, the protection of man 
and his environment from the harmful effccts of ionizing radiation came to be 
known as the field of health physics and benefited from considerable previous 
experience in medical physics and a vigorous program in radiation biology. To 
properly apprcciatc where we are now in our ability to 8sstss radionuclide 
releases, it is necessary to trace the path of development. 

Assessment of radionuclide releases to the environment was first required 
on a somewhat large scale in the 1940s for the environs of the major nuclear 
research and production facilities operated for the Federal Government; meas- 
urement and assessment of worldwide fallout from nuclear testing required a 
large effort starting in the 1950s. This early work placed much emphasis on 
environmental measurements, which frquently were reported as gross bcta- 
gamma or gross alpha because spectrometry systems had not yet reached fulI 
versatility. Investigators were usually not able to calculate radionuclide-specific 
doses because of this restriction, so the early yasstssments" were more typically 
'monitoring" than assessments. 

The United States initiated the Plowshare Program in 1957 to use nuclear 
explosives for peaceful purposes. This program created an immediate need for 
predicting the dispersion and ultimate fate of radionuclides that might be 
vented to the atmosphere or enter the groundwater and expose man. Experi- 
ence from previous assessments related to facility operations and worldwide 
fallout studies proved very useful and were augmented with new considerations 

*Director, Health and Safety Research Division, Oak Ridge National Laboratory, 
. __ Oak Ridge, Tenn. 
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of e x p u r e s  due to resuspension an4 potential contamination of natural 
resources such as natural gas, oil, and deep aquifers. Typical assessments 
involved estimation of annual somatic an630-year gonadal doses for wmpari- 
son to limits recommended by the International commission on Radiological 
Protection. Improvements in methodology and refmements in data used to 
implement transport and dosimetry models were made during the relatively 
short duration of the Plowshare Program. Bioenvironmental data for a large 
number of radionuclides were compiled by radioecologists, with particularly 
valuable contributions by Lawrence Radiation Laboratory (now Lawrence 
Livermore National Laboratory). By the late 19609 engineering systems 
analysis had been demonstrated in several publications as a useful tool to 
predict radionuclide movement in environmental exposure pathways by using 
computer codes devtlopd originally to study reactor dynamics. The Plowshare 
Program is now gone, but systems analysis remains as a major predictive tool 
for assessing radionuclide releases. 

Several reports published from 1959 to 1962 by special working groups of 
the Committee on Oceanography of the National Academy of 

iences-National Rescarch Council addressed disposal of radioactive waste in 
Alantic and Pacific coastal waters. Maximum permissible specific activities of 

radionuclides in seawater were the principal numerical guides of the 
committee's publications. 

Both Oak Ridge National Laboratory (ORNL) and the Hanford Works 
(called Pacific Northwest Laboratory, Battelle-Northwest since takeover by 
Battelle Memorial Institute in 1965) completed comprehensive bioenvironmen- 
tal studies to assess the radiological safety of their operations. 'Ibe Clinch 
River Study was summarized in a number of documents by ORNL The study 
utilized extensive measurements to estimate total releases, pathways resulting 
in human exposure, and dietary factors contributing to doses received by popu- 
lations living downstream from the nuclear operations. 'Ibe Columbia River 
Study was very comprehensive because it attempted to v e ~ y  calculations of 
body burdens in the exposed population by whole-body counting and bioassay 
measurements. The results of this study were also well documented in the 
literature. 

By the mid- to late 1960s the civilian nuclear power program started to 
gain momentum and was able to make immediate use of the methodologies 
developed for asssing radiological releases at the national laboratories and 
other federally supported institutions. Two example applications sponwmd by 
the US. Atomic Energy Commission (AEC) were the Upper Mississippi River 
Basin Study and the Tenncsset Valley Region Study. The National Environ- 
mental Policy Act (NEPA) of 1969, which was Signed into law in January 
1970, raquirad Federal agencies to prepare detailed and cOmprtbcllSivt ~sscss- 

ments of all potential environmental impacts resulting from any major project 
qer their charge. In the case of nuclear power stations to be operated by 
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utilities, the AEC was responsible for preparing an environmental impact state- 
ment for each facility seeking a construction permit. 

Potential radiological releases from both routine operations and postulated 
accidents were considered even in the initial environmental impact statements, 
and actions were taken by the AEC to standardize the radiological assessment 
methodology. AEC staff met with radiological assessment scientists of Argonne 
National Laboratory, Pacific Northwest Laboratory, and Oak Ridge National 
Laboratory to seck mutual agreement on dosimetry models, human dietary fac- 
tors, energy decay schemes, bioaccumulation factors, etc., to be used in radio- 
logical sections of environmental impact statements being prepared by the 
laboratories for the AEC. These data bases and models established the ground- 
work for the US. Nuclear Regulatory Commission Regulatory Guide 1.109 
and other guides which were issued several years later. As a result of the Cal- 
vert Cliffs decision in 1971. the AEC was required to consider all environmen- 
tal issues, whereas previously they had accepted responsibility only for radio- 
logical impacts. The U.S. Nuclear Regulatory Commission (NRC) inherited 
the responsibility for preparing environmental impact statements for utility- 
operated power stations when it was formed in 1974, simultaneous with abol- 
ishment of the AEC. The AEC's successors, the US. Energy Research and 
Development Administration and later the U.S. Department of Energy, contin- 
ued to have responsibility for preparing such statements on nuclear-fuel-cycle 
projects that were funded under their budgets for nuclear power development. 

Most radiological assessments that antedate NEPA were prepared using 
conservative methodologies. However, NEPA gave birth to public hearings and 
reviews by other government agencies and special interest groups. There was 
pressure to reduce the dose limits for operating nuclear facilities through regu- 
latory changes, and the -as low as practicable" (ALAP) concept [later changed 
to *as low as reasonably achievable" (ALARA)], as set forth in the Code of 
Federal Regulations, Part 50, Appendix I, was formalized by the NRC and 
applied to proposed plant designs to further reduce potential exposures. Since 
Appendix I set forth numerical design objectives which translated into doses 
that were a small fraction of natural background levels, there was a need to 
refine the radiological assessment methodologies and eliminate excessive con- 
servatism in the calculations. Some important changes included the use of 
average rather than maximum values for physical transport and bioaccumula- 
tion and consideration of existing pathways in the environs rather than the 
'fence post cow." Soon some concern was expressed about the uncertainties 
associated with use of radiological assessment models, and efforts to address 
that concern were initiated. A historical milestone was the workshop "The 
Evaluation of Models Used for the Environmental Assessment of Radionuclide 
Releases" held at Gatlinburg, Tennessee, in September 1977 and sponsored by 
the newly formed U.S. Department of Energy. The workshop resulted in a 
series of critiques on the status of various'models and components making up 
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the assessment methodology. Recommendations were made on limitatjona on 
their use, uncertainties, and further research that would be required. The NRC 

mended for rmcarch. 
responded over the next 2 to 3 years by funding many of the itms mcom- 

(Report WASH-1400). which was the first comprehenaive application of prob- 

nuclear power statiom is now being assessed with PRA technique& whicb con- 

Another milestone was the publication of the Reucror Sufery Srd' 

abilitic risk analysis (PRA) to reactor safety. The performance of some 

sider all events involving people, machines, and environmental inttractionrr to 
arrive at an estimate of the risk to the public from operation of the facility. b 
it too unlikely to assume that someday nuclear plants might be licensed princi- 
pally on the d t 8  of PRA? 

The progress made in the past decade in assessing radionuclide releasea to 
the environment has been outstanding. Many important decisions continue to 
be made on the basis of calculational techniques because actual measurements 
may not be possible. This book fulfills the need to compile and document the 
current calculational models, data bases, and regulatory standards most widely 
ed for assessing routine and accidental releases of radionuclides to the 

.ivironment Further changes are likely, but the numerical values of estimated 
doses to the public may not change much in the next 5 to 10 years compared 
to the changes that have advanced us to our present capability. It is boped that 
our understanding of what thesc predictions mean may be advanced consider- 
ably through validation studies. We have come a long way, but there is still 
room for more progress 

I .. 
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Radiological assessment is the quantitative process of estimating the 
consequences to humans resulting from the release of radionuclides to the bio- 
sphere. It is a multidisciplinary subject requiring the expertise of a number of 
individuals in order to predict source terms, describe environmental transport, 
calculate internal and external dose, and extrapolate dose to health effects. Up 
to this time there has been available no comprehensive book describing, on a 
uniform and comprehensive level, the techniques and models used in radiologi- 
cal assessment. Because of the increasing importance of this subject, the need 
for such a book is evident. 

Radiological Assessment is b a d  on material presented at the 1980 
Health Physics Society Summer School held in Seattle, Washington. The 
material has been expanded and edited to make it comprehensive in scope and 
useful as a text. Because the book includes the contributions of a number of 
individuals, there is some disparity in style and depth among the chapters. In 
addition, although there is consistency in the use of symbols and units within 
each chapter, individual chapters may use different systems of measurement: 
SI alone, dual units, or a composite of SI and conventional units. 

A basic understanding of integral calculus, nuclear and radiation physics, 
statistical methods, and radiation biology is needed to thoroughly comprehend 
and apply the broad spectrum of concepts discussed in the book. It is written 
primarily as a graduate-level textbook, incorporating both example problems 
that illustrate application of specific models and working problems at the end 
of chapters. It is also intended that the book be a reference manual to explain 
and assist ia the use of models for radiological assessments in the preparation 
of environmental impact statements, engineering design of facilities, and 
release of radionuclides from operating facilities. It is emphasized, however, 
that lPadiologicu1 Assessmenr is not meant to be a replacement for U.S. 
Nuclear Regulatory Commission (NRC) guides or other accepted modeling 
practices, but is rather a supplement to such accepted practices. 
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Introduction 

J. E. Till* 
H. R. Meyer' 

Because of continued and intense interest in the effects of radioactivity on 
man and his environment, the transport, uptake, and health impact of radionu- 
clides released to the biosphere have been well studied by scientists. It is cer- 
tain that the prediction of the impact of radionuclides in the environment is 
much better understood than that of nonradioactive pollutants. One of the pri- 
mary purposes of this book is to link, in one document, the models and data 
most commonly used to simulate the movement and effects of radionuclides in 
the environment. 

The ultimate goal of radiological assessment is to show the relationship 
between the usource term," or quantity and types of released radionuclides, 
and the potential effect on human health. The assessment process must 
proceed in a logical fashion, following the radioactive pollutant of interest from 
its point of origin along various exit pathways to the environment, then consid- 
ering its transport in air, water, soil, or food sources to man. Once transport 
and intake are determined, the dose from radiation and resulting risk to health 
can be calculated. Figure I illustrates the major steps in this process, identify- 
ing chapters in which each step is addressed and showing the relationship 
between calculated results. 

Chapter 1 considers the source terms typically encountered in radiological 
assessment and demonstrates their derivation. The ultimate goal of source term 
development is to determine, through measurement or theoretical calculation, 
the type and quantity of radionuclides emitted, in activity per unit time. The 
chemical and physical form of the releases must also be considered. Unfor- 
tunately, in the past too little emphasis was placed on the accurate estimation 
of source terms, and it is likely that considerable uncertainty still exists in this 

*Radiological Assessments Corporation, Nccscs, S.C. 
'Oak Ridge National Laboratory, Oak Ridge, Tenn. 
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area for many assessments. This chapter discusses source terms for routine 
releases, that is, controlled releases of radionuclides during normal operation of 
a facility over a prolonged period of time. 

Chapters 2, 3, and 4 deal with the primary mechanisms of radionuclide 
transport through air, surface water, and groundwater. The objective here is to 
predict the concentrations of radionuclides reaching humans directly, or 
indirectly through the foods they eat. These models simulate physical transport 
and are generally considered to be element-spccific and independent of the par- 
ticular isotope originally released in the source term. The key product of trans- 
port models is an estimate of the activity per unit volume of air or water. 

The next step in radiological assessment is to determine the deposition of 
radionuclides onto terrestrial or aquatic environments and to estimate bioaccu- 
mulation. This subject is discussed in Chapter 5. The goad is to quantitatively 
predict the concentration of radionuclides once they have entered the food 
chain, in terms of activity per unit mass ingested. Bec3ust of the variety of 
routes and radionuclides to be considered in this phase of the assessment pro- 
cedure, this chapter presents numerous tabulations of data specific to the vari- 
ables to be considered. 

Chapter 6 deals with rates of intake of various food products, and 
accepted metabolic parameters for members of the human population. .The 
chapter primarily discusses characteristics of a hypothetical individual rather 
than a specific person or group of people. The content of Chapter 6 is an 
important link between the concentrations calculated in Chapters 2 to 5 and 
the final determination of dose; it is only through the application of these 
usage factors that one can estimate the quantity of each radionuclide entering 
the body. 

Chapters 7 and 8 concern internal and external dosimetry, respectively. 
The authors discuss health physics techniques used to estimate the energy to 
be deposited in various organs of the body via radionuclide. inhalation and 

.-.y,<y..c .w w'-.A-* ingestion or through direct, external exposure. Although these chapters 
present a detailed review of dose calculation, they also tabulate dose conversion 
factors for many radionuclides, providing values which can be applied directly 
in radiological assessments. 

Tritium and I4C, because of their tendency to move freely through 
biological systems, and their association with their abundant stable element 
counterparts, are treated as special cases. The special case models are 
addressed in Chapter 9. which also discusses methods used to estimate global 
circulation and dose for 'H, "C, *'Kr, and 

Once the absorbed radiation dose is calculated, health detriment can be 
estimated by applying one or more risk factors based largely on epidemiologi- 
cal data. Determination of the risk from radiation exposure is discussed in 
Chapter IO. Levels of exposure to radiation are usually very low, and related 
effects are not observable in the context of the background health effects rate 
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in the population. Therefore, the esthation of risk from radiation exposure is 
a difficult process, subject to frequent reevaluation. 

The calculation of radiological risk, from source term development to risk 
extrapolation, is obviously based on numerous sets of data and assumptions of 
varying levels of accuracy. Chapter 11 discusses approaches to determining 
the overall level of confidence in radiological assessment calculations, consider- 
ing the uncertainty associated with each step. It emphasizes the mechanism of 
determining model uncertainty and reviews procedures for limiting the m p e  of 
a problem prior to engaging in formal uncertainty analysis. 

Chapter I2 deals with the historical development of regulatory standards 
and lists the cumnt standards used as the basis for protection of the public 
from radionuclide releases. The chapter is meant to provide a quick reference 
to these current standards and a perspective on the evolutionary process pro- 
ducing them. 

Given the complexity associated witb the calculations necessary to pcr- 
form a thorough assessment, it is not surprising that a large number of com- 
puter codes have been developed by organizations requiring repetitive, 
reproducible results. Chapter 13 provides a careful look at good modeling tech- 
niques and presents examples from models currently being used for assessment 
purposes. 

Chapter 14 considers the assessment of accidental releases, from the 
standpoint of reactor personnel responsible for developing emergency prepared- 
ness programs at a facility. It focuses on modeling and monitoring require- 
ments and on the essential element of communication with outside authorities 
during an emergency. It is presented in Riuiidogical Assessmenr to acquaint 
the reader with this rapidly developing branch of the field, and identifies a 
number of areas, including probabilistic source term development, short-term 
transport models, and short-term and agedependent dosimetry, in which 
research is currently in progress. 

In conclusion, the rapid development of radiological assessment as a disci- 
pline is worthy of mention. The assessmeat process bas become an essential 
step in the regulatory preoperational evaluation of discharges of radioactivity 
to determine important pathways of exposure, key radionuclides ia the source 
term, and critical exposure groups or populations For planned or operating 
emission sources, it is relied up00 to guide effluent treatment system develop 
ment and operation. It has become necessary in the guidance of environmental 
surveillance programs to estimate concentratioas in the biosphere that arc 
below detectable limits and to convert measured values of radionuclide intake 
and exposure into estimates of health effects It is often the only mechanism 
we have to analyze the potential impact of radionuclide releases to the bio- 
sphere. It is important to understand, however, that even though radiological 
assessment has developed rapidly, it is still a new fEld and continued improve- 
ment in its data base and methodologies cm be expected in the future. 
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Source Terms for Nuclear 
Facitities, and Medical 
and Industrial Sites 

By G. G. EICHHOU+ 

1.1 INTRODUCI'ION 
Radiological assessment is a linear process; that is, the health effects of 

radioactive releases to the environment depend directly on the quantity and 
form of any radionuclide introduced into the sequence of calculations shown in 
Fig. 1 in the Introduction. This initial quantity, comprising all radionuclides of 
interest, is referred to as the "source term." The nature of the source term will 
vary, of course, with the process and facility being considered, but in many 
cases, once the source term has been defined, most of the subsequent migration 
paths will be similar, though their relative importance may vary. 

Only rarely will there be any direct exposure of the surrounding population 
by radiation emitted from a nuclear facilitr. in practice, one is concerned only 
with the transport of the radioactive materials emitted, usually in trace (ppm 
or ppb) concentrations, through airborne or liquid pathways. For this reason, 
any activity contained in the source term is of interest only if it is mobile in 
the environment, that is, capable of escaping from any containment or encap 
sulation in a form that would enable it to travel along environmental pathways 
or be carried as surface contamination on packages, vehicles, or other trans- 
ported bodies. In examining the source terms, therefore, one must assess the 
probability of escape from the containment under routine use conditions or in 
any postulated accident situation. There is little interest in components that are 
inherently immobile, well fixed in position, so low in activity as to make a 

*School of Nuclear Engineering and Health Physics, Georgia Institute of Technology. 
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negligible contribution under any accident situation envisioned. or no short- 
lived that they arc unlikely to survive any anticipated mipation path before 

The enviroIMclltal impact of nuclear power plants and fuel cycle facilities . 
has been investigated in great detail, and the results indicate that average 
population cxpoaurclr to mediad and industrial radionuclide applications arc 
substantially greater than average population exposures to nuclear power plant 
cmissiona Again, we eliminate from consideration direct radiation exposure for 
diagnostic and therapeutic purposes and oocupational exposum to industrial 
soutcc~), such as in radiography or borehole logging. Only those radionuclidat 
that move through the environment in unconfined form arc of interest as 
source tcrma in cstimatiag environmental impact; a related area not c o n s i d d  
hen  is the impact of commercial transportation of packaged radioisotopes or 
nuclear materials. 

For obvious reasons, predicting the pathways and mode of behavior of gast- 
ous components, especially noble gases and very volatile materials, poses the 

-atest problem. Gaseous components are also often more difficult t o  quan- 
,' in their chemical form; for instance, it makes a substantial difference 

whether radioiodine is produced or released in inorganic or organic form, both 
for purposes of controlling its escape from the facility and for predicting its 
subsequent pathway through the environment (Eichholz 1977). For this 
reason, all likely forms and internal pathways, and all pmcssa  that may 
modify the physical or chemical forms of the radionuclide must be included in 
any reformulation of the source term, leading to a -release source term," which 
may be substantially di!'ferent from the Snitial ooufot term," especially for 
nuclear power plants. 

=ChgthCt tKgCtpopula t ion .  

1.2 PROPERTIES OF RADIONUCLIDES 
As far as the mechanism of movement through plant process equipment 

and the natural environment is concerned, the activity levcl of the radionu- 
clides is irrelevant, except in a few cases where recoil processes contribute to 
release mechanisms. Since radioisotopes have chemical properties identical to 
those of their stable homologs their movement will faithfully follow that of the 
stable element. From the point of view of release and mobility, therefore, the 
important parameters arc the physical state (whether liquid, solid, or gaseous), 
the type of aggregation if any (e.g., microparticulate, colloidal), the chemical 
form, solubility in air and water, oxidation states, sorption Properties, and vola- 
tility. For pwposes of radiation protection and the calculation of population 
dosc, one must know the total activity, the spedfic e, and the half-fives 
of all radionuclides comprising the source term. 

In industrial and medical applications, typically only 8 single radionuclide is 
'ved, thus simplifying identification of leakage pathways from encapsula- 

ba-.., from radiotracer tests, and for disposal purposts However, even there one 
may encounter more than one radionuclide in a source material because 

. . .  . :.?.,,': ,,,, f 
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1. the production process may give rise to more than one reaction, with 
varying cross sections [c.g., (n,p), (n,d), (n,2n) reactions may give rise to 
nuclides of comparable half-life that are chemically different]; 

2 production involves bombardment of target material with more than one 
activable isotope [e.g., production of I2'Sb by the "%b(n,-y)'2'Sb reaction will 
be accompanied by '=Sb from '2'Sb(n,r)'nSb]; 

3. the nuclide of interest is the daughter of a longer-lived parent, and both 
may be found in various conditions of equilibrium (examples are the 
'9M~w"T~,  % r - q ,  and '"Ba-'*OLa parentdaughter pairs); and 

4. a short-lived nuclide of interest may decay or be accompanied by a 
long-Iived daughter or isotope (examples are the *qe-'291, *'Cs-'37Cs, 
'3Y-93Zr pairs and the 21('F'b daughter of radon decay). 

Neutron activation, usually involving the (n ,y )  thermal neutron capture 
process, is a particularly convenient method of radioisotope production. Since 
the product nuclide, in general, will be an isotope of the target element, 
specific activity will depend on available neutron flux, and product and target 
isotopes are not readily separable. Among the more important radionuclides in 
medicine and industry produced by this method are 60co[59Co(n,y)60Co], 
'921r[ 19'Ir(n.r)'921rJ, and *'Na [ 23Na(n,r)24Na]. If the product nuclide itself 
is unstable, one may permit it to beta-decay to another daughter, which will 
then be associated with another element and be chemically separable. This can 
result in a product of high specific activity, limited only by the need to employ 
a carrier for more efficient separation. Ex m les of this method of preparation 
are l3'I, produced by ' ) $ c ( n , y )  13'Te - 13'1 (8 d), or "po ,  produced by 
mBi(n,y) 210Bi ( 5  d) - 21po. In some cases, the intermediate parent 
activity decays slowly enough to permit shipment to the user in that form. If 
the parent is adsorbed on an ion-exchange medium, the system can serve as an 
isotope ycow" by pouring an eluting solution through the column; thus, the 

b P  

short-lived daughter can be removed selectively for immediate use. Such a sys- 
tem is usable until the parent activity decays to a level below the minimum 
practical amount. 

Some radionuclides that are not neutron-abundant or for which no suit- 
able target nuclei exist for neutron activation must be produced by charged- 
particle reactions in an accelerator. The total activities attainable by this 
method tend to be lower than those for reactor-produced nuclides, and the cost 
per curie (or megabecquerel) may be higher. Gallium-67, from the 
68Zn(p,2n)6'Ga reaction, is an example of this type. For some production pro- 
cedures, the 6Li(n,a)3H reaction may be useful as a source of reactor-induced 
tritons or a particles to initiate ( t , p ) ,  (a,n),  or similar reactions. For exam- 
ple, 'OF can be produced by neutron irradiation of lithium carbonate through 
the twestage reaction 6Li(n,a)T and '60(r,n)18F. 

One of the major reactions for the production of radionuclides is, of 'zourse, 
the fission process, involving predominantly the 2 3 S U ( n J )  reaction. For 23sU, 

,e..:-..&*& ;.& f .  *wr:F*r*' .-?.+- 
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1-4 Radiological AsseaPment 

this results in the yoduction of neutron-abundant fission products; Fa. 1.1 
shows the well-known doublehumped fission yield curve. Note that the yield 
(is., number of atoms of &en mass number produced per fission) appiica to 
the production of nuclides of a certain mass, so decay along an isobaric chain, 
changing neutrons into protons by beta emission, does not af'fcct that p p o r -  
tion. This is illustrated in Fig. 1.2, where one can see the progression from ini- 
tial, neutron-abundant, very short-lived fwion products by succesive beta 
decay to the final stable isobar of that mass (e.g., from 0.2-s %r to stable 
wZr) via steadily longer-lid intermediates. Some of the intermediate isobars 
may be sutrrciently long-lived to mow freely through the environment before 
decaying for instance, in the mass-88 chain, 28-h may dif'fusc through 
the atmosphere, but it is its MRb daughter that may be taken up in plants in 
water-soluble form. Maximum fission yields are of the order of 67% for 
atomic masses 92-100 and 133-143, falling off rather rapidly on either side 
of the peaks. Because of the vastly different chemical properties evcn among 
isobars of the same decay chain, each fission product must be evaluated 
--oarately in terms of its contribution to the source term in a Gctor and its 

w u e n t  history in any environmental migration. 
Finally, it is important to consider the large number of labeled radio& 

topes that arc widely used in medical, biological, and agricultural rcscnrch. 
Those in greatest demand are "C- and tritium-labeled organic compounds, 
which are used in research quantities, mitre to millicuries at a time. They arc 
produced by organic synthesis and may be supplied with the labeling atom at a 
specified structural position at extra cost. Since both I4C and tritium emit only 
very lowenergy beta particles, their handling is considered relatively safe. 
However, they are encountered widely because of the large number of indivi- 
dual, discrete users of varying quantities of these radioisotopes and other tracer 
radionuclides, and safe disposal of such materials may present a problem. For 
instance, many of these isotopes end up in liquid scintillation solutions. This is 
usually considered a separate problem from the more elaborate scenarios 
embodied in environmental computer models. Figure 1.3 illustrates an arbi- 
trary selection from a commercial catalog of the type and variety of such 
labeled compounds that may be encountered. In some cases, the same com- 
pound may k obtained either 3H- or "C-labeled, depending on the subsequent 
processes to be studied 

13 INDUSIRIAL USES OF RADIONUCLIDES 
Radioisotopes m much more widely used in industry than is generally 

recognized and represent a significant component in the man-made radiation 
environment. The principal applications include industrial radiography, 
borehole logging, radiation gauging, smoke detectors, and self-lumirwwur maten- 

Because most of these applications entail the utilization of encapsulated 
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Figum 1.1. Fission yield cum for neutron bombardment of 23sU. 
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COMPOUND 
MOLECULAR STANDARD 

WEIGHT PACKAGE 

CHOLIC ACID I CAR80XYL-'4CI- 

4060 mCi/mmol 
ETHANOL 

SEE STRUCTURAL FORMULA SECTION - STEROIDS 

. *  

CHOLIC ACID. 1 2 . 4 3 ~ 1 .  
SEE STRUCTURAL FORMULA SECTION - STEROIDS 
10-25 Ci/mmol 
ETHANOL 

CHOLINE CHLORIDE, 11. 2-14C1- 

2-10 mCi1mmol 
ETHANOL 

HOCH2C5 N(CH3 13 .CI 

CHOLINE CHLORIDE, IMETHYL-~~CI. 
HOCH2CH?NfCH3)3 * CI 
4&60 mCt1mmol 
ETHANOL 

HOCH2CH2NICH3J3* CI 
60-m Cilmmol 
ETHANOL 

CHOLINE CHLORIDE, IMETHYL-~HI -  

CITRIC ACID, [1,5"C]- 

50-100 mCi/mmol 
WATER:ETHANOL, 9: 1 

HOOCCH2C(OH~ICOOH)CH2COOH 

CITRIC ACID. 16-'4C] - 
HOOCCH2C(OH)(COOH~CH2COOH 
1-5 mCilmmol 
CRYSTALLINE SOLID IN SCREW-CAP BOlTLE 
ClTRU LLlN E. L- [ UREIDO-' C] ~ 

H2NCONH(CH2),CH(NH21COOH 
4060 mCi1mmol 
0.01 N HCI 
COCAINE. LEVO-IBENZO YL3,4-'H(N)I - 
SEE STRUCTURAL FORMULA SECTION - MISCELLANEOUS 
25-50 Cilmmol 
ETHANOL 
COENZYME A, I3H(G))- 
SEE STRUCTURAL FORMULA SECTION - MISCELLANEOUS 
0.S1.5 CiJmmol 
AQUEOUS SOLUTION CONTAINING 5 mmd OF . .  
DITHIOTHREITOL PER milliliter SHIPPED IN DRY ICE 
COENZYME A, IAC€TYL-l-'*CI- ACETYL 
SEE STRUCTURAL FORMULA SECTION - MISCELLANEOUS 
4060 mCihmol 
AWEOUS SOLUTION (pH - 5) SHIPPED IN DRY ICE. 

408.6 

408.6 

l39,6 

139.6 

139.6 

192.1 

192.1 

175.2 

303.4 

767.6 

809.6 

50 pCi 
250 pCi 

250 pCi 
1 mCi 
5 mCi 

50 pCi 
250 pci 

100 pCi 
500 pCi 

1 mCi 

250 pCi 
1 mCi 
5 mCi 

50 pCi 
250 pCi 
500 pCi 

50 pCi 
250 pCi 

50 pCi 
250 pCi 

1 mCi 

100 pci 
250 pCi 

50 pCi 
250 pCi 

10 pCi 
50 pCi 

Figure 1.3. Examples of commercial labeled radioactive compounds. Source: 
Adapted from pew England Nuclear Corporation 1980. Labeled Compounds, 
Boston, Mass. Printed wi!h permission. 
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1-8 Radiological Assessment 

sources, radiation exposures would be expected to occur mainly externqlly dur- 
ing shijnuent, transfer, maintenance, and disposal. In the past decade, radiatiog- 
cxposurts in mearch and industrial applications were roughly half thoac due 
to medical occupational exposure; hence, their contribution to the direct popu- 
lation dose is substantial. Although reported exposure levels are probably signi- 
ficantly underestimated, the average dose contribution to the US. population 
was only of the order of 0.2 mrem/y (2 pSv/y). Table 1.1 lists the principal 
radionuclides involved and typical applications, and Fig. 1.4 shows the source 
strengths typically encountered 

T U  1.1.1lJpk.I mcsddoodides  la hdustry 

Application Radionuclides Typical source strengths 

Encapndaled sources 

Industrial radiography 1921r, '%, 10-100 Ci (0.- TBq) 
"Drm. 6oco 

Borehole logging 137- 6 0 ~ 0  10 mCi-2 Ci (-0.4-70 GBq) 
50 mCi-20 Ci (- 1.9-700 GBq) 
100 pCi (4 MBq) E 2  Am-Be 

Radiation gauges, %r. '"Pm. 5-200 mCi (-0.2-7 GBq) 
automatic weighing "'CS. 6oco 
equipment 

Smoke detectors MIAm 5 pCi (-200 kRq) 
Luminous s i p  'H 0.5 Ci (-20 GBq) 
Mbbauer analysis SF% % 2-50 pCi (-0.4 MBq) 

Trocrr applicalions 

Hydrological tracers 'H 
'2Br 

1-100 Ci (-4 TBq) 
10-100 mCi (-4 GBq) 

Reservoir engineering %r 200 mCi (-7 GBq) 

Source: Adapted fmm U S  EavirOnmeatal Protection Agency 1974. 
Environmental Radiation D#pc Gmmitment: An Applicalion lo the Nuclear 
Power Industry. EPA-520/4-7M02, Waahgton. D.C. 

In terms of subsequent mapanent through the environment, such encapsu- 
lated sources obviously do not represent a significant source term. They coatri- 
bute to specific assessment areas, such as -sport and waste disposal and 
r xionally cause alarm whca one is lost or misdirected or even placed in a 

.cipal garbage dump by mistake. 
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Scald qou'ctc for industrial use typically arc shipped and installed in the 
form of doubly erpapulatcd dish or cylinders. In most cases, the capsule 
material is stainless steel, ring-welded, land required to be leak-tcstcd at regular 
intervals. Shipment of radiographic sources and other, less active sources must 
be done in aocordance with the regulations in Title 10, code of FederuI Rem- 
lutiom, Parts 20 and 71, and Title 49, W e  of Federal Rcgulationr. Parts 172 
to 177. 

Dispasal of industrial sources may pose a problem. There is a certain 
second-hand value associated with ogbalt therapy sourm and some longer- 
lived radiography s o n  Shorter-lived sources may be stored and allowed to 
decay, but even then they must be proptrzy accounted for, and the residual 
active material must be disposed of (at a I i d  facility. Stronger sources 
similarly must be shipped to a licensed facility for dis& finding such a 
facility is becoming more and more difficult under present conditions. 

Increasing attention is being paid to the safe decommissioning and d a m -  
tamination of industrial sites where radioactive materials have been handled in 
'$e past. Most arc plants built for procesSing nuclear materials in the early 
3% but increasingly other industries have become involved, such as plants 

making self-luminous tritium-amtainiig signs. 
A special problem may exist for long-lived low-level s o u m  that arc widely 

distributed, such as alpha sources uscd in smoke detectors. Individually 
they pose no hazard, and it would require a rather artificial scenario for them 
to be reconsolidated at a future time ia d i c i e n t  amounts to pose a problem. 
Moghissi et al. (1978) have reviewed the impact of radioactive materials iP 
consumer products and the resultant public and occupational exposures 

1.4 MEDICAL USES OF RADIONUCLIDES 
The use of radioisotopes in medicine is widespread and may potentially 

have significant radiological impact. These applications can be classified as ( I )  
diagnostic uses, (2) therapy, (3) analytical procedures, and (4) pacemakers and 
similar portable sources. 

Both scaled sources and a wide variety of radioactive tracers arc used in 
diagnostic applicatiow medical institutions usually distinguish carefully 
between these two applications as Radiology and Nuclear Medicine, respec- 
tively. X-ray fluorascvpy is a well-known diagnostic radiographic procedure, 
typically employing an X-ray tube as a 8ourct; however, there is a variety of 
isotopic source applications for medical radiography, employing gamma 
sources, beta sources, bremsstrahlung sources and, experimentally, neutron 
sources for image formation under conditions where X-ray units would be 
inconvenient, inappropriate, or might caw operational hazards. Environmen- 
tally, radiographic sources arc negligiile as source terms as long as they 
\ nain accountable and arc disposaa of properly. In that respact. the history of 

'Aium sources, radon n d a ,  and radium-amtahing luminescent compounds 

.. . . . . .  . . .  . . .  .. , . . : . .  
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has not been encouraging. Occupational exposures from work on radium- 
containing watch dials and tritiated luminous signs have been substantial 
(Moghissi and Carter 1975; USEPA 1977), and radium-contaminated rooms 
and buildings, many of them dating to the early decades of this century, are 
being found from time to time all over the world. In the United States, this 
situation was accentuated by the fact that radium uses were specifically 
exempted from the control and licensing provisions of the Atomic Energy Con- 
trol Act. 

The emergence of 252Cf as a portable neutron source has made neutron 
radiography more widely available, although generally the method is still 
heavily dependent on nuclear reactors as sources. There are also a number of 
routine applications for %r- or '"Pm-based bremsstrahlung sources (Cameron 
and Clayton 197 1 ). 

The major potential environmental impact arises from the use of radioac- 
tive tracers in nuclear medicine, a field that has grown enormously in recent 
years. Figure 1.5 illustrates this growth. Nuclear medicine exposures can be 
classified as (1 )  exposure of the patient, (2) exposure of hospital personnel, (3) 
exposure during transport of radiophannaceuticals, (4) exposure during 
manufacture, and ( 5 )  exposure from radioactive waste. 

Patient exposure varies with the type of examination and the procedure. 
Administered doses of %"'Tc, for instance, may range from 600 to 15,OOO pCi 
per examination for brain scans (UNSCEAR 1977). The range of exposures 
for the most common examinations may be substantial, with thyroid doses 
from 13'1 scans up to 100 to 200 rad per examination. Developments in recent 
years have tended to reduce patient exposure through the introduction of 
short-lived isotopes of higher specific activity and the use of more highly local- 
ized preparations. The shorter half-life also simplifies the impact of radioactive 
waste, since most of the longer-lived activity is usually eliminated through the 
kidneys into the sanitary waste system. The environmental impact of the 
release of radiopharmaceuticals has been analyzed by Leventhal et al. (1980). 
Figure 1.6 shows the flow of radioisotopes in a nuclear medicine department of 
a hospital. Presumably, the environmental impact, via the sewers, of any 
excreted material is the same for in-patients or out-patients. Although most of 
the excreted radioactivity is likely to be short-lived, the aggregate environmen- 
tal impact from this source probably greatly ex& that of all nuclear power 
plants from routine effluents. This can be seen in Table 1.2. which gives the 
quantities produced at just one hospital (Lcventhal et al. 1980). As a rough 
assumption, 50% of the administered dosc of soluble iodine will be eliminated 
through the kidney during the fmt 48 h; colloidal gold and technetium will 
mostly decay in situ in the organ of interest and not be eliminated rapidly. 

Leventhal et al. (1980) have reported on tests to trace the excreted activi- 
ties. Table 1.3 illustrates the data obtained for a flush release of a sample con- 
taining active pertechnetate. Concern about such radioactive releases has 
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Figure 1.5. Number of scanners and 'I ~mefas installed in the United Kingdom 
1963-1973, and total number of static bcpoc and dpamic studies carried out, 
1971-1973. 

directed attention to methods of sewage treatment at the bospital prior to dilu- 
tion in municipal wastes. Analysis at these tracer levels is difficult. Table 1.4, 
from Krieger et al. (1980). lists some of the procedures required; most of thesc 
procedures were found to be capable of detecting the elements listed at the 
1-pCi/L or 1-pCi/g (O.WBq/L or O.WBq/g) l m l  at the 20 confidence level. 

The report of the United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR 1977) refers to the curie-level discharge of 
activities, mainly of '"I and *, adminiired for therapeutic uses. Population 

figures quoted there relate only to the patient dose, though some German 
k by Stieve and Kaul has attempted to estimate effluent doses Since 

i . . .  
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Figure 1.6. Hospital radioisotope flow diagram. Source: Leventhal, L., et al. 1980. 
-Assessment of Radiopharmaceutical Usage Release Practices by Eleven Western H a -  
pitals," in Efluent and Environmental Radiation Surveillance, d. J. J .  Kelly, sTp698, 
American Society for Testing and Materials, Philadelphia. Reprinted with permission. 
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TI& 1.2. <kmOlrth p r ~ e e d ~ e ~  by A for HWlW 9 

1972 studies 
Total number of procedures 

Total Averagedose 
1969 1970 1971 Isotope Form proccduns perpmxdurc 

Type of procedure 

Aagiogram 
Bone marrow scan 
Bone scan 
Brain scan or cerebral blood 
flow or both 
Heart scan or flow or both 
Liver scan or spleen scan 
or both 

Lung scan 
Lung ventilation/perfusion scan 
Parotid gland scan 
Pericardial scan 
Placental localization 
Renal m n  or renal blood 
flow or both 

Thyroid lcul 
Blood volumo 
Cirternogtam 
Liver scan 
Placuntal Inr.liut&a 
Renal scan 
Renogram 
Thyroid uptake 
Thyroid scan 
Thyroid cancer 
Thyroid therapy 

. .  

33s 

181 

25 

IO 
5 

1s 
10 

300 
199 

10 

493 

335 

235 

4 
IO 
25 

28 
5 

15 
250 
249 

15 

444 

343 

204 

5 
10 
28 

20 
5 

15 
260 
240 

12 

. .  

Pertechnetate 
Sulfur colloid 
Polyphosphate 
Pertechnetate 

Pertechnetate 
Sulfur colloid 

MAA 
MAA 
Pertechnetate 
Pertechnetate 
Pertechnetate 
DTPA 

Pertechnetate 
RISA 
RISA H 
Rose Bengal 
RISA 
Chlormerodrin 
Hippuran 
Sodium iodide 
Sodium iodide 
Sodium iodide 
Sodium iodide 

4 

t' 

68 
410 

330 

216 

6 
13 
36 

2 

20 
244 
191 

15 
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IO mCi 
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100 pCi 
500pCi j 

5 mQ 
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T8Mc 1.3. Hospital elfloeat bolus tests, Ruo 2 

Nuclear medicine procedure: 
Dose administerak 10 mCi 
Time of dose administration: 1245 e 

Time of excretion: 1345 
Predicted excretion activity: 0.33 mCi 
Actual excretion activity: 0.37 mCi 

Brain scan, ""Tc. pertechnetate 

Volume Concentration Activity Flow rate Time 
(L) (dpm/L) (dpm) (L/min) (min) 

Urine 0.180 . 4.38 X lo' 7.88 X Id 
Toilet bowl 2.0 3.94 X lo' 7.88 X lo' 
Flusb 5.0 1.58 X IO' 7.88 X 10' 60.0 0.33 
Effluent 1161. 4.62 X IO' 5.36 X lo' 378.5 3.067 
Sample 2.14 4.62 X 10' 1.27 X I d  0.89 3.067 

~ ~~~ ~ ~~~ ~~ 

Loss factor= 0.68, percent loss = 32% 
Dilution factor (avg) - 0.00172 
Inverse dilution factor = 580.0 
Peak/average = 2.36 
Total peak duration - 3.6 min 
Volume dilution - 6.3 
Turbulence dilution - 92.0 

Source: teventhal, L. et al. 1980. 'Assessment of Radiopharmaceutical Usage Releask Practices by Eleven Western Hospitals,' 
in Effluent and Envfronmrnral Rodfarlon Survrlllonce, ed. f. J. Kelly, STP 698, American Society for Testing and Materials, Phi- 
ladelphia. Reprinted with permkion. 
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T a b  1.4. Summary of procedures wdurtcd for d y s i s  
of radiopharmaeoutiuls io sewage 

Method principle 

Treated sewage Dried sewage sludge 

Iodine Scavenge interferences, rcducc to Caustic fusion, dissolve. extract into 
iodide state, precipitate AgI. CC4. purify Pd12 
purify as Pd12 

Cobalt Concentrate as hydrous oxide, Digest and leach with acid, scavenge 
acid residue. precipitate basic sul- 
fide. purify as potassium cobaltini- 

scavenge acid residue. precipitate 
basic sulfdc. purify as potassium 
cobaltinitrite trite 

d u d  chromium into ether. 
back extract into ",OH. purify 

Chromium Concentrate as hydroxide. extract Caustic fusion, water kach. hydrox- 
ide precipitation. cation exchange 
concentration. purify as BaCr04 

.s Bacro, 

as nitrate. scavenge interferences. 
purify as SrC03 

Strontium Concentrate as carbonate. precipitate Caustic fusion, water kach, car- 
bonate precipitation, concentrate 
as nitrate, scavenge interferences, 

Digest and lea& with acid, reduce to 

purify as srco3 
Selenium Concentrate by evaporation, 

scavenge impurities, reduce with 
SO1 to metal. dissolve, purify by 
reduction to selenium metal 

+4 state, collect as metal. dis- 
solve. purify by reducing to 
selenium metal with SO2 

Source: Krieger. H. et al. 1980. 'Evaluation of Methodoloy for Quantifying 
Radiopharmaceuticals in Tertiary-Treated Sewage," in EJflucnr und Environrncnrol 
Rudiurion Sumillunce. cd. J. J. Kelly, STP 698, American Society for Testing and Materi- 
als, Philadelphia. Reprinted with permission. 

,sJ;-*-qy.y-.:..+ :<-+-&;+** .I 

treated sewage is not normally ingested directly, its use for irrigation purposes 
may have to bc considered, however, most nuclear medicine departments are 
located in large cities where use of wastewater for irrigation is fairly improb- 
able. The U.S. Environmental Protection Agency report quoted earlier 
(USEPA 1977) points out that in the United States there has been an average 
increase in nuclear medicine procedures in excess of 17% per year, and a high 
proportion (21%) of such procedures are performed on patients under the age 
of 30. This increase undoubtedly also affects both the occupational exposure 
and the production of wastes during the manufacture of radiopharmaceuticals 
(Keyes et al. 1976). 

The widespread use of radioimmunoassay Uprocedures, radioactive urine 
analyses, and other research methods employing labeled organic compounds 
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has greatly increased the use of liquid scintillation detection units. The organic 
phosphor solutions, usually based on toluene or xylene, constitute a rather 
large volume of liquid organic contaminated waste that must be disposed of. 
Disposal in liquid form is potentially hazardous and environmentally no longer 
acceptable. For that reason, incineration is preferred, but there are still a 
number of technical problems to be solved before incineration can be con- 
sidered an acceptable alternative to present methods of disposal. Since most of 
the activity involved is long-lived 'H or "C, both readily diluted in the 
environment, the impact i s  ethical and regulatory in nature rather than a 
major localizad sout(x of contamination. However, again, the cumulative 
activities involved may be substantial 

The fmal medical uac of radionuclides to be covered here concerns the usc 
of plutonium batteries to power cardiac pacemakers. Thousands of people arc 
alive today bccausc pacemakers help their hearts to function. Sealed sources of 
2MPu, typically 4 Ci (-150 GBq) in activity, arc surgically implanted in the 
patients. Table 1.5 lists the radiation doses to critical groups associated with 
such patients (USJPA 1977). ("be general population dosc value to the U.S. 

opulation is probably an invalid extrapolation.) As an environmental source 
term, concern has been expressed about removal of sources by embalmers, 
accidental removal, and similar contingencies, but none of these scenarios have 
much credibility as significant source terms. The encapsulation itself will with- 
stand considerable abuse, even stomach acids (Rundo et al. 1977), 80 that 
remobilization into groundwater is highly improbable. 

lJ,THENUCLEARFUELCYCLE 
One of the primary areas of interest is the environmental impact of nucltar 

power generation. As public concern and adversary action have spread, the 
nuclear industry has had to account for the impact not only from power gen- 
eration itself, but also from d other assoCiated operations. A flowchart for 
thest operations, presented in Fig. 1.7, shows the principal material flow for 
the nuclear fuel cyclc Because rtsourcc conservation and economic considem- 
tions have, by and large, favored the recycling of unused uranium fuel and of 
any plutonium produd, the ovcrall operation listed is usually referred to as 
the nuclear fuel cyclc Those step6 preceding power generation constitnte the 
"front end" and those following it, the -back end" of the fuel cycle. Political 
'considerations, conotrned with weapons proliferation and potential diversion of 
plutonium, have disoarragad a closed cycle (Le., the recycling of uranium and 
plutonium) in the United Stam resulting in an open-ended fuel cycle for com- 
mercial power plants, but not for military activities. Other countries, which arc 
poorer in natural rawnuas and therefore unwilling to waste a valuable energy 
resource, are proceedipg with cbsad-cycle operations. I n  addition to material 
- -v, energy balana (Le, fuel cycle total energy input compared to useful 

. .  
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Table 1.5. Radiation doses to critlcal groaps from C8rdi8C pacemakers 
(assuming 10,OOO Implanted cardlac pacemaken with plutonium batteries) 

Individual dose 
[mrem/(person-year)) 

Total dose to group 
i Average dose [(person-rem)/year] 

Relationship to Group Dose from 
i pacemaker patients population pacemaker" Natural Natural 

Medical background Dose from background 
X rays radiation pacemaker' radiation 

spouses 6,430 5-7.5 73 I02 42 646 
Household members 8,950 1-1.5 73 102 I2 912 

Nonwork associatesC 2 18,000 0.05-0.1 73 102 14.5 22,378 
Work associates' 72,000 0.1-0.2 73 I02 10.5 7,344 

Total in U.S. populace << 0.01 73 102 49 2 1,400,000 
not included above 

Total dose to U.S. population 
excluding dose to patientsd 

I28 

"Dose will vary depending upon the plutonium content, fuel characteristics, and shielding effects of a particular 

'Integrated dose using 4 Ci of plutonium, which is the average amount of plutonium used in any battery. 
'A patient is predicted to associate with about 30 persons during his daily activities. 
'US. population of ~IO,OOO,OOO. 
Source: U.S. Environmental Protection Agency 1977. Rudiologfeol Quulify of the Environment fn the United Stoics, 

EPA 520/ 1-77-009, Washington, D.C. 

pacemaker model. 
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1-20 Radiological Assessment 

Figure 1.7. The light-water-reactor fuel cycle. 

energy output) is an important criterion for power generation flow sheets; for 
light-water reactors, that energy balance looks very favorable. 

Among the various stages of the nuclear fuel cycle, the following have a 
major potential for injecting radioactive materials into the environment, that is, 
generating radioactive source terms (1) mining and milling of uranium ores, 
leading to liberation of radon and radon daughters, (2) nuclear reactor opera- 
tions, both from routine effluents and from effluents released following an 
accident, (3) transportation of spent fuel and high-level wastes, (4) reprocess- 
ing of spent fuel and waste treatment, and (5) radioactive waste disposal 

Other stages of the fuel cycle may result in other types of environmental 
impact, for example, stages involving the consumption of substantial amounts 
of power (such as fuel enrichment), but these will not be considered here. The 
operation of central interest is, of oourse, the generation of power, and this will 

. be considered first. 

. .  

1.5.1 Noclear Power-Plants 

A nuclear power plant generates electricity by converting the energy pr+ 
d u d  by atomic fission of '"U into high-pressure steam, which in turn 
drives a turbine generator. Several diffmnt types of plants have been devised 
for this purpose; among them arc the gasuded reactors [advanced gas-cooled 
reactor (AGR) and high-temperature gas-woled reactor (HTGR)], the light- 
water-cooled reactors [boiig-water reactor (BWR) and pressurized-water 
reactor (PWR)], and the heavy-watcr-moderatad reactors [heavy-water reactor 
(HWR) and Canadian deuterium-uranium (CANDU) reactor]. Figure 1.8 
illustrates schematically some of these types of steam-generating plants. They 

'%r mainly in the method of steam 8CIICrati04 the neutron moderator, and 
,23Q content of the fuel (natural or eMcbai). 



v 
w 

Figure 1.8. Schematic diagrams of the principal types of stcam-generating 
plants: (a) fossil fuel plant, (b) gas-coolcd reactor, (c) boiling-water reactor, 
(d) pressurized-water reactor. (e) heavy-water reactor, (f) liquid-metal-coolcd 
fast breeder reactor (LMFBR). 

y,+%*4&.-:9.** .-u : --:.pz: 

In assessing the environmental impact of a nuclear power plant, one is 
mainly concerned with the heat rejected (typically about 66% of the energy 
produced initially), the protection of plant personnel against radiation, any 
radioactive waste and spent fuel shipped from the plant, and any radioactive 
materials relcased to the environment in the airborne and liquid effluent 
strcams. It is mainly the last of thesc that is of interest here. Because most of 
the operating reactors in the United States are light-water reactors of the 
boiling-water or pressurized-water types, attention is focusad on these two 
types- 

By reference to Fig. 1.8(d), it is seen that PWRs operate with two coolant 
loops, the primary one filled with water at pressure, though below the critical 
point, which circulates through the hot reactor core, cooling it and conducting 
the heat away, and the secondary one, in which steam is generated in the 

.. 
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steam,generator, passed to the turbine, and c o n d e d  back to water in the 
dxternally cooled condenser. In the BWR [Fie. 1.8(c)], steam is produced 
inside @e reactor vessel, passed directly to the turbine, and then condensed to 
water, all in a single loop. This difference has the consequence that any active 
contaminants in the core coolant remain confmed to the reactor building in the 
PWR, whereas they travel through the turbine in the BWR and may be 
present in any steam release. On the other hand, in the PWR some efficiency 
may be lost in the heat exchanger, and metallurgical difficulties have arisen 
with some steam generator designs. Careful control must be kept on coolant 
water chemistry, pH, trace impurities, corrosion products, and chemical p m  
ducts of the radiolytic decomposition of the water. The hot analytical samples 
withdrawn from the primary coolant at intervals constitute one component of 
contaminated liquid that must be treated as radioactive waste. Table 1.6 lists 
some representative operating parameters and conditions used in calculating 

(USNRC 1978). 

_. 

releases of radioactive material in liquid and gaseous effluents from a PWR --2,*.r.-LC*m 

As the usU in the fuel undergoes fmion, two new atoms (or fmion pr+ 
icts) appear in the fuel for each uranium atom destroyed. Since the fuel elc- 

meats arc e n d  in Zircaloy cladding, these fBion products normally have 
no option but to stay in the fuel, although they may diffust through the fuel to 
the fuel-cladding interface or may coalesce to form gas bubbles, both of which 
may cause swelling or distortion of the fuel. The fmion-product inventory in 
the fuel will build up as fuel burnup proceeds; the shorter-lived fmion products 
will reach equilibrium concentrations between production rate by fmion and 
decay rate, while the longer-lived ones wil l  keep incteaSing their concentration. 
This fmion-product inventory is Source Term I for any migration model (see 
Fig. 1.9). 

The precise distribution and mobility of tbe variaus ftssion products within 
the fuel pellets depends on the operational hiry, the temperature distribution 
within the fuel, and the chemical state of each fission product within the UOz 
environment. As burnup proceeds, the UOz pellet degrades mechanically due to 
swelling, which accompanies the appearance of the fmion products as intersti- 
tial impurities, fast-neutron-induced radiation damage, hydrogen and helium 
embrittlement, variations in the radial temperature gradient as the conductivity 
is affected by structural changes and impurity buildup, and lattice changes 
resulting from stoichiometry changes due to a changing U/O ratio in the fuel 
matrix. Some elements, such as the noble gases, hydrosen (both 'H and 3H), 
and the more volatile elements, may migrate by diffusion, d effects, or 
along fracture cracks to the pelletcladding interface. Other elements remain 
chemically bound in the UOz or arc less mobile under prevailing temperatures. 
Some of them may, in fact, migrate toward the hotter region at the pellet 
center. It is the mobile nuclides at the fuel-pellet interface that are of prime 

:rest, since they arc the ones most likely to escape from the fuel elements. 

, .: .,, _._ ' . .;. . ; , I  : .I: .. a .' .'1 - 
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Reactor power level [ M W( t)] 
Plant capacity factor 
Failed fuel (W) 
Primary system: 
Mass of coolant (Ib) 
Letdown rate (gal/min) 
Shim bleed rate (gal/d) 
Leakage to secondary system (Ib/d) 
Leakage to containmat building 
Leakage to auxiliary building (Ib/d) 
Frquency of degassing for cold 
shutdowns (per year) 

Steam flow rate (Ib/h) 
Mass of liquid in steam generator (It 
Mass of steam in steam generator (It 
Secondary coolant mass (Ib) 
Rate of steam leakage to turbine 

Containment building volume (ft’) 
Annual frquency of containment purges, 

Annual frequency of containment purges. 

Iodine partition factors, gas/liquid 

Secondary system: 

building (lb/h) 

during shutdown 

at power 

Leakage to auxiliary building 
Leakage to turbine building 
Main condenser/air ejector, volatile species 

3600 
0.80 
0.12’ 

5.6 X 10’ 
40 

100 
b 
160 
2 

I x io3 

1.5 x 10’ 
1.7 x lo5 
1.2 x 10‘ 
2.2 x 106 
1.7 x 10’ 

2 x lo6 
4 

20 

0.0075 
1 .o 
0.15 

Liquid radwaste system decontamination factors 

Coolant Miscellaneous Chemical- 
radwaste liquid-waste waste 
system system system 

. .  . . . . . . . .  . . . .  ........... ........ 1 :. _: .: :: .;’ . . . . . . .  ............. ..._._ . . . . . . .  . . . . . . . . . . . . .  . . . .  . . .  . . . . . .  
I 
Cs, Rb 
Others 

1 x io5 1 x lo3 1 x 10‘ 
1 x 10’ 2 x io5 2 x 10’ 

1 x lo6 1 x io3 1 x lo5 

. . . . .  . . . . .  . . . . . . .  . - . .  
. .  

. .  
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Table 1.6 (amtiwed) 

Radwaste evaporator DF 
Coolant radwastc system 

evaporator DF 

All nuclides 

iodine 
Iodine 

. . . . .  

lo' l f l  
lo' I d  . . . .  .. -.; :':; . i :.:.,.;:: :..::' : ........ ...... :.:.<: :.;+:..; 

':.:.. ; ::: .: ..... .... ................ 4 .................. ::.:~::I::::::":::.li.i~~~lis~: <:::,; ...... .. ..:. 

Other 
QRb nuclides Anionr 

Boron recycle feed demineralizer 

Primary coolant letdown demineralizer 
DF, H3BO3 

DF, Li3BO3 

demineralizer, H'OH- 
porator condensate polishing 

Mixed-bed radwaste demineralizer 
Steam generator blowdown demineralizer 
Containment building internal 

recirculation system c h a d  
filter DF, iodine removal 

Main condenser air-removal system 
cbarcoal bed DF, iodime removal 

10 10 IO 

Id 2 I d  
I d  10 Id 

10 

10 

"This value is constant and corresponds to 0.12% of the aperating power f ~ o n  p m  
duct source term, as given in NUREG-0017 (April 1976). 

'One percent pcr day of tbe primary coolant noble &as irrveatory and 0.001% per day 
of the primary coolant iodine inventory. 

Source: US. Nuclear Regulatory Commission 1978. Draji Envirwvnental Statement 
Relating to Operation of Sun Omfm Nuclear Generating Statiom, Units 2 and 3, 
NUREG-0490, Washington, D.C. 

Various computer codes, such as CINDER, ORIGN, RIBD and others, have 
been developed to predict the escape probability f m  the fuel to the gap below 
the cladding as a function of fuel history, thermal cycling, and operating condi- 
tions. Similarly, attempts have been made, with varying success, to predict 
burnup damage to fuel materials. 

The integrity of the Zircaloy cladding presents the mapr bamer in con- 
taining the fwion products within the fuel elements The cladding thickness 
tvpically is only of the order of 0.024-0.034 in. (0.61486 mm), so it is sub- 

to appreciable stress as the fuel swells and fission gas builds up beneath it. 

. . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .. ............................... . . .  .:I. ................................. .:... .. . . . .  
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I RADWASTE SYSTEM 

SOURCE TERM 

* 
HEAT FOR 

POWER 
GENE RAT ION 

FISSION PRODUCT 
' INVENTORY IN CORE 

I 

CLADDING LEAKS 

? 
PRIMARY COOLANT INVENTORY 

FISSION PRODUCTS + ACTIVATION PRODUCTS 
11 

* 

LEAK THROUGH 

I 

BWR 

Figure 1.9. Source generation sequence. 

As burnup proceeds, or because of some minor flaws in manufacture, small 
cracks may develop in the cladding, permitting some of the gaseous fission pro- 
ducts and some of the less tightly bound nuclides that are 'released" from the 
fuel to leak into the primary coolant. This leak rate again depends on a variety 
of factors: the operating temperature of the fuel, the extent of radiation dam- 
age io the cladding, stress corrosion effects, fatigue-induced growth of micro- 
cracks as the fuel undergoes thermal cycling, and gas embrittlement from 

. . .  . . . . . . . . . .  . . . . .  . . . .  . . . .  . .  , .  . .  . -  . .  . .  . .  
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bydtoeen and helium diffusing into or through t h e d a d h g .  Stainless steel is 
more susceptible to hydrogen, and therefore tritium, Mush than the Zir- 
caloys, and this was one of the major factors favoring the choice of the latter 
as cladding materials in thermalaeutron reactom Other conditions that may 
lead to cladding failure result from uneven positioning of the fuel pellets, fuel 
densification, nonuniform cooling effects around supporting grids, blister for- 
mation, and creasing or grooving resulting from imperfections in rolling or 
extrusion processes. 
To some extent, such faults must be expected, wen with tight quality con- 

trol during manufacture, and the release of a limited amount of f e n  pro- 
ducts to the coolant has to be accepted. Depending on plant spccZcations, the 
reactor-may be operated with up to 0.25 to 1% of the fuel elements having 
such minor cracks, aa determined by monitoring the activity in the primary 
coolant. For purposes of estimating routine environmental impact, it is 
assumed that all fuel elements will have such a failure rate. S i y 9  me has 
to expect finite but limited diffusion of tritium through the claddhg. 

In addition to radionuclides leaking into the coolant because of dadding 
iperfcctions, there arc a number of radionuclides that originate in the coolant 

itself. These represent three groups of impurities: (1) activated corrosion pro- 
ducts, whicb are produced by the corrosive and erosive action of the circulating 
coolant along the entire pipe run and activated during their passage through 
the neutron flux in the core; (2) activated impurities in the water itself due to 
miscellaneous dilute impurities normally present in water9 sucb as calcium, 
magnesium, manganese, and iron; and (3) those arising from additives intm 
d u d  for pH control and water quality control. 

Activation products formed by neutron activation of corroeion products 
from all of the loop materials involve mainly the wFe(47)'5Fc, %(m,-r)%, 
"Ni(n,p)"Cq s'co<~y>60C09 and MFe(nt)WMn reactions. The dative impor- 
tance of the activation products depends, of coume, on the oamposition of the 
pipe materials employed. The buildup of leaked fission products and activita- 
tion products is controlled by passing part of the coolant through a demioeral- 
izer bed, where soluble ions arc removed by ion exchange. Noble gass are 
obviously not moved by ion exchange and tend to dominate the oodant 
inventory (see Table 1.7). The data in Table 1.7 arc estimated maximum con- 
centration values for a %presentative" PWR and arc listed primarily as an 
indication of the relative concentrations of some of the major radionuclides. 
The detailed numbers would depend on the reactor design, its mode of opera- 
tion, capacity factor, flux conditions, and structural matetialr in the coolant 
loop. For the case listed, a primary coolant mass of 5.6 X I d  lb (254 X Id 
L) would rcpramt a total inventory of roughly 200 X 2534 X Id - 5O9800 
Ci = 1.88 X 10" Bq. This quantity represents Source Term I1 io Fs 1.9 and 
is the usual departure point for many calculations. To some extent this term 

reduced by a suitable choice of pipe materials and efficnt demiaeral- .&-. operation. 



Noble gaa fission products Fission producta 
I W W  pCi/mL htope pCi/mL 

1.11 
1.46 
0.87 
258 
1.74 X I d  
1.97 
0.14 
0.36 

Total nobk 187.3' 
B- 

Corrosion Products 

YMIl 4.2 x 10-3 
%Mn 2 2  x 10" 
yco 8.1 x 10-3 
=FC 1.8 x 10-3 
coco 1.4 x 10-3 

Totdoamdon 3.7 x 10" 
prod- 

3.0 X 10" 
2.56 
6.7 X 10'' 

4.42 X 10" 
252 x 10" 

5.37 x 10-5 
4.77 x 10-4 
5.63 x 10-4 
5.54 x 10-4 
5.04 x 10-4 
4.70 x, 10-4 
2.11 
1.55 
0.17 
0.62 
2 5 5  
22  x 10" 
0.39 
7.0 X lo-' 
1.4 
0.33 
0.43 
0.48 

2.3 X IO-' 
2.3 x 10-4 

..e. . . .  . . .  

. . .  . . .  

0.47 Bq/L 
Swroc: Eichhdz G. G. 1977. Env&vntnental Aspects of 

, .. I . . .  : . . . .  .. - . ._ . . .  
. .,,: ;; :::: ........... ' . - _.  . .I . . .  :.:- :. . < : . . . . . .  . . . .  
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Because gaseous elemcnts can escape relatively more readily from the pri- 
mary coolant in a BWR, the noble gas inventory in the primary coolant of a 
BWR tends to be lower (Table 1.8). This implies, in turn. that the routine 
release of noble gases to the environment from BWRs tends to be substantially 
higher than that from PWRs. As Table 1.8 shows, the noble gas inventory in 
the PWR primary coolant can also be affected by periodic control tank purges. 

T8ble 1.8. cesnnb.tioa9 of gaseous fission products 
im PWR and BWR primary coolants . 

PWR BWR 
Nuclide Half-lie (pCi/mL)' (pCi/mL)b (pCi/mL) 

Elm& 1.86 h 5.5 X lo-' 5.3 X 1.2 X 
Kr 4.4 h 2.9 X lo-' 2.7 X lo-' 1.9 X 

"Kr 10.74 y 2.0 X IO-' 3.1 X IO-' 9.7 X 
"Kr 76 min 1.6 X IO-' 1.6 X lo-' 5.7 X 
88Kr 2.79 h 5.1 X lo-' 4.9 X lo-' 6.1 X 
89 Kr 3.18 m h  1.2 X lo-' 1.2 X lo-' 2.4 X lo-' 
131mxe 11.96 d 2.3 X IO-' 6.6 X lo-' 8.4 X 
133mxC 2.26d 5.4 X IO-' 3.1 X IO-' 1.2 X lo-' 

133mxC 15.7 mio 3.4 X lo-' 3.4 X lo-' 1.0 X lo-' 
'3SXe 9.16 h 8.5 X lo-' 7.5 X lo-' 9.6 X IO-' 
'3'XC 382 min 2.5 X 2.5 X 4.1 X 
'38Xe 14.2 min 1.2 X IO-' 1.2 X lo-' 3.2 X lo-* 

'33Xe 5.27 d 4.1 1.6 3.3 x 1 0 - ~  

Total noble 7. I 3.9 1.3 X IO-' 

1311 8.04d 7.1 X lo-' 5.6 X lo-' 5.4 X.10-3 
1331 208.8 h 8.6 X lo-' 7.4 X IO-' 3.1 X IO-' 

gases 

'Without volume control tank purge. 

Souroe: US. Environmental Protection Agency 1973. 
Environmental Analysis of the Uranium Fuel Cycle, Pari II: Nuclear 
Power Reaciors, EPA-520/9-73-0003~, Washington, D.C. 

With volume control tank purge. 

Not included in Table 1.7 arc two other activation products of importance. 
The fmt is 16N, produced by the l60(n,p)l6N reaction in the coolant water. 
Nitrogen-16 has a 7-s half-life, emits a 7-MeV gamma ray, and is of impor- 
tance principally for its direct radiation efftcts on plant personnel and plant 
equipment, especially in BWRs, where the coolant loop carries it right through 
the turbine system. It is too short-lived to be of importance in plant effluents. 
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The other major radioactive material in the coolant is tritium, especially in 
PWRs, where boric acid is added to the primary coolant as a soluble reactivity 
control ('chemical shim"). The boron undergoes, among others, a '0B(n,2a)3H 
reaction, which leads to substantial concentrations of tritium in the coolant. In 
addition, 'H is produced by ternary fmion in the fuel and, in BWRs, by the 
use of LiOH for pH control via the 6Li(n,a)3H reaction. As a consequence, 
substantial amounts of tritium must be included in Source Term 11 (NCRP 
1979). Attempts are made in some plants to hold tritium concentrations below 
2.5 pCi/mL (92.5 MBq/L). Table 1.9 shows estimated maximum concentra- 

Concentrations 
(rCi/g) Isotope 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . . . . . . . . . . .  . . .  . . . . . . . . . . . . . . . . .  :.: . .: . . . . . . . . . . . . . . . . . . . . .  . . .  . .  ' :  . . . . . . . . . . . . . . .  . . . . . . . . .  
. . .  . .  . .  

.. _:_._ .; :. ,.;. .: : :-::.:.: :.' . .: ,,...:, . .  ,: ,..: . .  .. 
. . . .  .:... '.I ..+; :,.. .. .: . . . . . . .  ..... . . . .  . .  
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W n  
%Mn 
M c o  
6oco 
s9Fe 

MBr 
85mKr 
85Kr 

. 07Kr 
"Kr 
MRb 
09Rb 
09Sr 
POSr 
91Sr 
9oY 

9lY 

-Mo 
-TC 

'PTC 
13ZTe 

9 l m y  

0.26 X 

0.85 X lo-' 
0.26 X 
0.35 X 
0.31 X 
0.12 x 10-6 

0.13 x 10-5 

0.17 x 10-7 
0.37 x 10-7 

0.29 x 10-7 
0.57 x 10-5 

0.98 X lo-' 

0.13 X 
0.32 X IO" 
0.96 X IO-' 
0.60 x 10-7 
0.11 x 10-7 
0.17 x 10-7 

0.37 x 10-3 
0.24 x 10-3 

0.47 X 

0.26 X lo-" 
0.19 X IO" 

Concentrations 
(rCi/g) 

Isotope 

0.98 x 10-7 
0.20 x 10-3 
0.19 x 10-3 

0.53 x 10-4 
0.2s x 10-7 
0.22 x 10-5 
0.94 x 10-7 
0.56 x 10-7 

0.18 x 10-4 
0.12 x 10-4 
0.90 x 10-4 
0.25 x 10-5 
0.84 x 10-4 

0.24 x 10-7 
0.24 x 10-7 
0.29 x 10-3 

0.25 X lo-' 

0.54 X lo-' 

0.35 X 
0.19 x 10-6 

'Based on 0.25% failed fuel. 110 Ib/h primary-tw 
secondary leak rate, 30 gal/min per unit blowdown rate, tri- 
tium concentration of 2.5 pCi/mL in primary system. 

Source: Tennessee Valley Authority 1974. Final Environ- 
mental Statement, Sequoyah Nuclear PlCnis Units 1 and 2. 
Chattanooga, Tenn. 
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tions of activity in the m n d a r y  coolant loop of a PWR, assuming 0.25% 
failed fuel and a 110-lb/h (50-kg/h) leak rate across the heat exchanger (TVA 
1974). 

Some of the amtainod trace radionuclides may escape from the primary 
and/or secondary coolant loops with any water leak or steam release. Such 
release paths include prtssUriZera. air ejectors, steam valves, gland seals, tur- 
bine seals and any other dripping pipeg The gaacous and volatile components 
end up in the containment vessel atmosphere; the liquids go to various floor 
drains, sumps, and retention taDka The "Radwaste" system is designed to 
extract and retain as much of this residual activity as possible so that the 
amount finally r e l d  from the plant to the environment can be described to 
be 'as low as reasonably achievableg (ALARA). This criterion is a major 
objective in nuclear plant operatio= 

The transfer of radioactive materials from the coolant system to the con- 
tainment building air and waste-water system will depend on the chemical 
forms, the existing or presumed leak rates, and the means of purging the air or 
water lines. These factors will vary from plant to plant with the specific layout 

i equipment employed and will also M e r  for routine operations, mainte- 
. r a c e  conditions, and a range of accident scenarios short of the design-basis 
accident. 

The gastous component will contain primarily noble gases (xenon, krypton, 
helium), hydrogen (HT), 16N9 with too short a lifetime to make a significant 
contribution beyond the coolant system itself9 the halogens (Ill CHd, and Br2) 
and some semivolatiles9 such as RuOb Cs, and fine particulates carrying fis- 
sion products. Of these, the fate of airborne iodine has attracted the greatest 
attention, since it may give rise to the limiting environmental exposure under 
accident conditio& Much of the iodine d be expected to interact with 
exposed metal surfaces inside the containment or converted to soluble forms in 
the presence of steam or water vapor and thus end up in the liquid radwaste 
stream. Similarly, most of the "I' should be converted to HTO by means of 
catalytic converters to minhkc buildup of explosive mixtures of oxygen and 
hydrogen in the radwaste system Table 1.6 (USNRC 1978) indicates some of 
the assumptions for leak rates and iodine partition factors made for the San 
Onofre plant. It is important to ranember that the noble gas activity released 
anywhere is typically lob to lo'times higher than the iodine activity. 

The liquid component receives contaminated water from leaks in pumps, 
valves, gaskets, etc., as well as from the mopping or hosing down of floors and 
from laboratory drains Table 1.10, for the kllefonte Nuclear Plant 
(USAEC 1974), gives the quantities involved per year for two reactors. 

153 ~ l s t e T r t 8 t u K a ~  
The function of the rad- system is to reduce the residual activity in air 
a m s  and liquids to be released to tbe environment to as low a level as is 

e. . 

' .  . 
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Table 1.10. Radmctive liquid waste quantities 

Quantity 
waste lQura (dual plant) Assumptions and 

(ft3/Y) comments 

Tritiated waste 
Miscellaneous system leakage 
Sluicing of ion exchange resins 

Regeneration of d h t i n g  

Sampling and labriatory drains 
demkdizcrs 

Filter backwash 

Subtotal 

Nontritiated waste 
M i s c e b u s  system kakage 
Spent fuel cask damtamination 

Sample drains 

Subtotal 
Chemical waste 
Laboratory drains 
Decontamination drains 
Subtotal 

Detergent wastes 
Laundry drains 
Shower aod sink drains 

Subtotal 
Total liquid discharged 

5,800 
2.800 

18,200 

4,700 

1.200 

32,700 

5,800 
50,000 

1,100 

56.900 

5,800 
1,000 
6,800 

28,800 
28,800 

57,600 

121,300 

Sgal/h leakage 
14 transfers per year 
at 200 ft3 each 

14 regenerations per year 
at 1.300 ft3 each 

20 samples per day 
at 5 gal per sample 

20 baclmasbes per year 
at 30 ft3 each 

All tritiated waste 
recycled 

5-gal/h leakage 
30 decontaminations per year 
at 1,600 ft3 each 

4 samples per day 
at 5 gal per sample 

500 items at 2 ft3 each 

600 gal/d 
20 Showers per day 
at 30 gal each 

(Sum of nontritiated. 
chemical, and detergent 
wastes) 

Source: US. Alomic Energy Commission 1974. Draft Environmental State- 
ment Bellefonre Nuclear Planl. Docket Nos. 50-438/439, Washington, D.C. 
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practical and can be justified by cust-benefit analysis ('USNRC 1976b). The 
degree of effectiveness of such treatment will depend onethe condition of the 
liquids, their impurity content, their hardness ("clean" or "dirty") and organic 
content, their pH and temperature, and the possible presence of complexing 
reagents. Typically, all contaminated liquid waste streams are stored and 
allowed to decay for some time to remove short-lived nuclides, filtered to 
remove suspended solids and flocculants, and purified in a demineralizer. Resi- 
dual materials arc then removed by evaporators or centrifuge, with the eva- 
porator bottoms, filters, and spent demineralizer resins constituting a major 
part of the solid waste being shipped from the plant. Figure 1.10 shows a typi- 
cal flow sheet for such a system. The decontamination factors (DFs) obtained 
for such a system depend on the abovelisted parameters and must be known to 
be included in any modification of the source term prior to release of the 
remaining liquid as an -ef€luent* to any receiving stream. This release is usu- 
ally done by adding it to the outgoing flow of condenser cooling water. . ~ < . q t e z q s e ~ ~  

UNIT  7 

U N I T  3 

Figure 1.10. Radioactin liquid waste treatment systems at Saa Onofre 
Nuclear Generating Station, Units 2 and 3. Swra: US. Nuclear Regulatory 
Commission 1978. Drofi Envinuuncnrcrl Stotewunf Related to Opcrotion of 
Son h f m  Nuclew Generating Sta im Units 2 and 3, NUREG-0490. 
Washington, D.C. 

. .  

-.._ __. .... 
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The DFs obtainable with standard radwaste systems have been substan- 
tially improved, partly under the impetus of the decontamination problems 
resulting from the accident at Three Mile Island. Nevertheless, it is important 
to stress that there is a practical limit set to the complexity and elaboration of 
such systems by considerations of plant reliability, maintainability, and cost- 
effectiveness. This is particularly evident for ion-exchange demineralizers, 
where the DF depends greatly on temperature, "cleanness" of the water (i.e., 
the presence of interfering ions), and the use cycle, and for charcoal beds and 
delay line systems for the retention of noble gases. For most operational sys- 
tems, the DF values quoted are found to be based on small-scale laboratory 
tests that are not necessarily representative of plant-scale operations. 

Since tritium is not affected by any of the common radwaste treatment 
methods, a decision must be made as to whether to release it all under highly 
diluted conditions or to recycle it with purified water to use as makeup water 
for the primary coolant. Figure 1.1 1 shows a flow sheet for the latter option 
(TVA 1974). As a consequence of the Three Mile Island accident, free release 
of tritium-contaminated water has been severely restricted in some states, even 
for low concentrations. 

The airborne component is less easily handlcd. For one thing, not all of it 
can be contained at any given moment the way liquids can be stored. All that 

1 I L I  

Figure 1.1 1. Liquid radwaste, tritium recycle system-squoyah Nuclear 
Plant. Source: Tcnnessec Valley Authority 1974. Final Environmental State- 
ment, Sequoyah Nuclear Plants. Units I and 2, Chattanooga. Tcnn. 
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*-can be done is to purify the wntainmcnt building air routinely and bleed off a 
p t a h  fraction for radwastc treatmtnt and fmal doase To minimhe the 
chance of hydrogen explosions, catalytic recombiners are commonly wed. to 
convert free Hi, and hence HT* into water, which is then added to the liquid 
waste stream. To reduce noble gas activity* the air is pumped slowly through 
delay t a n k  with residence times from 30 min to 1-3 d. This rem- the bulk 
of the active xenon and krypton isotopes by decay, leaviq mainly some of the 
5-d W e  and of the 10-y %r. me air is then passed through a fitcr bad, 
oomisting of a prefitn, a charcoal bed, and an absolute filter* to remove parti- 
culates and volatile elemen* a refrigerated c h d  fdtcr or freon absorber 
may be added to remove noble gases. F m  1.12 and 1.13 show simplified 
flow sheets for typical BWR and PWR gaseous waste system. 

S 
T 

G U N D  FROM SECONDARY VENT1UTK)N AND 
SEAL VACUUM PUMP DISCHARGE 

LEAKAGE 
HOLDUP STEAM FROM 54 CONDENSER 

OFF-GAS 
nomu? P C A  

I + 
EJECTOR 8 I 

REACTOR I 

I I CONDENSATE 
RETURN TO 

L--+ 
I CMARCOAL 8 

P - ROUGHING FILTER ; OEDSOR ' 
L S - k - J  

C - CHARCOAL ADSORBER :CRVDGENtC 
A - HIGHEFFICIENCY PARTICULATE AIR IHEPA) FILTER 

Fgurc 1.12 BWR gaseous waste system. Souroe: US. Atomic Eacrgy Commission 
1973. The Safety of Nuclear Powr RcocrorJ (Light-WaleGd@ and Related Forll- 
itia. WASH-1250, Washipgtoa, D.C. 

Additional Wiculties arise for iodine because same of it, perhaps 1096, 
may be in organic form, such as CH31. As Table 1.6 indiicates, this affects the 
partition coeffidcnts between liquid and gaseous phases, and also affects the 
DF values for charcoal bed adsorption and ha exchange d. It is also 
important in estimating accident consequences, ' hoc  "'1 may represent the 
criticaI nuclide (Eichholz 1977; USNRC 1975). thaogb that bas been some 

valuation of this aspect following the Three Mile Island accident. Impreg- 
ai charcoal and silver zeolite arc used to reduce iodine rcl- 
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~ RECYCLE TO PRIMARY 
COOLANT SYSTEM 

.. 
(GENERATOR I 

P I I IFWHTANK I 

CONTAINMENT BUILDING 

P - ROUGHING FILTER 

A - HlWFFlClENCV CARTlCUUTE AIR IHEPAI FILTER 
c - cMn-L *DSOneEn 

Fv 1.13. PWR gaseous waste system. Souroe: U.S. Atomic Energy Commission 
1973. Tk Safe@ of Nuclear Power Reactors (Light-Water-bled) and Related Facil- 
ities, WASH- 1250, Washington, D.C. 

After radwaste treatment, the remaining streams should be pure enough to 
m e t  the A U R A  criterion for release to the environment, either continuously 
or in batches. Table 1.1 1 indicates the order of magnitude of these releases, on 
an annual basis, as calculated for one plant with conservative assumptions 
(TVA 1974). This constitutes the final source term-Source Term III-for any 
environmental dispersion calculations. Note that the gaseous releases for that 
plant are dominated by xenon and krypton, on the order of kilocuries per year, 
and by tritium; tritium also far and away predominates in liquids, with only 
fractional curie quantities for all other radionuclides, amounts that are trivial in 
comparison to the relcases of radiopharmaceuticals mentioned earlier. Actual 
releases vary cnormously-even for the same plant, from year to year, and 
among nominally similar plant designs-dependmg on operating conditions, fuel 
conditions, and maintenance problems. Tables 1.12 and 1.14 from a 1977 
UNSCEAR report and Table 1.13 from a more rectnt report (Tichler and Ben- 
kovitz 1981) show the kind of variations found and the degree to which the 
ALARA levels could be maintained for just two effluent components. More 
extensive tables will also be found in the UNSCEAR report and in Tichler and 
Benkovitz (1981). 
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"Br 0.329 x 10-4 0.786 x 10-5 

"Kr 0.0 0.200 x lo+' 
UKr 0.0 0.608 x IO+' 
URb 0.149 X 10" 0.839 x 10-4 
"Rb 0.328 x 10-4 0.509 x 10-4 

'%r 0.531 X lo-' 0.146 x 10-7 

'oy 0.397 x 10-4 0.191 x 10-7 

UKr 0.0 0.312 X loM 
-Kr 0.0 0.425 X IO+' 

'9sr 0.135 X IO" 0.410 X 10" 

"Sr 0.393 x 10-4 0.208 X 10" 

"Y 0.226 X lo-' 0.683 X lo-' 
ny 0.583 X 0.428 X IO-' 
"Zr 0.308 x 10-3 . 0.889 X lo-' 
"Mo 0.530 X 10'' 0.216 X IO" 
''?e 0.307 X 10" 0.127 X lo-' 
1 WTe 0.324 x 10-4 0.635 X 10" 
'=I 0.0 0.0 

0.510 X lo+' 0.647 X lo-' '311 

In1 0.539 X 10" 0.247 X 10" 
'UI 0.158 X IO+' 0.293 X lo-' 
'HI 0.603 X IO-' 0.955 X 10" 
''51 0.280 X IO-' 0.755 X 10" 
"hxe 0.0 0.111 x IO+' 
"bxe 0.0 0.613 X 10" 
"XC 0.0 0.602 x 10-4 
"Xe 0.0 0.157 X 10'' 
''5-Xe 0.0 0.143 X 10'' 
'=xe 0.0 0.669 X lo+' 

"Nb 0.333 X lo-' 0.892 x 10-7 

I 

'Hcs 0.994 X IO-' 0.279 x 104 
'43 0.363 X IO-' 0.115 x 104 
'ncs 0.502 x 10+O 0.140 x 10-3 
'=e 0.670 x 10-3 0.577 x 10-5 

0.355 x 10-7 

'%a 0.108 X 10" 0.363 X 10'' 
1% 0.618 X lo-' 0.314 X lo-' 

1% 0.672 X IO-' 0.357 X IO" 
W r  0.114 X IO-' 0.337 X IO-' 
"Mn 0.116 X lo-' 0.316 X lo-' 
%Mn 0.944 x 10-3 0.491 X IO-' 

0.392 X IO-' 

0.720 x 10-4 

0.136 X 10" 

Table 1.11. Aaaprl liquid .ad gameom rrkw by isotopd 
CIkO lmittio3596 Idled fad) 

\ 
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TI& 1.11 (amthed) 

wo 0.348 X IO-' 0.972 X IO-' 
6oco 0.122 x 10-2 0.309 X 
'H 0.350 X Id 0.300 x IO+) 

"Above gascous rclcascs include 6O-d holdup 
radwaste system. 

Source: TCMCSSU Valley Authority 1974. Final 
Environmental Statement. Sqmyah Nuclear Plant. 
Units 1 and 2, Chattanooga, Tenn. 

Subsequent movement in the environment to some extent is governed by the 
point of release of the decontaminated air and water and the rate of release. 
The liquid component of Source Term I11 is fairly easily characterized, since it 
is readily controlled and monitored. The release point, usually into the con- 
denser coolant outlet stream, is well defined. As Figs. 1.10 and 1.1 1 indicate, 
the waste is typically held in holdup tanks and is released batchwise as needed. 
The airborne releases are less well defined. Most of the gaseous effluents 
would emerge from the plant stack after radwaste treatment, but, particularly 
at BWRs, there may be significant releases through roof vents of the turbine 
building, which are less readily monitored and assessed. These releases would 
be continuous but may vary with particular operations and maintenance pro- 
cedures. Included in this might be occasional bursts of airborne activity result- 
ing from malfunctions or le& of filters, gaskets, or pumps. The source term 
does not include any solid material from the radwaste system, such as evapora- 
tor bottoms, filters, or ion exchange resins, which are stored as solids in drums 
or are shipped off to appropriate disposal sites. An outline for recommended 
procedure and computer codes for source term determination is given in Regu- 
latory Guide 1.112, which also contains a listing of needed data (USNRC 
1976a). 

The above discussions have been confined to routine operations of power 
plants. An additional set of source terms must be developed for accident 
scenarios. Traditionally, this has involved analysis of a 'design-basis accident," 
such as a loss-of;-coolant accident in a light-water reactor (USNRC 1975). 
under a variety of conservative assumptions. Starting with the core inventory 
(Source Term I )  and the coolant inventory (Source Term II), release situations 
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1-38 Radiological Assessment 

Rwsurized-water rroclor~ 

Germany, F. R 
Obrigheim 20.2 11.5 
Stade 11.1 

Yankee Rowe 8.4 3.8 
Indian Point 1 25.4 0.32 
san onofre 268.9 91.4 
connecticut Y.nLee 50.6 0.012 
R. E Ginna 1.1 0.37 
Point Beach 1.2 25.5 42.8 
H. B. Robinson 2 5  51.5 
Palisades 0.18 0 
Maine Yankee 1.89 7.2 
surly 1.2 424 60.4 
Turkey Point 2.3 4.1 9.2 
Indian Point 2 20 19.9 
Ft. Calhoun 0.33 0.75 
Prairie Island 3.9 
ocoaee 1,2 13.1 878 
Zion 1.2 I80 
Arkamas I 0.030 
Kewaunee 109 
Three Mile Island 127 

Total 466 1494 

Electrical energy [MW(e)y] 5393 8014 
overall nonnalizcd 0.09 0.19 

united statal 

-- 

release [ Ci/MW(e)y] 
B0iting-w:er 1 ~ 0 ~ 1 4 ~ s  

united state3 
Sa Rock Point n. 1 38.7 
Humboldt Bay 1.9 1.7 
LeCWSC 50.6 18.3 
Oyster Creek 0.32 0.42 
Nine Mile Point 26.8 15.8 
Drtsden2.3 10.0 1 I4 
Millstone Point I .7 7.9 

0.067 

0.070 

1.02 
0.18 
0.0028 
0.039 
0.0058 
O.OOO66 
0.0049 
0.05 1 
0.0076 
0.050 
0.0048 

0.048 

1.61 
0.040 
224 
0.00078 
0.067 
0.010 
0.0079 

-%-. . 

0.039 
0.018 

0.037 
0.0024 

O.ooOo23 
0.0015 
0.056 
0.094 
0 
0.017 
0.090 
0.010 
0.053 
0.0027 
0.024 
1.39 
0.34 
O.oow6 
460 
0.053 

0.26 &.Mast.-- .oI 

1.00 
0.040 
0.49 
0.00098 
0.042 
0.15 
0.019 

. . .  

c 
. .  . . .  . . . .  
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Sour= Terms 1-39 

Table 1.12 (coatinwed) 

Ruder (Ci) ICi/MWe)yl 
Release Normalized release 

1973 1974 1973 1974 

Boiling-water reactors 
Mmticcilo 
Quad Cities 1.2 34.0 29.0 0.030 0.031 
Pilgrim I 14.0 8.0 0.030 0.035 
Vermont Yankee 1 .o 2.2 0.0049 0.0078 
Peach Bottom 5 3 5.6 0.0094 

cooper statim 0.016 O.ooOo77 
Browm Fmy 0.65 0.001 5 

- -  
Total 217 242 

Overall normalized 0.050 0.048 
EIearical energy [MW(e)y] 4340 5094 

release (Ci/MW(e)y] 

Source: United Nations Scientific Committee on the Effects of Atomic Radia- 
tion 1977. Sources and Effects of Ionizing Radiation, United Nations, New York. 

can be postulated with or without core melt, involving venting of all the noble 
gas inventory, 509b of the halogens, and up to 10% of other fission products. 
As a consquence of the Three Mile island accident, other, perhaps more prob- 
able, accident scenarios are being studied, each of them leading to a different 
source term at the release point. in addition, such predictions of accident 
consequences must include a realistic estimate of additional unforeseen path- 
ways due to explosions, natural disasters, and hostile action. Once the release 
source term is established, existing environmental models can be used to 
predict dost effects, allowing for the short period of effluent injection. 

1.53 Fuel Cycle Operations 

It would take excessive space to address the various fuel cycle operations as 
sources of environmental radioactivity in detail; each of those listed contributes 
some characteristic source terms. Table 1.15 summarizes the overall environ- 
mental impact of the uranium fuel cycle as a whole; clearly, the radiological 
ef'fluents constitute a relatively minor hazard component. 

Of the f ron tad  operations, mining of uranium ore is important from the 
health physics aspect because of the substantial hazard to miners from inhala- 
tion of radon daughters, mainly in underground mints, unless a high level of 

. .. . 



. .  I . .  . .  . .  ... 

. .  .. . . . .  
< .  
... 

. .  . .  
.. , ..;, 
' 1.:. .... 
* .  
.I .. r . 
. ... ... 
:,!.. 

' .\' 

.., . .  

. .. . . .  

. .. 

Table 1.13. T r l t h  discha& In llquld emueots I ra  . reactom, 1970-1979 

Facility I970 1971 1972 1973 1974 1975 1976 1977 1978 I979 

Big Rock Point 
Browns Ferry 
Brunswick 
Cwpcr 
Dresden I 
Dresden 2, 3 
Duane Arnold 
Edwin 1. Hatcb 
Forc St. Vrain' 
Humboldt Bay 
Jam- A. Fitspatrick 
Lacrosse 
Millstone I 
Montlccllo 
Nine MUe Point 
Oyster Creek 
Peach Bottom 
Pilgrim 
Quad-Citia 
Vermont Yankee 

Arkrnsu One I 
Artrnsu One 2 
Beaver Valley 
cllverl Cl ia  
Ctyatal River 
Davir-&uc 
Donald C. Cook 
Fort Cdboun 
Haddun Neck 
H.B. Roblnron 
lndlan Point I ,  2 
Indian Point 3 

Boiling-water reuctors 

5.4QE+OI 1.03E+01 1.04E+OI 1.97E+OI J.IOE+00 5.73E+00 
2.80E+ 00 1.04E+00 

3.20E+00 
1.70E+00 8.25E+00 

5.00E+00 8.70E+00 4.33E+OI 1.8JE+OI 1.88E+OI 2.70E+OI 
3.10E+OI 3.8JE+01 2.59E+OI 2.58E+OI 2.26E+OI 5.4OE+OI 

3.30E + 01 
6.l2E+00 

7.00E+OO ?.JOE+OO 1.30E+OI 

2.00E +01 9. I lE+OI I.2OE+O2 
1.27E+OI 2.09E+Ol 
5.928-01 <1.00&-01 

2.00E-01 l.24E+Ol 2.78E+OI 
2.208-01 2.IJE+OI 6.l6E+OI 

4.208+00 
4.70E+00 

J. I3E+OI 

I .03E+O2 
3.70E+00 
0.00E+00 
4.65E+OI 
3.59E + 01 

< I  .00E+OI 
4.00E+OI 
2.45E+OI 
I.OOE+OI 

3.17E+OI 

I.I5E+02 
2.41E+OI 
O.WE +00 
I .87E +01 
l.llE+OI 
I .WE +01 
I .OJE + 0 I 
3.40E+OI 
0.00E+00 

-2.01E+OI 
J.O3E+00 
1.27E+02 
O.O3E+OI 
O.OOE+M) 
2.81E+OI 
I .79E + 01 
3.08E + Of 
1.82E+OI 
5.37E+OI 
0.00E+00 

Ressurized-water reactors 

2.56E4-01 4.608+02 

2.63E+02 

! 

2.41E+W 
<4.02E+ 00 

5.90E+00 
8.43E+00 
2.00E+02 
1.97E+OI 
3.4OE+OI 
8.98E+W 

I JOE +01 
4.20E+W 
4. I OE + 0 I 
2.01E+OI 
0.00E+00 
2.46E+00 
3.868+01 
7.37E+Ol 
4.67E+OI 
4.988+01 
1.60E+W 

8.83E+00 
2.40E+OI 
8.93E+00 
9.04E+00 
8.90E-02 
5.00E + 00 
2.1 3E-01 
I .20E + 01 

5.26E-01 
3.35E+00 
4.86E+OI 
4.4IE+00 
0.00E+00 
2.49E+00 
1.88E+01 
7.09E+OI 
3.278+01 
2.64E+OI 
8.UE-01 

2.128+02 2.45E+02 

8.60E+ 00 1.08E+02 
2.74E+02 5.75E+02 

1.668+02 
9.01E+00 

1.928+02 2.86E+01 
1.22E+01 I.S7E+02 
4.85E+03 6.67E+03 
9.8OE+02 6.858+02 
3.32E+02 3.118+01 
Shown witb other unit 

4.OJE-t-00 
3.08E+00 
I.4IE+Oi 
7.5IE+00 
1.31E+OI 
1.92E+OI 
I.  I9E+02 
9.00E+ 00 

3.63E-02 
1.90E+00 
4.72E+OI 
3.20E + 00 
O.WE + 00 

N/R' 
I .96E+OI 
3.24E+OI 
2.988+00 
1.72E+OI 

N / R ~  

2.94E+02 

3.49E+02 
4.568+02 
1.54E+02 
2.1 5E+02 
6.24E +02 
I .5OE+02 
3.94€+03 
4.73E+02 
5. I2E+02 
2.568+02 

5.45E+W 
1.32E+00 
3.09E+OI 
6.63Et00 
I.SOE+W 
1.93E+OI 
2.90E-01 
1.23E+OI 
I.23E+02 
3.91 E-02 
I.J2E+00 
3.54E+OI 
7.92E+00 
O.00E + 00 
6.78E+W 
I.4OE+00 
4.28E+00 
1.34E+OI 
1.76E+W 
4.04E+W 

I .68E+02 
5.27E+OI 
9.59E+OI 
5. I4E+02 
1.668+02 
2.45E+02 
1.228+03 
2.58E+02 
3.55E+O3 
4.29€ +02 
3.7JE+02 
l.l5E+02 

. .  

... 
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Table 1.13 (contlnucd) 

i 

Facility I970 1971 I972 1973 I974 1975 I976 I977 1978 1979 

Pressurized- water reactors 

Joseph M. Farley 
Kewaunee 
Maine Yankee 
Millstone 2 
Noflh Anna 
Oconee 
Palisades 
Point Beach 
Prairie Island 
Rancho Seco 
R.E. Ginna 
Salem 
San Onoh 
St. Lucie 
Surry 
Thra Mile Island I 
'fl~rce Mile Island 2 
Trojan 
Turkey Point 
Yankee Rowe 
Zion 

9.20E 

2.08E 

9.24E+01 2.77E+02 
00 1.54E+02 2.198+02 1.77E+02 

7.60E+00 

02 1.85E+02 
2.66E+02 5.63E+02 5.56E+02 

C I .WE -01 

l.lOE+02 1.548+02 1.19€+02 2.86E+02 

4.8OE + 03 4.57E+ 03 3.48 E + 03 4.07E + 03 

5.00E+00 4.88E+02 

8.10E+00 
8.3 3E + 02 
1.428+02 

I .9SE+ 02 

3.818+03 

2.45Ei-02 
I.3OE+02 

5.80E+02 
3.14E+02 
2.74E+02 

4. I6E+ 01 
8.85E+02 
4.54E-01 
1.328+02 
2.60E+02 

4.00E+O3 

4.428 +02 
4.63E +02 

7.97E+02 
2.47E-I-02 
I .03E+O3 

I .80E+02 
3.67E+02 
2.77E+02 

2.19E+03 
9.638+00 
6.94E+02 
I .WE -01 
O.OOE+OO 
2.42E+02 
4.00E-02 
3.39E + 03 
I.33E+OI 
7.82E+02 
I .89E+O2 

3.60E+OI 
7.7 I E+02 
I .56E +02 
7.47E +02 

2.95E+02 
I .S3E +02 
2.llE+02 

I .92E+03 
5.58E+OI 
9.99E+02 
1.35E+03 
8.55E -02 
I. 19E +02 
2.96E+02 
I .79E +01 
2.42E+02 
4.08E+02 
1.92E+02 

3.11E+02 
8.248 + 02 
I .39E+02 
7.24E+02 

5.91E+OI 
2.96E+02 
3.ISE+O2 
2.01 E +02 
2.82E+02 
1.17E+O3 
I .01 E+O2 
1.29E+03 
5.5 I E+02 

2.42E+02 
4.46E + 02 
2.5OE +03 
I.28E+O2 
7.47E+02 
I.55E+O2 
3.83E4-01 
1.59E+02 
I .  I7E+O3 
I .96E+02 
7.25E+O2 

N / R ~  

9.40E+OI 
2.4984-02 
2.02E4-02 
2.54E +02 
3.13E+02 
8.948+02 
I .26E+02 
8.928+02 
6.25E+02 

N/Rb 
2.40E+02 
7.26E+02 
2.32E+03 
1.28E+02 
3.57E+02 
5.59E+OI 
7.8 I E+Ol 
6.8OE+OI 
9.4OE+02 
1.7SE4-02 
5.0 I E + 02 

" '"/R - not reported. 
S u r a :  Tichler. J., and fknkovitr. C. 1981. Radioactive Materials Released from Nuclear Power Plants: Annual Report 1979. NUREGICR-2227 (BNL. 

NUREG-51416). Brookhaven National Laboratory, Upton. N.Y. 
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TrMe 1.14. Nobk dirhrrged In rlrborne e, from rerctm la 
r r h  cwntrla.  1970-1974 

Net Release Nonnrlizcd rclwc 
(kCi) [Ci/MW(c)yj Startup electrical 

Y-r power 
Reactor 

[MW(e)] 1970 1971 1972 1973 1974 1970 1971 1972 1973 1974 

Pressurized-water reactors 

BcI8ium 

Frrna 

Ocnnany, F. R. 

BR-3, Mol 1962 IO 0.25 190 

SENA, Chooz I967 270 0.003 4.5 31.3 19.9 0.02 20 I 3 0  82 

Obriahcim I968 328 1.7 1.46 3.20 2.93 13.5 27 5.7 12 

B i b b  1974 I147 0.06 
Itrly 

Japan 

Lad. 1972 630 2.45 2.61 0.89 6.5 

0.13 3.8 4.5 Trino. Vcrccllcrc I964 241 0.019 039 1.03 

Mihrmr I 1970 

Tahhrmr I 1974 826 

340 0.9 1.4 0.62 0.51 0.07 I I  5.6 4.9 5.4 2.8 
0.26 0.34 0.34 1.1 1.2 1.1 

0.07 0.21 
Mihrmr 2 1972 500 

Netherlands 

United Strta 
0.31 5.83 4.0 I8 Boruclc 1973 447 

Yankee Rowc 
Indian Point I 
S i n  Oaofm 
Connecticut Yrnkca 
R. E Ginar 
Point &rch I .  2 
H. B. Robinson 
P d i u d a  
Maine Yankee 
Surry I .  2 

* .  

1961 175 
I962 265 
1968 430 
I968 575 
I970 420 
1970172 2 X 497 
1971 700 
1971 700 
1972 790 
1972173 2 X 788 

0.017 0.013 0.018 0.035 0.040 0.12 0.08 
1.7 0.36 0.54 0.12 0.61 39 4. I 

0.7 3.25 0.65 0.032 0.0074 1.7 6.8 

0.84 2.81 5.75 9.74 2. I 
0.018 0.26 3. I 2.31 0.061 

4.2 7.67 19.1 11.0 1.78 I2 21 

0.58 0.76 38 100 10.0 31.8 11.8 

0.51 0.45 O.ooOo3 
0.002 0.16 6.36 
O.oooO1 0.87 55.0 

0.25 0.29 0.38 
3.8 4.5 
59 42 5.0 
1.3 0.12 0.015 

1.5 3.2 43 
7.9 9.9 I3 
0.51 7.2 4.2 
2.3 
0.04 0.41 I6 
0.0003 1.0 82 

1.7 0.0038 
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Tibk 1.14 (coatiacd) 
~ 

Release Normalized release Net 

(kCi ) ICiIMw(e)y 1 RuClot Startup electrical 
F r  power 

1914 1910 1971 1972 1913 1974 [ M W e ) ]  1970 1971 1972 1913 

Pressurlted-water reactors 

1912113 2 X 693 0.53 4.66 0.99 5.2 Turkey Point 3.4 
0.015 5.58 0.38 I5 Indian Point 2 1973 873 
0.066 0.30 0.96 1.1 Ft. Cilhoun 1913 451 

Prairie IIlrnd I, 2 1913174 2 X 530 0.008 0.36 3.6 2.2 oeofiec 1. 2, 3 
0.052 5.6 Zion 1.2 

0.20 3.0 .Arkanins One I I974 820 
. Kcwauncc I974 520 

Three Mile Island 1914 810 

1913114 3 X 886 9.3 19.4 35 31 
1973 2 X 1050 0.004 2.99 

3.35 18 
0.92 3.8 

< - ---- 
Total 25.2 51.9 74.8 58.6 135.1 
E l ~ r i c n l  energy 

Overall normalized 
generated [MW(c)y] 1906 3124 3960 6083 9045 

13.2 16.6 18.9 9.6 14.9 release [Ci/MW(e)r] 

Source: United Nations Scientific Committcc on the EUccli or Atomic Radiation. 1911. Sources and Effects of fonltfng Rodlorion. United Nations. New 
York. 
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Tabk 1.15. slmamuy of cadroawatal coasideratir .or wlljmp fuel cyck' 
[oomdzed to model light-water reactor (LWR) amml fuel r q h e n t  (WASH-1248) or 

reference y c u  (NUREC-0116)j 
~~ ~ 

Maximum effect per annual fuel requirement or 
reference reactor year of model lOOO-MW(e) LWR Natural resource use Total 

~~ 

Land ( a m )  
Temporarily committedb 

Undisturbed a m  
Disturbed area 

Permanently committed 
Overburden moved (millions of 

metric tons) 

Discharged to air 
Discharged to water bodies 
Discharged to ground 

Water (millions of gallons) 

Total water 

Fossil fuel 
Electrical energy (thousands of 

Equivalent coal (thousands 

Natural gas (millions of standard 

Effluents-chemical (metric tons) 

megawatt hours) 

of metric tons) 

cubic feet) 

Gases (including 
sox 
NO,' 

, .  
?:: 
i..:. 

,., : 
... 
: ' . 
I . . '  :. 8 . 
. I f  , ... 
. . .  
i:.. 

* .: . .  . . .  
.... . . . .  .... 
.... '.:' . :.. ' . 

! !.:, 
!',.:. .... . *i . .  ... .:.: 

. :. 

100 
79 
22 
13 
2.8 

160 
11,090 
1 27 
1 1,377 

323 

118 

135 

4,400 
1,190 

Equivalent to I IO-MW(e) c o a l - f i  power plant 

Equivalent to 95-MW(e) coal-fired power plant 

Equals 2% of model 1000-MW(e) LWR with cooling tower 
/ 

0 

Less than 4% of model 1000-MW(e) LWR with 
once-through cooling 

Less than 5% of model 1000-MW(e) LWR output 

Equivalent to the consumption of a 45-MW(e) 

Less than 0.3 of model 1000.-MW(e) energy output 
coal-fired power plant 

Equivalent to emissions from 45-MW(e) coal-fired power 
plant for a year 

........... ... . .s .... ...... ... 
';.$ .. 
.$: ;: ' ,  

..: 
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Table 1.15 (continued) 

e 
Maximum effect per annual fuel rquirement or Total reference reactor year of model 1000-MW(e) LWR Natural resource use 

Hydrocarbons 14 
co 29.6 
Particulates 1.154 

Other gases 
Principally from UFa production, enrichment, and 

reprocessing. Concentration within range of state 
standards-below level that has effects on human health 

F- 0.67 

HCI 0.014 
Liquids 

NO3 
Fluoride 
Ca' + 

CI - 
Na+ 
"3 
Fe 

SOJ2- - 9.9 
25.8 
12.9 
5.4 
a s  
12.1 
10.0 
0.4 

From enrichment, fuel fabrication, and reprocessing steps. 
Components that constitute a potential for adverse envi- 
ronmental effect are present in dilute concentrations 
and receive additional dilution by receiving bodies of 
water to levels below permissible standards. The constit- 
uents that require dilution and the flow of dilution 
water are NH3-600 cfs; NO,-20 cfs; fluoride-70 cfs. 

Tailings solutions (thousands of 240 

Solids 91.000 Principally from mills-no significant effluents to 

From mills only-no significant effluents to environment 
metric tons) 

environment 
Effluents-radiological (curies ) 
Gases (including entrainment) 
222Rn Presently under reconsideration by the Nuclear Regulatory 

Commission 
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Table 1.15 (caatinoco, 

Natural resource use Total Maximum effect per annual fuel requirement or 
reference reactor year of model 1000.MW(e) LWR 

=Ra 

Uranium 
Tritium 

% 

I'C 
*kI 

'391 

')rC 

Liquids 

IMRu 

1311 

Fission products and transurania 

Uranium and daughters 

226Ra 
'%I 
'% 

Fmion and activation products 

Other than high level (shallow) 
SOU& (buried on sits) 

0.02 
0.02 
0.034 
18,100 
24 
@Woo 
0.14 
1.3 
0.83 

0.203 

2.1 

0.0034 
0.001s 
0.01 

s.9 x 

1 1,300 

Principally from fuel reprocessing plants 

Presently under consideration by N RC 

Principally from milling-included in tailings liquor and 
returned to ground-no efnuents and therefore no effect 
on environment 

From uF6 ptodUCtiOn 

From fuel fabrication planb-conccntration 10% of 10 CFR 
Part 20 for total processing 26 m u d  fuel requirements 
for model LWR 

9 100 Ci coma from low-level reactor WM~CE and 1500 Ci coma 
from reactor decontamination and decommhioning-buried 
at land burial facilitiq mills produce 600 Ci--included 
in tailings returned to ground; about 60 Ci coma from 
conversion and spent-fuel storage; no si@icant 
effluent to the environment. 
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Table 1.15 (continued) 

Maximum effect per annual fuel requirement or 
reference reactor year of model 1000-MW(e) LWR Natural resource use Total 

TRU' and HLW' (deep) 1 . 1  X IO' Buried at federal repository 
Effluents-thermal (billions of British 4,063 
thermal units) 

Transportation (person-rem) 
Exposure of workers and general public 

Occupational exposure (person-rem) 22.6 From reprocessing and waste management 

OIn some cases where no entry appears, it is clear from the background documents that the matter was addressed 
and that, in effect, this table should be read as if a specific zero entry had been made. However, there are other 
areas that are not addressed at all in this table. Table S-3 of WASH-1248 does not include health effects from the 
effluents described in this table or estimates of releases of radon-222 from the uranium fuel cycle Or estimates of 
q c  - released from waste management or reprocessing activities. These issues which are not addressed at all by 
this table may be the subject of litigation in individual licensing proceedings. Data supporting this table are given in 
the Environmental Survey of rhe Uranium Fuel Cycle, WASH-1248, April 1974; the Environmental Survey of the 
Reprocessing and Waste Management Portions of the L WR Fuel Cycle, NUREG41 16 (Suppl. 1 to WASH-l248), 
and the Public Comments and Task Force Responses Regarding the Environmental Survey of the Reprocessing and 
Waste Management Portions of rhe L WR Fuel Cycle, NUREG-0216 (Suppl. 2 to WASH-1248) and the Record of 
the final rulemaking pertaining to Uranium Fuel Cycle Impacts from Spent Fuel Reprocessing and Radioactive 
Waste Management, Docket RM-50-3. The contribution from reprocessing, waste management, and transporta- 
tion of wastes is maximized for either of the two fuel cycles (uranium only and no recycle). The contribution from 
transportation excludes transportation of cold fuel to a reactor and of irradiated fuel and radioactive wastes from a 
reactor which are considered in Table S-4 of Sect. 51.20(g). The contribution from the other steps of the fuel cycle 
is iven in columns A to E of Table S-3A of WASH-1248. 

glThe contributions to temporarily committed land from reprocessing are not prorated over 30 y because the com- 
plete temporary impact accrues regardless of whether the plant services 1 reactor for 1 y or 57 reactors for 30 y. 

CEstimated effluents based on combustion of equivalent coal for power generation. 
d1.2% from natural gas use and process. 
eTRU = transuranium; HLW = high-level waste. 

Less than 5 %  of model 1000-MW(e) LWR 

2.5 

, 
I 
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ventilation and dust removal can be maintained. These effects arc direct, 
somatic, and do not lead to any long-range effluents, except by enhancement of 
radon lmls in the air in the vicinity of the mine. 

Milling of uranium orcs leads to a ncparation of the purified uranium, with 
its low spccifk activity, from the accompanying radium and its daughters. The 
mill tailings an retained in tailinp storage areas as sludges or dried @pi- 
tam and an potential sources of high levels of radon emanation. The effects 
of this on surrounding populations through inhalation or contamination of the 
water supply have been studied widely (Travis et at 1979). The source term 
involves radium and relatively short-lived radon daughters, and finally 22-y 
21*b. The usc of uranium mill tailings in landfills at Grand Junction, 
Colorado, and Elliott Lake, Ontario, has also been invcstigaiad in detail, but 
any effccts an strictly local, confined to individual buildings. 

Transportation of spent fuel is included in all environmental impact assess- 
ments. Tables 1.16 and 1.17 list representative contents of spent fuel after 33 
GWd/metric ton of burnup and 150 d of cooling. Various accident conditions 
can be modelad; however, in general, only airborne releases are assumed to 
' x d  to any significant exposures. 

The same material, of course, constitutes the input to any reprocessing 
plant. Although present U.S. policies rile out any immediate reprocessing of 
commercial fuel, military reprocessing is going on unabated, any breeder pro- 
gram is predicated on the availability of reprocessing facilities, and many 
industrialized countries are continuing development of reprocessing capabilities 
to conserve energy rt8ourcts. Depending on the capacity of the plant, tbe total 
flow capacity will involve multiples of the nuclides listed in Tables 1.16 and 
1.17. Similar, but more elaborate, radwaste treatment systems than are uscd at 
power plants must be employed and, subject to the ALARA criterion, an 
effluent source term can be developed for the plant. This may involve very 
large quantities of tritium and noble gases (i.e., O 5 k )  unless steps are taken to 
retain them. Volatilization of ruthenium, as RuO,, is a special problem; the 
radwaste system must be designed to retain it as much as possible. 

The final step in the fuel cycle consists of solidification, immobilization, 
and burial of all radioactive wastes. This has been discussed extensively in 
recent years (Eichholz 1977; Adams and Rogers 1978; USDOE 1979; NAS 
1978; USDOE 1981), and the technology seems to be well established. Compli- 
cations arise if one insists on disposal of unreproctssed fuel as spent fuel Table 
1.18 lists the predominant activities involved and the associated heat produci 
tion. Separate environmental models are being developed for solidiiiai, encap 
sulated waste products buried in various geological media Only the liquid 
pathway is consided here in order to estimate population dose commitments 
m r  an infinite @d due to various seepage and water incursion processes. 
Anticipated poplation doses arc very low, the time scale goes well beyond the 

xt  ice age, and a certain air of unreality is associated with many of these 
.culations. 
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T.YC 1.16. Rcprcrat.tin qmatitiw d potcatidly dgDifkrnt 
r- md ba ractor r e  

Half-life Curies per Gram per Relcasc Nota 
date 

ISOtotopc (y) metric toa metric ton 

12.3 
10.7 

213 x Id 
0.11 
1.01 
0.16 
0.30 
0.09 

17 x Id 
0.02 
2.05 
3 x  Id 
30.2 
0.14 
28.9 
0.16 

0.95 x Id 
0.18 
0.10 
2.73 
0.09 
0.78 
2.62 
5.0 

800 
l0,sOo 

I5 
I80,000 
820.000 
6.500 
25.000 
13.000 

0.04 
20 

I .2 
Ioo.000 

IW.OOO 
100.000 
60.000 

I9o.OOo 
2 

4oWoo 
800.000 
13,000 
80.000 
800.000 
200.000 
40.000 

0.08 3 
27 
880 

240 
5.7 

0.36 
2.7 
0.42 

250 
<0.01 
77 

1400 
1200 

430 

490 
19 
21 
I2 

250 
220 
87 

3.5 

7.8 

2.8 

Gas 
Gas 
Scmivolatile 
Scmivolatile 
Scmivolatile 
Semivolatile 
Scmivolatile 
Scmivolatile 
Volatile 
Volatile 
Scmivolatile 
Semivolatile 
Scmivolatile 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 

>95% released as HTO 

Oxide, boiling point ZOO'C 
Tetroxide, boiling point 8o°C 
lokRh + '"Rh daughters 
Oxide, boiling point 75OoC 
"'Te daughter 
'-e daughter 
Boiling point 184OC 
Boiling point 184°C 
Oxide, boiling point 750°C 

'""'Ba daughter 

"'Y daughter 

"Nb + *'Nb daughters 

'"Pr + '"Nd daughters 

"Burnup - 33 GWd(t)/metric ton; cooling time = I50 d. 
Source: US. Environmental Protection Agency 1974. Environmentul Protection Agency f974. 

Environmental Radiation h s e  Commitment: An Application to the Nuclear Power Industry. EPA- 
520/4-73-002. Washington. D.C. 

1.6 CONCLUSION 
This chapter constitutes a condensed overview of the various sources of 

"technologically enhanced" radiation that may impact on the environment. 
Industrial and medical uses typically involve only a limited number of radionu- 
clides. making it easier to predict environmental pathways. In contrast. nuclear 
power plants generate a wide spectrum of nuclides and hence an extensive 
series of source terms. This makes all models for the prediction of their subse- 
quent movement rather difficult to work with and makes it attractive to con- 
centrate on a smaller number of critical nuclides and critical population 
groups. Furthermore, a suitable choice must be made between "deterministic" 
and "probabilistic" models, a subject that is covered in later chapters. 
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710 x l# 
24 X l e  

4510 X lo' 
2x 10' 
86 

24.400 
6580 

13 
379.000 

4% 
7,800 

0.45 
17.6 

<I  
<I 
<1 
<I 

4.000 
UK) 
650 

l50.000 
2 

750 
2o 

35,000 
ZOO0 

8.000 
4.000 

950.000 
600 
230 

8,100 
%900 
1,300 

510 

230 
100 

10 
25 

<I 
<I 
<I 

1 

6,000 
750 

1 ,000 
Mo.000 

5 

r000 
200 

250*000 
25.000 

1 ,000 
15 

300 

Total (excluding 

.Burnup - 33 GWd(t)/& coa; oodiag time - 150 6 
uranium) 193,000 14.000 585.abO 23.000 

%In 0.86 30.000 3.9 solid 
"Fe 27  20,000 8.3 solid 
M F e  0.12 m (0.01 solid 
YCO 0.20 30.000 1 .o sdid 
'oco 5.26 Z.Oo0 1.8 solid 

.Burnup - 33 GWd(t)/mctric cos amling time - 150 d 
S o u r c c : U S E -  J Pmtccth lbeocy 1974. Envinmmental Rad- Darc 

Gnnmitment An Appkada #o the N d e a r  Ponw l d w t ~ .  EPAJ20/47M02, Wuhiaetoq 
D.C. 
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Table 1.18. R.diorrtirity d brrdhted fael' 

(cmics per metric too of rrrmi(llpP 

cooling period (d) 

90 150 365 
~~~ 

Fmion products 6.19 X l@-4.39 X lo6 2.22 X IO6 
Actinides (Pu, Cm, Am, etc.) 1.42 X ld 1.36 X ld 1.24 X lo5 

Total 6.33 X 10' 4.53 X Id 2.34 X 10' 

Predominant fission products in gaseousjbrm included 
in radioactivity of irradiated fwl 
(curies per metric ton of uranium) 

"Kr 1.13 x io4 1.12 x 10' 1.08 x io4 
131mxc 1.06 X 1d 3.27 X 10' 1.08 X 
1311 3.81 X ld 2.17 X 10' 1.98 X IO-* 

Thermal energy in irradiated fie1 
(watts per metric ton of uranium) 

Thermal energy 2.71 x lo4 2.01 x io4 1.04 x io4 

'Estimated burnup 33.000 M Wd per metric ton of uranium. 
'Approximately two assemblies per metric ton of uranium. 
Source: Oak Ridge National Laboratory 1970. Siting of Fuel Repro- 

cessing Plants and Waste MaMgement Facilities. ORNL-445 1, Oak Ridge, 
Tenn. 

1.7 PROBLEMS 
(Some of the problems given below assume acccss to a nuclide chart and mak- 
ing 'reasonable" assumptions.) 

1. Calculate the mass, carrier-free, of 5 mCi of (a) %r, (b) I3'I, and of 15 
GBq of (c) "Mo, (d) 32p, and (e) 24'Am. 

2. Select the most convenient bombardment reaction for the commercial 
production of the following radionuclides: (a) 65Zn, (b) "('Po, (c) 'H, (d) 42K, 
(e) "F, (0 lUI, (8) 6'Ga. Indicate the specific activity attainable, whether the 
material may be carrier-free, and what competing reactions one may have to 
consider in each case. 

3. A hospital purchases an isotope generator containing initially 30 mCi of 
"Mo (half-life of 66 h). Calculate the maximum quantity of the 6-h 99mT~ 
daughter that will grow in, and estimate how often and for how long it will be 
possible to milk off 5-mCi quantities of 99mTc. 
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4. Calculate the amount of krypton, xenon, and iodine produced in the 
complete fission of 100 g of a5U. If this burnup occurs over a period of 1 y, 
calculate the frssion rate, assuming steady power levels and the average equili- 
brium concentration of I3*I. 

5. Estimate the 6 5 ~  content in a reactor core containing 100 tons of uo2 
after 2 y of operation at a burnup of 33,000 MWd/metric ton (assume 3% 
enrichment and no leakage). 

6. In problem 5, assume that 1% of the fuel leaks, and estimate the annual 
and daily release of 651(r from the plant. What would be the effect of a 3d 
holdup before release? 

7. Defme the working-level (WL) unit for radon daughters in air. The 
atmosphere in a certain mine amtains radon daughters in equilibrium at a con- 
centration of 0.3 WL Calculate the concentrations of radon and the individual 
daughters this implies. If only 40% of ''*Pb was attached to particulates, how 

the later radon daughters to 70% of equilibrium, what concentration of each 
would 0.3 WL then imply? 

8. A typical radon concentration in open air near the ground is 
.3 X Ci/cm? What is the corresponding WL? Calculate the 

amount of 2 'vb  collected on an air fdter of 85% collection efficiency operating 
for 2 h at a sampling flow rate of 35 ft3/min. How much 2'*b would there be 
after 16-h storage of the fdter? 

9. Compare methods of control for noble-gas release from nuclear power 
plants. M a t  are the respective arguments in favor of continuous release to the 
atmosphere or for complete retention? 

€0. Estimate the tritium inventory in a 1000-MW(e) PWR after 350 d of 
operation. Assume a coolant volume of 80,000 gal. Making reasonable assump 
tions regarding fuel leakages and other leak rates, calculate the effluent water 
flow needed to hold tritium concentrations below 1% of the maximum permis- 
sible concentration in water ( M P C ,  - 0.03 rCi/cm'). 

11. In the reactor described in problem 10, assume a dissolved air content 
of 50 ppm in the primary coolant and calculate the amount of I4C produced. If 
this is relcased continuously as CO, with other stack gases, estimate the dilu- 
tion n d e d  to keep it below 1% of the maximum permissible concentration in 
air (MPC, - lo-' pCi/cm3). 

12. Estimate the amount of activity accumulated on the primary amlant 
demineralizer resin of a 1000.MW(e) PWR after 6 months of operation at 
power. How much activity would be left after UM storage before shipping? 

13. Calculate the amount of plutonium accumulated h 1 ton of U02 after 
30,000 MWd/metric ton burnup, both neglecting p l u t o ~ u m  burnup and 
including it. 

14. Estimate the hazards involved and discuss procedures to handle the 
- +es and scintillation fluids at a major hospital using 200 mCi/week of 

c-labeled pharmaceuticals and 10 mCi/week of ''C-labeled tracer 
compounds. 

. r c -- -4 
would this affect the apparent working levels measured? If ventilation reduces e.-*=- 
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2 Transport of Radionuclides in the Atmosphere 

By H. D. BRENK,' 
J. E. FAIROBENT,'and E. H. MARKEE. JR.' 

2.1 INTRODUCI'ION 

Radioactive releases from various nuclear facilities may contribute to radi- 
ation exposure through a number of pathways: 

External exposures by direct radiation from radioactive plumes or from 
radionuclides deposited on the ground, and 

Internal exposure due to inhalation and ingestion of radioactive material. 

The magnitude of exposure is dependent on atmospheric dispersion and deposi- 
tion processes. 

Figure 2.1 is a schematic presentation of the atmospheric processes which 
affect airborne releases. Elements of an airborne plume are affected by turbu- 
lent eddies in the atmosphere which diJhe the effluent material as the entire 
plume is being transported downwind. Generally, the combined influences of 
diffusion and transport are called dispersion. As the plume disperses, certain 
removal mechanisms may affect the efhent. For example, under certain con- 
ditions, gaseous and particulate effluents may become involved in precipitation 
formation processes within a cloud and be subsequently removed with the pre- 
cipitation. This removal process is referred to as ruinout. The removal of gase- 
ous or particulate material below cloud by contact with falling precipitation is 

*Brcnk Systernplanung, Heinrichsallce 38, D-5100 Aachen, Federal Republic of 

'US. Nuclear Regulatory Corn+sion. Washington, D.C. 20555. 
Germany. 
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- referred to as woshour. Effluent material may also be lcmovcd through gravi- 
tational settling. or through contact with the ground, vegetation, or other 
ground cover such as buildings. These removal m c c h a n i i  arc referred to col- 
lectively as dry deposition. Radioactive material may decay during transport 
Some effluents may also undergo chemical transformations during transport. 

This chapter will provide a brief introduction to atmospheric dispersion 
proctsses and removal mechanisms which affect airborne rekases of radioac- 
tive material. The principal focus of this chapter Win be on the bases for and 
the use of the Gaussian plume model for atmaspheric dispersion, and some 
basic understanding of the removal proc+sses which affect airborne material. 
Although the Gaussian model is widely uscd because of the relative case of 
calculation, the model is based on fundamental amccpts of turbulent diffusion. 
The results produced by using this madel arc in nasonabk agreement with 

arimental data. 
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References such as Meteorology ond Atomic Energy (Slade 1968) (and its 
upcoming revision, “Atmospheric Sciences and Energy Production”) and the 
Handbook on Atmospheric Di/fusion (Hanna 1982) provide much more exten- 
sive discussions of atmospheric diffusion processes. The Workbook of Arm-  
spheric Dispersion Estimates (Turner 1967) provides additional information 
concerning applications of the Gaussian model. 

2.2 ATMOSPHERIC TURBULENCE AND DISPERSION 

2.2.1 Characterization of the Plaaetary Boundary Layer 

Radioactive materials from sources such as nuclear power plants, medical 
facilities, and research reactors are typically released to the atmosphere 
between the ground surface and an elevation of 100 m into a region of the 
atmosphere called the ‘planetary boundar layer” (PBL). The height of the 
PBL generally ranges from about 200 to about 2000 m. Within this layer, 
ground surface effects are important. Diurnal variations in air temperature due 
to heating and cooling of the earth’s surface are discernable through the PBL. 
Within this layer, wind speed tends to increase with height and wind direction 
tends to vary with height as a result of reduced friction between the air and 
earth’s surface. 

The stability of the atmosphere within the PBL largely determines the 
intensity of turbulence and, subsequently, the diffusion processes which affect 
effluents released into this layer. The stability of the PBL can be illustrated by 
examining the behavior of a displaced parcel of air which is not subject to 
other motions in the atmosphere and which does not mix with its environment. 
I n  simple terms, if the displaced parcel of air is subject to no net force as a 
result of its new surroundings, the atmosphere can be considered to be neutral; 
if the displaced parcel is subject to forces which act to move the parcel further 
away. the atmosphere can be considered to be unstable; and if the displaced 
parcel is subject to forces which act to restore the parcel to its original posi- 
tion, the atmosphere can be considered stable. The stability of the PBL can be 
related to temperature lapse rate. The temperature of dry air in the atmo- 
sphere tends to decrease with height at a rate of -0.98°C/100 m, called the 
dry adiabatic lapse rate. If a parcel of air is displaced adiabatically at this 
lapse rate, the parcel will have the same temperature and density as its sur- 
roundings and is. therefore, subject to no net force. This atmospheric condition 
is neutral. If the parcel of air is displaced adiabatically into an environment 
which has a lapse rate greater than the dry adiabatic lapse rate, the parcel dis- 
placed upward will be warmer and less dense than its environment and will be 
accelerated upward. Similarly, if an air parcel is displaced downward in this 
situation, it will be cooler and more dense than its environment and will be 
accr;lcrated downward. This atmospheric condition is called unstable. If the 
parcel is displaced adiabatically into an environment which has a lapse rate 
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less than the dry adiabatic lapse rate, the parcel displaced upward will be 
cooler and more dense than its environment and will be dccclcratal to return 
to its original lmL Similarly, if a parcel is displaced downward in this situa- 
tion, it will be warmer and less dense than its environment and will be acceler- 
ated upward to return to its original level This atmospheric condition is called 
stable. Figure 2.2 presents an illustration of these stabfity conditions in the 
PBL. Typically, unstable conditions tend to oamr near thc surfacc on a sunny 
day; neutral conditions tend to occur during windy and cloudy conditionq and 

These thermal facton (buoyancy) are one source of atmospheric turbu- 
lencc. The 0th source is generated by airflow over rough surfaces and obsta- 
cles and is codered to be mechanical in nature. The description of the effect 
of turbulence on effluent diffusion is complicated by the variety of foras act- 

. ... 
stable conditions tend to occur on clear nights with low wind spaad& . .  
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F v  2.2 IUustration of PBL stability conditions (Haam 19Ub 

The two approaches most commonly used to dcscrii turbulent diffusion 
arc gradient transport theory and statistical theory. The pcrdiau tmnsporz 
rheory (coxrunonly called &theory) deals with atmospheric trpnsport at a f d  
pnint, similar to the theory of molecular diffusion onginally presented by Fisk 

IC mid-nineteenth century* proportional to the local concentration gradient. 
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c 

Thus, the vector flux S through an area element dA at a certain point is qual 
to 

where K is the turbulent diffusion coefficient and w is the pollutant conctntra- 
tion within the infinitely small volume element dK (Note: in  the United 
States, x is commonly used rather than Y to represent concentration.) 

Assuming no sources or sinks in dV, the change of the pollutant conctn- 
tration with respect to time is 

- =  ” -div s’ , 
at 

E - VKV’ + K V ” .  
at 

The assumption of spatial homogeneity, which means that 

V K - 0 ,  

results in the sc~called Fickian dij&sion equation: 

- a* K V 2 9  . (2.4) ar 

Because this diffusion theory concentrates on the atmospheric transport at 
a fixed point in space, it may be said to be Eulerian in nature. This means that 
it considers properties of the fluid motion relative to a spatially fmed coordi- 
nate system. 

The starisricaf rheory differs considerably from the gradient transport the- 
ory. Instead of studying the material flux at a fued space point, one studies 
the history of motion of individual fluid particles and tries to determine from 
thtse the statistical properties necessary to represent diffusion. This approach 
is Lagrangian in nature. 

. . .  
. . .  .’ . : . . . .  . ... 

. .  . .. . 
. .  . ,, . .... - . . . 

. .  ,: 
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For lurge diffurion rims, i.a, nearly uncomlated particle motion, boQ 
the gradient transport theory and the statistical theory supply the well-known 
normal Gaussian distribution of tbe pollutant material in the atmosphere as a 
fundamental solution (Slade 1968; Pasquill 1974). 

In terms of the gradient transport theory, the pollutant concentration 
(here: activity concentration) may be written as 

' 

where x, y. u d  t arc axes as prescnted in Figure 2.3, 

Q = activity released, 
K = diffusion coeficients. 
t = time. 

In terms of the statistical theory, the pollutant concentration may be 
expressed as 

where b (= 2 kr) repnseats the variance of the well-known Gaussian distri- 
bution (Walpole 1978). 

2 3  GAUSSIAN PLUME MODEL 

Equation (26)  describes the extent and concentration distribution of an 
effluent cloud due to a single point-typc releasc, where P(xo,vo,zo) is tbc en- 
ter of the cloud This equation forms the basis for the Gaussian 'puff" models 
In these models ,&q transport of tach puff is determined from a wind field 
which can vary with timt and space (Start et al. 1974). 

Assuming not a h g l e  but a series of distinctly separate point-type 
;ass, which move away from the point of release P(0.0j0) (Fig. 23). in 

. . .  . . . . . .  
. . .  . . . . .  . : .  ..... 1 .  ;;. :-.:: . . . . . . . . . . . .  . . . . . . . .  . .  

. .  . .  .... . .  . .  . . . . . . . . . . . .  
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Figure 2.3. Gaussian diffusion of single puffs. 

the form of growing clouds at mean velocity u and along the abscissa (x axis), 
the concentration distribution of each individual cloud may be specified as 

where Q denotes the total pollutant amount in each specific case, and f 
denotes the traveling time of a cloud. Equation (2.7) describes a situation like 
the one illustrated graphically in Fig. 2.3. In the immediate vicinity of the 
source, the cloud is still negligibly small. It then grows due to the dilution 
effect of the atmospheric diffusion in all directions, producing a pollutant con- 
centration of normal distribution. In general, the concentration distributions 
along all coordinate axes are different. For the specific case of equal diffusion 

, 
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in all dkctions (Fig. 23), spherical clouds will form, fcaturiug a spherosym- 
metric normal distribution of the pollutant. 

The individual clouds arc transported at mean velocity E, 50 that after a 
certain time I they have covered the distance x. 

For a cmtinuous series of releases, a plume anmist@ of m infinite num- 
ber of ovdappbg individual clouds tranported along the x axis at velocity G, 
and integrated over the time interval of release can be assumed. 

Assumhg diffusion along the x axis is small annpand to transport and 
can be nqkctcd and assuming total reflection oa the &round, it is possible to 
calculate the concentration distribution inside the plume by means of 
Es. (28). 

where 

Q * release rate (activity/time), and 
H - effective stack height. 

Equation (28) may be illustrated using the schematic representations of 
the plume in Figs. 2.4 and 2.5. Neglecting diffusion along the x axis implies 
that the individual spherical clouds in Figure 2.3 form infinitely thin slices 
instead. A continuous release provides for the fact that an infinitely large num- 
ber of these thin slices with the pollutant amount Q will h e  up in a row, thus 
forming a continuous series of slices; i.e., a plume. In this case. a Gaussian dis- 
tribution (Fq. 24) will lilrewise occur along the two axes in transverse direc- 
tion to the basic flow. The concentration in the plume will double afMr haying-. 
r c a c ~ ~ t h e - g r o u n ~ ~ e t e  it is e n t i i - r e f l d  (&&ding to convention). ' 

This is achieved mathematically by assuming a virtual source at 2 -H 
and wperposiag the plumes of both sources for 2 > 0. The term 

. . .  . . .  . . . . . .  . .  . .  

. . :  . . 
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Figure 2.4. Gaussian plume diffusion. 

Figure 2.5. Scheme for the total reflection at the underlying surface ( is . ,  no ground 
absorption). 
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i 
.. . in Eq. (28) originates from this virtual sauce. The procedure ensures that 

thue is no diffusion normal to the ground. In other words, the diffusion flux in 
z direction, S,, is 

ae 
a2 &a- - 0, for z - 0 . 

23.l prmqpisites aod Assua~~tioas 

Equation (2.8) is the basic equation of the Gmurion pfume model, from 
which all the other computational equations used within this chapter are 
derived. It would go beyond the scope of this chapter to derive this equation 
from the statistical theory step by step, taking into account all the theoretical 
prerequisites, assumptions, and boundary conditions required. In this respect, 
reference is again made to the original literature (see, for example, Slade 
1968. Hanna 1982). 

To enable an adequate evaluation and a sufficient understanding of the 
practical possibilities and limits of application of the Gaussian plume model, 
the most important prerequisites and assumptions a d  to be discussed. Thw- 
retically, the model is valid under the following essential conditions: 

homogeneity of turbulence, . 

sufficiently long diffusion times, 

spatially constant basic flow, 

nonzero wind speed, 

stationary turbulence conditions and steady-state pollutant concentration, 

the continuity condition must hold true, 

total reflection of the plume on the ground. 
~ - * * & w a e u w P  

..  . - ., ... . .  . . .^. ..a 

These conditions will be illustrated in the following subsections. 

23.1.1 HomogaAty of Turbd- 
- - -  - - 4.- 

Homogeneity of turbulence means that the equalization of the concentra- 
tion due to turbulent diffusion is equal at mry point in space. In mathemati- 

- cal terms, this means that . .  

' -  

V K - 0 .  (2.9) 

. .  
.. . . 

. .  . , .  . . .  . ..-: .. . '.t - ' .  - . .  . .  
. .  

. .  . . .  
. .  . .  . 

. .  . .  
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Hence, 

K ( x , y , z )  = c o w .  (2.10) 

In the real atmosphere, however, this state practically never occurs. Horizontal 
homogeneity is reached approximately when the local topography exhibits only 
minor differences, such as in the case of flat plains with minor surface rough- 
ness. 

Vertical homogeneity occurs even less often, because of the buoyancy and 
gravity forces always present. Wind velocity increasing with height is a typical 
example of the vertical inhomogeneity of the atmosphere (Sect. 2.3.1.4). 

2.3.1.2 Stationary Turbulence Conditions and Steadyatate Pollutant 
Concentration 

To derive the Gaussian plume model, we assumed mass transport in the 
direction of the x axis. In this case Eq. (2.4) would read 

- a' + - a 9  = K,- a2\k + Ky-  a 2 0  4- K z - .  a2* (2.11) 
at ax a x 2  aY2 az 

The assumption of steady-state pollutant concentration means 

When. simultaneously neglecting the diffusion in the x direction (Sect. 2.3.1 S) ,  
Eq. (2.1 I ) will give 

a20 '" + K,- . - ao 
ax KYayZ az 

"- = (2.12) 

imagining an area transverse to the flow inside the plume (Fig. 2.6), 
Q. (2.12) implies that the amount of material transported from a specific 
location at mean velocity into the area is just equal to that amount which 
can be transported away by diffusion in the y - z  plane. This is the case when 
atmospheric turbulence and release source strength are constant in terms of 
time. 
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Figure 2.6. Explanation of stationary Gaussian plume diffusion. 

.. . . .  . .' : .. ._. . . ._. 

In reality, however, neither the turbulence nor the release source strength 
is constant over longer periods of time. The turbulence of the atmosphere 
varies with the diurnal cycle of insolation and changes in the general weather 
situation. The release of radioactive substances from nuclear installations also 
varies with time. 

As a rule, approximately stationary conditions occur only within a range 
of hours. For example, when examining the probability for a constant wind 
direction within a 5" sector at Karlsruhe, the following probabilities+ are 
obtained for the durations listed 

15min 80% 
N m i n  65% 

l h  35% 
2 b  15% 
5 h  5% 

10h  0% 

"The data are applicable to Karlsruhe, Federal Republic of Germany. and to ab 
states of turbulence (Thomas 1975). 



. .: ....... ..:-..:..:.. .::;. .. .  :.. ... ..,: ....... ..:.'._.. :_: .... ,c.;,..: :: ... :-. . . . .  . . .  .. . .  
. . . . .  . .  

. . . .  . . . . . . . . . . .  . .  . .  

. .  

.. . . . . .  

Transport in tbc Atmosphere 2-13 

Similar observations apply to other parameters of turbulence, such 8s 

wind velocity or the stability of atmospheric stratifcation. This implies that 
the pdllutant concentration can be calculated according to Eq. (2.8) for rela- 
tively short durations dnly. If a calculation of pollutant concentration is 
required for longer periods of time, cg., 12 months, the pollutant concen- 
trations must be superposed in each spacific case for constant turbulence con- 
ditions (Sect. 2.4.1 ). 

2.3.1.3. The Effect of Diffusion T i  
Because of the theoretical derivation of the Gaussian plume model, the 

pollutant concentration calculated according to Eq. (2.8) represents a mean 
value over a certain diffusion time (Slade 1968). The implications of this state- 
ment may be illustrated by means of Fig. 2.7. 

If the time-averaged diagrams of the plume were extended to distances 
quite far from the source, the boundaries of the time-smoothed plume would 
meander, because the longer length of the plume would come under the influ- 
ence of eddies that are quite large in area. The averaging time used originally, 
therefore, would be too short to show a time-averaged picture of these larger 
fluctuations. A longer time average appropriate to this greater distance would, 
again, be too short for distances greater yet. 

It is important to recognize that eddies larger than the plume dimension 
cause the plume to meander, whereas those that are smaller tend to tear it 

ORNL-DWG 82-12347 

LMEAN WIND DIRECTION = RELATIVE CONCENTRATION 
TIME MEAN AXIS OF PLUME 

Figure 2.7. The diagram on the left represents the approximate outlines of a smoke 
plume observed instantaneously and of plumes averaged over 10 min and 2 h. The dia- 
gram on the right shows the corresponding cross-plume distribution patterns (Slade 
1968). 
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apart (Fig. 28). Thus, as tbe diffusion time increases and the plume reaches 
greater and greater distances and grows in size, larger and larger turbulent 
eddy sizes become e f f d v c  in difiusing the cloud, and smaller eddies become 
increasingly ineffective. 

Figure 2.8. Eddies that arc larger than the plume tend to cause the plume to meander. 
whereas thosc that are smaller tend to tear it apart. 

With respect to the averaging time, this shows clearly that for increasing 
source distances the averaging time must also be increased in order to get a 
sufficiently smoothed pollutant distribution. Otherwise, the concentrations 
observed do not generally correspond with the concentrations calculated 
according to Eq. (28). 

This becomes important with respect to the experimental determination of 
the diffusion parameters u, which we arc going to deal with in Sect. 2.3.3.2. 

Another effect is that Eq. (28) is not able to predict short-period fluctua- 
tions, ix., to predict single instantaneous values of the pollutant concentration 
in the air. Due to the very long averaging time for the assessment of routine 
releases, this is of little importance. However, in the casc of accidental 
releases, this may lead to difficulties, since it becomes impossible to make an 
adequate prediction of the short-term pollutant concentration resulting from an 
accidental releasc. 

... 
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23.1.4 SWficmn of Lbe Spatially CoastPnt Basic Flow 

In principle, the spatial constancy of the basic flow, 

(2.13) 

is a property that is already covered by the requirement of homogeneity. How- 
ever, this property can limit the practical application of tbe Gaussian plume 
model. 

For horizontal changes, Eq. (2.13) is essentially fulfilled. In the vertical 
direction. however, there is a pronounced wind profde (Fig. 2.9), which 
changes depending on surface roughness. geographical latitude, and stability of 
the atmosphere. Accordingly, the wind velocity increases in proportion to the 
height with the wind direction initially remaining constant, while changing to 
the geostrophic wind at greater heights. Apart from the air density, the geo- 
strophic wind depends on the Coriolis force and pressure gradient. 

The wind velocity increasing with height and the change in wind direction 
corresponding to the Ekman spiral is graphically represented in Fig. 2.9, based 
on theoretical considerations (Lettau 1962), for a mean latitude and roughness 
in the northern hemisphere. 

Accordingly, a relatively quick change of the wind velocity in proportion 
to height takes place in the lower boundary layer which is important to pollu- 
tant diffusion near ground level. Up to a height of about 150 m, the wind 

MEAN WINO VELOCITY l d l l  

-10 
o i 0 1 o x ) a ~  

WINO VELOCITY I d d  
I.COMPONENT1 

Figure 2.9. Horizontal wind velocity II as a function of height and direction. The values 
haw been calculated for median latitude and roughness length (Lettau 1962). 
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I where 

direction remains almost constant, while turning into the gaoetrophic wind 
d i d o n  at heights between 150 and 800 m. 

Some wrperimentrl investigations have shown that the change in wind 
direction during stable weather situations starts at a height of d y  40 m and 
reaches 2 6 O  an the at a height of 200 m. During unstable weather 
situations, tbe turn d tbe wind diraction begins at a height of about 80 m 
and reaches a mean d u e  of 2" at 100 m and a mean value of 11" at 
200 m (HUbsduua~ 1981). 

For desaibing the height dependence of the scalar wind, an exponential 
formulatioa is generally selected withia the scope of applications to enviton- 
mental assessments. This results in 

(2.14) 

m - exponent of vertical velocity wind profile, 

in which zo is located by defmition 10 m above undisturbed terrain (e.g., 
10 m above the highest building). The exponent m is highly dependent on 
the surface roughness (see Table E in the appendix of this chapter). 

An alternative to the exponential formulation in meteorology is the loga- 
rithmic formulation, 

(2.15) 

-4 

where 

P = theroughnesjlength. 
IP * the friction velocity (L/T), and 
k - von Karmann's constant. 

. . .  
Newbeny et d. (1974) divided natural surface into four roughness cab  

Curegory I :  0.1 Q m Q 0.15, or 0.005 m Q P 6 0.05 m; sea, plain, or 
open country without major obstacles. 

Coregory 2 0.15 Q m Q 0.25, or 0.05 m d P Q 0.5 m; open country with 
a few trees or bushzs. 

. .  
. .  .. . 
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Category 3 0.25 d m d 0.35, or 0.5 d P d 1.5 m; dense forestry, small 
towns, or suburbs. 

Category 4 0.35 f m d 0.45, or 1.5 m d P Q 3 m; metropolitan areas. 

2.3.1.5 Meaning of a Noatero Wind Speed 

A further important prerequisite for the application of the Gaussian 
plume model consists in neglecting the diffusion along the abscissa versus the 
transport of material with the wind velocity in Eq. (2.1 1 )  (Pasquill 1974): 

(2.16) 

This applies to wind velocities above approximately 0.5 m/s. In the real 
atmosphere. this prerequisite is generally fulfilled, in particular for heights 
above 100 m. For lower heights (e.g., for ground releases) and higher fractions 
of calms, the Gaussian plume model is not strictly applicable. For such cases, 
it may be necessary to introduce the diffusion term in the x direction into the 
solution again and thus to base the calculations either on the Gaussian puff 
model (Start et al. 1974; Doury 1980; Vogt et al. 1979) or on other more 
sophisticated numerical models (Hoffman et al. 1978). 

2.3.1.6 Condition for Continuity and Total Reflection on the Ground 

The continuity condition for the Gaussian plume model reads as follows: 

(2.17) OD +OD - I II e ( x , y j )  * u dy dz dt = Q . 

This means that the free atmosphere must not have any sources or sinks. The 
basic flow of activity through a random element of area transverse to the 
direction of now in the y - z  plane, in Bq/(m2-s) for instance, must be q u a l  
to the total amount of activity released, Q, when integrated over the time of 
release and the entire y - z  plane; Le., in the final analysis, the total amount 
of activity must pass through any y - z  plane at the point x. 

In the real atmosphere. however, the condition for continuity defined 
according to Eq. (2.17) is not fulfilled. Here, both sources (resuspension of 
radionuclides) and sinks (dry and wet deposition, radioactive decay, etc.) must 
be expected. These discontinuities in the atmosphere are not taken into account 
in actual fact in the derivation of the Gaussian plume model. However, it is 

0 -a. 
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cumnt prdcc to introduce the sink into the calcdatiao @ via balancing 
the amount of activity transported: 

. . .  . .  

... 

... 

. .  
. .  

. .  . .  
. .  

c . . . .  - ' -  3.'. 

whae Wxa.0) is given by Eq. (28). 
The assumption of a total reflection on the ground is not fulfilled either, 

since, m reality, there is a deposition on the ground. However, this assumption 
tends to lead to an overestimation of the pollutant amcenttation in air and, 
thus, to mort conservative values. 

The h r c t i c a l  prerequisites, assumptions, and boundary conditions for 
the Gaussian plume model arc rarely completely fulfiied in the atmosphere. 
However, through development of the diffusion parameters ( d s )  from the 
results of field studies, the Gaussian model can produce results which are in 
reasonable agreement with data. 

This applies essentially to the homogeneity condition (including the spa- 
tially constant wind velocity), to the condition of continuity, and to the total 
reflection on the ground, as well as to any possible limitations of the diffusion 
with height due to temperature inversions. 

In view of the rquirement of stationary turbulence conditions, it will be 
ncccsary to categorize the different states of turbulence in the atmosphere and 
organize the experiments in such a way that a relevant set of diffusion parame- 
ters is ascertained for all states of turbulence. This procedure offers the possi- 
bility of calculating pollutant concentrations over periods of time longer than 
those given by the duration of stationary turbulence. In the concrete case, this 
will be nccesary for assessing, e.g., the annual radiation exposure. 

23.2 Clmdfikatioo of Turbohce 

The overall state of turbulence in the atmosphere is composed of a buoy- 
ant (convective) and a mechanical fraction. Depending on the weather situa- 
tion and ground surface conditions, the convective turbulence predominates at 
one time and the mechanical turbulence at another. 

The causal connections for their formation and effect are shown in Figure 
2.10. It is obvious that the intensity of turbulent diffusion is subject to large 
variations in terms of time and location due to the complexity of its causes. 
The overall condition of the atmosphere may be subdivided into several indi- 
vidual "states" for which the theoretical assumption of a stationary, homogene; 
ous atmosphere is fulfilled for a certain period of time at a ficd location. 

.. 
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I TUREULENT DIFFWOU I 
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OR URBAN AREAS 

I J I 
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Figure 2.10. Influence scheme of the turbulent diffusion. 

Although direct measurements of turbulence should be uscd to determine these 
states, such measurements arc not practical due to difficulty and expense. Con- 
sequently, atmospheric turbulence is usually inferred from available meteoro- 
logical information. 

Using information from the diffusion experiments performed for Project 
Prairie Grass, Pasquill (1962) distinguished six stability classes from A 
(highly unstable stratification) to F (highly stable stratification). The criteria 
for Pasquill's original classification consided the relationship of wind speed, 
isolation (amount of incoming solar radiation), and cloudiness. Table 2.1 
presents the meteorological conditions used to derive the Pasquill stability 
classes (see Hanna 1982 or Turner 1967). These types of meteorological 
measurements are available at National Weather Service (NWS) offices. 

Turner subsequently developed criteria to determine Pasquill stability 
classes more objectively using cloud cover and height; solar angle (as a func- 
tion of time, date, and location); and wind speed. A similar classification 
scheme has been developed by Klug (1969) with reference to Pasquill using 

. . .  . .  .: . .  
: .  ;, ._ . - 

. .  ' "' 1. 

. .  . _  
. .  

. .  . .  
. -  



. .  . . . .  . . . . . . . . . . .  ..... ................. ..-. ......... . .  - :.i.:.,--..:. <: ,*;.>. :..; :_._: 
;.:-. ... : r  .I * . . . .  . . .  .. . . . . . .  ............. . .  . . .  .. ' . .  . .  :.. . .  

4 

. . .  ' -  : . . . . . . .  . .  . . . .  . . . . . . . . . . .  . . .  . . . .  . .  . .' . . . .  
. .  

2-20 Radiological Assessment 

Tabk2l. PmqdllshMlityadrprier 

A: Extmncly Unstable coaditiom 
B Moderately Unstable Coaditioas 
C: Slightly Unstable cooditiolre 

Surfooe Wind Daytime Insolation Natthne Conditions 
Speedat 10m Strong Moderate Slight 'IhinOvemtor Q3/8 

D: N d  Conditions' 
E SIigbtiy Stable Cooditionn 
F: Modmtdy Stable Chditions 

(m/s) >3/8 C b u u  Cloudiness 

<2 A A--B B 

2-3 A-B B C E F - 
s 5  B B - 4  C D E 

s-6 C C-D D D D 

>6 C D D D D 

'Applicable to heavy overcast day or night. 
%e degree of cloudiness is defmcd as that frncth of the sky above the local 

apparent b o h n  that is covered by clouds, 

exclusively synoptic data. It is based on the degree of cloudiness and the wind 
velocity at a height of 10 m over undisturbed ground. 

Other authors do not confine themselves to purely synoptic data, but usc 
either the radiation balance or the temperature gradient or both in conjunction 
with the wind velocity, instead of the degree of cloudiness, for evaluating the 
turbuknt diffusion, since both the radiation balance and the temperature gra- 
dient reflect in a way the condition of the ground surface. The radiation bal- 
ance is, among other things, a function of variations in the reflection capacity 
of the ground surface. The temperature gradient, although being governed 
primarily by convective turbulence, is also influenced through changes in 
mecbanical turbulence. 

Such a system, which also considers tbe effect of the ground surface, is 
used in a slightly modified form by, for example, McElroy et al. (1968, 1969). 
By means of the standard deviation of the horizontal fluctuation of the wind 
direction and using the Richardson number, which constitutes a measure for 
the vertical temperature stratification of the atmosphere, the authors defme 
four stability classes, presented in Table 22 
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18to22 B;(C) 

15 to 20 C (D) 

~ 

* 

T h e  corresponding Pasquill stability CLtaeS 
arc given in parentheses. 

A procedure involving relatively hgh expense in terms of measuring tech- 
niques k used by Polstet and Vogt in JUlich (Federal Republic of Germany), 
Table 2 3  (Vogt 1970). Basically, the system is similar to that of Pasquill. In 
order to keep tbe classification error as small as possible, however, they simul- 
taneously determine the degree of cloudiness, the radiation balance, and the 
temperature gradient in addition to the wind velocity. 

Although the three additional values arc in part redundant, the radiation 
balance and temperature gradient take account of different characteristics of 
the ground surface, so that they also supplement each other to a certain extent. 
Among other things. this procedure is aimed at taking better accoullt of the 
ground surface condition during the implementation of diffusion experiments. 

Furthermore, there are several other systems of determination which arc 
widely used to classify atmospheric turbulence. These systems IUX one parame 
ter only-cither 

the vertical temperature lapse rate (also referred to as either AT or verti- 
cal temperature gradient), or 

the Richardson number, or 

the horizontal fluctuation of the wind direction, c/(Sladt 1968; Singer et 
aL 1966),or 

the Monin-Obukhov length, cJ(Giffor13 1976). 
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Table 2.3. Altcrartire delinltloa of the stability classes recording to Vogt (1970) 

. .  

.. , 

Sun height, (I Degree of cloudiness 
Time of 

day 
>50° 6418 518 ... 718 818 

31' ... 50" a l a  5111 ... 118 818 
Synoptic 16O ... 30" 6418 518 ... 718 818 

Qbscrvations Day 8" ... 15" 6418 >4/8 
67" (0 )  ... 018 

s 

Insolation Index 4 3 2 I 0 - I  - 2  
Measuremen1 of Insolation, 
caI/cmhin 
Measurement of Stability I temperature 

at heights of I20 m and 20 ml  
Wind Velocity (u). m/r 

~ 0 . 6 0  osio... 0.35 0.34 ... 0.16 0.15 ... 0.03 0.08 ... -0.01 -0.02 ... -0.04 e-0.05 

grad ient (A~~Az) . "C / I00m,measu~  6-1.5 -I.)... -1.2 - 1 . 1  ...- 0.9 -0.8... -0.7 -0.6...0.0 0.1 ... 2.0 > 2.0 

< I  A A B C D+ 0 0 
A B B C D+ 0 0 

2 A B C D D 
3 B B C D D D E 

C C D D D D e 
D D D D D 

... 
E F 

I 1.9 
... 2.9 
... 4.9 

5 6.9 
3 7  

... 
D D 
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Vertical temperature gradicnt, an attempt to relate the thermal charac- 
teristics of the atmosphere to turbulence intensity, is relatively simple to meas- 
ure on a fixed tower and is one of the measurements made routinely at nuclear 
power plants. AT is a function of surface characteristics of height of measure- 
ment. Table 2.4 presents the AT classification scheme promulgated by the 
NRC. Note that the NRC has added an "extremely stable" class (-G")+ 
because of their concern about accidental releases of radioactive material from 
nuclear power plants during low-wind-speed, stable atmospheric conditions. 
Such an extremely stable class has also been promulgated by Vogt (1970). The 
AT method is probably most appropriate when measured over relatively low 
height intervals. such as from 10 m to 60 m above the ground and for the 
consideration of releases near ground level. Measurements through deeper 
atmospheric layers do not properly reflect changes nearer the surface. AT is a 
poor indicator of unstable conditions and should not be considered the best sta- 
bility indicator for evaluating diffusion from elevated release points (at heights 
above about 100 m). AT is probably most useful in estimating turbulent 
intensity during low-wind-speed, stable conditions because the measurement is 
unaffected by instrument response to wind speed. But AT is regarded primarily 
as an indicator of vertical diffusion. 

*The NRC developed u, and uz c u m s  for 'C" stability using the following rela- 
tionships to the ur and uz curves for 'F stability: 

u,4G) - 213 u,(F? 

VAG) = 315 uZW) 

Table 2.4. alssifiertion of atmospkric s.,bility 
by rcrtial temperature differcocc 

Temperature change 
with height 

classification categories ("C/lOO m) 
Stability Pasquill 

Extremely unstable A AT/& Q -1.9 

Moderately unstable B -1.9 <AT/& Q -1.7 
Slightly unstable C -1.7 < AT/& S -1.5 

Neutral D -1.5 < AT/& < -0.5 

Slightly stable E -0.5 < AT/& Q 1.5 

Moderately stable F 1.5 < AT/& Q 4.0 
Extremely stable G 4.0 < AT/& 

e 
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Wind direction fluctuations (Fig. 2 1 1 )  arc the direct result of the inten- 
sity of turbulence, and, as sucb, arc functions of surface characteristics and 
heights of measuranent The standard deviations of horizontal wind direction 
fluctuations (a#) have ban related to stability classes.* Table 23 presents 
the u# classificatioa scheme prandgated by the NRC, based on an ~ d y d ~  
performed by Sladc (1968). Again, note that the NRC has included a 'c" 

*Standard dcviatioas d borizoatal aod Vmical wind direction fluctuations csn dw 
be used to estimate ur urd u, without interfering a stability class. 

1 

b m  6 4 1 2 I 0 

Figure 21 1. Typical horizontal wind-speed and direction traces. (4) Differences in 
characteristics for rimultaaoous recordings at 16 and 120 m (chart speed, 3 in./h). 
(6) Example of a wry steady wind trace (chart speed. 3 in./h). (c) High-speed * 
trace (chart speed, 3 in./min). (Slade 1968) 
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strbility Pasquill 8)  
dl8sifiation categories (des) 

Ex- unstable A 8.3 225 

Modmtdy onstable B 22s > 8.3 175 

I' 

Sightly aestabk C 17.5 > 0.3 125 

Naltd D 12s > 8.3 7 5  

S l i t &  st8ble E 7.5 > 8.3 3.8 

Moderately atabk F 3.8 > 8 0 3  21 

Extmndy stabk G 2.1 > a. 
.Use of 00 to rrprtsent atmospheric stability when 

wind speeds arc less than 1.5 m/r should be substap- 
tiated If 80 is to be used as an indicator of vertical dif- 
fusion (atmoJpheric stability). adjustments to the sam- 
pling interval may be needed to eliminate wind fluctua- 
tions in the horizontal which do not occur in the verti- 
cal, especially during nighttime conditions. 

'Daamineed for a 15-min to I-h period for horizon- 
tal difiusion. 

class for comparability for the AT classification scheme. The applicability of 
the standard deviation of horizontal wind d d o n  is determined by the 
responsiveness of the wind vane used for measurements and the methodology 
used to calculate the standard deviation of the fluctuations. Many wind vanes 
are not diciently responsive at low wind speeds to allow a meaningful deter- 
mination of wind diraction fluctuations. The NRC, for example, suggests use 
of 08 only for wind speeds greater than 1.5 m/s. In addition, the NRC 
m c o d  that 08 be dctennined from no lcss than 180 instantaneous 
values of wind dirsctioD to achieve a meaningful representation of the standard 
deviation. But 4, is regarded primarily as an indicator of horizontal diffusion. 

To accommodate their relative strengths, the AT and u0 are sometimes 
uscd in conjunction in what is called a 'split sigma" approach. The 'split 
sigma" aproach usually takes the form of deriving horizontal stability class 
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accordiog to u6 and vertical stability class according to AT, aod uy and 4. 

values are determined accordingly. In this approach, the AT method is gener- 
*ally used to represent a single stability class for diurnal wind speed conditions 
(e.g., less tban 1.5 m/s). 

Indicators of turbulence such as the Richardson number, bulk Richardson 
number, a d  Monidlbpkhov kngth, provide relationships which reflect both 
thermal and muhmcal * turbulence in the vertical. Thesc indicators a n  shown 
for comparison. 

when 

g = acceleration due to gravity, 
T - temperature, 
r - adiabatic lapse rate, 
U = mean wind speed, and 
t - height above ground. 

The quantity au/dZ represents wind shear. 

where 

. . .  . .  . . . . . . . . .  . .  . . . .  . . . . . . . . . .  . . . . .  . . . . . . . . . . .  . . . . . . . . . .  . .  . .  _ .  :. .: .'.:.- ,-: : 
. . :  . :. . . . . . . .  

,.._ ~ 

. . . .  . _ .  . . . .  . - .  . .  

u, - wind speed at the geometrid mean of the heights used to determine 
the temperature gradient. 

u!CppT 
Monin-Obukhov Length, L - 

kgH ' 
(2.21) 

where 

U. = friction velocity as determined from the surface shear stress 
at. ==(7/dH, 

. .  . .  . . . .  . . . .  . .. 
. . . .  . .  
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C, = specific heat at constant prcsm, 
p = density, 
I = shear stress, 
k = von Karman's constant, 
g = acceleration due to gravity, and 
H = vertical heat flux. 

Table 2.6 presents a relationship between the Pasquill stability classes, 
Richardson number, and Monon-Obulrbov length. 

Tabk 2.6. R d . h  betweem P8aqmiU type .ad 
tu* cri(crh R i d  t 
fork om abort^ 

(CWord 1976) 

Pasquill Ri L 
type (at 2 m) (m) 

A - 1.0 to -0.7 -2 to -3 

B -0.5 to -0.4 -4 to -5  

C -0.17 to -0.13 -12 to -15 

E 0.03 IO 0.05 35 to 75 

F 0.0s to 0.1 I 8 to 35 

2.33 Diffusion Parameters 
The Gaussian model has been expressed in terms of diffusion parameters, 

uv and a,. Probably the most subjective and controversial aspect of using the 
model is selection of appropriate horizontal or vertical coefficients. Table 2.7 
summarizes a number of field experiments used in deriving these parameters. 

233.1 Major Test Series 

Table 2.7 compiles what are generally thought to be the most important 
test series for determining the diffusion parameters. This compilation covers 
tracer experiments exclusively. Besides the test site and name of the project, 
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Hrmll. U.K. 
(BEPOScria) 
(SICWIll Cl  d. 1958) 

ONeill. Nebraska. U.S. 
(Pnirie Gnn) 
(brad  el rl. 1958) 

M u s a c h ~ ~  U.S. 
(Round Hill) 
(Crrmer et rl. 1959) 

Hrnford. Wash.. US. 
(Omen Glow) 
(brad et rl. IW2) 

NRlS. Idrho, U.S. 
(Islilcrr. 1961) 

Brookhaven. N.Y., US. 
(Singer e( rl. 1966) 

SI. hub. Mo.. U.S. 
(McElmy et d. 1960 

Cdanchc, F n m  
(Le Quinb 1962) 

(Koniu et el. 1973) 
Krrbruhc, F.R.GcmmY 

61 15-60 IO brn 68 "Ar 

0.5 

0.3 

IO 

IO 

0.8 1.5 0.01 

0.2 1-5 0. I 

ZnS 0.35-1 3 ( M o  25 13-70 

Urrnine 46 30 3.2 I 

"Ar IO8 30-90 60 surface 

Near 60 16 sUrf8Ce Zn-Cd- 
sulfide ground (to 300) 

5-so 3&60 IO I 

3 x 2 0  3 3  I 1-2 
100 3 a 20 3.5 I 1-2 

Urrnine 

60 HTO 
CFCI). 
CFI BRz 

I 

1-2 

10 

80 

16 

25 

Julich. F.R. G c m W  
UP.. 5n 3 0 6 0  I I  1-250 1-2 65 _-  

100 30-60 I I  1-250 1-2 L Y  

'"Ho (Vogt et rl. 1974) 
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Table 2.7 mtains tht most relevant data on the expcrimcntal conditions: 
type of traca, release beight and duration, sampling range and height, rough- 
ness length, and number of tracer experiments. These data ate important but 
not sufficient for evaluating the reliability, comparability, and application 
range of the test results. It must be said that the measurements or at least the 
documentation of the metcorological data required for interpretation of the 
results (such as vertical profile of wind velocity and wind direction, tempera- 
ture gradient, and wind fluctuations) still leave much to be duircd. In certain 
studies (e.g., Prairie Grass Project, St. Louis Diffusion Studiea), the emission 
heights were near ground level; in other test series, they corresponded to 
medium stack heights (SO to 100 m). As to the emission or sampling periods 
(varying between 10 and 90 min), the test series are not always comparable. 
In the Prairie Grass and Round Hill tests, the sampling grid extended only 
over relatively small source distance ranges, so that the values extrapolated 
from the measured diffusion parameters for larger source distances are very 
speculative. Sampling was essentially effected near ground level. 

The number. range. and informative value of additional vertical distribu- 
tion measurements carried out for some of the tests are restricted. The data on 
roughness lengths, which arc available only to a minor extenf show that the 
surface roughness at the individual sites differs very much. ?bcse differences 
are all important to consider when comparing the measurement results. 

23.3.2 Various Parameter Systems 

Not all of the test series described have led to a set of source- 
distance-depcndent diffusion parameters covering all diffusion categories, that 
is, all relevant types of diffusion for effluent plumes. The following discussion 
describes some of the most important systems of diffusion parameters, based 
chiefly on the test series listed in Table 2.7. 

2333.1. The Posquiff-Gi//ortf sysrem. The most common compilation of 
uy and u, values are those presented by Gifford (1961). Gifford developed uv 
and a, values representative of each stability class (sect. 2.3.2) as functions of 
downwind distance (Figs. 2.1 2 and 2.13). often called the Pasquill-Gifford 
(PG) curves. Thcsc curves can be approximated by the equations 

u y ( x )  = ( 0 1  In x + 02)x (2.22) 

and 

exp ( b ,  + b2 In x + bj InZ x )  , d x )  - 2.15 
0 

.. 

(2.23) 
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IO' 2 5 I@ Y 5 10' 2 5 d 
DISTANCE -1- lhnt 

Fire 2.12. Horizontal dispersion coe f f in t  as a function of downwind distance from 
the mrcc (Turner 1967). 

wit. LING u I 1015 

I@ >,, I O ' ?  5 I@ 7 5 10' 7 5 I d  

DISTANCE -IN0 lhml 

Figure 213. Vertical dispersion coefficient as a function of downwind distance from the 
source (Turner 1967). 
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the coefficients of which are specified in Table 28. Because of the origin of 
the diffusion measurements used for their derivation, thcsc functions arc 
strictly applicable for short-term (6-10 min) rdcases oear ground level in 
uniform terrain (low roughness length) out to distances kss than 1 km. 
Extrapolations of uy and u, values out to distantxs on the order of 100 km 
have little basis in observation. 

Generally, the Pasquill-Gifford cums of u, and u, provide reasonable 
estimates of the magnitude of long-term concentrations from releases at or 
near ground level. The PG curves arc at las t  appropriate for elevated releases 
or releases in complex terrain. The slope of the u, cpnn for extremely unstable 
conditions is questionable. Some modifications to the PG curves for specific 
situations are discussed later. 

23.3.2.2. The Klug sysrem. i n  1964. Klug reevaluated the available data 
from major U.S. tracer test series and compared the results of the combined 
test series Prairie Grass and Round Hill and the experiments of Hanford and 
Idaho Falls with the Pasquill data (Klug 1964). Basccl on the evaluations of 
the Prairie Grass experiments, Klug spedficd in a later study a system of dif- 
fusion parameters (Klug 1969) that is suited for application to short-term 
ground-level releases over terrain with a low surface roughness. in the same 
way as the Pasquill system. Pn his comparison with the data of Pasquill and 
Brookhaven National Laboratory, Klug does not exceed source distances of 2 
or 3 km. In this range, the diffusion parameters can be described by power 
functions. such as 

u y ( x )  = pyx9, (2.24) 

and 

(2.25) 

where x is the source distance and the coefficients p and q are specified in 
Table 2.8. 

2.33.2.3. The Brookhaven sysrem. The tracer experiments carried out at 
Brookhaven have been evaluated by Singer and Smith (Singer et al. 1966). At 
medium distances. the results are based on oil mist measurements; at longer 
distances of up to 60 km. they are based on measurements of the “Ar concen- 
tration distribution. Four types of diffusion are defined by the authors. 

Classification is according to gustiness based on wind direction traces, 
recorded by a Bendix Friez aerovane located 107 m above ground level. No 
diffusion parameters are specified for the class of maximum gustiness, type A 
(fluctuations of the wind exceeding 90 deg). The approximate assignment of 
the diffusion parameters recommmded for the remaining four classes that, in 
the light of power functions according to Eqs. (2.24) and (2.25). are dependent 
on the source distance x .  is specified in Table 2.8. This table also shows the 
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-0.0214 -0.0141 -0.01 I1 -0.0059 -0.0059 -0.0029 ~ .~~ 

0.3500 
0.8800 
0.1520 
0.1415 
V 

0.4690 
0.9030 
0.01 70 
1.3800 

A 

(0.8685) 
(0.8097) 
(0.2222) 
(0.9680) 

A 

0.2480 0.1150 
-0.9850 -1.1860 
0.8200 0.8500 
0.0168 0.0045 

IV 1111 

0.3060 0.2100 
0.8850 0.8550 
0.0120 0.0160 
1.0210 0.8190 

0.4000 0.3600 
0.9100 0.8600 
0.4110 0.3260 
0.9010 0.8590 
(8) (C) 
1.7000 1.4460 
0.1170 0.1100 
0.0190 0.1310 
l.m 1.m 

B C 

0.8091 0.7837 
0.2222 0.2149 
0.9680 0.9438 

n C 

8 ,  81 

0.8685 0.7184 

0.1080 0.0880 
-1.3500 -2.8800 
0.1930 1.2550 
0.0021 -0.0420 

Ill( I I  
0.2190 0.2310 
0.1610 0.6910 
0.I)O 0.2110 
0.1270 0.6100 

0.3200 
0.1800 
0.2210 
0.1160 

(0 )  (E) 
0.9100 I.Om 
0.1290 0.6480 
0.9100 0.9300 
0.1020 0.4650 
D E 
0.6248 1.6910 
0.1612 0.6211 
0.2048 0.1616 
0.9358 0.8094 
D E 

C 

0.0540 - 3.8W I 
1.4190 

-0.0550 
t 

0.2130 
0.5940 
0.2620 I 
0.5000 
D 

0.3100 
0.1100 
0.0620 5 
0.1090 

3-4 

F 
5.3820 
0.5178 
0.3960 3 4  
0.6183 

F 

0.2294 0.2270 0.2236 0.2211 (1.6910) (5.1820) 
1.0032 0.9104 0.9380 0.9048 (0.6211) (0.5110 P, 

I I I < P I  1.0236 0.8900 0.1552 (0.8094) (0.6183) P I  
q Y  0.0965 0.1551 0.2414 0.3980 (0.1616) (0.1960) 3 4  

.... ._.<". Y I  

'A - ~ C Q ~ I  YI of dillusjon parimeten lor elleetire release hci8hu d 50, 100. m n d  180 rn is bwn in ~b mppcdu of thh 
chapter. 
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association betwcen gustiness classes and ddfusion categories determined by 
Pasquill. Since the cxperimeats at Brookhaven were camed out under condi- 
tions typical for the rcleasc of pollutants from industrial plants (the tracer was 
released, as a NIC. at a height of 108 m, with emission periods of - I  h, and 
its dispersion was measurcd over terrain of medium roughness), the results 
should be applicable in many practical instances. 

2.3.3.2.4. St. h i s  tpsrrr In evaluating the tracer test series carried out 
a t  St. Louis, McElroy and P d e r  uscd the common Gaussian model for the 26 
experiments carried out during daytime. A simpler box model was used in view 
of the limited data material for the more stable meteorological conditions dur- 
ing the 12 experiments camed out in the evening. In doing so, it was assumed 
that the vertical profiles of wind velocity and tracer concentration were signifi- 
cantly interrelated (McElroy et al. 1968). When summing up the results, trial 
classifications were camed out according to the Pasquill-Turner diffusion cate- 
gories, to modified Brookhaven gustiness classes, and to a combination of hori- 
zontal wind direction fluctuations as a criterion of the horizontal turbulence 
component and the Richardson number as a criterion of the vertical stability 
(see Table 2.2). The St. Louis experiments likewise revealed source distance 
dependence of the diffusion parameters representable as power functions within 
the entire measuring range of up to 16 km. The coefficients specified in Table 
2.8 reflect the last-mentioned classification (horizontal wind fluctuations and 
Richardson number). which, according to the authors, is the best way of sum- 
marizing the test results obtained. The four diffusion categories have not been 
designated by McElroy and Pooler. The classification made in Table 2.8 can 
be substantiated by the meteorological conditions specified in McElroy et al. 
(1968). In this connection, account had to be taken of both the metropolitan 
site and the statement that neither low wind conditions nor extremely high 
wind velocities occurred during the experiments. Since the experiments were 
carried out over the relatively flat area of metropolitan St. Louis. with emis- 
sion taking place near ground level and the emission duration being 1 h, it is to 
be expected that the resulting diffusion parameters are applicable to diffusion 
calculations for metropolitan sites and, possibly, other sites of extreme surface 
roughness. 

23.3.2.5. The f i l ich  syrtcm. The tracer experiments camed out in the 
vicinity of the Julich Nuclear Research Center at emission heights of 50 and 
100 m and during emission periods of 1 h have been evaluated separately 
according to the above emission levels. The diffusion categories during expcri- 
mentation were determined by three alternative systems (Table 2.3). To clas- 
sify the stability classes, the most probable diffusion category resulting from 
the three alternative methods was taken. 

-4s-ak- e.+..-:- ‘b.u.*.-**.c .= 
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The experiments arc carried out up to a source distance of 11 km. The 
source distance dependence d the diffusioa parameters, again, is described by 
power functions, the coefficients of which arc listed separately in Table 2% for 
emission levels of 50 and 100 m. 

For these two emission kv&, substantial differences have been found the 
diffusion pnramdMs arc amkr at the 100-m level than at the SO-m l m l  for 
all diffusion ca- chiefly gcnnrned by mechanical turbulence, because the 
impact of the turbulence aaaPnl by obstack on the ground is reduced with 
increase in height. Only in the case of highly unstable strata arc the diffusion 
parameters, as anticipated, higher at the 100-m level, since the turbulence 
component resulting from thennal convection is more developed at longer dis- 
tances from the ground boundary layer. Since the mechanical turbulence 
caused by surface toughness reaches its maximum at high wind velocities, 
there is a maximum increase in diffusion parameters for diffusion categories D 
and C as compared with those of low roughness (Pasquill 1974; Klug 1969), 
causing the a, values for diffusion categories C and D at an emission height of 
50 m to approach the values of category B. Although parts of the exptriments 
were camed out chiefly over arable land (medium surface roughness) and oth- 
ers chiefly over woodland (higher surface roughness), these differences in 
roughness did not result in signifcant differences with regard to the diffusion 
parameters. This may be attributed to the fact that the dispersion is not 
decisively governed by the local toughness conditions, but by the mean rough- 
ness lengths over extended entrance regions and diffusion distances. Consider- 
ing the experimental conditions, the dvfuion parameters measured in Julich 
should be applicable to sites with medium to higher surface roughness, which 
is due to settlements, vegetation, and other ground obstacles (Table 2.8). 

2.4 PRACTICAL APPLICATION OF 
THE GAUSSIAN PLUME MODEL 

IN THE CASE OF ROUTME RELEASES 

An important quantity in practical dose evaluations is the dose equivalent 
H. Apart from a few exceptions, the dose equivalent is directly proportional to 
the timaintegral of the activity concentration, being calculated over the entire 
period of wrposure: 

H a  Q * (xy,O) dt . (2.26) 

In the case of routine releases, the exposure periods of interest are days, 
weeks, months, or years. e 

. .  
. . .  . .  
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Basically, the calculation of the time-integrated activity concentration x is 
quite simple. However, it ~OSCS initid proMans insofar as the prerequisite of 
stationary turbulence required for the computation of e docs not apply to the 
entire duration of release or exposure, rcspactively. For tbis reason, the release 
duration is broken into individual duration intenals At, in which the station- 
ary condition is fulfilled. Then the contributions of the individual duration 
intervals are superimposed to obtain the total contribution. 

By additional identification of each state of turbuknct in the duration 
interval At, by means of the wind direction & (note: usual US. convention for 
horizontal wind direction is 8 )  wind velocity of the velocity level k ,  and diffu- 
sion category j ,  which is sufficiently accurate for practical calculations, the 
he-integrated activity concentration in t k  wind direaion 4 may be ~ C U -  
latcd as follows: 

(2.27) 

2 g4 - At , 

in which P 4 j k  is the frequency of the joint occurrence of a certain combination 
jk in the direction tp related to all of the combinations 4jk. For easier appli- 
cation, the wind rose is divided into n sectors of equal size. If the wind 
direction 4 denotes the direction of the angle-bisecting line of a sector i ,  as 
shown in Fig. 2.14, 

Fig. 2.14. Sector I of the wind rosc (dispersal sectors). 
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and if it is assumed that all emuent plumes falling into this sector coincide 
with the direction of tbe bisector, the following equation is valid: 

.. 

. .  

., . 
. .  

_ -  

(2.29) 

In COM& with the relative frequency p and based on the assumptions 
made before. the d d n  4 has been replaad by the index of the dispersion 
sector 1.. 

Taking into a-nt the basic equation (2.8), the following is now 
obtained for the the-integrated activity concentration: 

For convenience, we divide both sides of Eq. (2.30) by Q = Qat. This leads 
to the so-called x/Q-value. 

which we will refer to in the following as long-tern dispersion fuctor. This 
factor is usually applied to evaluate the radiation exposure in the case of sub- 
mersion in M electroncmitting cloud and inhalaton due to routine releases. 
The parameter pr/lt represents three-dimensional dispersion meteorological 
statistics for the joint occurrence of wind in direction of sector i, atmospheric 
stability in classf, and wind speed io class k. It is koown for most applications. 

For n - 16, and a particular sector i, when puk = nlrJN, and u'r, 
being the representative wind speed in class k, Eq. (2.31) can be expressed in 
the form used by the NRC in Regulatory Guide 1.1 1 1 : 

, 

. . . .  . . . . . . . . . . . . . .  .... 1 . . . . . . . . . .  _:::-.: :_.. '.; .. . . . . . . .  . . .  . . . . . . . . . . . . . . .  . . .  . . .  . . . . . . . . . . . . . . . . . . . . .  . .  . . . .  . . . .  
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at the site under consideration. This applies not only to the surface roughness, 
but also to the release heights. 

It was mentioned in Sect. 23.1.6 that tbe dioa#ive decay and deposition 
of nuclides on the ground during transport cao be taken into a m u n t  via the 
solution of Eq. (2 18). Considering the dispersioa of the waste air plume up to 
a sourot dktancc of approximately 10 km, the plume depletion due to ground 
deposits can usually be neglected. In the case of short-lived radionuclides only, 
Eqs ( 2 3 )  or (232) have to be multiplied by the following depletion factor 

or 

respectively. 

(2.33a) 

(2.33b) 

Illusfratire Example 

Evaluate the x / Q  value according to Eq. (2.31) for a source distance of 
lo00 m in sector i = 3, diffusion category j = 3 (D),  and wind velocity class 
k = 9. For this purpose there are several tables in the appendix of this chap 
ter. 

lo  Table A we find the coefficients for the diffusion parameter uz(x).If we 
assume an effective release height of 100 m, we get 

u&r) = prsxGJ = 0.265 - I@*"' - 75.4 m . 

In order to calculate the representative wind velocity u/r(, we make use of Eq. 
(2.14); 

- 8.57 m/s, 

. . .  . . . . . . . . .  . . . . . .  . . .  . .  . .  
. . .  .<. : 
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In this equation, njk is the length of time (in hours) of the joint Occurrence of 
a particular wind direction, wind spced class k, and atmospheric stability class 
j ,  and N is equal to the total hours of data. 

Figure 2.15 shows the source distance dependence of the long-term dis- 
persion factor dQ integrated over all wind directions for various diffusion 
parameter systems. It demonstrates that the height and source proximity of the 
maxima corresponds to the influence of surface roughness, which decreases 
,from the metropolitan site of St. Louis to Julich (where at a height of 50 m 
the surface roughness has a stronger efftct than at a height of 100 m) and 
Brookhaven, and to the conditions of the Prairie Grass experiments, which are 
reflected specifically in the Klug system. 

The systems of Brookhaven, Pasquill-Gifford, and Klug involve very flat 
maxima with partly pronounced secondary maxima. The Julich measurements 
show that the environmental txposurt is overestimated by a factor of 1.7 if it 
is calculated for a release height of 100 m with the diffusion parameters mea- 
sured at a 50-m release height instead of using the values ascertained at the 
100-m level. 

This comparison shows that it is very important to use a diffusion parame- 
ter system measured under boundary conditions comparable to those prevailing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . . . . . . . .  . .  . . .  . .  . . . . . . .  . . . . .  . . . . . .  .., . . . . . .  . . .  . . . . .  . . . . . . . .  . . . . . .  . .  . .  . .  
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Figure 2.15. Long-term-dispmion factor according to Eq. (2.30), but integratcd over 
all wind diredons for a release height of 100 m as a function of sourcc distance for 
different diffusion parameter systems (calculated with the meteorological statistics of 
Jillich. Germany). 
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where 

LO 

atj 

is the height of the anemometer (hm 10 mA aad 
b the exponent of the vertical wind profile, taken from 
Table E in the appendix of this chapter. 

Now, assuming no radioactive depletion, dQ bumnes 

= 8.03 X IO'* s/m3 (Pa39 = 1.06 X IO-' from Appendix Table B) . 

If we evaluate the x / Q  values in the way shown in the example for 16 dis- 
persion sectors of 22.5' and the corresponding combinations jk, b a d  on the 
metdogica l  data listed in Table B of the appendix of this chapter, a matrix 
of long-term dispersion factors can be obtained. Such a matrix is shown in 
Tables 2 9  and 2.10. It can also be illustrated by a ample of isopleths in the 
vicinity of the source, as depicted in Fig. 2.16. 

2.4.1.1 Modifications of the .DiRusion Parameters 

For specific dispersion situations not covered by the common diffusion 
parameter syslems, a number of modifications have been developed on the 
basis of the original PG curves. 

Where diffusion is enhanced in areas of i n c d  surface roughness and 
complexity, diffusion is likewise generally inhibited by flow over smooth sur- 
facts such as water. Dispersion experiments over cold water (Michael 1974) 
indicated that or over water could be about a factor of two less than the uv 
predicted using the standard PG cum for "F stability at a distana of 6 km. 
An approach for estimating reduced atmospheric diffusion for long over-water 
fetches is to assume that the rate of diffusion over water is similar to that 
obtained by a reduction of one or two PG stability classes for similar meteoro- 
logical conditions over land. However, estimates of diffusion over water arc 
dependent on the temperature difference bctwccn the air and water surface, 
and the distance of over-water fetch. Diffusion may be enhanccd by air flow 
over a relatively warm body of water because of the destabilizing effect of 
heating the air from below. The transition from over-land characteristics to 
over-water characteristics is not immediate, and significant travel over water 
may be required for such a transition to occur. 

.. 
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Table 2.9. Matrix of tbe loag-tcrm-diSpenioa frctd'(x/Q) la 
s / d u  I fonctloa of source dishace rad wind d k t i o a  (dinctioa 

of impact) for I l k t o r  rid row .ad mtteodogkd data of tbe site of 
the Jach  N K ~  Rcscrreb Center (Federal RcpllWe of Ccrmray), release Idfit: 100 m 

SOUnX Secton 
distance East South 

(m) 1 2 3 4 5 6 7 8 

I%OE+OI 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2.51E+OI 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6.31E+OI 3.71E-22 5.988-22 9.748-22 1.808-21 I.mE-21 9.908-22 1.328-21 1.46E-21 - I.OOE+02 5.648-12 9.10E-12 1.48F-11 2.758-11 1.52E-11 1.51@-11 2.01E-11 2.23E-11 
1.588+02 2.888-09 4.638-09 7.588-09 1.40E-08 7.798-09 7.708-09 1.028-08 1.138-08 
3.988+02 3.198-08 6.848-08 1.108-07 1.40E-07 8.608-08 7.32E-08 6,538-08 5.49E-08 
1.0084-03 5.21E-08 1.388-07 1.748-07 1.55E-07 9.408-08 6.498-08 5.108-08 3.638-08 
2.518+03 2.478-08 5.678-08 6.728-08 5.98E-08 3.57E-08 2.448-08 1.988-08 1.438-08 
6.318+03 9.028-09 1.618-08 1.838-08 1.73E-08 1.018-08 7.238-09 6.138-09 4.928-09 
1.588+04 3.468-09 4.748-09 5.12E-09 5.248-09 2.938-09 2.24E-09 1.968-09 1.818-09 
3.988+04 1.12E-09 1.338-09 1.398-09 1.508-09 8.15E- IO 6.498-10 5.76E-10 5.778-10 
I.WE+05 3.15E-10 3.468-10 3.568-10 3.948-10 2.1 IE-IO 1.72E-10 1.54E-10 I.6lE-IO 

T h e  

q h e  x / Q  values nptuent long-term averages over about 8 years (69,774 single values). 

values have been calculated with u values, valid for 100-m release height, according to Table A in the appendix of this 
chapter. 
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Tabk 2.10. Mdix O f  the IOag-tmadiSpmIOa faet&'(*x/Q) IO 
s/m' m a function of source distance and rrlad direction (dlrecdoa 

of impact) for a 163CCtor rind rose and wtcordagiul data of tbe rite of 
tbc Jakb Nuclear Research Center (Federal RepaMk of Ccrmray), rekuc height: 100 m 

Soura *ton 
distana West North 

(m) 9 10 I 1  I2 13 14 I5 16 

I.OOE+OI 
2.5IE+OI 
6.31 E+OI 
I.OOE+02 
1.58Ei-02 
3.988+02 
I.OOE+03 
2.5 I E+03 
6.31E+O3 
1.58E4-04 
3.98E+04 
I.OOE+-05 

0.0 
0.0 
I .49E- 2 I 
2.278- I I 
I .  I5E-08 
6.858-08 
4.85E - 08 
I .88E-O8 
5.90E-09 
1.90E-09 
5.61E- I O  
I.5OE- 10 

0.0 
0.0 
9.238- 22 
1.40E- I I 
7.13E-09 
4.478-08 
4. I4E- 08 
1.82E-08 
5.988-09 
1.95E-09 
5.778- 10 
1.55E- 10 

0.0 
0.0 
5.67E- 22 
8.628- I2 
4.408-09 
3.738-08 
3.3OE-08 
1.478-08 
5.08E-09 
1.72E-09 
5.22E- 10 
1.42E- 10 

0.0 
0.0 
9.14E-22 
1.39E- I I 
7.09E-09 
6.45E -08 
7.448-08 
3.238 - 08 
1.07E-08 
3.66E-09 
l.12E-09 
8.OSE- 10 

0.0 
0.0 
6.938- 22 
1.05E- I 1  
5.37E-09 
5.52E-08 
7.868-08 
3.7 I E - 08 
I. 37 E - 08 
5.29E-09 
1.72E-09 
4.828- 10 

0.0 
0.0 
4.80E- 22 
7.31E- 12 
3.71E-09 
2.878-08 
3.74E - 08 
1.97E-08 
9.488-09 
4.54E-09 
1.61E-09 
4.71 E- I O  

0.0 
0.0 
4.328-22 
6.58E- I2 
3.33E-09 
2. I3E-08 
3.09E - 08 
1.59E-08 
7.30E-09 
3.418-09 
1.20E-09 
3.5OE- IO 

0.0 
0.0 
3.24E- 22 
4.93E- 12 
2.JIE-09 
2.628-08 
3.85 E - 08 
1.888-08 
7.67 E - 09 
3.25E-09 
l.lOE-09 
3.16E-10 

~~ 

The  x / Q  values have been calculated with u values, valid for 100.m release height, according to Table A in the appendix of this 

q h e  x / Q  values represent long-term averages over about 8 years (69,774 single values). 
chapter. 
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Figure 2.16. Isopleths of the long-termdispersion factor, calculated for a release height 
of 100 m and u-values determined for JUlicb according to Table 2.8. Radioactive 
depletion was not taken into account (Brenk 1978). 

Another terrain feature where the try and a, values are likely significantly 
different than the standard values is a desert. Btcausc of the relatively smooth 
surface and pronounced surface effects on temperature lapse rate (e.g., more 
radiational cooling at night resulting in strong temperature inversions), uz 
values are generally lower over deserts. However, plume meandering tends to 
increase cry values over deserts. 

Irregular terrain also affects diffusion and the applicability of standard dif- 
fusion parameter sets, e.g., as compiled in Table 2.8. Each complex terrain 
situation is different, although diffusion overall is most probably enhanced. 
However, flow over and around obstructions should be examined for decreases 
in plume height relative to the ground surface or for physical restrictions to 
plume spread (e.g., valley or canyon walls). 

Other adjustments to try and uz to consider the effects of nearby buildings 
or to consider enhanced diffusion during low-wind-speed conditions have ben 
incorporated into the basic Gaussian diffusion formula. One of the earliest 
additions to the Gaussian diffusion model was an adjustment to estimate 
increased diffusion around buildings. A turbulent Wake" is formed downwind 
of a structure (see Figs. 2.17 and 2.18). Material released at or nearby the 

. . . . . . .  . . : . .  
I .  
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Figure 217. Flow over center of a long, fiat building roof for wind perpendicular to,the 
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building will most likdy be entrained into the wake, themby enhanciag d i f b  
sion. The most annmon form of the Gaussian model to consider the effect of 
building wakes for short-term plume centerline calculations is 

where 

A - e  * area of the building normal to the flow, and 
c = "shape factor- to represeat the fraction of A over which the 

plume is dispersed; c = 0.5 is a consematbe value which is 
ccnnmonly d 

Using this equation to represent conditions at short distances from the build- 
ings leads to unrealistically large diffusion because of the magnitude of cross- 
sectional area completely overwhelms small values of uy and ua Therefore, the 
NRC has limited the effect of buildings of no more than one-third of the diffu- 
sion expected without the building for short-term centertine calculations. For 
calculations of the building wake effect for long sampling times, the adjust- 
ment is made only to a, (because diffusion is assumed to be uniform in the 
horizontal over the sector of interest) in the form 

where 

Zz = the adjusted vertical diffusion parameter, and 
D = building height. 

(2.35) 

Again, the NRC limits the building effect such that Eq. (2.35) is no more 

Diffusion during low-wind-speed, stable conditions has been observed to 
exceed that predicted using the standard values of uy and a, Using diffusion 
experiments which were designed to estimate the enhanced horizontal diffusion 
for ground-level releases, the NRC has formulated adjustments to uy as func- 
tions of stability class and wind speed. This enhancement of uy is limited to 
hourly average calculations. NRC Regulatory Guide 1.145 contains the 
methodology for this adjustment (Snell, 1981) and supplies supporting infor- 
mation about the approach. 

than Jfo , .  
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2.4.1.2 Release Height Modifmtioos 

The distinction between rckases donsidered as ground-level and those con- 
sidered as elevated is somewhat illdefmed. A common approach is to assume 
an elevated release when the Fckastl point is 2.5 times the height of nearby 
structures. Another common approach is to assume a ground-level release 
when the releasc point is below the k g h t  of the building. Releases from points 
at the tops of buildings tend to c s c a ~  the building wake under certain condi- 
tions; become completely entrained into the building wake under certain condi- 
tions; or behave as mixtures of these two types for the remaining conditions. A 
critical determination in calculating ground-level concentrations from elevated 
or partially elevated releases is the plume rise of the effluent being ejected. 
The amount of plume rise determinb the Wfcctive stack height" for use in 
calculating ground-level concentratiork In all of the quations presented herein 
for calculating concentrations. the pipmeter H is the effective height of the 
plume. Plume rise may increasc the effective stack height by appreciable fac- 
tors (2 to 10) which may reduce ground-level concentrations by factors up 
to 100. Plume rise may be due either to momentum, bouyancy, or a combina- 
tion. Briggs (1975) has summarized available plume rise models. For most 
plumes, early rise is probably dominated by momentum. Most nuclear facilities 
do not generate enough heat to made bouyancy a significant factor in plume 
rise. Generally. the determination ofi effective stack height is affected by the 
physical height of the stack, plume rise, downwash during relatively high wind 
speeds. and consideration of terrain features. Plume rise due to momentum is a 
complex function of the exit velocity, atmospheric stability, and wind speed. 
The determination of the effective height of releasc is generally presented in 
the form 

H -c h, + hp - h, - c ,  

where 

H = effective stack height, 
h, = physical stack height, 

h, - height of terrain, and 

eMuent exit velocity). 

h,  = plume rise, 

c - downwash correction (due to high wind speeds relative to 

i 

I 2.4.13 Treatment of Calms 

As mentioned already in Sect. ?.XIS,  the Gaussian plume model is not 
strictly applicable when the wind speed ii approaches zero, e.g., in 

I 
I 
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Eq. (231). Obviously the equations with 5; in tbe deweainator an not valid 
when = 0. Seldom is the atmosphere truly motionltss; howcvcr, wind speed 
often canllot be measprat bocauee it is below that mquirad to initiate instru- 
ment respaase. This adition, wben wind speed is below the starting or thresh- 
old s p e d  of the saemomda, is called ''calm." An approecb for h a t i n g  a 
mean wind speed for CaLn conditions is to assume that ii is equal to one-half 
the starting tbsbokl d tbe anemometer. This appnrach is most appropriate 
when a datively sensitive anemometer (Le.* starting thrtshold of about 
0.5 m/s) is in use. Another approach is to assign the arbitrarily low wind 
speed, such as 0.1 m/s, to calm conditions. When less sensitive anemometers 
(Le., starting thresbdds on the order of 1-2 m/s) arc usad, both tbe starting 
threshold and frequency of calm conditions should be examined to determine a 
representative wind speed for calm conditions. 

Another difficulty is the assignment of wind d m o n  during calm condi- 
tions. An approach to distribute calms by wind direction using an annual joint 
frequency is to distriite calms in proportion to the directional distribution in 
the lowest non& wind spaad class for a particular atmospheric stability 
class. This approach assumes that no pronounced directional bias exists for all 
low wind speed conditions in a particular stability class. Assigning wind 
direction for short-term calm conditions may be accomplished by assuming the 
last available non-calm wind direction measurement is valid during the period 
of calm. If the calm condition persists for a number of hours, then wind direc- 
tion could be assumed to vary from the last non-calm direction to the next 
non-calrn direction. However, this approach is completely subjective and 
requires some understanding of local meteorological and topographical condi- 
tions. 

24.1.4 Ttertwat d NoPStdght-Lioe MOWS 

The simple model described in this chapter assumes straight-line airflow 
between the source and the receptor. This assumption is most valid near the 
source, although this validity may vary considerably among sites. Thus, the 
applicability of the straight-line airflow assumption must be considered for 
each site. For example, an effluent released in a welldefined river valley will 
most likely follow the confines of the valley rather than remain in a straight- 
line trajectory. A number of variable-trajectory models are available to con- 
sider spatial and temporal variations in aifflow. Thesc models track individual 
puffs of plume segments over appropriate time intervals (e.g., a puff of plume 
segment released every 30 minutes). Individual elements are followed until 
they arc transported beyond the area of interest or until their concentration is 
too low to be a significant contributor to the concentration at a particular 
receptor. Sometimes the results of a variable-trajectory model are compared to 
the results of the straight-line model, to determine adjustments to the straight- 
line model to approximate the effects of smtial and temporal variations in air- 
flow. USNRC Regulatory Guide 1.1'1 1 provides additional information for 

.. ... 
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that the dose contributions to sectors 
included in the calculations, especially 

. . . .  . .  ......................... . .  . _  . .  . . . . . . . . .  : . . . . . . . .  . . . . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . . . . . .  : 
. . .  . . .  . . . . . . . .  
. . .  . .  . .  : . i  - .  . 

adjacent to the downwind Sector are not 
near the point of release. 

consideration of spatial and temporal variations in airflow in the vicinity of 
nuclear power plants. 

2.4.15 Mixiag Height 

For assessmtnts of atmospheric diffusion out to large distances from the 
sour- the depth of the mixing layer is an  important oonocm. The mixing 
layer is the atmospheric layer ( b a d  at the ground surface) in which effluents 
can continue to diffuse in the vertical direction. Often, a temperature inversion 
aloft will act as a 'boundary" to continued vertical diffusion. The rate of diffu- 
sion acfoss the %oundary" is small compared to the rate of diffusion within 
the mixing layer. The height of the mixing layer is called the mixing height. 
After an effluent plume diffuses to the mixing height, the concentration distri- 
bution in the vertical will become more uniform. Mixing bcights change diur- 
nally and seasonally, generally being largest on summer afternoons and least 
on autumn mornings. Mixing heightk also vary considerably by geographic 
location. Holzworth (1972) has published extensive summaries of mixing 
height information for the United States. 

2.4.2 Norn~lited T i  d Volume-Integrated Air Cmceotratioa 

Photon radiation is not attenuat$ appreciably by air. For example, the 
intensity of typical photon rays (-0.7 MeV) is reduced to one-half its initial 
value at distances on the order of 100 m. A point of interest may experience 
significant photon radiation from an elffluent plume although the point may be 
well outside of the plume. For dose estimations it is necessary, therefore, to 
consider the radiation contribution of the total plume. Thus, the exposure 
caused by photon radiation is directly proportional to the time- and volume- 
integrated photon flux in the plume (Chapter 8). For the geometry given in 
Fig. 219, this results in 

. . .  .< . . . . . . . .  <.  . . . . . .  . .: . .;:. 
,.,.:_, .~ , . . : . . .  ........ ;... :.: . . .  :. . :<: . - .  . . .  . . . . .  . . . . .  . .  . . . .  with Q taken from Eq. (2.8) and 
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Figure 2.19. Geometry for photon exposort from the plumc. 

dividing the result by the source strength, Q, we get the term x,i which will 
be referred to in the following as the gamma-submersion factor. 

with 

i + 6 , i  f 6 -1 i - 6 , i  > 6 

i + K - 1,i + K f 13 
i + K - 13,i + K > 13 

. .  . .  
. .  . . . .  . .  
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i - (a  - 1 x 1  - i < 1 
i - a + l 3 , r - i i . l  

and 

. .  

. .  

(2.39) 

Thc derivation of Eq. (237) is explained in more detail in (Brenk 1978; or 
Rohloff et al. 1979). In the latter reference the reader will also find a dis- 
cussion of the energydependence of 11,) and R,, as well as the manner of the 
numerical evaluation of thesc terms. More recent. improved numerical evalua- 
tions of R,, and R, arc explained (Rohloff 1981). 

For the meteorological data of Julich, the gamma submersion factor is 
depicted in Fig. 220 as a function of downwind distance and releasc height. In 
Fig. 2.21, it is given in the form of isopleths within an area of 100 km2. More- 
over, in Tables 2.1 l and 2.12, the gamma submersion factor is listed for all 16 
sectors of the wind rose up to a sourccidistanoe of 100 km. 

When the plume spread is large bornpared to the mean free path of pho- 
tons in air, the plume can be treated like a semi-infinite cloud (excluding 
ground shine). For these c a w  the d b  is directly proportional to the long- 
term dispersion factor, f l  (scc Chapter 8). 

But if the receptor or the point /of interest is not submersed in a semi- 
infinite cloud, volume integrations as ,&own above are always needed. A sim- 
plification of the integration procedure based on Pasquill-Gifford diffusion 
parameters is presented by Healy in Slade (1968). 

2.43 N o d z e d  Ground Contami~tioa 

The radiation exposure caused by photon and electron irradiation from the 
ground as well as ingestion of conta@ated food is strongly governed by dry 
and wet deposition of radioactive aeterosols, gases, and vapors. These two 
processcs may be essentially attribut? to two meteorological effects known as 
fallout and in-cioud (rainout) and +lowcloud (washout) scavenging (Slade 
1968). Bccausc it is not always possible to distinguish between washout and 
rainout (e.g., for convective storms) we simply refer to both processcs in the 
following as washout. I 

I 
0 i 
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Figure 2.20. Gamma submersion factor for tbe main wind direction as a function of 
source distance and effective release bciit. Tbe cum ut valid for the side of tbe 
JUlicb Nuclear Researcb Center, Germany (Brenk 1978). ' b y  have been calculated 
for u-valu~) (JUlicb, 100 m) according to Table 2.8. 

243.1 Dry Depositiolr 

According to Chamberlain (1953), the ground contamination due to dry 
deposition (fallout processes) is nearly proportional to the activity concentra- 
tion in air near ground, where the proportionality constant is the so-called d c p  
osition velocity, vg. Thus, the n o m a l i i  ground contamination (referred to in 
the following 8s long-term fillout fator) can be estimated by 

.. . 
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Figure 221. IsopletaS of the gamma submersion factor calculated for the JUlich mew 
omlogical data without radioactive plume depletion. The effective release height is 
100 m. The isopleths have been calculated for u-values (JUlich, 100 m). according to 
Table 2.8 (Brenk 1978). 

The deposition velocity is usually determined experimentally by measuring x at 
a standard height, usually 1 m, and F for each isotope over various ground 
covers. Experimentally determined deposition velocities are also a function of 
wind velocity because the vertical profde of concentration changes with wind 
velocity. Thus, the deposition velo$ity is not constant even for spacific 
effluents. The Variations in boundary conditions, such as sorption 
characteristics and roughness of the underlying surface, and variations in the 
wind velocity for a given chemical composition of effluent, can cause the depo- 
sition velocity to vary by more than one order of magnitude in different experi- 
ments (see Chapter 11). It should be realized, however, that thesc deposition 
velocities arc derived from relatively short-term (in the order of one hour) 
experiments and thus vary more qan  their long-term averages which arc 
expected to be the proper values to estimate long-term deposition. 

7Q''*9 

For cmuents from nuclear faCi 
deposition velocity, based on experim 
elemental iodine, 10'' m/s for orgam 
p in diameter). 

pes the following best estimates of the 
p a l  data may be adequate: m/s for 
c iodine, and 10') m/s for aerosols (t 1 
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Tabk 2.11. Matrix of g8mma-soInuenh fact&' for 16 secton of the wbd rose 
(secton of impact) u a flmetloa of source distance 

Values are valid for the site of the JUlich Nuclear Research Center, 
(Federal Republic of Germany) 

...... . . .  - .  

Source sectors 
distance Ea8t South 

(m) 1 2 3 4 5 6 7 8 

I 

I.WE+OI 1.658-03 1.658-03 1.658-03 1.658-03 1.648-03 1.638-03 1.62E-03 1.61E-03 
2.518+01 1.658-03 1.668-03 1.678-03 1.668-03 1.648-03 1.618-03 1.588-03 I.55E-03 
6.318+01 1.538-03 1.598-03 1.618-03 1.598-03 1.538-03 1.468-03 1.39E-03 1,338-03 
I.008+02 1.358-03 1.448-03 1.498-03 1.46E-03 1.378-03 1.268-03 I.16E-03 1.1OE-03 
1.598+02 1.078-03 1.208-03 1.278-03 1.248-03 1.1  IE-03 9.798-04 8.688-04 8.03E-04 
3.98E-I-02 4.698-04 6.398-04 7.308-04 6.898-04 5.50E-04 4.29E-04 3.51E-04 3.088-04 
I .008+03 1.638-04 2.848-04 3.368-04 2.998-04 2.098-04 1.488-04 1.178-04 9.68E-05 
2.518+03 5.57E-05 1.048-04 1.21E-04 1.068-04 6.878-05 4.748-05 3.868-05 3.07E-05 
6.3184-03 1.868-05 3.218-05 3.618-05 3.208-05 2.068-05 1.448-05 1.208-05 9.688-06 
1.59E-I-04 5.918-06 8.958-06 9.788-06 8.858-06 5.808-06 4 . 1 4 8 4 6  3.568-06 2.968-06 
3.988+04 1.768-06 2.388-06 2.548-06 2.338-06 1.578-06 1.148-06 1.008-06 8.618-07 
1 .OOE+OS 4.848-07 6.058-07 6.388-07 5.91 8-07  4.078-07 2.948-07 2.66E-07 2.34E-07 

"rhe x,/Q valueJ have been evaluated with u values, valid for 100 m release height, according to Table A in the 

T h e  x,/Q values represent long-term averages over about 8 years (69,744 single values). 
appendix of this chapter. 
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Table 2.12. Matrix of gammr-submedon for 16 secton of tbc wind r” 
(Seeton of impact) I S  8 fUOCtbll Of SoIUec distance. 

The values are valid for the site of the JUlich Nuclear Research Center, 
(Federal Republic of Germany) 

Source ScctorJ 
distance West North 
(m) 9 IO I I  12 I3 14 I S  16 

I.OOE+OI 

6.31 84-01 
I .WE +02 
1.5984-02 
3.988 4- 02 
I.OOE4-03 
2.5 1 84-03 
6.31Ei-03 
1.5984-04 
3.9884-04 
1.00E+05 

_ _  ~- 2 . 5 3 + 0 !  _ _  

I .60E-03 
1 S48-03 
1 JOE -03 
1.078-03 
7.768-04 
3.048-04 
1.05E-04 
3.568-05 
1 , I  38-05 
3.BE - 06 
9.568-07 
2.55E-07 

- . - - 

1.608-03 
1.538-03 

1.07E-03 
7.838-04 
3.078- 04 
I .OS E-04 
3.598 - 05 
1.168-05 
3.498-06 
9.848-07 
2.58E -07 

i.308-03 

1.608-03 
1.538-03 
1.328-03 
1. IOE-03 
8.23 E - 04 
3.348-04 
1.078-04 
3.40E-05 
I .  I2E-OS 
3.57E - 06 
1.068 - 06 
2.888-07 

1.608-03 
1.54E-03 
1.348-03 
1.14E-03 
8.868-04 
4.20E - 04 
I ,  74E - 04 
6.41 8-05 
2. I2E-05 
6.538-06 
1.888-06 
5.07E-07 

1.6 I 8-03 
1.568-03 
1.378-03 
1.18E-03 
9.238-04 
4.568-04 
2.00E-04 
7.68E-05 
2.648 -05 
8.32E-06 
2.468-06 
6.838 - 07 

1.628-03 
1 .%E-03 
1.40E-03 
I .20E - 03 
9.228-04 
4.OSE-04 
1.48E - 04 
5.378-05 
I .95E -05 
6.738-06 
2.14E-06 
6.23E-07 

1.638-03 
1.608-03 
1-.43E-03 - 

1.228-03 
9.20E - 04 
3.688-04 
3.24E-04 
4.5OE-05 
I .66E -05 
5.818-06 
1.868-06 
5.40E-07 

1.64E - 03 
1.62E- 03 

- 1.48E-03 
l.zYE-03 
9.67E-04 
3.8%-04 
1,298-04 
4.648-05 I .65E-05 

5.57E-06 
f .73 E - 06 
4.898-07 

T h e  x,/Q-values have been evaluated with a-values, valid for 100 m release height, according to Table A in the 

-he XJQ-values represent long-term averages over about 8 years (69,744 single values). 
appendix of this chapter. 
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Illmtr8tin h m p k  

Evaluate tbe contamination C of the ground in sector 4 (cast) loo0 m 
downwind of the souroe. due to dry deposition, if elemental 13'1 and I3'Cs are 
-released from a 100-m stack. Q may be lo9 Bq (2.7 X lo-' Ci) for each 
radionuclide. 

For a downwind dittpwe ob IO00 m, we find the x / Q  value in Table 2.9. 

[$I4 - 1.55 - IO-' s/m3 . 

In the case of elemental I3'I. the contamination results in 

C4 - lO'h/s - 1.55 - IO'' s/m3 lo9 Bq 

= 1.55 Bq/m' (41.9 pCi/m2) . 

Cesium-I31 is assumed to form aerosols. Thus, in the case of cesium release, 
we get 

C, - lO+rn/s - 1.55 - 10'' s/m3 lo9 Bq 

- 0.155 Bq/m2 (0.419 pCi/m2), . 

[End of Example] 
. .  

. .  . U33WttDcpasl6ioo _ -  
L -  

According to Englemann (1970), the washout contamination of the 
graund from a radioactively contaminated plume with an average activity con- 
centration 

*- 

(2.41) 

. .  .:... - . : . .  
. .  .. . , .  

. .  . .  . .  

. . .  
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is given by* 

w= W I q  , (2.42) 

where o is the washout ratio and I is the precipitation intensity. With respect 
to the experimental determination of ol(most of them have been derived from 
measurement periods in the order of months. seasons, or even one year) [ s e e  
Gatz (1972, 1974, 1975) or Brenk (1981)] ,  it has a time integral character, 
and thus may be preferably used for the estimation of the consequences of 
long-term releases. 

Thus, starting from the time integral of the activity concentration in air 
and evaluating the long-term sector mean value (see derivation of the long- 
term dispersion factor), we get the normalized wet ground deposition W/Q 
which we will refer to in the following as long-term wushouf fuctor. 

. . .  ...................................... . . .  ........ ..: . . . . . . . . . . . .  . . .  .- . . . .  . . . . . . .  : ... . . . . . .  . . . . .  . . . .  . . . .  . . . . . .  . . . . . . . . . . . .  . .  . . . .  . . .  . . .  

. .  

. .  

With 

h w W & w h  a- ' :f&.-.*:.* 

. . . . . . . . . . . . . . . . . .  .. . . . . . . . .  .......................... . . . . . . . . .  ........ . . . . .  .: :. . . . . . . . . . .  :. . . . . .  . .  . . .  . .  . .  .. .:a. 

we obtain 

(2.43) 

(2 .44)  

(2.45) 

For the evaluation of this formula, a four-dimensional joint frequency distribu- 
tion of wind dircction i, diffusion category j ,  wind velocity class k. and precipi- 
tation intensity class, P. is required, which is not known for the majority of 
sites. i 

For this reason, a simplified practical approximation of Eq. (2.45). for 
which only a precipitation wind rose Ni is required, may be used. This precipi- 
tation wind rose supplies a frequency idistribution of the annual precipitation 

*The product w . I i s  also known as wet deposition velocity. 
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contribution in mm/yr connected with the wind dimtion f during the rainfall 
periods. Such precipitation wind roses may be more easily supplied by the 
National Weather Smice than the four-dimensional frequency distributions. 

In order to formulate such a practical approximation, we make use of the 
simplificatians ia Eqs (2.46). (2.47), and (2.48). 

Equation (246) means that the statistical comlation between wind direction 
and precipitatioa, on tbe one band, and diffusion category and wind velocity, 
on the other hand, is negligible. Moreover, Eq. (246) implies that the combi- 
nation diffusion category and wind velocity is the same for both rainfall and 
all meteorological situations including rainfall periods. 

Further simplifications are: 

i.e., the actual representative wind velocity Ujk (Sect. 23.1.4) in Eq. (2.42) can 
be replaced by the long-term average value ii. 

Le., the vertical mixing layer Lj,  depending on the diffusion category J, can be 
replaced by a mean value E. In Eq. (2.48). qj is the frequency distribution of 
the diffusion categories j correlated with rain. 

Making use of th- simplifications, Eq. (2.45) rtsults io the following 
long-term washout factoc 

where a is a conversion constant, 

m - y r  
10' mm- 365-24.3600s 

a 5 3.17 * 10'" 

(2.49) 

. . .  .. . . .  

.. . . .. 
. .  . . . .. . : . . .  . , ...: . .  . . . . .  . . . . .  , . . .  



and Nl is defined by 

In accordance with Brenk (1981), tbe following parameter values may be 
psed: 

Illasmtire Example 

Evaluate the contamination C on the ground in sector 4 (east) lo00 m 
downwind of the source, due to wet deposition. We assume that 14 Bq 
(27 mCi) of elemental 1311 was releasod during one year. The ground con- 
tamination in sector 4 is given by the following relation: 

where (W/Qk is the long-term washout factor according to Eq. (2.49). First, 
we want to evaluate the total amount; of raio in sector 4 during one year. This 
cao be calculated by making usc of g. (2.50). The 91, values and the mean 
values of each precipitation class If may be taken from Tables C and D in the 
appendix of this chapter. 

I 

I . 
I 

This value is based on extensive stadstical evaluation of fiild experimental data. 

. . . .  . . . . . . . .  . .  
. .  

. .: .  . 
. . .  .. . . : .  . .  
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-. 

4.968-3 
0 
4.06E-3 
1.2OE-3 
2.15E-3 
1.95E-3 
1.03E-3 
1.45E-3 
7.17E-4 
1.02E-3 
5.59E-4 
2.58E-4 
1.00E-4 
5.738-4 

9.44E-2 

1.88E- 1 
2.66E- 1 
3.76E- 1 
5.31E-I 
7.50E- 1 
1.06 
1.50 
2 1  1 
2.99 
4.22 
5.96 
8.4 1 

4.68E-4 

7.63E-4 
3.198-4 
8.08E-4 
1.WE-3 
7.738-4 
1.54 E-3 
1.08 E-3 
215 E-3 
1.67 E-3 
1.09 E-3 
5.96 E-4 
4.82 E-3 

1.71E-2 

If we further assume that 

n = 16, because we have a 16-sector wind rose, 
u = 3.5 m/s, 
E = SWm, 

- 

the ground contamination results in 

= 1.38 J3q/m2 (37.4 pCi/m2) . 

. * -  . _._ : ._ . . 
: . . . . . .  .. . .., . .  

. .  
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Another common approach to the 'evaluation of wet deposition p ~ ~ x s s e s  is 
based on the following relathship which uscs a washout rate, A, instead of 
the washout ratio, o. 

OD 

W- A 0  dz , 
0 

(2.51) 

where A is defined by 

q ( r )  5 e(2-0) - e-Ar . (2.52) 

It can be derived by fxld experiments, measuring the depletion of the air con- 
centration, *, as a function of time, y&, Burtsev (1969), Grade1 (1974), and 
Radke (1974). The time, I, is the duration of rainfall. 

The washout rate is a function of rain drop size, rain drop+& distribu- 
tion, and the physidemical attributes of the plume. These parameters, 
themselves functions of the space coordinates (XJJ) ,  cause the washout rate to 
be a spacedependent parameter, too. For practical application, however, the 
washout rate is assumed to be constant with resptct to space, because there is 
little chance of its spacedependent empirical determination. In other words: A 
in Eq. (2.52) represents a space-averaged value. 

Thus, introduction of Eq. (2.8) into Eq. (2.51) results in 

Because of its definition in Eq. (2.52) and its usual field experimental deriva- 
tion (the washout rate is usually detehined from relatively short measurement 
intervals and single individual precipitation situations), the A values arc of 
instantaneous, transient character and apply preferably to individual scaveng- 
ing situations. For this reason, Fq. (2.53) may be used in the case of short- 
term releases, e.g., on the order of one hour. 

For higher precipitation rates, I$. (2.53) should be modified to account 
for plume depletion via wet deposition. Using the exponential removal rate of 
Eq. (2.52), the relationship can be written 

... 

I 
--e 

. :. 
, .  

. .  . .  . .  _ . .  . . .  . .  . - .  . .  . 
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Adequate values of A are given, ag., in Sladc (1968). In Bred (1981), we 
fud the following estimates for nudear power plant rckases: 

8.0 
1.2 - 10-4 - P4 , for .aosoLs, 

- p6 , for clanental iodine, 

where 1 is the actual precipitation intensity in rnm/h. 

2 3  PROBLEMS 
1. Explain why it is impossible to predict tbe activity concentration in air for 

longer time periods (one month or one year) using Eq. (2.8), the basic 
equation of the Gaussian plume model. 

What can be done if you want to evaluate the mean activity concentration 
for one year? 

Hint: See Sect. 2.3.1 and Sen 24.1. 

2. Compare the effects of eddies larger and smaller than the dimensions of a 
Gaussian plume. 

3. Are you able to predict short-period fluctuations of the activity concentra- 
tion in air using Eq. (2.8)? 

What are the consequences of this answer with respect to short-term acci- 
dental releases? 

4. Given arc two nuclear power plant sites for which environmental dost 
assessments are to be done. Site 1 is surrounded by flat, open country 
without major obstacles. In the vicinity of Site 2. we find dense forest 
with some small, scattmd towns. 

Which of the u-parameter-systems, listed in Table 2.6, will result in the 
most reliable x/Q-value for Site 1 and Site 2, respectively? The release 
height of both power plants is 100 m. 
What are the principal reasons for your choice? 

5. Evaluate the distance x, (the point of maximum exposure), i.e., where 
the XlQ-value (Eq. 2.31) reaches its maximum. Notice that the U-values 
arc also functions of x. 

Evaluate the maximum of the term 

_ .  . . : 
, .  

. . .  . . .  . _ _  . .  . . .  . .  '. . . , _ _ . . . .  .:. . .  , . . . . . . 
: . . . .  . . .  . 

. .  



Trpllrport m the Atmosphere 2-61 

. .  

. .  ' . > .  . . . . . . . . . .  . . .  - , :  
. .  . . .  

. .  . . . .  . . . . . . . .  . . . .  :' ; ._ . .; :. . . . . . . . . . . . . . . . . .  . . .  . . . . .  . . . . . . .  . . . . . . .  ... . . . . . . . . . . .  . -  .._:.: * _  . 
> 
I 

-- 
011 the basis of Eq. (231). if 

c 

CrmpaFe the values x -  Z/Q for the spametex- of KLUG(II1,) 
lad JULICH (50m,D) listed in Table 2& 
What is the main reason for the fact that X ~ Q  of tbe iiilich system is 
higher than that of the Klug system up to a range of .bout 2000-m source 
distance? 

6. Evaluate the X/Q-value for Xc- I38 as a fundioa of the source distance x 
uptox = 100 l u n . T h e ~ o a ' ~ ~ ~ y o l X a l u I h a s t o b e t a k e n  
into account using Eqs. (231) apd (233aL 

Tbe XIQLvalue without radioactive decay may be taken from Table 2 9  
far Sector 3. The radioactive half-life Tu of Xe 138 is equal to 
14.13 minutes. 

In 2 
To.5 

A = = - .  

Tbc depletion factor /,&) may be approximated by 

/(x) - exp(-A - X f i )  

with 

- 
u - 5 m/s . 

Make a log-log-plot of x/Q versus x. 

1. dQ without depletion. 
2. dQ with depletion due 

7. Fig. 220 shows the isopleths 
example. For greater source di 
ilar to thosc ..of, the x/Q-vah 
X/Q-isopleths, those of the gam! 

to radioactive decay. 

of the gamma submersion factor as an 
tan= the shapes of the isopleths arc sim- 
ts in Fq. 2.15. In comparison to the 
ia submersion factor become smoother for 

. .  . .  . . .  . .  . . .  

! 
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smaller source distances. Finally they approach circles around the source 
for sourcc distances under 250 m. 
Pleast explain ths  phenomenon. 

8. A nuclear power plant with a stack height of 100 m (no plume rise) con- 
tinuously releases a total hdk-131 activity, Q, of 0.03 Ci in one year. 

Evaluate the average ground contamination for this year for Sector 2 of 
the wind rose, loo0 m downwind of the source. Assume that all iodine 
was released in elemental form. As the ground contamination is c a d  by 
dry and wet deposition as well, we have 

The long-term dispersion factor, dQ, may be taken from Table 2.9. The 
total amount of rain in Sactor 2, Nz, can be evaluated 8s shown in 
Sect. 2.4.3.2, making use of Tables C and D in the appendix of this 
chapter. 

Further assumptions arc 

n = 16, 

u = 5 m/s, and 

E - 500m. 

- 

9. The probability, p ,  that we will find any weather combination ijk is qua l  
to 

. .  

The probability, q, that we will meet a combination ijk correlated with 
rain of the intensity level I is given by 

\ 

. . ;  . .  .. . . . :  : . . .  . .  . .  . 
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for Table D in the appendix of this chapter (i.e., it rains 11.1% of the 
time). 

Evaluate the probability, qJq. that the wind blows in the direction of 
Sector i while it is raining- Do this for the sectors 2, 4, 6, 8, 10, 12, 14, 
and 16 and use Table D. Cornpiare the results with the probability that 
the wind blows in the direction of sectors 2, 4, 6, 8, IO, 12, 14 and 16 
for all weather situations (rain and no rain). 

What are the consequences of th& comparison with respect to the evalua- 
tion of the ground contamination due to dry and wet deposition? 

Hiat Remember that Fi a p i  and W, Ocq,. 

10. Attached is an example of an annual joint frequency distribution of wind 
speed and direction by atmosphehc stability class as it might be prepared 
by the National Weather Service.’ Wind speed classes arc identified by the 
maximum value for each class. Sixteen wind direction sectors are 
represented, as arc 7 (A-G) atmospheric stability classes. The values 
presented in the tables arc percent occurrences. For example, wind from 
the north during 1)’ stability, with spceds between 0.75 m/s and 
1.0 m/s occurred 0.365% of the time for an annuai period of record. 

Calculate an annual average X/Q value from a ground-level release for a 
receptor located at a distance of 5000 m in the south-southwest direc- 
tion. Use the following uzj value for “G’ stability at a distance of 
5000 m: 22 m. The depth of vertical mixing is lo00 m. The depth of 
vertical mixing is IO00 m. The other uzrvalues may be taken from 
Fig. 2.13. 

Hint: Usc Eq. (2.32). Note that the wind direction in this frequency distri- 
bution is not the direction of impact but the direction from which the 
wind blows. 
Solutioo: The release is at ground level, so H - 0. At a distance of 
SO00 m, the effects of building wake are negligible. Because the receptor 
is located in the south-southwest sector, the wind direction of interest is 
north-northeast. 

~ 

A simple method for performing 
one of frequency versus stability 
versus stability and average wi 
wind speed/stability pattern an 
the corresponding frequency oft 
sum of the product of frequency 

this calculation is to set up two matrices: 
iand average wind speed, and one of dQ 
id speed. Once the x/Q values for each 
calculated, the values are multiplied by 

ccurrence. The annual average x/Q is the 
times x/Q. 

. . .  . . .  . . . . . . . .  . . . .  . , .  . 
. . .  . . . . .  . . .  .., . . -.. -. . .I_ . .  
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Table A 

Table B 

Table C 

Table D 

Table E 

. .  

APPENDIX TO CHAPTER 2 

Set of Diffusion Parameters for Three Effective Release Heights 
and Six Diffusion Categories. (Parameters Evaluated Above Rela- 
tively Rough Terrain.) I 

Three-Dimensional Meteorological Statistics (prjk)  for IO of 16 
Sectors i of the Wind Rosc (Sectors of Impact), 6 Diffusion 
Categories j and 30 Wind Velocities k. 
Classification of the Precipitation Intensity ( I ) .  

Two-Dimensional Statistics (q,,) of the Precipitation Intensity for 
8 of 16 Sectors of the Wind Rose (Sector of Impact) and 31 
Classes of Precipitation Intensity. 

Exponent of the Vertical Wind Profile. 
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Diffusion codicients' 
Roughntss' (BMI 1981; Gciss 1982) 

Diffusion Category 
catcgory of the site Px 

A O - 6 )  
B o ' - 5 )  

D ( j - 3 )  
E O - 2 )  
F ( j - 1 )  

c0'-4) 

Diffusim 
category 

Effective relase beight: 50 
1.503 0.833 0.151 1.219 
0.876 0.823 0.127 1.108 

3-4 0.659 0.807 0.165 0.996 
0.640 0.784 0.215 0.885 
0.801 0.754 0.264 0.774 

Diffusion coefiicicnts' 
(BMI 1981; Geii  et el. 1981) 

1.294 0.718 0.241 0.662 

Roughness' 
category 

of the site P? P. 

A e - 6 )  
Bo-5) 

D ( j - 3 )  
E o =  2) 
F ( j - 1 )  

C Q - 4 )  

Diffusion 
category 

Effective release bclgbt: 100 m 
0.170 1.296 0.051 1.317 
0.324 1.025 0.070 1.151 

3 4  0.466 0.866 0.137 0.985 
0.504 0.818 0.265 0.818 
0.411 0.882 0.487 0.652 
0.253 1.057 0.717 0.486 

Diffusion cocficients' 
Roughness' I (Kiefer et al. 1979) 

category 
of the site P? Px 

Effective rcleuc beigtlc 100 I 

A(j = 6) 0.671 0.903 0.0245 1.500 
BO-5) 0.415 0.903 0.0330 1.320 
C O - 4 )  3 4  0.232 0.903 0.104 0.997 
D ( i - 3 )  0.208 0.903 0.307 0.734 
E ( j = 2 )  0 . v 5  0.903 0.546 0.557 
F ( j - I )  0.671 0.903 0.484 0.500 

I 
'Roughness length: about 0.51to 3 m. 
'up - ppxq*. 0, - pzxq*'. 

I 
-4 I 

i 
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I 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I I  
12 
13 
14 
1s. 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

3. I SE-04 
1.82E-03 
3.25E-03 
4.72E-03 
7.02E-04 
1.00E-04 
2.86E-OS 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

I.00E-04 
9.31E-04 
1.67E -03 
2.06E-03 
1.80E -03 
I .36E -03 
7.73E-04 
2.72E-04 
1.43E-04 
1.14E-04 
1.28E-04 
2.86E-OS 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
2.14E-04 
3.86E-04 
3.72E-04 
1.83E-03 
2.43E-03 
2.56E - 03 
2638-03 
214E-03 
1.92E-03 
2.368 - 03 
I ME-03 
1.77E-03 
1.51E-03 
9.I7E - 04 
8.88E-04 
5.87E-04 
4.87E-04 
2.43E-04 
3.l5E-04 
1.86E-04 
8.59E-OS 
7.1 6E- 05 
1.43E-05 
5.73E-05 
2.86E-05 
1.43E-05 
1.43E-05 
0.0 
286E-OS 

0.0 
8.59E -05 
8.59E-05 
2.86E-04 
1.51E-04 
2.14E-04 
2.86E-04 
1.71E-04 
2.57E-04 
3.158-04 
3.00E-04 
2.00E-04 
4.29E - 05 
5.73E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
7.16E-05 
2.14E-04 
4.01E-04 
3.00E-04 
3.1 SE-04 
I.00E-04 
I. l4E-04 
1 ~ 4 E - 0 4  
2.86E-OS 
1.43E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 . 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
8.598-05 
2.728-04 
8.59E-OS 
4.29E-OS 
I .43E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4. I5E-04 
3.1 2E-03 
5.7OE-03 
8.128-03 
4.88E-03 
4.47E-03 
3.76E-03 
3.19E-03 
2.66E-03 
2.37 E -03 
2.80E-03 
1.89E-03 
1.82E-03 
1.57E-03 
9.I7E-04 
8.88E-04 
5.87E-04 
4.87E-04 
2.43E-04 
3.ISE-04 
1.86E-04 
8.59E-05 
7.16E-OS 
1.43E-05 
5.73E-05 
2.86E - 05 
1.43E-05 
l.43E-05 
0.0 
2.86E-05 

. . . .  . : .  . . . . . . . . . . . . . .  i . _ _ . _ .  . . . . . . .  . .  . .  . .  . . . . . . .  . . . .  :. ..... '.> . . . .  . . .  . . . .  ' +  - . .  . . . . ,  
. .  

1.09E-02 9.4OE-03 257E-02 2.468-03 l.67E-03 5.01E-04 5.01E-02' 

Y 

\ 

. . .  . .  . . .  . . . . . .  
.... .... . . .  * . _  



.. 
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1 2.00E--04 
2 1.64E-03 
3 2.89E-03 
4 4.29E-03 
5 1.59E-04 
6 2.14E--04 
7 I.00E--04 
8 7.16E-OS 
9 0.0 
IO 0.0 
I I  0.0 
12 0.0 
13 0.0 
14 0.0 
IS 0.0 
16 0.0 
17 0.0 
I8 0.0 
19 0.0 
20 0.0 
21 0.0 
22 0.0 
23 0.0 
24 0.0 
25 0.0 
26 , 0.0 
27 0.0 
28 0.0 
29 0.0 
30 0.0 

1.43E--09 
7.028-04 
1.21E-03 
2.68E-03 
2.75E-03 
2.668-03 
2.268-03 
1.468-03 
8.59E-04 
3.58E--04 
1.868-04 
2.86E -05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4.29E-05 a0 
1.86E-04 =E-05 
3.OOE-04 1.14E-04 
5.01E--04 ~ Z72E-04 
3.39E-03, 272E-04 
5.4OE-03 1 4.68E-04 
8.068-03 I 6.59E-04 
9.5OE-03 ' 7.02E-04 
9.5SE-03 j 1.31E-03 
9.33E-03 1 LWE-03 
9.71E-03 1.59E-03 
6.65E-03 0.1 IE-03 
5.608-03 5.01E-04 
4.918-03 3.43E-04 
3.45E-03 I.57E-04 
265E-03 5.73E-OS 
220E-03 0.0 
2.00E-03 0.0 
1.33E-03 0.0 
1.04E-03 0.0 
6.30E-04 0.0 
6.73E-04 0.0 
3.00E-04 ' 0.0 
3.00E-04 ' 0.0 
1.57E-04 ' 0.0 
2.86E-OS 0.0 
5.73E-05 0.0 
1.43E-OS 0.0 
1.43E-05 0.0 
5.73E-05 0.0 

I.OIE-02 1.53E-02 8.81E-02 &WE-03 

1.43E-OS 
4.29E-05 
286E-04 
2.72E-04 
4.01E-04 
4.298-04 
4.01E-04 
3.86E-04 
2.14E-04 
4.29E-04 
7.16E-OS 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

2.958-03 

0.0 
2.868-05 
I. 14E -04 
3.728-04 
1.7 I E-04 
8.59E-05 
2.868-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

8.02E-04 

4.01E-04 
2.63E-03 
4.938-03 
8.39E-03 
7.7SE-03 
9.2SE-03 
1.1SE-02 
I .21 E-02 
1 .l9E-02 
1.14E-02 
l.lSE-02 
7.19E - 03 
6. IOE-03 
5.2SE-03 
3.61E-03 
2.70E-03 
2.20E-03 
2.00E-03 
1.33E-03 
1.04E-03 
6.30E - 04 
6.13E-04 
3.00E-04 
3.00E-04 
1.57E-04 
2.86E-05 
5.73E-OS 
l.43E-OS 
1.43E-OS 
5.73E-OS 

1.26E-01' 
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I 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I I  
I2 
13 
I4 
15 
16 
17 
I8 
19 

21 
22 
23 
24 
25 
26 
27 
1 
29 
30 

m 

IME-W 
1.79E-03 

4.468-03 
6.74E-04 
1.43E-04 
4.30E- 05 
7.16E-05 
2.86E-05 
1.43E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.Q 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

t n ~ - o 3  

ao 

I.14E-04 
9.17E-W 
I.77E-03 
3.868-03 
2.798-03 
193E -03 
I .3OE -03 
5.15E-04 
2.72E-04 
2868-05 
8.59E-05 
7.16E-OS 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

7.16E-05 
1.l4E-W 
4.58E-04 
7.73E--04 
5.05E-03 
7.098-03 
9.9 I E-03 
I .03E-02 
1.06E-02 
9.77E - 03 
1 .OOE-O2 
7.46E-03 
7.238-03 
5.36E-03 
4.22E-03 
3.328-03 
2.53E-03 
2.35E-03 
1.37E-03 
9.02E - 04 
7.88E-04 
4.15E-04 
2.86E-04 
2.14E-04 
1.57E-04 
1.43E-04 
2.868-05 
0.0 
2.86E-05 
1.43E-05 

0.0 
8.59E-05 
1.43E-04 
3.43E-04 
5.OIE-04 
7.738-04 
1.14E-03 
1.378-03 
2.20E-03 
2.59E - 03 
2.768-03 
I .76E-03 
7.888-04 
4.298-04 
1.57E-04 
1.28E-04 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

I.43E-6 
I.57E-0) 
3.w-04 
7.30E-04 
5.1 SE-04 
1.26E-03 
1.14E-03 
I .01 E -03 
5.01E-04 
6.448-04 
1.28E-04 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

I .43E -05 
4.29E-05 
IJ7E-04 
6.87E-04 
1.288-04 
I .86E -04 
4.298-03 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

3.298-04 
3.11E-03 
5.68E-03 
I .08E -02 
9.67E-03 
I.13E-02 
1.368-02 
1.33s-02 
1.36E-02 
I.H)E-02 
1.30E-02 
9.H)E-03 
8.028-03 
5.798-03 
4.368-03 
3.45E-03 
2.538-03 
2.358-03 
1.37E-03 
9.02E - 0 4  
7.88E-04 
4.lSE-04 
2.86E-04 
2.l4E-04 
I .57E - 04 
1.43E-04 
2.868-05 
0.0 
2.868-05 
1:43E-05 

~~~ ~~ ~ ~ ~ 

1.01E--02 I.ME-02 1.01E-01 1.52E-02 6.ME-03 l.26E-03 1.47E-01 

a 

, _  . > . . . .  . .  . .  . .  . .  : .  
, .  , 

. .  

. .  . .  

I 1 



(Sector i 4, East) 

/ - I  2 3 4 5 6 

P E D C B A 
k' 

I 2l4E-04 229E-04 4.29E-OS 14.298-05 4.29E-OS 0.0 5.73E-04 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I I  
12 
13 
14 
IS 
16 
17 
18 

1.64E-03 
298E-03 
6.138-03 
I B7E-03 
I.OOE-04 
8.59E-05 
7.16E-05 
4.298-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

19 0.0 
20 0.0 
21 0.0 
22 0.0 
23 0.0 
24 0.0 
25 0.0 
26 0.0 
27 0.0 
28 0.0 
29 0.0 
30 0.0 

. .  ' - - + s u + & b . .  - .  . .  

Ll6E-03 
2638-03 
4.71E-03 
3.38E-03 
1.868-03 
8.88E-04 
3.00E-04 
2.29E-04 
4.29E-M 
286E-05 
1.43E-05 
0.0 
0.0 
a0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

3.I5E-04 
8.45E-04 
I .49E-03 
5.21E-03 
6.738-03 
7.668-03 
6.82E-03 
7.288-03 
6.11E-03 
6.82E-03 
4.UE-03 
3.48E-03 
210E-03 
203E-03 
1.43E-03 
1.24E-03 
7.73E-04 

8.59E-05 
3.00E-04 
4.UE-04 
8.16E-04 
9.88E-04 
1.08E-03 
I .47E-03 
I .76E-03 
1.83E-03 
I .70E-03 
I.OOE-03 
4.01E-04 
3.lSE-04 
5.73E-05 
2.868 -05 
0.0 
0.0 

5.58E-04 0.0 
3.72E-04 0.0 
2.29E-04 0.0 
1.71E-04 0.0 
2.14E-04 0.0 
5.73E-OS 0.0 
1.14E-04 0.0 
2.86E-05 ' 0.0 
1.43E-05 0.0 
0.0 0.0 
0.0 0.0 
2.86E-OS 0.0 

2.43E-04 
6.878-04 
1.18E-03 
1.71 E-03 
2078-03 
1.678-03 
1.60E-03 
8.318-04 
7.30E-04 
1.28E-04 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

5.73E-05 
4.298-04 
9.31E-04 
5.87E-04 
3.868-04 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

~ S ~ E - O S  

3.51 E-03 
7.88 E- 03 
I .49E-02 
I .27E-02 
1.21E-02 
I. l4E-02 
1.02E-02 
I .01 E-02 
8.72E-03 
8.68E-03 
5.468-03 
3.888 - 03 
2428-03 
209E-03 
1.46E-03 
I .24E-03 
7.73E-04 
5.588-04 
3.12E-04 
2.29E-04 
I.7IE-04 
2.14E - 04 
5.73E-05 
1.14E-04 
286E-05 
I .43E-05 
0.0 
0.0 
2.868-05 

~~~ ~ ~ 

1.23E-02 I.54E-02 6.66E-02 l.23E-02 1.09E-02 247E-03 1.20E-01' 

a 

._  

. .  . . .  - I  . .  : . .  . . .  . .  . .  . .  . .  . . .  . . .  :. . . .. - . .  
.. . . 

. .  . .  . .  . . .  



2-78 Radiologkd Assessment 
. .  . .  

.. . 

I 

. .  

(Scctaf- 6) 

I - #  2 3 4 5 6 

P E D C B A 
k’ 

I 214E-04 1.57E-04 4.29E-OS 1.43E-05 5.73E-05 0.0 4.878 - 04 
2 9.45E-04 5.738-04 3.86E-04 1.28E-04 229E-0) Z86E-05 2298-03 
3 I.36E-03 1.47E-03 6.3OE-04 t.57E-0) 6.59E--0) 8.59E-05 4.378-03 
4 1.93E-03 1.848-03 9.608-04 5.3OE-OI 7.73E-0) 6.138-04 6.728-03 
5 3.OOE-04 1.31E-03 2858-03 6.01E-04 l.llE-03 4.01E-04 6.59E-03 
6 7.16E-05 6.598-04 2418-03 4.588-04 LllE-03 1.868-04 4.97E-03 
7 1.43E-05 4.448-04 247E-03 5.878-04 6.01E-04 4.29E-05 4.178-03 
8 0.0 2.868-04 1.92E-03 6.01E-04 4.01E-04 0.0 3.21 E-03 
9 0.0 1.288-04 1.80E-03 6.30E-04 ZI4E-04 0.0 2.788-03 

10 0.0 1.43E-05 1.23E-03 4.87E-04 l.l4E-04 0.0 1.848-03 
1.668-03 I I  0.0 1.43E-OS 1.17E-03 4.298-04 4.29E-05 0.0 

12 0.0 0.0 8.45E-04 3.298-04 0.0 0.0 1.17E-03 
13 0.0 0.0 6.16E-04 I.14E-04 0.0 0.0 7.308--04 
14 
I5 
16 
I7 
I8 
19 
20 
21 

22-30 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

3.29E-04 
1.868-04 
1.438-04 
I.OOE-04 
1.43E-04 
286E-OS 
0.0 
I .43E-05 
0.0 

7.16E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4.84E - 03 6.92E-03 1.83E-02 5.14E-03 5.33E-03 I .4 I E -03 

4.01E-04 
I .86E - 04 
1.438-04 
I.OOE-04 
1.438-04 
2.86E-05 
0.0 
1.43E-OS 
0.0 

4.20E-02‘ 



~~ 

(Seaori - 8 . M )  

j - 1  2 3 4 . 5  6 
" 

F' E D ' C  B A 

I HOE-04 3.58E-04 4.298-05 1.43E-05 1.43E-OS 0.0 9.608-04 
2 1.26E-03 9.17E-04 4.448-04 1 1.71E-04 I.00E-04 4.298-05 2.938-03 
3 1.07E-03 7.59E-04 3.43E-04 214E-04 257E-04 257E-04 2.9OE-03 

229E-04 5.58E-04 7.88E-04 4.18E-03 
3.00E-04 9.02E-04 4.448-04 3.618-03 
3.43E-04 7.88E-W 5.lSE-04 283E-03 
3.00E-04 4.01E-04 4.298-05 1.978-03 

I. I7E-03 1.28E-04 257E-04 0.0 
l.28E-04 7.16E-05 0.0 6.44E-04 
4.29E-05 286E-OS 0.0 2.72E-04 
286E-05 0.0 0.0 I.57E-04 
0.0 0.0 0.0 2.86E-05 

13 0.0 0.0 0.0 ' l.43E-05 0.0 0.0 1.43E-OS 
14 0.0 0.0 2.86E-05 ~ 1.43E-05 0.0 0.0 4.298-05 
I5 0.0 0.0 0.0 1.43E-OS 0.0 0.0 0.0 

16-30 0.0 0.0 0.0 0.0 9.0 0.0 0.0 

4.09E-03 3.648-03 6.60E-03 1.94E-03 3.38E-03 2.09E-03 2.17E-02' 

4 
5 
6 
1 
8 
9 
IO 
I I  
12 

I .04E - 03 
1.7lE-04 
1.438-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

9.74E-04 
5.OIE-04 
5.73E-OS 
5.73E-OS 
0.0 
0.0 
I .43E-OS 
0.0 
0.0 

5.87E-04 
1.28E-03 
l.llE-03 
I. I7E-03 
7.88E-04 
4.44E-04 
1.86E-04 
I .28E-04 
2.86E-05 

. . .  . .  

. .  . .  .. . .  . . , .  
. .  . . .  

1 
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:.: .. 2-80 Radiological Assessment - . . .  .. . .  . .  _.._.. : . . . .  

., 

( m i -  10) 

/ - I  2 3 4 5 6 

r E D C B A 
k' 

I 
2 

4 

6 
7 
8 
9 
IO 
I 1  
12 

3. 

5 

2.728-04 
7.598-04 
9.31E-04 
1.638-03 
4.298-04 
2.728-04 
1.14E-04 
4.29E-OS 
0.0 
0.0 
0.0 
0.0 

8.59E-05 
SME-04 
8.02E-04 
1.17E-03 
1.288-03 
1.868-03 
1.598-03 
1.41E-03 
7.30E-04 
1.86s-04 
7. I6E-OS 
1.43E-OS 

. . . .  

13 0.0 0.0 
14 0.0 0.0 
IS 0.0 0.0 
16 0.0 0.0 
I7 0.0 0.0 
18 0.0 0.0 

19-30 0.0 0.0 

4.4SE-03 9.77E-03 

I .43E-05 
214E-04 
3.OOE-04 
4.29E-04 
1.338-03 
1.57E-03 
1.668-03 
I.SOE-03 
1.778-03 
1.438-03 
l.llE-03 
6.UE-04 
3.43E-04 
ZI4E-04 
1.00E-04 
I.43E-OS 
2.86E-OS 
1.43E-OS 
0.0 

I .27E-02 

0.0 
7.16E-OS 
157E-04 
21448-04 
2.43E-04 
1.71E-04 
1.S7E-04 
4.298-04 
3.868-04 
3.58E-04 
3.868-04 
1.43E-04 
8.59E-OS 
4.29E-05 
I A3E-OS 
1.43E-OS 
0.0 
0.0 
0.0 

U8E-03 

0.0 
7.16E-OS 
LI4E-04 
4J8E-04 
SME-04 
5.581-04 
4.29E-04 
4.29E-04 
2.43E-04 
1.71E-OI 
S.73E-OS 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

3.18E-03 

0.0 
5.73E-05 
2.14E-04 
5.01E-04 
2298-04 
1.71E-04 
4.29E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.21E-03 

. .  

e 

\ 

3.728-04 
1.7 I E-03 
2.628-03 
4.418-03 
4.07E-03 
4.61 E-03 
3.998-03 
3.828-03 
3.138-03 
2. I4E-03 
1.638-03 
8.02E-04 
4.298-04 
257E-04 
1.14E-04 
286E-OS 
2.86E-OS 
1.43E-05 
0.0 

3 . 4 2 ~ - o r  

. .  . . . . .  
' ,  I . . . .  . . .  . . . . .  . ._ . . .  . . .  ... . . . .  . . .  . . .  . .  . .  . ' I  

,'. ' ..' . ' 

. .  
. .  

. .  .. . .  



......... >:':, .: ........ :. ..: <: .................... .> -..... . .  .. . ~ . .  Transport in the AMospbee 2-81 ........... . . . . .  .. ...... . .  .: .;., : .; * .  .: i 1:. . . . .  . . . .  . . . .  ...... . .  

. . .  

~ ~~ -~ 

I ' 3.43E-04 286E-05 IA3E-05 ! 2868-05 1.438-05 1.43E-05 4.UE-04 
2 
3 
4 
5 
6 
7 
8 
9 
IO 

UOE-03 
LUE-03 
3.338-03 
1.66E-0.3 
9.6OE-@t 
1.03E-03 
8.148-04 
1.86E-04 
0.0 

I I 0.0 
12 0.0 
13 0.0 
14 0.0 
I5 0.0 
16 0.0 
17 0.0 
18 0.0 
19 0.0 
20 0.0 
21 0.0 
22 0.0 
23 0.0 

24-30 0.0 

4.87E--01 
1.30E-04 
I.41E-03 
216E-03 
3.268-03 
2.8OE-03 
251E-03 
1.87E-03 
1.37E-03 
1.17E-03 
6.16E-04 
I M E - 0 5  
286E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.57E-04 
4.ISE-04 
5.OIE-04 
2198-03 
3.02E-03 
3.528-03 
3.238-03 
3.71E-03 
282E-03 
3.09E-03 
212E-03 
I .60E -03 
1.49E-03 
1.888-04 
5. ISE-04 
4.01E-04 
3.58E-04 
1.28E-04 
1.28E-04 
8.59E-05 
0.0 
1.43E-05 
0.0 

4.298-05 
1.28E-04 
3.86E-04 
3.868-04 
4.01 E- 04 
7.59E-04 
7.l6E-04 
6.73E-04 
4.87E-04 

' 6.01E-04 
5.58E-04 

1.57E-04 
1.28E-04 
1. I6E-05 
0.0 

' 0.0 
0.0 

i 0.0 
' 0.0 
0.0 

I 0.0 
' 0.0 

i 214E-04 

7.1 6E-05 
3.298-04 
6.U)E-04 
8.31E-04 
1.00E-03 
5.738-04 
7.U)E-04 
2.00E-04 
1.71 E-04 

4.29E-05 
1.57E-04 
5.ME-04 
286E-04 
1.14E-04 
4.298-05 
0.0 
0.0 
0.0 

4.29E- 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-05 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

WOE-03 
3.99E-03 
6.8OE-03 
7.52E-03 
8.77E-03 
8.74E-03 
8.14E-03 
6.658-03 
4.85E-03 
4.91 E-03 
3.29E--03 
l.83E-03 
I .67E-03 
9.17E--04 
5.87E-04 
4.01E-04 
3.58E-04 
1.28E--04 
I .28E -04 
8.59E-OS 
0.0 
1.43E-OS 
0.0 

I.l7E-02 l.85E-02 3.038-02 5.748-03 4.6OE-03 l.l8E-03 7.21E-02' 

. . . . . . . .  . . .  . . . .  . . . .  .._ --._ 
. . .  

. . ,  . . .  
! -  

. .  . .  - .  
-: 

I 



. .  

(sedori- 14) 

/ - I  2 3 4 5 6 

P E D C B A 
k' 

I 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I I  
12 
13 
14 
IS 
16 
17 
18 
19 
20 
21 
22 

23-30 - 

3.58E-Q4 
2.438-03 
5.388-03 
7.59E-03 
2.428-03 
1.03E-03 
5.448-04 
3.728-04 
7.16E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

2.02E-02 

1.438-05 
HOE-04 
8.748--04 
I.04E-03 
I .76E-03 
2.1 3E-03 
2.1 3E-03 
I .70E-03 
I .6l E -03 
I .08E - 03 
7.4SE-04 
4.72E-04 
I .43E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.4 I E -02 

5.73E-05 
286E-OS 
1.43E--04 
229E--04 
1.06E-03 
1.28E-03 
l.%E-03 
1.79E- 03 
1.43E-03 
1.43E-03 
1.44E-03 
9.17E- 04 
8.31E--04 
4.44E--04 
4.15E--04 
2I4E-04 
1.28E-04 
I .86E-04 
4.298 -05 

I .43E -05 
2.86E -05 
0.0 

1.4 I E- 02 

2.a6~--05 

1.436-05 
1.OOE-04 
5.73E-05 
Z29E-04 
I.7IE-04 
1.578-04 
2.868-04 
2.43E-04 
3.00E-04 
3.ISE-04 
1.71E-04 
1.86E-04 
286E-OS 
1.14E-04 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
5.73E-OS 
243E-04 
3.ISE-04 
286E-04 
2.43E-04 
1.86E-04 
I.00E-04 
0.0 
1.43E-OS 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
5.738-05 
I.OOE-04 
3.438-04 
5.73E-05 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

4.44E-04 
3.218-03 
6.8OE-03 
9.768-03 
5.76E-03 

5.11E-03 
4.218-03 
3.42E-03 
2.85E - 03 
2.368-03 
I .57E-03 
8.74E--04 
5.58E-04 
4. I SE-04 
2.148-04 
1.28E--0) 
1.868-04 
4.298-05 

1.43E-05 
2.86E-05 
0.0 

4.as~-o3 

2.a6~-05 

~~ 

2.37E-03 

Q 

5.58E-04 5.288-02' 

. . *  
.. . . 

. .  . . .  



(Ssclai- 1S.Nath) 

1 - 1  2 3 4 5 6 

F E D C B A 
it* 

: . . .  . . - _  

._ . 

.. . 
. .  

I 3.29E-04 7.16E-OS 4.298-05 1.43E-05 QO 0.0 4.58E-04 
2 1.928-03 8.168-04 2.00E-04 5.73E-05 1.I4E--04 1.438-05 3.128-03 
3 3J6E-03 1.31E-03 3.00E-04 1.86E-04 2438-04 1.00E-04 5.71E-03 
4 4.72E-03 2.198-03 9.588-04 229E-04 272E-04 2.00E-04 7.98E-03 
5 9.45E-04 1.538-03 1.5IE-03 1.28E-04 1.86E-04 7.16E-05 4.388-03 
6 8.59E-OS 9.45E-04 1.89E-03 7.16E-05 229E-04 1.43E-OS 3.238-03 
7 286E-05 4.15E-04 1.938-03 214E-04 1-43E-04 0.0 2.13E-03 
8 0.0 l.57E-04 1.748-03 ' 3.438-04 l.28E-04 0.0 2378-03 
9 0.0 5.73E-OS 1.498-03 243E-04 1.43E-OS 0.0 1.80E-03 
IO 0.0 8.598-05 1.40E-03 1.43E-04 1.43E-05 0.0 1.648-03 
I 1  0.0 7.16E-05 1.598-03 J.00E-04 I.43E-05 0.0 1.778-03 
12 0.0 0.0 8.16E-04 0.0 0.0 0.0 8.168-04 
13 0.0 0.0 7.30E-04 0.0 0.0 0.0 7.ME-04 
I4 0.0 0.0 4.87E-04 0.0 0.0 0.0 4.878-04 
I5 0.0 0.0 1.57E-04 0.0 0.0 0.0 1.57E-04 
16 0.0 0.0 1.14E-04 0.0 0.0 0.0 I.14E-04 
17 0.0 0.0 1.14E-04 0.0 0.0 0.0 1.14E-04 

1.43E-OS 18 0.0 0.0 1.43E-OS 0.0 0.0 0.0 

23 0.0 0.0 5.73E-05 0.0 0.0 0.0 5.73E-05 

1.43E-05 30 0.0 0.0 1.43E-05 0.0 0.0 0.0 

19-22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

24-29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1.16E-02 7.66E-03 1.49E-02 1.73E-03 1.36E-03 4.01E-04 3.77E-02' 

'C P*- I .  
clr 

*The symbol & is the index of the dluses of the wind velocity. 1 a b  denota the mean value of the 

'Pqaill classes A-F. 
Clhk mlw b qual  to p, = Zp,,,. It can k interpreted as tbc probability that the wind blows in the 

comspoading wind velocity in knots (e.&. for & - 3. thc wind rclocily &e) - 3 knots 1.5 m/s). 

L 
direction of sector I .  

. .  

! 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

0 < I d 1.00E-2 
1.OOE-2 < I d 1.41E-2 
1.41E-2 < I Q 200E-2 
2OOE-2 < 1 6  282E-2 
2.82E-2 < I Q 3.98E-2 
3.98E-2 < I Q 5.628-2 
5.62E-2 < I d 7.948-2 
7.94E-2 < I Q 1.12E-1 
I.12E-I I Q 1.58E-1 
1.58E-1 < I d 2.248-1 
2.248-1 < I Q 3.16E-1 
3.16E-1 < I d 4.478-1 
4.478-1 < I Q 6.31E-I 
6.31E-I < I Q 8.9lE-1 
8.9lE-1 < I d 1.26 
1.26 < I Q 1.78 
1.78 < I C 2.51 
2.5 I < I d 3.55 
3.55 < I d 5.01 
5.01 < I d 7.08 
7.08 < I Q 1.00E+1 
1.00 < I Q 1.41E+1 
1.41 < I d 200E+I 
2 0 E + 1  < I Q 2.82E+l 
2.8284-1 < I Q 3.988+1 
3.98E+1 < I d 5.628+1 
5.6284-1 < I Q 7.94E+1 
7.948+1 < I Q 1.12E+2 
l.l2E+2 < I Q 1.588+2 
1.58E+2 < I Q 224E+2 

I > 2.24E+2 

5.00E-3 
1.19E- 2 
1.68E- 2 
2.37E-2 
3.358-2 
4.738-2 
6.688-2 
9.44E- 2 
1.33E- 1 
1.88E- 1 
2.668- 1 
3.76E- 1 
5.31E-1 
7SOE- I 
1.06 
1 .so 
2.1 1 
2.99 
4.22 
5.96 
8.41 
1.19Ei-I 
1.68E-t 1 
237E+ 1 
3.35E+ 1 
4.73E+ 1 
6.68E-b 1 
9.44E+ 1 
1.3384-2 
1.888+2 
2.66E+2 

aGanneuic mean values (except for P - 1 and P * 31) because of 
the log-normal character of the frequency distribution of the precipitation 
intensity. 

. .  . . _ . . .  . . . 
, .  . .  

. . .  
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T ~ b k  - rbWb (919 of tk prrtlpit~tioo LC- for 8 
of I6 8atmsdtk whd row (sector of hpact) a d  

31 drrcs d prrcbatrtks i s t d t y  
I 

7l1e statistiig arc valid for the rite of tk JUlich Nuclear Research 
Center (Federal Rcpllblic of Germany) and are based on 8 yeur 

of I data (69.774 values) 

Class of East sbaor South Sector 
pncipitption 
intensity P 2 4 6 8 

1-7 
8 
9 
IO 
I I  
12 
13 
14 
I5 
16 
I7 

. .  18 
19 
20 
21 

22-31 
91 - 2 98 

I 

0.0 
5.47E-03 
0.0 
3.50E-03 
1.09E-03 
1.71E-03 
1.91E-03 
I. I 3E-03 
1.19E-03 
6.16E-04 
7.31E-04 
3.3OE-04 
4.30E -05 
5.73E-OS 
287E-05 
0.0 
1.78E-02 

0.0 
4.%E-03 
0.0 ' 

4.06E-03 
I .20E,-03 
2.l5E,-03 
l.95E-03 
1.03E-03 
1.45E - 03 
7.17E-04 
I .02E-03 
5.59E-04 
2.588'-04 
1.00E-04 
5.73E-05 
0.0 
I .95E-02 

0.0 
1.15E-03 
0.0 
9.898-04 
2.728-04 
3.44E-04 
3.158-04 
3.01E-04 
4.448-04 
1.868-04 
2. I5E-04 
1.868-04 
8.60E-05 
2.878-05 
1.43E-05 
0.0 
4.53E-03 

0.0 
4.59E - 04 
0.0 
2.878-04 
1.00E-04 
2.01E-04 
1.58E-04 
1.298-04 
I .20E - 04 
7.17E-05 
8.608-05 
2.878-05 
2.87E-05 
0.0 
0.0 
0.0 
I .68E-03 

i ,,/ 

/ , 

Class of West Sector North Scctor 
prtcipitation 
intensity P IO 12 14 16 

1-7 
8 
9 
IO 
I I  
12 
13 
14 
I5 
16 
I7 
18 

0.0 
3588-04 
0.0 
3.58E-04 
4.3OE-05 
2298-04 
2.448-04 
1.43E-04 
2.29E-04 
1.298-04 
1.43E-04 
2.878-05 

0.0 
9.17E-04 
0.0 i 
9.03 El- 04 
3.448-04 
3.58E,-04 
4.0 I E,-04 
3.15E-04 
4.59E-04 
1.438-04 
215E-04 
8.60E'-Q5 

0.0 
9.89E-04 
0.0 
8.178-04 
2.0 I E -04 
4.30E-04 
4.738-04 
2.29E-04 
4.01E-04 
2.29E-04 
2.29E-04 
l.l5E--04 

0.0 
1. IOE-03 
0.0 
6.59E-04 
1.868-04 
4.01E-04 
2.878-04 
2.29E-04 
2.588-04 
1.72E-04 
7.17E-05 
2.87E-Q5 

19 4.3OE-05 7.171 
20 0.0 1.431 
21 2.87E-05 1.431 

22-31 0.0 0.0 
9i - 2 9,P 1.988-03 4.241 

I 

-05 7.178-05 7.17E-05 
-05 1.43E-05 1.43E-05 
-05 0.0 0.0 

0.0 0.0 
-03 4.208-03 3.48E-03 

- 4  

. .  .: . . .  
. .  . .  

. .  . .  . .  . . . .  . .  . .  
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2-86 Radiological Assessment 

T 8 b E  ExpooaQdtberatial~I*d8e, 
ef. Eq. (2.14) of tbis eblaa 

Diffusion wind profile fipoaeats. mj category 

A(j -6 )  0.09 0.10. 
B ( j - 5 )  0.20 0.1s 
c0’-4) 0.22 0.20 
D( j -3 )  0.28 0.25 
E(i-2) 0.37 0.30 
F ( i -  1) 0.42 0.30 

. .  

‘These values have been recommended 
by the U.S. Environmental Protectioa Agency 
in EPA-450/2-77-018, 1977. 

e 

.. . 

. .. . . : . . . .  . . .  . . .  
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3 Transport of Radionuclides 
in Surface Waters 

By G. H. JIRKA,* A. N. FINDIKAK1S.t Y. ONISHI,$ 
and P. J. RYAN** 

3.1 INTRODUCTION 
The purpose of aquatic transport and diffusion calculations is to provide 

estimates of the radionuclide concentrations within a water body and the 
radionuclide deposition on the shoreline and bottom from both routine and 
accidental releases of liquid effluents. Thest calculations provide a link 
between the effluent releases and direct or indirect pathways to man for dose 
calculations. 

The wide variety of mathematical models for assessing hydrologic trans- 
port of pollutants (radionuclides) ranges from simple algebraic models to 
sophisticated multidimensional models based on numerical solutions to the 
advectiondiffusion equation and the a v i a t e d  hydrodynamic equations. How- 
ever, the emphasis on model development has far outweighed the efforts on 
model verification, and caution and a considerable amount of judgment are 
required in both model selection and application. 

The emphasis in this chapter is on the use of simple models. For example, 
in contrast to heat disposal calculations, where highly accurate knowledge of 
the distribution of excess temperature in space and time is required, most dose 
calculations are based on cumulative effects. Concentration variations in spa= 
and time are often not important, and a conservative approach is usually both 
cost effective and desirable. The limitations of the simple models will be dis- 
cussed, and some examples will be given. More complex models, which may be 

I 

*Cornel1 University, Ithaca, N.Y. 
'Bechtel Civil & Minerals, Inc., San 
*Pacific Northwest Laboratory opera 

+*&chtel Civil and Minerals, Inc.. S: 
Wash. 

I 
kancisco, and Stanford University. 
led by Battelle Memorial Institute, Richland, 

n Francisco. 
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reqnhd in some situat;nnr. will be briefly dipnlruul. and relevant references 
wiubclisttd. 

The overall distribution of d o n e  in d a c e  waters is controlled by 
fopr distinct transport and transformatim poocs#r subject to different KWCC 
cuadi*ass - d in Table 3.1. Thpa dependine on water body 

the EUurrounding t e d  d . conditions, and the 
pbysicocaemical aspects of a particular m d b d t k  -YP===-Yb 
amidcd. The present chapter, however, focum on three particular diapcml 
phases Saction 3.2 deals with the rapid initial mixing phase that is controlled 
by the characteristics of the emuent and the discharge'structux Section 3.3 
treats the far-field mixing by ambient rdvbctioa d diffusion proctsses that 
occur over much larger distances; and !Sect. 3.4 addrases the role of d i e n t  
effects in intermedia transfer, direct transport, and transient storage. Gen- 
erally, it is found that these threc phases arc of vital importance in most 
radionuclide assessment scenarios. The inclusion of other transport and 

. .  

i 
, 

Table 3.1. Major meddsms dectiog mdioadde 
migmtioa and rate h d a c e  waters 

T ~ a n d t T U l S f ~ t i O O ~  
Transport 

Water movement 
Discharge-induced advection d diffusion 
Ambient advection and diffusion 

Sediment movement 

Adsorption and desorption 
Precipitation and dissolution 
Volatilization 

Degradation and decay 
Radionuclide decay 

Transformation 
Yield of daugbter product 

intermedia transfer 

Poiat .nd lloapobt t3otmce/aimk co.bjbofio118 

Direct discharge: routine or accidental 
Dry and wet deposition from atmosphere 
Runoff and soil erosion from land surfaces 
Seepage from or to groundwater 8 
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transformation pnxffses and source terms (see Table 3.1) is often relatively 
straightforward. 

The major emphasis in this chapter is on the treatment of continuous, con- 
trolled radionuclide releases fmm engineerad structures, with minor attention 
given in sect. 3.3 to rccidental rdeeJes. 

33INITIALMIxINc 
I 

When the quantity of effluent i s i d  and the receiving water body is 
relatively large, rapid initial mixing bylmcam of a properly designed discharge 
structure is an effective means of rcduking the radionuclide concentrations. In 
some cases, it is the only fcasiik way to meet regulatory requirements. 

The initial, or near-field, mixing process is based on a high level of tur- 
bulence produced by means of the dikharge momentum (jet action) and/or 
the discharge buoyancy (plume ac$on). The process is relatively rapid 
inasmuch as it occurs over a sbort distance, typically equal to 10 to 100 times 
the characteristic discharge dimension/ (e.g., the square root of the discharge 
cross-sectional area). Large dilutions on the order of 10 to 100 can be 
achieved. 

In thii context, dilution S is defmcd as the ratio 

CO s = -  C' 
where CO is the discharge concentration (or concentration excess) and C is the 
concentration at some point of interest (e.&, at the end of the near-field zone). 

Frequently, the initial mixing prbctss is dominant over the much more 
gradual and sluggish far-field mixing processes, which are driven by consider- 
ably lower turbulence levels in the arnqient river, lake, or coastal environment. 

Factors that affect initial dilution ,arc the momentum and buoyancy of the 
effluent, the outfall confiration y d  location, and the receiving water 
characteristics (depth and current) in the vicinity of the outfall. Separate 
predictive models have been develope 
singlepoint and multiport outfalls; de 
water, and buoyant (positive and De8 
important combinations of the above 1 
pie calculations are shown. Three sc 
design practice: surfacepoint discharf 
tiport diffusers. These confrgurations I 
buoyant discharges being treated 
emphasized bccnuse it is standard 
radionuclides witb the cooling-water 
with the blowdown for closedcycle sy 

1 for surface and submerged discharges, 
b and shallow, and stagnant and flowing 
itive) and nonbuoyant effects. The more 
IIv(Lmcttrs are discussed and some exam- 
mate types of outfall arc important in 
s, submerged-point discharges. and mul- 
redlscusd here. with buoyant and non- 
as subclassts. The buoyant case is 
practice to mix the routine release of 
iischarge for once-through systems and 
tems. 
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3-4 Radiological Assessment 

A basic assumption in dl initial mixing calculations is that the emuen 
characteristics (total heat, total radionuclides, etc.) arc consemative. Thi: 
assumption is almost always mlistic because of the small time d e s  involved. 

3o21 s I p T . c a p o i n t ~  

Surface discharges consist of an outfall at (ag., an open channel) the free 
water surface or close to (ab slightly submerged pipe) it. Such discharge 
have d v e d  substantial attention over the past decade, in particular as buoy- 
ant surface jets for waste heat disposaL A concise summary of the properties 
of buoyant surface jets, comprising the results of mathematical models and 
data from field and laboratory experiments, has been given by Jirka, Adams, 
and Stolzenbach ( 198 1 ). 

The major parameter descriihg the dynamic characteristics of the buoy- 
ant surface jet is a discharge densimetric Froude number Fd 

where Vo is the (mean) discharge velocity (m/s), po is the ambient density 
(kg/m3), Ap is the discharge density deficit (kg/m3), g is the acceleration of 
gravity (m/s2), and & is a characteristic length scale (m) of the discharge, 
which is related to its cross-sectional area A0 by 

n,==m. 
A rectangular discharge channel, for example, with depth ho and half-width bo 
has 

&=a. 
However, the actual channel cross-sectional shape (i.e., the separate values of 
ho and bo) is of limited dynamic importance except for very small Froude 
numbers Fo- 1 (Jirka et a1 1981). 

3201.1 st.garnt md weak - 
Dacp receiving water. A deep receiving water condition exists when the 

vertical extent of the buoyant jet k dicient ly  less than the existing water 
dcpth H. Three models arc in general u c  for this case, the models developed 
by Stolzcnbach and HW~UDM (1971). Rych (1972), and Shirazi and Davis 
(1974). The thm models arc available in the form of computer codes, which 
are relatively inexpensive and simple to use and arc well documented. The 
Shirazi and Davis model is also available in a workbook format. The applica- 
tion of these models yields spatially detailed predictions of the concentration 
(or temperature excess) field of the surface buoyant jet. Figure 3.1 shows typi- 

... 
. .  , .  
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Figure 3.1. "beoretical calculations and experimuttd data for anterliae dilution io sur- 
face plumes. Souree: Stolzenbach. K. D., and Harlanm. D. R F. 1971. An Anofyticd 
and ExpcrimrnrOr Investigarion of Sutfoce Discharges of ifeared Water, Technical 
Reporl 135, Massachusetts Institute TcchnoL, R. M. Parsons Lab. Water Resources 
and Hydradynamicr, Department Civil Engineering, Cunbridgc 

ad ceaterline dilution estimates for a thermal plume obtained with the Stol- 
zenbacb and Harleman (1971) model. Provided that certain simplifying condi- 
tions arc met, the predictions with the above models arc found to be reasonably 
reliable (for a complete assessment, 

Fa radionuclide computations, 'however, it is usually sufficient to deal 
with a few bulk features of the near-fwld mixing proceas (e&, the bulk dilu- 
tion S, and tbc transition distance xi )  while neglecting its iutetnal detail. The 
bulk, or a b l e ,  dilution S, is reached at the end of the near field when the jet 
has barn stabilized and vertical e n v t  has c u d .  

Tbe transition distance x, is a useful measure for the extent of the neat- 
field sone. The following expressions, for $, and x, can be readily used as the 
starthg conditions of a far-field calculation: 

vFw Dunn et at 1975 or Jirka et al. 1975). 

Sj e l.4F0, (3.3) 
I 

x,l= 1 5 4 4 .  (3.4) 
I + 

I 

. 
- .  . 

.. . 

. .  
:c : -. . , 

. .  



h- .= O-4w0, (3.5) 

.which occurs at M approximate distance 5.5 f#o from the outfall. 
h p f e  3.1. consider an outfall with a flow of 0.5 m'/s through a chan- 

nel of rectangular crass section with width 1 m and flow depth 0.5 m with ini- 
tial density difference (A&) 0.002 into a stagnant semi-infinite water 

Find the extent of the near-field region and the bulk dilution in the n d r  
M Y -  

field 

u,-- OS - I m/s, 
1 - 0.5 

Fo - = 10.1, 1 
J0.002 * 9.8 1 - 0.5 

x, = 15.0.5- 10.1 = 75.8m, 

S = 1.4- 10.1 = 14.1. 

Thus, the initial concentration of any radionuclide released from this outfall 
will be reduced by a bulk factor of 14 after the near-field mixing. [End of 
example J 

In case of truly stagnant conditions, the jet trajectory is, of course, a 
straight line. If a wcak Crossnow persists, the trajectory is CUNcd in the direc- 
tion of the crossflow. Also, the mixing mechanism is somewhat affected by the 
generally more vigorous mixing produced by the action of the crossflow (set 
Adams et al. 1975). Still, 4s. 3.1, 3.2, and 3.5 can be uscd for conservative 
estimates of buoyant jets in weak crossflow. Alternatively, the workbook by 
Shirazi and Davis (1974) cnn be uscd. 

Smd limiting cases of buoyant jet behavior exist, for which the above 
equations (Eq. 3.3 in pnrticular) do not hold. Three major limiting cir- 
cumstan- arc addressed in the following: (1 )  too shallow receiving water, (2) 
strong cross currents, and (3) c o d i g  lateral boundary. 

Shuffow receiving mer. When the jet behavior is significantly affected 
by the bottom, the receiving water can be said to be shallow. Virtually all 
major cooling-water outfalls are in this category. A criterion for shallow water 
cpditions obtained from experimental and field data (Jirka et al. 1981) is 
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where H is the water deptb at tbe point of maximum plume depth, A,. An 
empirical correction r, can be applied to the deep water equations for dilution 
to accwnt for the inhibiting effCa of a ahallow receiving water. Thus, bulk 
dilution under shallow conditions 3, can be estimated by 

Sa - r,Sa. (3.7) 

The empiriad factor r, is given by 

3.2.13 Stroag C h d o w  (saanli#-lrtfrcbta Jeis) 

For strong d o w s ,  the cflluent plume may be pinned to the down- 
stream shoreline; and the entrainment of uncontaminated water into the plume 
is inhibited from one side. In shallow water, where the plume is in contact with 
the bottom, the ambient d o w  is prevented from passing under the jet; aad 
a relatively lower d o w  can cause shoreline attachment. The main parame- 
ters in determining shorebe attachment arc the relative crossflow velocity, 
R - V&o (where V, is the d o w  velocity) and the shallowness factor 
h,,JH. On the basis of limited field +d laboratory data, Jirka et al. (1975, 
1981) obtained a criterion for shoreline attachment for a perpendicular 
discharge and a straight shoreline as 

(3.9) 

No simple model predictions arc avqable in the literature to estimate the 
near-field mixing of strongly deflected shorqbe-attached jets. In part, this 
problem is due to the fact that the m y g  is often governed more by the ambi- 
ent crossflow than by the discharge. Mixing in this case is more a far-field 
than an actual near-fEld process and d be amtrolled by engineering 
design. Thus, some empirical equaaions (cg., Carter 1969)indicate a continued 
mixing prooess, which is better d d v  by a far-field model 

by Adams et al. 1975) indicate that the actual near-field mixing in attached 
jets is always considerably less than in the comqonding nonattached shallow 
jet that would be predicted by Eq. 3.7. I 

hued e x p ~ i m a t a l  studia on ~ n g l y  wectsd (m thc m w  

I 

. .  
. .  

. .  . . .  
' ,  . . .  :. 

I 
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A radreplation zone between the lee side of the jet and the ahorcline rea- 
trains already mixed water. Depending on the amount d blocking (set Eq. 
3.91, the dcpcc of reentrainment may be up to 100% so that the surface jet 
entrains ambient undiluted water from only one sick. Heoct, for conservative 
estimatiaa pwpoms, the initial dilution of an unattached W o w  water muface 
jet may be taken as 

(3.10) 

where 3, is given by Eiq. 3.7. The extent of the near-field m w  may be 
estimated by the crOSSnOw deflection length scale x, (Jirka d al. 1981), 

n, 
x, - 2- R 

(3.1 1) 

or by x, (Eq. 3.4), whichever is less. 

3.2.13 s~rf8ce Dischvgcs dtb Zen, or Negative Buoyancy 

All the models discussed previously are strictly valid only for buoyant 
discharges. Wbenever the discharge has some buoyancy, albeit small, Ap - 0, 
and Fo is large, the results are still applicable and simply indicate large dilu- 
tions and considerable distance until the jet subsides. The fact that the ambient 
environment usually exhibits some variability in density should not be over- 
looked as a factor in the ultimate stabilization of practically all discharges. A 
truly nonbuoyant jet is simply predicted by the classical result (Albertson et al. 
1951) 

X S ( X )  ,= 0.32-, D 
(3.12) 

where D is the equivalent diameter of a round half-jet. Equation 3.12 indicates 
continuous dilution with increasing distance x. In practice, however, an 
ultimate transition is provided by an eventual stabilization or by the ambient 
turbulence level beginning to dominate over the weakening jet turbulence. 

Finally, a negatively buoyant jet, discharged at the surface and sinking to 
the bottom, behaves in an  verse manner to a submerged buoyant jet riding to 
the surface and is amenable to the models of the following d o n .  

322 S l l b m a g C d P o i n t ~  
Whenever the discharge is located well below the surface of the water 

body and usually close to the bottom, it is analyzed by means of a submerged 
discharge model. This llection discusses singlc-port (poinb) discharges, and mul- 
tiport diffusers arc addressed in Sect. 3.2.3. 

. .  , -  . . . .  . . . .  . . . . . . . .  . . .  
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Numerous complications arise when one deals with submerged discharges. 
First and foremost among these is the depth of the r d v h g  water relative to 
the dynamic characteristics of the discharge. As illustrated in Fig. 3.2, two 
fundamental conditions can exist (1) a deep receiving water condition, in 
which a distinct buoyant jet rises toithe surface and dilution occurs because of 
turbulent jet entrainment up to the surface Iml; if the recehbg water is suffi- 
ciently stratified, the jet trajectory can, in fact, be shortened and the jet ceases 
when a terminal (equilibrium) level is reachcd; and (2) a shallow receiving 
water, in which the discharge momentum is suiftciently strong to cause a 
dynamic breakdown of the buoyant jet motion and create a local recirculation 
zone. 

This dynamic distinction into deep and shallow water conditions is impor- 
tant, as entirely different techniques must be used for the analysis of each 
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. . .  

case. The dhchaqp condition is characterized by the relative water-depth H/D 
. , , %  and a densimetric Froude Fo number 

. ,Af’ 
L3. -/’- :-- . . 

(3.13) 

where D - diameter of the outfall. 

approximrte amdition for deep receiving water (stable flow field): 
A rt.bility analysis of Lee and Juka (1974, 1981) yielded the following 

H 
D - > O . U F @ ,  (3.14) 

with apparently little sensitivity to the discharge M& 0, 
Simple buoyant jet models can be used for the deep condition. On the 

other hand, the mixing achieved in the local racitculation zone of a shallow 
discharge must be analyzed on the basis of stratified counterflow models (Fig. 
3.2). In practice, most heated discharge situations fall into the shallow water 
range. Hence, any associated radionuclide relcase is similarly affected. 
Ambient stratifbation and Crossnow are additional factors to be considered in 
the dilution analysis of submerged discharges. 

3.221 ~ O r W # L ~ t B  
Drrp receiving water. Several submerged buoyant jet models exist (e+. 

Abraham 1963; Fan and Brooks 1%3; Hint 1972) and should be used when- 
ever reasonably complex discharge conditions occur (arbitrary angle do). How- 
ever, two limiting conditions are of interest: the vertical and the horizontal 
discharges. The vertical buoyant plume, 8 - 90°, with reasonably small 
discharge Froude number Fo, gives a centerline dilution S, (ix., the minimum 
value in the plume) as a function of normalized vertical distance s/D (Rouse 
et al. 1952). 

(3.15) 

where t is the distance above the nozzle, and D is the effective diameter of the 
d e  (induding the effect of contraction at a sharpadgad orifice). 

The predictions of various jet models and experimental data for horizontal 
submagal discharges arc summarized on a simple nondimensional graph (Fig. 
3.3) presented by Roberts (1977). When 4. 3.15 or Fig. 3.3 is used for 
predictive purpoees, it is always ncccsary to ascertain that the deep water con- 
dition, Eq. 3.14, is ~Wicd as well. The maximum vertical distance (Fig. 3.2) 
to which jet mixing takes place is given only approximately by the total water 

- 
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Figure 3.3. Centerline dilution of a submerged. horizontal, round, buoyant jet in a stag- 
nant, uniform fluid. Source: Roberts, P. J. W. March 1977. Dispersion of Buoyant 
Wcurcwoter Ducharged from Our/ol Diffuses of Finite Length. KH-R-35. W. M. 
Keck Lab., California Institute Tachnol., Pasadena. 

depth H. Sia a mixed layer forms at the surface, it is common to reduce this 
vertical distana to 80% of H. Also, it is often useful to set up a bulk dilution 
factor S for the entire near fdd that is related to the centerline dilution by 

S t I.SS, , (3.16) 

as has been done for the surface discdargts. 
Eurnplc 3.2. An outfall pipe, 0{6 m in diameter, is discharging a heated 

eflluent to an unstratified lake. A horizontal discharge is used to maximize 
mixing. The water depth at the dischyge point is 6 m, the discharge velocity is 
3 m/s. and the nonnalized initial V s i t y  difference is 0.003. What is the 
approximate centerline dilution when the buoyant discharge impinges on the 
water surface? I 

I 
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Canpute discharge densimetric Fropdc number: 

- 22.6 - 3 
0.003 * 9.81 - 0.6 Fo - J 

C k k  if discharge is in the.de+p water range (Eq. 3.14): H/D - 10 > 0.28 
Fa - 6.3. Equation 3.14 is satisfied. Themfore, simple buoyant jet analysis is 
applicable. Take maximum vertical distaace: t - 0.W = 4.8 m. Using Fig. 
3.3 with t/DFo - 4.8A0.6 - 22.6) - 0.35 gives SJFo - 0.3, or a center- 
li# dilution S, - 6.8. Thus, the near-fied mixing for this discharge is charac- 
terized by a bulk dilution factor of S - 1.4 - Q8 = 9.6. [End of exam- 

Tbe buoyant jet may become trapped below the free surface if the receiv- 
ing water is stratified. For estimates of the maximUm penetration height and 
the associated mixing, more detailed references should be consulted (e.g., Jirka 
et aL 1975; Fischer et al. 1979). or computer models may be used (e.g., Fan 
and Brooks 1969; Hirst 1972). 

Shallow receiving wuter. The strong dynamic effect of the discharge 
within the shallow water column can create annplicntal flow patterns. Again, 
the two limiting cases of vertical and horizontal discharges can be used readily 
to bracket the expected behavior. For the vertical discharge, Lee and Jirka 
(1981) give a bulk dilution which characterizes the local mirculatioo cell: 

Pkl 

(3.17) 

Equation 3.17 is applicable when the deep water condition, Eq. 3.14, is not 
sat isfd If the discharge is horizontal, however, 'it is often reasonable and con- 
servative to treat it simply as a surface discharge in shallow water, since the jet 
quicltly rises to the surface and then behaves like a surface jet. Thus, the dilu- 
tion estimates of Eq. 3.7 may be used with proper transposition of variables 
6 J(l/2)(rD2/4). For further discussion and some empirical data, see Jirka et 
al. (1975). 

A crossflow tends to act as an additional dilution mechanism in conjunc- 
tion with that achieved by discharge momentum and buoyancy. Thus, for coo- 
scrvative estimates of radionuclide accumulation, the formulas in the pfevious 
paragraphs that neglect the crossflow may sufftce. This is especially applicable 
for W o w  roccivip8 water in which the crossflow influence is somewhat 
weaker because of the depth limitation. 

-4  
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If molc comprehensive predictions for deep discharges arc required, scv- 
era1 analyses arc available in computer form (a&, Fan aad Brooks 1969; Hirst 
1971; Shirazi and Davis 1971; S c h a h a n n  1976) or as summary diagrams 
(a&. S l i d  d Davis 1971; J i r h  et aL 1975; Wright 1977). The W a r i t y  
of these analyses to some of the adospheric difhrsion mnlclr in crosswhd 
with or witbwt ambient stratification, which are treated in Chapter 2, should 
be noted hcrc. 

3.23 SdmergdMIlltiport Mtfpsers , 
A mrnltiport diffuser is the most effective mdbod for achieving a high 

dqpc d inithl dilution. The diffuse? is a lineat structure mrt*;rting of many 
closely spaced ports, or nozzles, which inject high-velocity jets into the receiv- 
ing water. The ports may be attached (as risers to a buried pipe or may simply 
be openings in a pipe lying on the bottom of the receiving water. 

As for the single port discharge, it is again most important to realize that 
the dynamics of the discharge may result in the form of a stable deep water or 
an unstabk shallow water discharge. This is easily visualized by considering 
Fs. 3.2 and replacing the simple round opening of diameter D with a two- 
dimensional slot opening of width B. Ti is a mvenient representation of the 
actual diffuser. The equivalent slot width B for a diffuser with nozzles of 
diameter D and lateral spacing 4!, which ensures similar dynamic effects, is 
given by 

The dynamic parameters for discharge stability of a multiport diffustr, 
then, arc its equivalent slot densimetric Froude number and relative water 
depth 

(3.18) 

A stability analysis by Jirka and'Harleman (1973) (see also Jirka 1982) 
gives tbe following condition for the deep receiving water: 

(3.19) 

thus indicating some dependence on tl 
Ambient crossflow is often another d 
mixing over the water column) and hi 
diagram by Jirka (1982). 

e discharge angle with the horizontal 8, 
stabilizing factor (Le., it causes vertical 
s been considered in a complete stability 

e 

. .  . . .  . ..: . . .. . .  . . . .  



? : 

.. 

3-14 Radiological a n t  

Most dSfuscr problems a€ practical interest in energy-related discharges 
arc of the shaUow water variety. Deep water diffusers are typically encow- 
&red in sewage disposal appkatbm and oaasionally for blowdown diffusers 
from cl<rsedcycfe cooliag apacrtiona 

3.2.3.1 Dc+p R d W  w8tU 

Stagnant conditions. Satisfactory estimates of bulk dilution are usually 
obtained by simply considering the mtical buoyant plume eo - 90” and FI 
sufficiently small so that Eq. 3.19 holds. Furtber, as long as Eq. 3.19 is satis- 
fd, all noavertical discharges tend to the rising buoyant plume anyway. Also, 
a frequent design in deep water CaaditiWS is the alternating Musex in which 
adjacent nozzles point to different sides In this case, 60 - 90” is a convenient 
dynamic approximation. The centerline dilution S, as a function of vertical 
instance z / B  is (Rouse et a1 1952) 

S, - 0.39fF,’m. (3.20) 
B 

A bulk dilution S for a maximum vertical distance value of 0.8 H to 
account for the surface layer would be larger by a: 

S 0.44-F,-m. H 
B 

(3.21) 

The applicability of Eq. 3.20 to deep diffuser problems has been demonstrated 
(e.g., Jirka and Harlcman 197% Kob and Brooks 197s). If the ambient 
environment is stratified, the buoyant jet may become trapped at some termi- 
nal level. 

Ambient crossflmos. The direction of the crossflow relative to the diffuser 
alignment (i.e.. the axis of the main pipe) is an additional and critical parame- 
ter. The perpendicular alignment is the preferred case because it intercepts the 
greatest crossflow and maximizes mixing. An experimental study of a deep 
water Musc r  by Roberts (1977,1979) yielded the following dilution estimates 
for near-field bulk dilutions. For weak crassflow, the dilution is st i l l  related to 
the buoyancy of the discharge (ie, its Fmude number): 

H 
B S - 0.27-F,-m. (3.22) 

In this case, the crossflow has. in fact, a nonconscrvative effect (compare to 
4. 3.21) because it causes some blocking of entrainment at the downstream 
side of the diffuser plume. 

For strong crossflows, the dilution is given by a simple patio between the 
total crossflow sweeping over the diffuser line, UJDH, and the total’.discharge 
flow Qo: 

.-._ 
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(3.23) 
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where U ,  is the crossflow velocity ahd LD is the length of the diffuser. Ideally, 
the constant C1 should be unity, but Roberts found a smaller and hence con- 
servative CI - 0.58, apparently due to some incomplete mixing and buoyant 
restabilization (see also Jirka 1973); Values of CI are given by Roberts (1977) 
as a function of the orieotation andjstrength of crossflows and the buoyancy of 
effluent. Widths of the plume at the surface are also given so that the initial 
conditions for use in far-field models can be easily specified. 

3.23.2 Shallow Receiring W8tw 

Multiport diffusers in shallow conditions, frequently used for thermai 
discharges, can have a large number of possible flow configurations and mixing 
mechanisms. Also. highly site-spacific designs (Le., different types of nozzle 
orientation and current alignments) are possible. Three major diffuser types 
have been used in reccnt design praFce. the unidirectional diffuser, the staged 
diffuser, and the alternating diffuser. The diffuser configuration and the result- 
ing flow fields are shown in Fig. 3.4. A comprehensive account of diffuser 
dynamics and analysis techniques is &en by Jirka (1982). 

Srugnunr receiving w a w .  The 'unidirectional and staged diffuser designs 
produce vertically mixed (uniform) kiffuser plumes that sweep in the direction 
of the discharge nozzles. Very high dilutions can be achieved if the initial 
discharge velocity (momentum input) is high. The bulk dilution for such 
diffusers is given by 

s = c*JEpF. (3.24) 

The factor C2 is qua l  to 1/a for unidirectional diffusers and 0.67 for staged 
diffusers (Jirka 1982). Almquist and Stolzenbach (1980) give a lower value 
(0.45) for C2 for staged diffusers. In csscnce, Eq. 3.24 indicates the total flow 
rate immediately downstream from a diffuser relative to the discharge flow Qo. 
Considerable additional mixing can' take place as the concentrated diffuser 
plume gradually diffuses further downstream. This procedure is still a near- 
field process and is represented in dilution analyses of Lee and Jirka (1980) 
and diagrams by Jirka -( 1982). Equr 
ative lower limit. 

The alternating diffuser with t 
water is predicted by stratified flow ' 

ion 3.24 can be taken again as a conserv- 

e unstable recirculation zone for shallow 
icory to have a bulk dilution of 

CJ- H Fs-m, (3.25) 
B 

-a 
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Figure 3.4. Diffuser configuration and flow fields in coastal environments. 

with Cj - 0.45 to 0.55, depending on the friction effects in the counterflow. 
Equation 3.25 appears to be qualitatively similar to Eq. 3.21; that is, it is also 
a buoyancydriven flow. (Note that the deep water condition described by Eq. 
3.19 is not satisfied in this case, whereas it holds for the case of Eq. 3.21.) 

Ambient mssrows.  A variety of interactions may exist in this casc, 
depending upon diffuser type and alignment (Jirka 1982). A type frequently 
employed when the ambient current is steady and in only one direction is the 
coflowing diffuser (is., a unidirectional design with perpendicular alignment). 
The bulk dilution is given then by the combined effect of crossflow and 
diffuser mixing: 

Equation 3.26 is of particular interest for diffusers in river applications as 
long as the diffuser length is sufficiently shorter than the river width. If the 
diffuser covers the entire river, Eq. 3.26 would, of course, be superseded by the 
proportional mixing: 

t 
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QR (3.27) 
Qo 

s = -, 

as the diffuser-induced action cannot result in mom mixing than is provided by 
the river flow QR. 

Example 3.3. Consider an alternating diffuser witb 120 nodes 0.15 m in 
diameter spaced 0.4 m apart. The diffuser discharges IO m3/s into open 
coastal waters with a depth of 6 m. The relative density difference is Ap/p = 
0.002 To estimate the dilution, 

A, - d*152 =00.0177m2 , 
4 

= 4.71 m/s , 10 
120-0.01 77 

4.7 1 
J0.003.9.8 I - 0.044 

u, = 

F, = = 130.9 , 

= 136.3 < 1.84@ = 130.9 ; H 
B 0.044 
- 6 -  

that is, Q. 3.19 is not satisfied. 
Using Eq. 3.25, with C3 = 0.5. 

S - 0.5 - ti 1 30.9-w = 2.6 . [End of example] 
0.044 

Example 3.4. Consider a blowdown diffuser with 40 nodes 5 cm in diam- 
eter discharging in the direction of ambient stream flow. The n o d e  spacing is 
0.3 m and the depth of the receiving water is 1.5 m, and the stream is much 
wider than the diffuser length. The total discharge flow rate is 0.3 m3/s, and 
the ambient velocity is 0.6 m/s. . 

r(0'05)2 = 0.00196 m2 , Nozzle area A, = 
4 

Equivalent slot width 

Total nozzle area = 

0.: u, = - 
0.07 

B = -  0'00196 = 0.065 m , 

10(0.00196) - 0.0784 m2 , 

- = 3.83 m/s . 
I4 

0.3 
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The bulk dilution in the absence of crossflow can be eStimated from J2q. 3.24: 

In the prwencc of a cmsflow V, - 0.6 m/s, the dilution can be estimated 
from Eq. 3.26 

0.3 I 
+-[I 2 0.6*40-0.3*1.5]2+ 0.3 2["]]"- 0.0065 39 . [Endofexample] 

33 FAR-FIELD MIXING 
After a radionuclide discharge has passed through the relatively rapid ini- 

tial mixing process of the near field, its further fate is determined by transport 
and dfiusion procases in the ambient far field. Because these processes arc 
typically much slower, much longer distances and time frames must be con- 
sidered. These concerns result in two important consequences: it may be impor- 
tant to include radioactive decay and other physical/chemical transformation 
proctsses; the total physical dimension of the receiving water body and its net 
advective transport character must be considered. 

For example, the long-term radionuclide accumulation in a coastal bay or 
'in an inland reservoir is often controlled simply by the average throughflow 
and flushing rate, and the internal distribution proctssts (e.g., diffusion and 
circulation) may be largely irrelevant. Thus, this section is organized on the 
basis of water bodies with highly variable geometric or advective transport 
characteristics: rivers with a welldefmed net transport, estuaries with strongly 
oscillating tidal flow but often weak net transport, small lakes or rt8tcvoirs 
with strong boundary limitations and weak transport, and the ocean or large 
lakes with practically "unlimited" dimensions. 

3.3.1 Rivers 
Rivers m typically wide and shallow water bodies with strong advective 

and turbulent flow. After the initial mixing prooess, the effluent is usually 
mixed over the shallow depth, is advected downstream by the river flow, and is 
diffused laterally across the river. After sufficient distance, the emuent 
becomes fully mixed across the entire width. Hence, it becomes expadient to 
ana& this situation in stages: (1) transverse mixing and (2) longitudinal 
advection and dispersion. 

.. . . 

. .  . .  
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33.1.1 ' lhmmme Mixbg 

Uscfd exampleS of transverse +g in a W o w  river with uniform 
depth H and ambient trekdty U are illustrated in Fs 3.5, which shows the 
case of a stauiy-statc, datively adatrated ('point') discharge by means of 
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a) Wide river and pond source plume width. (ol<< river width W). 
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b) River width W with distributed source width (yz-yz). 

Fire 3.5. Two examples of trolrsverrc mixing in rim with d o r m  depth H and 
velocity u. 

a single submerged pipe which c a y  rapid vertical mixing. As long as the 
plume width is much less than the toy river width, a simple prediction for the 
two-dimensional radionuclide concentration is 

I 

, 

1. 
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When 

C, = initial concentration, 

Qi = initial effluent flow rate (m3/s), 

x = longitudinal distance (m), 
. y - lateral distance (m), 

A = radioactive decay (- In Z/half-life), 

KI = transverse diffusion coefficient (m2/s). 

Note that C, and Q1 may refer to the variables after the initial mixing proctss 
(as determined by any of the models of the previous saction). The product 
GQ, is related to the actual discharge variables C, Qo as C,Q, = CoQo by 
virtue of mass conservation. The coefficient K,, which expresses the effect of 
transverse turbulent diffusion (often with superimposed secondary flow circula- 
tions), is generally related to the energydissipation characteristics of the chan- 
nel as 

Ky - Byu.H 9 (3.29) 

where U. = shear velocity = a and s = channel slope. The coefficient 
By is typically of the order of 0.6 & 0.3 in reasonably straight rivers (see 
Fischer et al. 1979). In meandering rivers, By can be considerably larger (see 
Yotsukura and Sayre 1976). and in that case the far-field plume is, of course, 
no longer straight as sketched in Fig. 3.5 but follows the general curvature of 
the river. The standard deviation of the lateral Gaussian concentration distri- 
bution given by Fig. 3.5a is 

(3.30) 

and Eq. 3.28 is applicable only as long as no significant interaction with the 
river banks exists. Whenever the initial source dimension is significant and/or 
the plume interacts with the river banks (Fig. 3.5b). the concentration distribu- 
tion is given by 

. .  . .  
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Note that UHW = Q, is the river flow rate. In practice, only two to three 
terms of the series given in Eq. 3~31 need to be included as the plume 
approaches rapidly full mixing across /the entire width. The initial source width 
and location bl, y2) may be given iby the location of a diffuser or by the 
extent of the aear fi ld of a surface discharge (y, - 0 in that case). Similarly, 
the sourot variables C, and Q, are related to the discharge values by means of 
a near-field model. 

Uniform conditions across the river width have been assumed in Eqs. 3.28 
and 3.31. A more nearly accurate approach is to use a coordinate system with 
the cumulative discharge as the transverse variable in place of y (Yotsukura 
and Sayre 1976; Fischer et al. 1979). !Also, if the radionuclide discharge is part 
of a cooling-water outfall, additional buoyancy-induced lateral mixing may 
take place (Paily and Sayre 1978; Schatzmann and Nauduscher 1980). 

33.1.2 L i @ t d d  Advection and Dispersioo 

Once the effluent is laterally mixed, its further transport under steady- 
state conditions is effected mostly by ,simple advection by the river flows. If the 
emuent is rapidly decaying or in highly unsteady conditions (e.g., in the case 
of an accidental release), it bccomes important to also include the mechanism 
of longitudinal dispersion, that is, a combination of differential shear flow 
(nonuniform river velocity distribution) and cross-sectional turbulent mixing. 
The complete concentration expression for a steady-state release is 

(3.32) 

where 

a = S A K J V ~ ,  

x - downstream distance from the release point (m), 

KL = longitudinal dispersion I coefficient (m2/s). 

Generally, the shear flow effect is so significant that the coefficient KL is two 
to three orders of magnitude larger than the transverse coefficient K,,. A useful 
approximate equation for KL has been given by Fischer et al. (1979): 

In many practical cases, it is i 
dominates), and Eq. 3.32 can ther 
called 'plug-flow" quation: 

.01 lU*W*/(HU.) . (3.33) 

mnd that a << 1 (ix., advection indeed 
iforc bc approximated simply by the so- 
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CoQo 
QR 

(3.34) 

For many radion- tbe half-life T - In 2/X is much longer than the 
travel time J@ in a river &etch. Then, the following obvious expression holds: 

=oQo if T>>X 
u '  C(X) ID - 

QR 

(3.35) 

For an instantanam8 accidental release of radionuclide mass Mo, the 
time- and spaoadependent oonccntration distribution is 

Equation 3.36 expresscs the downstream motion of a radionuclide pulse at 
velocity U and its simultaneous longitudinal spread as indicated in Fig. 3.5b. A 
useful measure of the longitudinal extent of the dispersing pulse is its standard 
deviation 

@L = m, (3.37) 

which grows witb the square root of time. Equation 3.36 is a useful first-order 
model for estimating exposure levels downstream from accidental releases. 

Examp& 3.5. Consider a wide, straight section of a river with Q = 40 
m/s, W = 40 m, H 2 m, and slope s = lo-'. A blowdown diffuser 8 m 
long at the near shorelime discharges 0.2 m3/s of effluent with a concentration 
of 1 mCi/m3 of IwCa To determine the concentrations at distances of 0.5, 1, 
and 5 km, respectively, downstream, 

U* - - J9.81 - 2  . lo-' - 0.044m/s . 
Assuming By = 0.6, m have 

Ky - 0.6(0.044)(2) - 0.053 m2/s . 
Since the half-life of "Cs is 2.06 y (A = 1.07 X 10" s-l), the effect of 
decay on the concentration wil l  be negligible. Substituting in Eq. 3.31, we 
obtain the results shown in the following table. 

\ 

. . . . .  
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0 1.82 1.41 0.68 
a1 1.65 1.32 0.67 
0.2 1.21 1.10 0.65 
a3 0.72 0.81 0.61 
0.4 0.34 0.52 0.56 
OS 0.12 0.30 0.50 
0.6 0.03 0.15 0.44 
0.7 0.01 0.06 0.39 
0.8 0 0.02 0.35 
0.9 0 0.01 0.33 
I R 0 0 0.32 

Eronple 3.6 consider the r e l y  of 1 Ci of "Cs in the river channel of 
the previous example. Assuming that the release is uniform over the width of 
the channel, to estimate the distribution of radioactivity 1 h, 6 h, and 1 d, 
respectively, after release, 

W = 40 m and H = 2 m., U - - 40 - 0.5 m/s. 
2.40 

The longitudinal dispersion coefficient can be estimated from Eq. 3.33: 

Substituting in Eq. 3.36, we can estimate the radioactivity distribution 
along the channel. The concentration distribution is shown on Fig. 3.6. 

3.32 Eetuuics 

Transport and dispersion prodesses in estuaries are considerably more 
complicated than those in nontidal rivers. The oscillatory tidal motion with 
cyclic variations in velocity and eleyation causes complex hydrodynamic condi- 
tions, which in turn affect concentraFion distributions. The difference in density 
between fresh- and saltwater superimposes additional vertical ('baroclinic") 
circulations. Finally, winddriven yrrents in wide, shallow (baylike) estuaries 
also play an important role. A deta\lcd analysis of pollutant distributions in an 
estuary usually requires a thorough field investigation, including tracer studies, 

. .  

I 
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Figure 3.6. Dispersion of the dosc releasc of Example 3.6. 
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to determine its hydrodynamic and mixing patterns. The information and data 
thus obtained can be used in the selection and application of reasonably 
detailed estuary or coastal transport models. Several such models with different 
degrees of complexity have been developed in recent years (e.g.. one- 
dimensional: Thatcher and Harleman 1973; horizontally two-dimensional: 
Leendertsee and Liu 1972; Wang and Connor 1975). Still, the application of 
the models is by no means straightforward, and decisions must be made 
regarding the value of appropriate dispersion coefficients and specification of 
boundary conditions, notably at the ocean boundary. For further discussions on 
thee aspects. see Cheng (1976). Jirka et al. (1975). and Fischer et al. (1979). 

-It. must be stressed that, depending on pollutant characteristics, higher 
dimensional models or very fine temporal resolution may be quite redundant 
and useless. For example, for steady-state releases of relatively conservative 
substances (very small A), the mean residence time, as dictated by the net 
freshwater now through the estuary, determines the long-term average concen- 
trations. Since concentration gradients tend to be small, the details of the 
internal distribution process are then relatively unimportant. 

(1953) for salt concentration. -vith salt used as a conservative substance that 
Perhaps the S h p h t  8pproach to CStUW that Of StOIlld 
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is distributed almg an estuary (distance x ) ,  a simple balance between advec- 
tion and longitudinal dispersion gives 

dS u,s = K r x  * (3.38) 

when S is the salt concentration, VI is the average freshwater velocity (deter- 
mined by dividing the total freshwater inflow by the cross-sectional area), and 
Kr the tidal dispersion coefficient that accounts for the numerous possible 
internal distribution processes above. 'Equation 3.38 represents the mean bal- 
ance over a typical tidal cycle. Thus, by measuring the typical average salt 
conditions in an estuary (limited, of course, to the length of salt intrusion), one 
can evaluate its mean tidal dispersion axfficient KT. Typical estimates for Kr 
range from 50 to 300 m2/s (see Fischer et al. 1979). Once Kr has been 
estimated, then the longitudinal distribution C(x) of any other pollutant that 
is relcased in a stcady-state fashion, at a distance L upstream of the estuary 
mouth, is given by (Stommel 1953): 

where QR = freshwater (river) flow and a = 4AKT/U], and the origin of the 
x-axis is located at the release point, with the x-positive direction downstream. 
In fact, Eq. 3.39 is a generalization of Eq. 3.32 (for which L -m), with the 
added boundary condition of C - 0 at the estuary mouth. Another typical 
feature of Eq. 3.38 is that significant concentrations arc predicted upstream 
from the discharge point (negative x). This phenomenon is a consequence of 
the large dispersion coefficient, which in part describes the effect of the oscilla- 
tory flow. 

333 Small Lakes d Rservoirs 

Small natural or man-made iml 
represent an extreme situation of ga 
transport. The definition of "small" i! 
time (e.g., throughflow time) relativl 
The half-life of many radionuclides i 

oundments, cooling ponds in particular, 
metric constraints and limited advective 
made here on the basis of the residence 
to the decay time of the radionuclide. 

, considerably longer than impoundment 
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residence time (typically of the order of a few days to d). Hence,, except 
for a small initial mixing region, usually in the form of a buoyant surface jet 
for cooling ponds. the radionuclide concentration is essentially uniform within 
the entire impoundment, and a simple bulk analysis suffices for predictive pur- 
poses 

F v  3.7 shows such a system which consists of 8 water body volume V 
with 8 net throughflow 9. either natural or in the form of an artificial 

OR*-DWC 82C-13779 

MAKEUP fLOW 
OR THROUGHFLOW I 

I YPOUNDMENT (COOL I NG POND) 
VOLUME v 

CONCENTRATION C 

0 I SCHARCE 

POWERPLANT , 

C IRCULAT INC 
WATER FLOW 

so. C+C* 

I -  I 
RAD I ONUCL I DE 

RELEASE RATE=q.C. 

Fwn 3.7. Schematics of small impoundment with continuous radionuclide release. 

m&eup/blowdown scheme, and circulating water flow rate qb such as the 
condenser flow, and a radionuclide release rate qoCa Neglecting any concen- 
tration gradients within the impoundment and assuming a uniform concentra- 
tion C, a radionuclide mass balance gives 

(q+XV)C qoco (3.40) +- dC 
dr V v -  - E -  

Assuming that at time r - 0, C = 0, the solution of Eq. 3.40 is 

(3.41) c -  1 - exp[( -q/V + X)r 

. . .  . . .  . .  
:: c 
... 
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In studies of releases of radionuclides with half-lives much longer than the 
impoundment replacement time V/q. it suflices to consider the steady-state 
solution: 

(3.42) 

The two controlling parameters in Eq. 3.40 arc the flow ratio 4/40 and the 
time ratio W / q *  If the throughfly is limited (i.e., 4/40 - 0, and for long 
decay times, that is, XV/qo - 0). the concentration builds up to large values, 
which is undesirable. Hence, this simple model stresses the role of strong 
advective effects in limited water bodies. Thc basic assumptions in the formu- 
lation of the above model are not ytisficd if rapid decay takes place (i.e., 
AXY/qo - 1) since significant concentration gradients exist then within the 
impoundment. In this case, the three-dimensional distribution of the concentra- 
tion is closely related to the internal flow distribution and thermal structure 
(stratification) within the impoundment. Work by Ryan and Harleman ( 1973) 
and Jirka and Watanabc (1980) hy suggested three major types of cooling 
pond circulation patterns: the deep stratified pond. the shallow dispersive pond, 
and the shallow recirculating pond. ISimple analytical models for these types 
(Jirka and Watanabe 1980) are readily adapted for steady-state radionuclide 
circulation. More complex numerical models are needed for unsteady release 
and/or unsteady hydrologic conditions (Jirka et al. 1978; Octavio et al. 1980). 
Several simple reservoir models are discussed in Regulatory Guide 1.1 13 
(USNRC 1977). 

In the case of small and medium reservoirs which are horizontally homo- 
geneous and where vertical thermal 1 stratification is the primary factor that 
determines the inflow and outflow dynamics, onedimensional models such as 
the MIT model (Octavio et al. 1980) or the model developed by Imberger and 
his -workers (Fischer et at. 1980) can bc adapted for determining radionu- 
clide distribution. I 

In reservoirs where the assumption of horizontal homogeneity is not realis- 
tic, two- or threwlimensional numerical models can be used to simulate the 
reservoir hydrodynamics. Once the reservoir circulation has been determined, 
conservation equations can be solved  to determine the distribution of radionu- 
clide releases. A review of numerical hydrodynamic models for reservoirs has 
been presented by Johnson (1981). 

33.4 oceam 8nd Cnrt Wres 

unlimited extent, seemingly without 
line) on net advection or dispersion. ' 

The main feature of pollutant ispersal in oceans or large lakes is their 
constraints (except for a possible shore- 
%e normal approach to pollution analysis u 
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for such environments is to fm dCtermiae the relocity field and then compute 
the dispersion of the release (instantaneous or aontinum) which is carried by 
that velocity field. If d masses with m&iblc buoyancy arc involved, the 
actual dynamic coupling between thase two phr#s of the analysis can always 
be aeglected. The estimation of the coastal or oceanic doc i ty  field can, in the 
simpkt case, proceed by analysis of eJtistia% ayQosraphic data or through 
additional field studies (drogue or dye dcases, e). Alternatively, and involv- 
iq considerably greatex effort, hydrodyaanuc - circulation models which con- 
si& the actual coastal geometry and forcing functions (wind, tide, etc.) can be 
cmplaycd to generate the detailed velocity field. It should not be overlooked 
that the adequacy and accuracy of any such model ultimately hiages on high- 
quality field data to define reliable baundary cimditiom (e.g., at the open 
oocao boundary) and some verifcation data. R h  of circulation models for 
m a d  environments or inland seas have been presented by Cheng (1976). 
Aueader (1976). and Simons (1980). 'Ibe use of multidimensional numerical 
models may be a quite costly and elaborate task Some basic factors that must 
be amsidered in selecting and using such numerical hydrodynamic models arc 
disarsged in sect. 3.3.5. 

Once the advective field has been definad, the dispersion of a radionuclide 
relcase can be simply analyzed in a Lagrangian approach by following the 
moving center of mass of the release (or a series of difftrent masses for contin- 
uous releases). The major problem lies, however, in the definition of the diffu- 
sive characteristics of the ocean environment. The analysis by means of con- 
stant diffusion (or dispersion) coefficients (i.e., the classical Fickian diffusion 
approach, which is quite applicable to rivers) does not hold for oceanic situa- 
tions. The reason for this shortcoming is the fact that the diffusing mechanism 
in a rivet has a definite maximum length scale (e.g., the size of the largest 
eddies in the cross-stream direction) while an occan does not. Oceanic turbu- 
lence is generated by a variety of sources (tide, wind, and large-scale eddy 
breakdown) which can have very large associated length scales. For a concise 
discussion of oceanic turbulence, see Csanady (1973). Thus, a diffusing mass is 
subject to larger and larger eddies, which results in an mer inmasing diffusion 
coefficient. A typical approach is to assume that the eddy diffusivity increases 
as the four-thirds power of the eddy size, the well-known four-thirds law. The 
most convenient approach therefore is to completely abandon the gradient dif- 
fusion concept and use the empirical diffusion diagrams of Okubo (1971). 
Okubo's diagrams give the growth of the standard deviation of a diffusing 
patch as a functh-of time after release, as obtained from a number of experi- 
mental sources under different conditions. A best-fit for this data is 

0, = 0.011t2" , (3.43) 

- 0  

\ 

.. 
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. .  

where a, is the radial standard deviation (in centimeters) and r is the diffusion 
time (in seconds). 

Equation 3.43 is readily applied to two particular radionuclide release 
situations In both cascs the vertical extent of the water column is given by a 
value H, which may represent the water depth in a shallow coastal zone or the 
depth of the mixed layer that is bounded at its lower end by a thermocline- 
limiting downward diffusion. The concentration distribution for an instantane- 
ous release of a radionuclide mass Mo is expressed as a function of the radial 
distance r: 

MO C ( r )  = - 
H z a :  

(3.44) 

The distribution for a continuous release QoCo into a steady uniform crossflow 
(direction x )  of magnitude U is: 

wheit 

(3.45) 

The longitudinal x position in q. 3.45 is implicit, since for each particu- 
lar uv there is an associated time f (Q. 3.43) and hence x = Ut. General- 
izations of this Lagrangian approach for continuous releases to unsteady, 
variabledirection velocity fields have been made in the transient plume model 
of Adams et at. (1975). 

The alternative to the above I Lagrangian analysis is the Eulerian 
approach in the form of a solution of the advectiondiffusion equation with a 
decay term. Analytic solutions to this equation exist for simple velocity fields. 
A useful simple solution in this category is the steady-state solution for a uni- 
form source of finite extent in steady uniform flow presented by Brooks 
(1960). Brooks solved the advectiondiffusion equation 

under different assumptions for the s' 
These solutions are based on the ass 

(3.46) 

latial variation of the eddy diffusivity K,.. 
rmption that g the interface of the near 
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field and far field, the emPent is uniformly distn’butsd over a width b and 
depth h (Fm 3.8) and that beyoad that point oobdimcnsional advection and 
lateral diffusion arc the primary trapsport mechanisms The solution of Eq. 

ORNL-DWG 62C-lJ776 

/ / / / / / / / / / ,  

Fig;rc 3.8. Defuitioa sketch for Brooks mdeL 

3.46 for the boundary conditions desaibed in Fig. 3.8 and for constant eddy diffuJivity is L.  - 

(3.47) 

e 
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The solution of Eq. 3.46 under the assumption that the eddy viscosity varies as 
K,, = K,,,(L/b where K,.. is the valne of the eddy viscoSity at x - 0, is 

(3.48) 

Another useful simple analytic solution exists for the case of an instan- 
taneous release of a dose M from a vertical line source located at 
Jc - 0 . y  - y, into a large water tply of depth H. where the primary 
transport mechanisms are constant cummt U and turbulent transport. The 
solution of the governing equation 

a2c a2c --++E aC - K ; - + K y ~ -  
at ax ax2 au 

(3.49) 

is 

where K,, K,, arc dispersion coefficients gpd f is the time after the release. 

w 5 B u k ~ t i o a a i n N a m e r i a l M ~ o f ~ t i e ~  
The development and the growing availability of large computers over the 

last two decades haw created a continuously increasing interest in numerical 
modeling of pollutant transport and dispraion in natural water bodies. The 
numerical models devtlopcd for this p v  are, in the more general case, 
numerical solutions of the continuity, heat balance, and momentum quations 
for the flow and temperature fillds andimass balance equations for any other 
constituents. 

, 
I 
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In most cases the equations fa the flow and the temperature fields can be 
solved independently of the c<loatiOns for the otber constituents, since they are 
not practically wupbd to them. The obtained velocity field is then used for the 
solution of the equations for diZfcrent constituents. All numerical models of 
this type make use of the Bodacsq  approximatioo; thus, the effect of density 
variations is signifiit only in tbe gravity term of the vertical momentum 
equation. In flows where *erticsl accelerations are small, the assumption of 
hydrostatic pressure distriiution can be made, which reduces the number of 
governing equations, eliminating the vertical momentum equation. Another 
commonly uscd simplirying 1IsBumpti(M is the rigid-lid approximation in which 
water surface oscillations arc &nored. Explicit simulation of such d a t i o n s  
impastsrmreregtndroas 
cal solution in time, thus inaasing substantially the computation cost of the 
simulation. 

Most of the difficulties cIloounted in the numerical prediction of the 
flow, temperature fdd, and pollutant dispersion in large water bodies lie in 
two general areatiturbulence modeling and the numerical scheme used for 
solving the equations. 

Turbulence modeling is today an active fEld of research. Despite the 
intense research efforts in recent years, there are no universally applicable tur- 
bulence models yet. Therefore, any turbulence model should be used with spe- 
cial care, and considerable judgment should be applied to determine whether 
the explicit or implicit assumptions made for the derivation of the model are 
applicable in the case under consideration. A discussion of available turbulence 
models is beyond the scope of this chapter. The reader can find a concise but 
comprehensive review of turbulenct models and their application to hydraulics 
in Rodi (1 980). An excellent collection of state-of-the-art papers on turbulence 
modeling with emphasis on the comparison bctwecn computation and expcri- 
ment can be found in the proceedings of the 1980-81 AFOSR-HTTM Stan- 
ford Conference on Complex Turbulence Flows. 

Numerical models used for the solution of the hydrodynamic quations are 
usually classifrad as fhtadiffertnce (FD) or finiteclement (FE) models, 
according to the method used for the spatial approximation of the field 
variables. FD models have a longer history, and there are more w& 
documented FD than FE codes available for hydrodynamic simulations. How- 
ever, the FE metbod enpys a growing popularity, because it offers the flexibil- 
ity to perform simulations in flow regimes of any geometrical shape, makes the 
treatment of boundary conditions easy, and allows the modeler to focus the 
analysis on areas of in- by making the FE net denser in these areas. The 
major drawback of the FE method is that, in most formulations, it involves the 
solution of large sparse linear systems, which may i m p  substantial computer 
time and storage requirements. The development of more effcient algorithms 
for the solution of sparse linear systems and the advancement of collocation 

011 tbe ShC Of tbC USCd to advance the DUIIICn- 
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methods will definitely enhance the potential of the FE method in multidimen- 
sional hydrodynamic simulations. The available literature on both methods is 
extensive. Reviews of several FD schemes can be found in Roache ( 1972), Pol- 
icastro and Dunn (1976). and Noye (1976). Reviews of tbc available experi- 
ence from the use of tbe FE method in hydrodynamic simulations can be found 
in Cheng (1978) and Zknkiewicz (1978). 

The selection of the proper FD scheme or the proper order and type of 
elements in the FE approach must be the subject of careful consideration. Spe- 
cial care must also be given in the selection of the time-stepping scheme. It is 
important to know the effect of the numerical scheme on the amplitude and 
phase speed of the sdution. Discussions on amplitude and phase errors in FD 
solutions can be found in Abbott (1981) and in FE solutions in Gray and 
Pinder (1978). Another important aspect of the selection of a numerical 
scheme for hydrodynamic and transport computations is its ability to handle 
casts where the convective terms in the governing equations play a dominant 
role. Several special FD schemes arc available for convectiondominated flows. 
A critical discussion of some of t h k  schemes, which usually are called 
"upwind" schemes, can be found in Leonard ( 198 1 ). The search for a satisfac- 
tory treatment of convcctiondominateh flows with FE algorithms led to the 
development of the Petrov-Galerkin formulation (Brooks and Hughes 1982). A 
collection of papers 00 this subject can be found in the proceedings of the 
Conference on FE Solutions for Convection-Dominated Flows (Hughes 1979). 

33.6 Effect of Radiowclide Volatilization 

As noted in Chapter 1. some of the radionuclides in the liquid waste 
stream may be in the form of volatilizing liquids or in dissolved gas form. In 
any cast, upon release the liquid wastes encounter pressure changes with essen- 
tially atmospheric pressure conditions in the environment. The gaseous phase 
of a radionuclide then tends to escape to the atmosphere via the air-water 
interface. If the radionuclide is uniformly mixed over the water column H, as 
has been assumed in all preceding models, this escape mechanism can be 
represented by a single term 

(3.51) 

where C is the vertically uniform ra 
saturation value. C, is governed by Hc 
pressure of that gas in the surrounc 
radionuclides). K is a depth averagc 
actual surface transfer coefficient KL b 

e 

lionuclide gas concentration and C, its 
nry's law in equilibrium with the partial 
ing atmosphere (usually, C, = 0 for 
loss coefficient that is related to the 

f K  = KJH. 
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Useful Cstimater for K can be obtained from the related problem of oxy- 
gen exchangc, although thcre is some uncertainty as to how molecular M e r -  
e n a s  between different gases affect the transfer pmxscs. The equation by 
Tsivogliu and Wallace (1972), 

K - 142Ws(d-') , (3.52) 

whcre U is tbe d t y  in metas per second and s is the slope, has been found 
b give. good ptedictiaas for riverine situations (Rathbun 1977). For oceanic 
conditions, wrperimental work by Peng et al. (1979) suggests KL values 
between' 1 and 4 m/d. The oomsponding K would then depend on the water 
column depth H. The additional effect of the escape term (dC/dtr), given by 
Eq. 3.51 is readily included in the earlier predictive equations (Eqs. 3.28, 3.31, 
3.32, 3.34, 3.36, 3.39, 3.42, 3.44, and 3.45) by substituting a modified decay 
rate XK = X + K in place of the usual A. In particular cases, the rate of 
surface transfer K may overshadow that of direct decay. The qualitatively 
similar and usually much more important effect of transfer between the 
sediment-water interface is treated in the following section. 

3.4 SEDIMENT EFFECIS 
Radionuclide transporI in surface water is controlled by various mechan- 

isms, as indicated in Table 3.1. Some of these mechanisms am due to 
diment-radionuclide interactions. The transport of radionuclides in surface 
waters may stop permanently or slow down temporarily if the radionuclides arc 
adsorbed from solution onto sediments. Both suspended and bed sediments 
adsorb radionuclides, but suspended sediment usually adsorbs more radionu- 
clides than does bed sediment per unit weight of sediment. When adsorption 
occurs, the water body's concentration of dissolved radionuclides is lowered, 
and the radionuclides may become less available to aquatic biota and man. 
This nonavailability may be mersed, however, as it is possible for radionu- 
clides that have accumulated in the bed to be desorbed or become resuspended 
with sediment, thus forming a long-term source of pollution. 

Models that do not include sediment-radionuclide interactions predict that 
radionuclides will be ranoved from surface waters at the same rate at which 
watcr is exchanged. In reality, e o n  effects caw m e  radionuclides to be 
flushed out more dowly, usually at the approximate rate at which sediment is 
exchanged in the water system (USNRC 1978; USEPA 1978). The following 
examples illustrate the important role that sediments play in radionuclide 
migration. 

1. Field measurements obtained from the Cliach River near Oak Ridge 
National Laboratory in Tenncssee in the early 19609 indicated that 

, approximately 90% of '% released was adsorbed by the river's 

. 
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suspended sediment within a ]&mile ~WAI downstream of the effluent 
discharge (Churchill et al. 1965). 

2. Data from the Irish Sea near the Windscale Nuclear Fuel Reprocessing 
Plant show that 95% of the plutonium and 20% of the cesium discharged 
to the Irish Sea from the plant have been adsorbed onto marine sediment 
and have remained in the Irish + (Hetherington 1976). (The remaining 
percentages of plutonium and T i m  arc in the dissolved form and for all 
practical purposes are eliminated from the sea by dilution.) The presence 
of and 137Pu in core samples taken from the Windscale vicinity 
caused Hetherington to conclude that migrating radionuclides attach 
themselves to suspended sediments and evtntually settle to the w a n  floor. 

Clearly, neglecting the possibility of sediment-radionuclide interactions 
precludes an accurate prediction of radionuclide distributions in time and space 
for many cases. 

Most transport models fail to account for radionuclide adsorption/ 
desorption mechanisms; transport, deposition, and resuspension of radio- 
nuclides sorbed by sediments; and radionuclide accumulation in bed sediment. 
These models arc best suited to cakes where the radionuclides in question 
are not easily adsorbed by sediment (Le., the radionuclides have small distribu- 
tion coefficients) and sediment concentrations in a receiving water body are 
low. However, in cases where radioduclides have a high affinity to sediments 
(it., the radionuclides have large distribution coefficients) and sediment con- 
centrations in a receiving water bodyjare high, or the long-term migration and 
accumulation of radionuclides in bed sediment are probable, the sediment- 
radionuclide interactions must be included in the analysis. 

3.4.1 Adsorptioa/Desorption MecWars 

Radionuclide adsorption/dtsorption mechanisms include ion exchange, 
precipitation-mineral formation, complexation-hydrolysis, oxidation-reduction, 
and colloid and polymer formulation. The extent to which a radionuclide is 
adsorbed is commonly measured by its equilibrium distribution coefficient, or 
Kd. Confusion about the use of the Kd concept is common, because the term 
means different things to different people. Chemists use it only when certain 
rigorous assumptions are met. Engineers, on the other hand, use Kd in a 
broader sense, such that 

amount of radionuclide sorbed on sediment 
amount of radonuclide left in solution 

The K d  value for each radioluclide depends on various parameters, 
including radionuclide state and codyntration, sediment type and mncentra- 
tion. the flow characteristics and water quality of a receiving surface water 

Kd = * 
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_ -  

body. and amtact time. A detailed description of radionuclide 
adsorption/dcsmptian mechanisms is presented in Onishi et aL ( 198 1 ). 

Although it is impossiile to generalize and establish one & value for each 
radiopuchk rmt radionuclide transport models reqPin that this be done. To 
satisfy this wcd, onishi et al. (1981) prepared a range of Kd values 
(Tabk 3.2) from documents they reviewed. Freshwater and marine environ- 
ments were separated in this table to show the impoltpaoe of cation competi- 
tion for thw nuclides which adsorb by ion exchange resctioa*. Also, marine 
envin#lments have a my narrow pH range around the mean value of pH 8.1. 
For elements that arc adsorbed by hydrolysis and oalloidal polymer precipita- 
tion, K, values in seawater are often larger than thase in freshwater. The 
latter has a wider pH range and less tendency to promate coaguiation. 

Table 3.2 gives the reader some idea of the magnitude of K,, values. 
Median Aj values vary plus or minus an order of magnitude for those values 

The simplest and crudest approach to obtain concentrations of radionu- 
clides with some effects of radionuclide adsorption/desorption is to fmt usc the 
methods discussed in Sects. 3.2 and 3.3 to estimate dissolved radionuclide con- 
centrations. The corresponding concentrations of particulate radionuclides 
(those adsorbed by sediment) can then be obtained by multiplying the dis- 
solved radionuclide concentrations by distribution coefficients. However, 
strictly speaking, the radioactivity of the total radionuclide (sum of dissolved 
and particulate radionuclides) will not be conserved in this approach. The next 
approach is to use the simple methods discussod io Sects. 3.4.2 through 3.4.5 
below. 

If the solutions obtained by these simple methods reveal that a radionu- 
clide release may possibly lead to adverse impacts on environment and man, 
more sophisticated numerical models with more complete sediment- 
radionuclide interactions (e.g., adsorption/desorption; and transport, deposition, 
and resuspension of contaminated sediment) must be used. These numerical 
models include TODAM (Onishi et al. 198%) and CHNSED (Field 1976) for 
onedimensional models; SERATRA (Onishi et al. 1976, 1982c) and FETRA 
(Onishi et al. 1976; Onishi 1981) for twodimensional models; and FLESCOT 
( O n i  and Trent 1982) for a three-dimensional mald. Among these models, 
SERATRA has been most extensively applied, includiq the model testing 
application to Cattaraugus and Buttermilk Creeks in New York (Onishi et al. 
1982d). Table 3.3 lists existing models developed mainly for the simulation of 
radionuclide transport in surface waters [adapted from Onishi et al. (1981)l. 

greatatban Id. 

3.4.2Rhers 

With few exceptions, the models that account for sediment-radionuclide 
interactions were developed for rivers. Descriptio* of two simple models fol- 
low. i 

. . . . . . . . .  . . . . .  . . , . . :  
- .  . .  

. .  
. .  

. .  I 
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Freshwater Saline water 
Elements 

R u y  M d i  Range Median 

Am 
cc 
CP 
cs 
co 
Cm 
Eu 
FeO 
I 
Mno 

Po 
Pu 
Pm 
Ra 
Ru 

N d  

sr 
Tc' 
Th 
'H 
U0 
Zn 
Zr 

8540,000 
7.800-140,oOO 
&Id 
scrsx Io '  
1.00@-7 1.000 
100-70.OOo 
200-800 

0-75 

0.2-1 27 

1 03--lo4 

l$-l# 

1d-10~ 
Id-lo4 
Id-& 
Complited 
chemistry 
(multiple 
S W 4  

o-1o2 
I 0'- io6 

l$-ld 
103-104 

84,000 

0 
16 

5 x Id 
I 0' 
LOW 
I o3 
5 x Id 
5 x 103 
5 x Id 
5 x lo3 

I o3 
IO 

Hifh 
IO 
5 x lo3 
5 x Id 
Variable 

1 .m 
5 
I 0' 
0 

5 x 102 
lo3 

97-6S0,OOO 
9,700-10' 
0-1 0' 
17-10' 
7,000-300.000 

5,000-130,000 
20.000450,OOO 
0-100 
102-104 

102-105 
I 03-io5 
101-103 
Complicated 
chemistry 
(multiple 
species) 
6400 
0 

0 
1044 os 

IO'-I 0' 
I o3-1oS 

I 0' 
5 x 10' 
LOW 
3 x lo2 
I 0' 

10' 
5 x 10' 

I 0' 

5 x 10' 
10' 
1 o2 

IO 

High 

Variable 

50 
0 

0 
5 x lo4 

5 x 10' 
I 0' 

"Highly dependent on oxidation-reduction conditions. 

Fletcher and Dotson Model (1971). The model developed by Fletcher and 
Dotson (1971) is one of the first models to compute the radionuclide dose to 
man through liquid and gaseous pathways. The model uses an unsteady, one- 
dimensional, liquid-pathway submodel to calculate temporal and longitudinal 
distributions of dissolved radionuclide concentration as well as the concentra- 
tion of radionuclides attached to suspended and bottom sediments of various 
sizcs. The dissolved radionuclide concentration at a given location is found by 
applying the mass conservation equation with radioactive decay as follows: 

. . .  . . .  . . . . . . . . . . .  .. . ,  . .  
. .  . _ _  . . .' . 
. . -  
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W h C E  

G, = dissolved radionuclide concentration at location x and time 1,  

C, = dissolved radionuclide conctntrah  in triiutary, 
Qz, - flow rate at  location x and time 1. 

Q, tributary flow rate, 

X - radionuclide decay. 

Tbc sediment transport rate Sr is found analytically from the following 
equation: 

Sr aQb (3.54) 

w b e ~  Q is the flow rate and u and b arc constants that must be estimated for 
tach sediment size range. The concentration of radionuclides attached to 
sediment (C,) is calculated from the known dissolved radionuclide concentra- 
tion and the distribution coefficient ( K d )  by 

The Fletcher and Dotson model is one of the simplest models for calculating 
dissolved and Sorbed radionuclide concentrations. However, because the 
amount of radionuclide adsorbed on the sediment is not subtracted from the 
dissolved concentration, strictly speaking, the mass conservation in a stream 
reach is not satisfied. Thus, the model should not be used when a significant 
amount of radionuclides is adsorbed by sediments. 

Exumpfe 3.7. Let us assume that a nuclear facility is discharging at 10 
m3/s, a radioactive effluent containing 2 $i/L of 137Cs into a river whose rate 
of flow is 500 m3/s. Assume that the river velocity is 0.5 m/s and that kd = 
500 mL/g. What are the dissolved and particulate radionuclide concentrations 
100 km downstream from the nuclear facility? Assume that no tributary exists, 
that is, Q, - 0. Since the half-life of ‘”Cs is 30.2 y. 

7.28*10-’0 . l a 2  
30.2*60-60- 24.365 

x -  

The travel time Az is 

loo~loOo - 200,000 s . 
0.5 A t -  

Hence, the dissolved 13’Cs concentration 100 km downstream is calculated by 
Eq. 3.53 as 
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C 

. . . . . . . . 

- 0.03921 pCi/L . 
Sice K d  = 500 mL/& the particulate I3'Cs concentration is calculated by 
Eq. 3.55 as 

C, = (500/1000)~0.03921 

- 0.01961 pCi/g . 
Assuming that u = O.OOO4 and b = 3, the sediment transport rate Sr 
in Jiq. 3.54 becomes 

sT = o.ooos~~soo + 1013 = 5 3 , m  g/s . 
Hence, if we assume that all of the particulate '37Cs is transported by scdi- 
ment, the sediment carries 

S,.C, - 53,060-0.01961 1041 pCi/s , 

and the rate of dissolved '"Cs is 

C-Q - 0.03921~1000~(500 + 10) = 19,997pCi/s. 

The total amount of I " C s  being transported is the sum of dissolved and partic- 
ulate '"a. 

19,997 + 1041 = 21,038 pCi/s . 
Since the release rate is 

2- 1OOO. 10 = 20,000 pCi/s 

and the dccay rate is over 200,000 s, the total 137Cs should be 

20,000-e-u = 2 0 , ~ . e - 7 ~ - ~ O - m ~ ) 0 0 . ~  

= 19,997 pCi/s . 

as 

0 

Computed dissolved and particulate 13'Cs concentrations may be adjusted to 
maintain the mass balance. Hence, these concentrations are finally estimated 

C = 0.03921.- 19 997 = 0.03727 pCi/L 
2 1,038 

C, I 2 1,038 
0.01961. 19*997 - 0.01864 pCi/g . 

. .  

.. . 
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Onishi et al. (1981) Mixing-Tank Model with Sedimetu Transport. A 
mixing-tank transport modcl, similar to one used for simulating pesticide trans- 
port in streams (Onishi et al. 1980b). is described below (also see Fig. 3.9). 
The following assumptioas a n  made: 

1. River reaches arc divided into segments and are represented by a series of 
tanks. Within each segment (or a tank) sediments and radionuclide con- 
centrations are completely mixed. 

2. Radionuclide and sediment contributions from point and nonpoint sources 
arc treated as lateral influx that is uniformly distributed along the river 
reach for each segment. 

3. Dissolved and particulate radionuclides are linearly related by a distribu- 
tion coefficient. 

4. Dissolved and particulate radionuclides reach their quilibrium conditions 
within OM time step. 

5. Particulate radionuclide deposition to the riverbed and resuspension from 
the bed do not occur. 

QO 

C O  

ORNL-DWG 02C-13777 

Figure 3.9. Mixing-tank model. 

Tbe mass conservation of sediment in the nth tank leads to the following 
sediment transport equation: 

.. 

. .  . . . . . .  . . . .  . . . . .  
, . ,. . 

. .  
... . .  . .  

. .  

. .  . .  . . .  
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Sa sadiment mce~tration L the nth tank, 

SL,, - lateralinfluxofsedimenf 
V, - watervolmeoftbcnthtank, 

I - time. 

. .  

. .  

. .  
. . .  * 
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. .  
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The mass baiana of tbe dipsolved and particulate radionuclides in the ntb 
tank is 

where 
C,, - dissolved radionuclide concentration in the nth tank, 

Ch = particulate radionuclide concentration in the nth tank, 

CL,, = lateral influx of dissolved radionuclide, 

CPLn = lateral influx of particulate radionuclide, 

Kd - distniution coefficient of radionuclide. 

By substituting Eq. 3.58 for Eq. 3.57, Eqs. 3.56 and 3.57 are then solved to 
obtain the sediment and dissolved radionuclide concentrations, S,,, C,, in the 
nth tank. In gmeral, Eqr 3.56 and 3.57 must be solved numerically, a. was; 
done in Onishi et al. (1980b). However, for the following simplirrad case, an 
analytical mlution, which is similar to that obtained in USNFtC (1978) for a 
dissolvedonly radionuclide c88t, can be obtainak 

c, - 0 

ct, = 0 for all n 

s, ID s*-, - .-* = Si constant for time and all n . 
e 
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Q,,, V,, arc not functions of time for all n. 'Ibe radionuclide release into the 
first segment during the duration of Az is 

M, - (CLI + CAI) Af . 
Hence. for an bstantanwus release of MI (Ws say in d e s ) ,  the ooncentra- 

where 

(3.59) 

A particulate radionuclide concentration is then obtained by Eq. 3.58. The 
total radionuclide concentration CT,, is then calculated by 

CT,, - c,+s,c,. (3.60) 

The models discussed above arc some of the simple ones that take into 
account some of the sediment-radionuclide interactions. An estuarine model 
discussed in the following scction (scct. 3.4.3) may also & applied to river sys- 
tems. If the sediment-radionuclide interactions must be included more com- 
pletely, mon sophisticated models such as CHNSED (Field 1976). SERA- 
TRA (Onishi et al. 1980a), or TODAM (Onishi d al. 198%) must & used. 

3.43 Estclaries 
Two major characteristics of the estuarine environment am reversible tidal 

flow and salinity. Estuaries have substantially faster flowing water during part 
of the tidal cycle than their tidally averaged flow would indicate, yet their 
downstream net transport is relatively small. This type of flow behavior allows 
for resuspension and subsequent deposition of some fme sediment during 
each tidal cycle. As such, sediment and water arc in more intimate contact in 
an estuary than in a rescrvoit or lake. Salinity is also an important factor in 
any analysis, because salinity causes sediment flocculation at certain levels and 
also affects adsorption/desorption mechanisms. It is difficult to select a single 
Kd value for a study area because of these fact? (Wrcnn et al. 1972, Onishi 
and Trent 1982, %hell and Siblay 1982). 

. . . .  . . . .  . . . .  . . . .  . . . . . .  . .  
. .  

. .  
. .  . ,. 
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, 



3-44 Radiological Assessment 

None of the simple radionuclidetransport models c n ~ ~  simulate d b l e  
tidal flow and salinity impact. However, if the tidal flow is averaged over m- 
era1 tidal cycles, most of the models discussed ia Sect. 3.4.2 may be applicable 
to estuaries. The fdlowing model developed by M e U  at the U.S. Nuclear 
Regulatory Commission is useful for understanding the migration and fate of 
radionuclides in estpanes ' and rivers. The model accounts for sediment- 
migration velocities and tidally avmagai flow velocities. 

NRC Estuaries Model with Sedimentation (USNRC 1978). As illustrated 
in Fig. 3.10, a water layer of thickness dl is in contact with a movable sedi- 

. . .. . ... - 
ORNL-DWO 82C-13775 

WATER SURFACE V - - - -7-  NET DOWNSTREAM 
SEDIMENTATION 

dl WATER LAYER VELOCITY V 
I 

VELOCITY U - 
--- I 

d2 

-7- 
Figure 3.10. NRC estuarine model. 

) . - * s m -  . -  &* 
ment layer of thickness d2. The water layer is moving with a net tidally aver- 
aged downstream velocity of U, and the erodible bed is moving with a net 
downstream vekity, ub. Diffusive transport from tidal oscillations in the 
water and sediment layers is assumed to be anstant with the longitudinal dis- 
persion codftcitnts, D k  and D d ,  respectively. Sedimentation and burial occur 
uniformly at vertical velocity v. As before, it is assumed that dissolved and 
particulate radionuclides arc in equilibrium and are related by Eq. 3.58. 

The dilfmntial equation dcscriiig the radionuclide concentration in the 
water phase becomes 

! *  .e.-. 

(3.61) 
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where 

The solution to Eq. 3.61 for an instantancou- releas 
x = ois 

of M I  Ci at 

where 

0 = f + O  -mf. 
A - cross-sectional area of an estuary, 

If a more complete analysis of radionuclide migration and accumulation is 
required, a more detailed model such as FLESCOT (Onishi and Trent 1982) is 
needed. FLESCOT has been applied to the Hudson River estuary to predict 
three-dimensional distributions of a radionuclide as well as distributions of 
tidal flow, salinity, and sediments, given the effects of tidal flow and salinity 
on distribution coefficients Other models such as the onedimensional 
TODAM (Onishi et aL 1982a) and the two-dimensional FETRA (Onishi 
1981) are also applicable to estuaries if more than simple analytical solutions 
are rquired. 

3.4.4 ( h S t d  W 8 h  .od o#iao 

In general, sediment effects on radionuclide transport in coastal waters 
and oceans arc less important than in other surface waters, because both d i -  
ment concentrations and the distribution coefficients tend to be smaller. In 
some cases (c.g., the Irish Sea), however, the sediment effects become 
extremely significant (Hetherington 1976). 

Since models must be at least two-dimensional to predict radionuclide dis- 
tributions in coastal welers and oceans, all of the onedimensional models 

.... . 
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described ia Sects. 3.4.1 aod 3.42 are not applicable. However, the tw+ and 
threedmensid modds and analytical solutions discussad in Sects. 3.2 and 
3.3, together with Eq. 355, may be used to estimate dissolved and particulate 
radionuclides if all particplate radionuclides are being suspended (see Example 
3.7 in sect 3.42). 

Numa#l models aucb as FLESCOT (Onishi and Trent 1982) and 
FETRA (Onishi 1981) ut avaiIable for oceans and coastal waters, resgec- 
tively. For namPie, FEI’RA (Onishi et al. 1982b, Onishi and Thompson 1982) 
has been applied to the paciftc Coast and Irish Sea to simulate radionuclide 
migrations afkctai by d currents and wave-suspended sediments. 

3AA5 Wrcs 
Unique processes arc rcspousible for the distribution and movement of 

radonuclides in lakes. Basically, water flow is slower in lakes because they are 
relatively deep and dd The major processes affecting radionuclide move- 
ment arc ( 1 ) flow conditions, (2) stratification and seasonal turnover, (3) sedi- 
ment interaction, and (4) biotic interaction. 

Because lakes have d flow velocities, sediments introduced into them 
tend to fall d d y  to the lake bottom. Durina this process, the sediment may 
adsorb radionuclides and cany them to the lake bottom. In the absence of sed- 
iment movement, radionuclides are either adsorbed or desorbed from the bed 
sediment. The two lake models presented below are relatively simple. 

NRC h k e  Model (USNRC 1978). A two-layer lake model has been 
developed by Codell at the Nuclear Regulatory Commission (Fig. 3.1 1). As 
shown .in Fig. 3.1 1, this unstiady model divides a lake into water and bed- 
sediment compartments through which radionuclides are exchanged by direct 
adsorption/desorption mechanisms and sediment deposition. The following 
assumptions were made for the modet: 

Water inflow and outflow are constant. 
Sedimentation rate is constant. 
The thiclrness of the sediment layer remains constant. (If sedimentation 
occurs, it is assumed that the affected portion of the original bed layer 
becomes inactive, and it is eliminated from the analysis.) 
Dissolved and particulate radionuclides arc in equilibrium. 
Both difsolvad aad particulate radionuclides undergo decay. 

In this model, mass balaace equations for dissolved and particulate radionu- 
clides ars 

E dr - - y + C p X , - C X 2 .  

.... 
i 

- dC - CX,-C,x,, 
dr 

(3.63) 

(3.64) 

.. 

. .  
. . . . .  . . .  . . .  . . . . . . . . . . .  . . . .  . .  
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RADIOACTIVE DECAY 
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w WATER LAYER - 

+ + 
BURIAL RADIOACTIVE 

DECAY 

Figure 3.1 1. NRC  layer lake model. 

where 

Y = lake volume (m3). 

W(r = input rate of radioactive material (Ci/year). 

c 

V KJ x, IC A+-+-, 
d2 d2Kd 

(3.65) 

(3.66) 

(3.67) 

(3.68) 

- ..- - -  - _ . . _ _ _ .  
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wherc 

dl = depth of water layer, 

d2 = dq tb  of d i e n t  layer, 

Kf 
q - freshwater flow rate (m3/year), 

v = sedimentation velocity (m/year), 

X = radionuclie decay rate (l/year). 

d & n t  of direct radionuclide transfa (m/ycar). 

For an instantaneous release of M I  C i  the water-phase concentration can 
be solved from Eqs 3.63 and 3.64: 

where 

This instantaneous solution, as any other instantaneous solution, can be gen- 
eralized for more general radionuclide releases using the following convolution 
integral: 

C(r) - $C,(r - T)G(T)dT , 

where 

C(r) = dissolved concentration at time r, 
C,(r - T )  - analytical solution for concentration at time r - T 

for an instantaneous release which oocurred at time r = 0, 

G(T) = a function defining a noninstantaneous release 
rate of radionuclide. 

Particulate radionuclides can then be obtained by Eq. 3.55. 
Booth (1975) has developed a numerical compartment-type lake model 

that includes complex interactions of radionuclides, sediments, and biota. 
Smith et al. (1977) also have reported the numerical steady-state, 
compartment-type model, EXAMS, applicable to lakes and rivers. EXAMS 
includes various chemical degradation processes. With these mod& as with 
the NRC lake model, data on sediment behavior must be supplied to,the 

. .  
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model; that is, the models themselves do not simulate sediment behavior. 
SERATRA (for river-run reservoirs) and FLESCOT, reported in Onishi et al. 
(198Oa) and Onishi and Trent (1982), respectively, are also applicable to 
lakes. 

3.5 CONCLUSIONS 
The principal mechanisms and processes which affect the migration and 

fate of radionuclides entering surface waters are transport, mixing, intermedia 
transfer, degradation.and d a y ,  and transformation. The focus throughout this 
chapter has been on simple models for describing the aquatic dispersal of 
radionuclides through water and sediment movement. 

Dispersal through water movement was treated by distinguishing between 
the initial mixing zone or near-field, where mixing is dominated by the charac- 
teristics of the effluent and the outfall structure, and the far-field. where 
ambient advection and diffusion processes determine the extent of mixing. 

A substantial body of experimental and theoretical research over the last 
fifteen years has resulted in understanding the basic factors of near-field mix- 
ing. Simple models in the form of semi-empirical expressions are available for 
many different outfall configurations and designs. 

In all cases the extent of the near-field and the dilution depend on the 
momentum and buoyancy of the effluent and the depth of the receiving water 
and ambient current conditions. 

Far-field mixing and dispersal is characterized by much larger length and 
time scales than the near-field mixing. Since the geometry, size, and internal 
circulation of the receiving body are the dominant factors, the treatment of 
far-field mixing depends on the type of the water body. Simple analytic solu- 
tions are available for estimating radionuclide concentrations in rivers, 
estuaries, ponds, and small lakes. These solutions, however, must be used care- 
fully because they are based on several assumptions regarding the uniformity 
of different flow and mixing parameters throughout the receiving water body. 
Prediction of dispersal in large lakes and the Ocean is a more difficult task. In 
the general case preliminary estimates of dispersal can be obtained by using 
available hydrographic data or specially designed dye and drogue field studies. 
Analytic solutions are available only for some simple velocity fields. Numerical 
models can be used to estimate the velocity field and mixing of released sub- 
stances in large water bodies for different possible combinations of forces driv- 
ing the circulation. Successful use of numerical models requires an understand- 
ing of key aspects of their formulation and the assumptions upon which it is 
based. A 'black box" approach must be avoided. 

Radionuclide concentration in surface waters can be affected by volatiliza- 
tion or by absorption on suspended and bcdload sediment. A simple approach 
for estimating volatilization effects has baen included. Simple models that 
account for sediment-radionuclide interactions for rivers, estuaries, and lakes 
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have been discussed. The sediment-radiooudide interaction should be includu 
in the amcssment of the impact of radionaclkb with long half-lifes if thc 
radionuclides in question have high affinity to the sediment and if the concem 
tratioa of suspended particles, espacially fure partidtJ. is high. 

3.6 PROBLEMS 
1. An outfall discharges 0.8 m3/s containing 1 f i / m 3  of *%s. The cross 

stction of the outfall channel is rectangular, 2 m wide and 0.5 m deep. 
The receiving water is 10 m deep and is .ssumcd to be stagnant. The 
ambient water temperature is 10°C d the discharge temperature is 
17°C. Estimate the size of the near-fdd zone d the '%s concentration 
at thc edge of the near field. solve the problem for the case that the depth 
d the receiving water is 2.5 m. Also, what is the extent of the near-field 
and %s concentration at the transition distarroe when there is an 
ambient crossflow of 0.5 m/s? 

2 A 700-MW nuclear power plant is discharging its condenser cooling water 
into a coastal area. Due to tidal variations the water depth in the 
discharge vicinity varies between 6 m at low water and 7.5 m at high 
water. The bottom topography can be assumed as teasonably flat. The 
cooling water flow rate is 25 m3/s with a condenser temperature rise of 
15°C and carries an isotope water concentration of 0.005 pCi/cm3. The 
ambient water temperature is 18°C. For the two extreme tidal conditions, 
determine the extent of the near-field mixing zone. the near-field dilution 
factors. and the final concentration of the isotope. The discharge canal has 
a width of 10 m and a depth of 1 m and 2 5  m, respectively, depending on 
tidal conditions. 

3. A liquid radwaste effluent discharge from an industrial plant is by means 
of a single pipe located at the bottom of an ocean coastal region. The local 
water depth is 15 m. The effluent has a water density equal to fresh water 
and has a 6oco concentration of 5 pCi/cm3. The flow rate is 0.5 m3/s. 
Examiie the final isotope concentration at the surface of the unstratifkd 
ocean for two different discharge strategies: 

high-velocity discharge at 10 m/s, and 

low-velocity discharge at 1 m/s. 
4. A submerged outfall pipe, 0.7 m in diameter, discharges 1.1 m3/s of 

heated water into a vertically mixed water body 4.5 m deep. The effluent 
cootains 0.8 mCi/m3 of lWCs. The ambient temperature is 9°C and the 
effluent temperature is 8°C higher than the ambient. Estimate the 
radionuclide concentration at the point where the discharge plume reaches 
the water surface for two alternative outfall designs: (a) a vertical pipe 
and (b) a horizontal pipe. Solve the problem for summer weather condi- 

. . .  . . .  - .  . .  
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tions when the temperature of the receiving water is 23°C. Also, examine 
the case that the outfall is located at an alternative site where the depth of 
the lake is 3.5 m. 

5. A submerged alternating diffuser outfall discbarges 5 m3/s into a large 
nonstratified lake. The diffuser has 100 nozzles 15 cm in diameter, spaced 
2 m apart. The depth of the lake near the outfall is 3 m and the diffuser is 
located at the bottom. The effluent contains IS mCi/m3 of a radionuclide. 
The relative density difference of the buoyant discharge is Ap/p = 0.003. 
Estimate the radionuclide concentration at the surface. What would be the 
effect of an 0.6 m/s longshore current on the radionuclide surface conten- 
tration? 

6. A blowdown diffuser carries the eflluent from a wet cooling tower that 
serves as a heat dissipation system for a 2000-MW nuclear plant. The 
diffuser is located in a run-of-the-river reservoir in which the velocities 
may vary from zero (essentially stagnant) to 0.25 m/s depending on the 
dam operation that controls the reservoir. The reservoir is very wide (1 
km). The diffuser is 50 m long, consisting of 50 nozzles of 10 cm diameter 
in a undiractional arrangement and is located in 2 m depth. The blow rate 
is 0.8 m'/s and carries an isotope concentration of 0.08 pCi/cm3. Deter- 
mine the concentration after the near-field mixing is completed for the two 
reservoir flow conditions. 

7. A river outfall discharges 0.3 m3/s containing 0.5 mCi/m3 of '"Cs. The 
outfall design provides for a pipe discharging at the middle of a 200-m- 
wide river. The channel slope is 5 = 0.0002 and the river flow is QR = 
6000 m3/s. Estimate the '"Cs concentration profile at 100, 500, and lo00 
m downstream of the outfall. (Compute the depth of flow h using the for- 
mula h = (nQR/ws'n)'/'. where w is the river width and n is Manning's 
n. which in this case c a n  be taken qual to 0.03.) How would the above 
computed concentration profiles change during a dry year when the river 
flow is expected to be QR = 100 m3/s? Also. solve the problem for the 
case that instead of a pipe the outfall is a 20-m-long diffuser, normal to 
the river axis with its one end located at 20 m and the other at 40 m from 
the river bank. 

8. An accidental dump of radioactive wastewater occurred in a stream with a 
width of 50 m, an average depth of 1.2 m, a bottom slope of 0.0005, and a 
discharge of 20 m'/s. A 4OOO-L water volume containing 1 Ci/L of "'Pb 
with a half-life of 10.6 h was relcascd instantaneously. Find the time and 
the magnitude of the maximum concentration that occurred at a water 
intake located 15 km downstream. 

9. Assume that an accidental rtlcast of similar magnitude to that in problem 
5 takes place during the summertime in one of the Great Lakes. Due to 
thermal stratification with an upper mixed layer depth of 12 m, the diffu- 
sion will take in a vertically uniform layer of that thickness. Determine the 
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maximum concentration and the boriuMtal she (radius) of the diffusing 
path fortimesof 1,6and24haftatheaaidcut. 

10. One Ci of I'Cs is instantaneously released to a river having a constant 
.width of 50 m and a constant depth of 5 m. The river discharge and A i -  
m a t  concentration are 200 m3/s d 100 mg/L respectively. The half-life 
and distribution coefficient of arc 206 y and 5000 mL/g, respec- 
tively. Dividing the river into 20-km segmeats, calculate peak concentra- 

stream from the release point by usiog Eqa 338 through 3.60. 
11. Assume the same conditions as in problem IO, except river discharge 

increases by 40 m3/s for each 20 hn dawnstream from the rtleast point 
due to a series of tributaries which do aot have l'Ca Calculate the peak 
concentrations of dissolved and particulate '"Cs at 50 and 90 km down- 
stream from the release point. 

12 Two mCi of s5Zn with a half-life of 244 d d a distribution coefficient of 
5OOO mL/g is instantaneously released to an estuary. Assume that the 
average water depth and the thichess of the active bed layer arc 5 m and 
5 cm, respectively. The estuarine width is 500 a Further, tidally averaged 
flow velocity and sediment velocity arc assumed to be 0.05 and 0.001 m/s, 
respectively. Longitudinal dispersion coe f f in t s  for the water and sedi- 
ment layers arc assumed to be 100 m2/s and 0.1 m/s, respectively. The 
sediment concentration is 40 mg/L By using Eqr 3.58 and 3.62, estimate 
the time of peak concentration of "Zn at 50 km downstream from the 
release point and the levels of both dissolved and particulate 65Zn at that 
time. 

13. Five mCi of %r is released to a lake with a water volume of l,OOO,OOO 
m3. The water discharges to and from the lake are the same (5 L/s). The 
water depth and the thickness of the active d i e n t  layer are 20 and 0.05 
m, respectively. The sedimentation velocity for this lake is assumed to be 1 
cm/y. The coefficient of the direct radionuclide transfer between the water 
and sediment layers is assumed to be 0.01 m2/a The half-life and the dis- 
tribution coefficient of "Sr arc 29 y and 500 mL/g, respectively. With 
Eqs. 3.58 and 3.69, calculate dissolved and particulate concentrations of 
'Osr in the Lake 3 y after the "Sr release to the We. 

*tiom Of dissolvad, particulate, d btd WS at 50 and 90 km down- 
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4 Transport of Radionuclides 
in Groundwater 

By R. B. CODELL. and J. D. DUGUID' 

4.1 INTRODUCI'ION 
Groundwater flow is one of the likely pathways for radionuclides released 

from waste disposal areas. Groundwater transport is also a major pathway for 
certain classes of accidental and normal rclcases from nuclear facilities such as 
power plants, fuel reprootssing plants, and mining or milling operations. The 
primary emphasis of this chapter will be groundwater transport of 
radionuclides using waste disposal as an application. Concentrations of 
radionuclides that could reach the biosphere and the resulting consequences 
must be predicted using scenarios of events and proctsses that are possible but 
unlikely to occur at the disposal site. Estimations of groundwater flow and 
transport are important in assessing the performance of a disposal system 
because they arc probable migration pathways between the nuclear waste and 
the biosphere. 

The transport of radionuclides through the ground can be estimated by 
the usc of tracers, groundwater dating, mathematical models, or by a 
combination of all of the above. Chemical or radioactive tracers may be 
deliberately introduced to the groundwater and monitored through wells for the 
direct determination of groundwater velocity and transport. Alternatively, 
pollutants not deliberately introduced to the groundwater may also be traced. 

Groundwater dating is a technique by which the age of a region of 
groundwater may be estimated from the concentration of an atmospheric 

*US. Nuclear Regulatory Commission. Hydrologic Engineering Scction. Washing- 

'Battclle Office of National Waste Terminal Storage Integration. Gcrmantown. 
ton, D.C. 

Md. * 
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radioauclide it contains Tritium released since the beginning of the nuclear 
aa am be used to date water up to several dead= Water may be dated using 
'% over bager periods of hundreds to thousands of years. Direct 
masurcmm of the migration of radionuclides released from naturally 
occming d u m  and thorium ore bodies am be a d  as a close analog to 
maa-made radioactive waste disposal situations. 

Using gnwrdwater flow and transport models pm-des a means to 
d a d a t e  the expected concentrations of radionudidcs fobwing release to the 
environment. Where groundwater contamination of wells or surface water 
bodies such as lakes, streams, or rivers occurs, the radionuclide concentrations 
axe used in other pathway models to calculate the OollsCQuenccs of the release. 
Pathway models consist of surface water transport models and biological 
pathway models, which in turn provide the basis for dose calculations. Doses to 
humans arise through the contamination of drinking water and food and from 
contaminated surfaces such as flood plains and beaches. 

This chapter discusses cumnt  practice in groundwater flow and transport 
modeling as well as data requirements and possible misuses of models. A set of 
analytical models is presented along with illustrations of their use. 

; 

. . .  
4.1.1 Types of Croundmter Assessmeots 

4.1.1.1 Geologic Isolation of High-Level Waste 
Actual tests and demonstrations of the behavior of a high-level waste 

(HLW) repository system cannot be performed over the operational lifetime of 
the repository. Therefore, we must rely on mathematical models for 
performance assessments, using data collected over comparatively short periods 
of time, to predict the long-term performance of the system. This is the only 
means by which the cumulative effects of changes in the properties of the 
respository system, the effects of various design features of the repository, and 
the effects of the repository on the environment caa be analyzed. Performance 
assessment not only provides this type of analysis but also provides information 
that is useful in guiding research and development activities in site selection, 
repository design, and waste package design. Performance assessment treats 
amepts that can be quantified, that is, failure analysis and consequence 
-at (Klingsberg and Duguid 1980). 

An arraaancnt of the long-term performance of a repository analyzes the 
events and prooesses that could release radionuclides from the waste and the 
pheoomena that might transport radionuclides to the biosphere. These 
phenomena may be roughly classified as thosc that occur in the near field 
(where waste and repository phenomena dominate) and thosc that occur in the 
far fEld (at a greater distance from the repository where natural phenomena 
dominate). Although these two regions are not separated by a precisely defined 

.. 
i 
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boundary, tbe distinction is useful because the physical and chemical effects of 
heat and radiation from the waste are limited to the near field (Klingsberg and 
Duguid 1980). Different methods of analysis are therefore appropriate for the 
two regions. Ncar-field analysis studies the combined effects of heat, radiation, 
repository deign and construction, and the waste package. Far-field analysis 
studies the effects of events that arise from natural phenomena, and from 
potential human actions after the repository has been sealed. These far-field 
phenomena usually appear in the geosphere and the biosphere outside of the 
repository. Both near-field and far-field performance must be considered in 
determining how well the natural and the man-made components of the 
disposal systm meet the criteria for repository performance. 

4.1.1.2 Shallow L.ad Burial 

For near-surface disposal such as shallow land burial, the analysis of 
system performance is similar to that of isolation of high-level waste with two 
major exceptions: ( 1) groundwater flow and transport models must frequently 
consider the unsaturated zone and (2) the wastes are not heat producing. The 
analysis proceeds in much the same fashion as for high-level waste and 
includes the development of a source term through corrosion or breaching of 
waste containers, defming an appropriate leach rate for the waste form, 
developing a system release scenario, and calculating groundwater flow and 
radionuclide transport for use in the biosphere models and dose codes (Aikens 
et al. 1979). 

4.1.1.3 Uranium Mining and Milling 

There are several potential groundwater contamination problems 
associated with the mining, milling, and waste disposal operations necessary to 
produce uranium fuels (USNRC 1979; Shepard and Cherry 1980). 

The greatest waterborne contamination hazard to groundwater is the 
seepage from tailings ponds resulting from conventional milling procedures. 
The waste stream contains about half solids and half water, which is usually 
disposed of in ponds (tailings ponds) formed behind earth or rubble dams. 
Tailings are sometimes reburied in the ore pits. Acid leach mills are the most 
prevalent type. Tailings ponds usually receive highly acidic (pH 0.5-2) water 
and tailings, but in some cases tailings are first neutralized. 

The wastes from the tailings ponds differ most from other forms of 
nuclear waste because of their unique chemistry. In acidic tailings, most of the 
radioactive and other chemical wastes are in the dissolved state. Acidic wastes 
are sometimes neutralized to reduce the solubility of pollutants, but in some 
cases the wastes slowly become acidic because of oxidation of pyrite (iron 
sulfide). The behavior of the radioactive contaminants varies from very simple 
to very complex. Probably the most radiologically significant radioactive waste 
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amponat  present is radium, which has a fairly simple chemistry since it 
wrists only in +2 valence state. Uranium d 4 other radioactive 
waste ampounds behave in a much m a  complicrtad f.shion, since they may 
exist in scvcraI different valence states d form 00mPlQ oompounds (Landa 
1980). 

danasrs markedly at higher pH. Neutratintion by carbonates, such as 
limestone. either added deliberately or eWOUOtQOd in the environment, 
however, can mobilize uranium in the fonn of dabk carbonate complexes. 
Uranium may also be m o b i l d  in an oxidizing cavironment or by certain 
orgaoic chemicals in groundwater (Shephrd and Chary 1980). 

The dubility of dl of the contamiaanta is for h - p H  C O D ~ ~ ~ ~ O D S  and 

4.1.l.4 Nodear Power PLat Acddeots 
Postulated accidental releases of radionctivity to the groundwater pathway 

have been evaluated for a wide range of nuclear facilities either for generic 
sites or in actual reactor licensing reviews. The accidental releases considered 
range from small leaks from contaminated water streams in nuclear plants to 
major releases caused by a core meltdown accident (USNRC 1975; USNRC 
1978; Niemczyk 198 1 ). 

Consideration given to nuclear power plant accident releases to 
groundwater differs from those for high- and low-Id  waste disposal or other 
fuel cycle problems in several important respects: (1) The risk of 
contamination would exist only for the lifetime of the plant. Administrative 
controls would be in effect during this period, so mitigative measures could 
presumably bt taken should an accidental releast occur, (2) The isotopes of 
importance in nuclear power plant liquid pathway accidents arc generally those 
witb high dose factors and/or half-lives of years to tens of ycars, notably 'H, 
l'Cs, '%I, "Sr, %r, and '06Ru. Unlike nuclear waste, long-lived 
radionuclides, actinides, and transuranics have been shown to be of much lower 
importance (USNRC 1978); (3) For a given event. wnscquencts of radioactive 
rclease to the groundwater pathway typically pnsent much smaller risks than 
release to the airborne pathway. These conscqucnocs should not be neglectad in 
citing studies for nuclear power plants, howevu. 

4 3  TYPES OF GROUNDWATER MODELS 

The assessment of a low-level waste burial ground requires three types of 
models: (1) models to determine the portion of the radioactive source released 
if inf'iltrating water contacts the waste, (2) mathematical models in terms of 
measurable hydrologic parameters that predict the migration of radionuclides 
from the source to locations accessible to the public, and (3) models for 
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determining the potential radiation dose using the radionuclide concentrations 
that reach accessible locations. In this chapter only item 2 will be discussed. 
Dosc assessments are covered in other sections of this document. Source term 
definitions defy simple explanation and C811I101 be adequately covered in this 
rtpok 

Although difficult to analyze, the near field is as important and complex 
for shallow land disposal as for deep geological dispoJaL Most of the action is 
in the disposal trench and determines what is availabk for future groundwater 
transport. Determining the water balance and the amount of water infiltrating 
is difficult. Determining the leaching and rcltasc from chemically and 
physically heterogeneous wastes such as low-level wastes is m n  more difficult. 
To date, no model adequately addresses the problem of modeling the near-field 
environment for shallow land burial. 

The calculation of transport of radionuclides from shallow land burial sites 
is complicated by the waste frequently being leached in the unsaturated zone, 
and the movement of waste to the water table must consider both flow and 
transport through this zone. Here, in the simplest case, flow and transport may 
be assumed to be downward in one dimension. Water flow rates from a water 
balance can be used to approximate the unsaturated flow used as input to the 
radionuclide transport model. Radionuclide transport in the unsaturated zone 
can also be assumed to be downward and one dimensional. Thest simplifying 
assumptions can be used to calculate the concentrations of radionuclides being 
released to the water table as a function of time. Mom rigorous calculations 
can also be done using two- and thrcedimcnsional models of unsaturated flow 
and transport. However, considering the uncertainty in the magnitude of the 
source term, these sophisticated calculations arc warranted only when a large 
amount of data is available and/or detailed results arc required. Below the 
water table either numerical or analytical models of two- or three-dimensional 
groundwater flow and radionuclide transport can be used to calculate the 
concentration of radionuclides released at locations accessible to the public. 

4.2.2 Crwdwater Models for High-Level Waste Repositories 

4.2.2.1 Far-Field Performaace 

Although there are significant differences in the state of development and 
verification of different far-field models, these models arc sufficiently well 
advanced to be used in assessments of repository performance at either generic 
or specific sites. In general, the procedure for calculating the far-field effects 
of a repository breach is shown in Fig. 4.1. 

After the scenarios that have to be modeled have been identified, the next 
step in a performance assessment is to predict their consequences. Whether the 
scenarios will actually occur cannot be predicted with complete certainty, but 
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Figure 4.1. Elements of far-field risk assessment. Source: Klingsberg, C., and Duguid, J. 
1980. Status of Technology for Isolating High-Leu1 Radioactive Warte in Geologic 
Repositories, U.S. Department of Energy, Tech. Inf. Cent., Oak Ridge, Tenn. 

where possible the probabilities of their occurrences are estimated. 
Probabilities are, however, highly uncertain for the events that have occurred 
in the region around a repository site only a few times in geologic history or 
that may not have occurred there at all. For this reason, the assessment of 
repository performance relies heavily on predictions of the consequences of 
scenarios rather than on predictions of.their probabilities. 

The source term describes the waste at all times; it specifies the 
radionuclides present and the physical and chemical conditions of the waste. 
The radionuclide concentrations at the time of the breach can be calculated 
from their original concentrations in the waste. 

Source term evaluation is highly sitcsptcific, depending on such factors as 
the chemistry of the waste, the host rock, and the groundwater. Also, 
interaction between natural axfd man-made components can play an important 
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role in defining release mechanisms. Further discussion of this important 
aspect of waste-migration modeling is beyond the scope of this book 
(Klingsberg and Duguid 1980). 

Once the source term has bem defined, transport through the gcosphcre is 
determined by modeling fluid flow into and away from a repository. The 
output from the geosphert transport aides is a prediction of the radionuclide 
conantrations reaching the biosphere as a function of time. As contaminants 
move with groundwater, they may be sorbed and thus retarded by the rocks 
through which they pass. The parts of the contaminant transport models that 
describe sorption generally assume equilibrium between the concentration of 
contaminants in the fluid and the concentration on the rock surfaces. 

Because models of flow through fractures tend to be specific to particular 
types of fracture systems, they are less universally applicable than porous 
media models (Duguid and Lee 1977). There are two basic problems for the 
modeling of material transport in fractured media. One problem is to assemble 
sufficient data to be able to adequately describe the hydrology of the far-field 
region surrounding a repository site. The determination of effective 
permcabilities and fracture connections is difficult, and a considerable amount 
of research remains before reliable methods will be available. The second 
problem is to understand the sorption process in the fractured rocks, although 
sorption is effective in porous rocks, it might be much less effective in 
fractured rocks. Successful modeling of flow in fractured aquifers is extremely 
limited. Modeling of radionuclide transport in fractured aquifers is nonexistent 
at the present time. Current models for porous media are being used with 
quivalent formulations and conservative assumptions to establish bounds on 
the effects of flow through fractured media (Klingsberg and Duguid 1980). 

4.2.2.2 Near-Field Performance 

Models for assessing the performance of a high-level waste repository in 
the near field must take into account mechanical stresses, heat flow, chemical 
interactions, and radiation-induced physical-chemical processes. All of these 
phenomena, in addition to the properties of the host rock, affect the 
environment of the emplaced waste. 

The following sections discuss three principal types of models required for 
near-field analysis: heat transfer models, thermomechanical models, and 
models of physical and chemical interactions among the emplaced waste, the 
components of the waste package, and the host rock. 

Heat Transfrr Models. Thermal models based on physical laws provide an 
accurate portrayal of heat flow and changes in temperature. The experimental 
results to date suggest that predictions of temperature within a few percent of 
measured values can be achieved. Consideration of heat transfer is important 
because temperature gradients can be a driving force in groundwater flow. 
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Over 40 such models are identified as useful in the studies of waste disposal 
(SAI 1979). 

Thermmechaaid Models The models arc basad on relations derived 
from laws of physics and functional relationships between stress and strain that 
are obtaiod from laboratory tgtg Because repository rocks arc 
inhomogeneous and may be f& generic functional laws arc more 
difficult to obtain for roclts than for most other construction materials. 

Tbermomcchanid d e s  are currently being d to analyze the uplift 
and subsidence, toom stab- and rate of closure. hole stability and rate of 
closure, canister movement, pillar stability, thermomechanical effects on 
groundwater flow, stresses and strains at critical locations in the rock mass, 
and mechanical failure of the cock mass. These phenomena are most important 
to flow in fractured rocks Current rcscarcb emphasis is on the relationship 
between permeability and change in functional geometry due to stress (SA1 
1979). 

Chemicul Models. To predict the near-field behavior of a repository 
requires analyses of the interactions between the emplaced package 
components and the host rock. These interactions fall into six general 
categories: (1) the movement of fluids in the vicinity of the waste package, (2) 
the corrosion of the canister and slceve materials by these fluids, (3) the 
dissolution of the waste form by groundwater containing the added corrosion 
products, (4) the sorption of radionuclides by the rocks and the engineered 
components of the repository, (5) the absorption of radiation emitted by the 
waste. and (6 )  the alteration of chemical phases and properties in the vicinity 
of the canisters. A study of tbese interactions predicts the kinds, amounts, and 
chemical state of the radionuclides available for entry into the groundwater 
system (Jenne 1979). 

4.2.3 C r d w a t e r  Models for MUI Tailings Waste Migration 

The modeling of transport from mill tailings is similar in many ways to 
other types of groundwater waste migration problems such as low-level 
radioactive waste disposal. The unique aspects of the modeling of mill tailings 
wastes are the complex chemistry of the wastes and the process of 
neutralization, especially by rocks b the transport pathway. Concentrations of 
chemicals may be quite high in a mill tailings pond, which complicates the 
transport pmcmaa. Typical equilibrium concepts such as the retardation factor 
and Kd will not work well for complicated, nonliaear phenomena such as 
precipitation, which may be particularly severe at high concentrations. 
Unsaturated flow in some of the pond settings and the transient existence of 
the milling operations may present special modeling problems (Shepard and 
Cherry 1980; USNRC 1979). 

. . . . .  . .  . .  . .  . . .  
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4.3 EQUATIONS FOR GROUNDWATER FLOW 
AND RADIOACI'IVITY TRANSPORT 

"he movement of radionuclides in groundwater can be described by two 
cquatianS: one for the movement of the carrier fluid (water) and one for the 
mass transport of the dissolved constituents (radionuclides). In using these 
equations, the movement of the carrier in the region under consideration must 
be known bcfore the transport equation can be solved. 

"he following discussion of the quations associated with the movement of 
groundwater and the transport of dissolved radioactive substances can  be used 
only as a general guide. A person intending to use models to analyze a specific 
problem would usually need the aid of an experienced groundwater hydrologist 
and modeler. A set of highly simplified transport models is presented in Sect. 
4.5.3, along with examples of their use. 

43.1 Croaadwater Flow 

Radioactive releases may travel in the unsaturated region (e.g., region 
above the water table) bcfore entering the zone of saturation (e.g. below water 
table). However, the release c a n  also be directly into the zone of saturation. 
The predominant direction of the unsaturated flow is downward until the flow 
reaches the zone of saturation. Within the zone of saturation the flow is 
predominantly lateral. 

The governing equations in the unsaturated zone consist of a set of 
coupled quations for the movement of gas and water. To date, only computer 
coda of limited applicability are available for the solution of these coupled 
gas-water quations (Lappala 1981). When the assumptions are made that the 
water moves as a single phase and that no trapped air pockets exist, a single 
governing equation for saturated-unsaturated flow is obtained (ANS 1980). 

(4.1 ) 

where 

8 = the moisture content (dimensionless), 
n' = total porosity (dimensionless), 
a' - the modified coefficient of compressibility of the medium (l /cm), 
/3' = the modified coefficient of compressibility of water (I/cm), 
h 5 the pressure head (cm), 
r = the time (s), 

k' = the hydraulic conductivity tensor (cm/s), 
z 5 the elevation head (cm). 
V = the del operator. 
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Equation 4.1 is nonlinear because, for unsaturated flow, both hydraulic 
conductivity and moisture content are functions of pressure head. 

The solution of Eq. 4.1 in three dimensions is generally impractical. 
Simplifications must usually be found. Depending on the nature of the 
problem, analytical or nlllllccical methods like the ones described in Reeves and 
Duguid (1975) and Reeves et aL (1977) can be used to analyze saturated- 
unsaturated flow. 

The hydraulic conductivity is a tensor that accounts for directional 
properties (anisotropy) that arise in formations such as layered sediments (i.e., 
hydraulic conductivity is different in different directions). If the coordinate 
system is oriented parallel to the principal components of hydraulic 
conductivity, only tbe principal components of the tensor are required. If the 
medium is further assumcd to be homogeneous and isotropic (Le., properties of 
the medium are not direction dependent), hydraulic conductivity becomes a 
scalar and Eq. 4.1 becomes (ANS 1980) 

where 

H - the to ta lhead=h+z(cm) ,  
S, 

p = the water density (g/cm3), 
g - the acceleration of gravity (cm/s2), 
a - the coefficient of compressibility of the medium (cm.s*/g), 
4 = the coefficient of compressibility of water (cm .s2/g). 

pg (a + np) = Specirk Storage Coefficient (1 /an), 

This equation is valid for saturated flow in confined aquifers. For a 
confined aquifer of thickness b. the storage coefficient and transmissivity arc 
respectively defined as 

S = S,b and T = Kb (4.3) 

and Eq. 4.2 becomes 

s aH v2H -- . 
T at 

(4.4) 

In simulations using Eq. 4.4, the boundary conditions of leakage should be 
used when appropriate. For problems involving leaky aquifers, methods like 
those described by Bredehoeft and Pinder (1970) can be uscd. 

For unconfmed aquifers where compressibility of the medium and the 
water is relatively unimportant compared to the vertical movement of the free 
surface (water table), the continuity equation can be written as follows (ANS 
1980): 

' .:. . . . . . . .  . . .  . . .  . . .  . .  . . . . . . .  . . .  . . .  
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where S, is the spedic yield of the aquifer (dimensionless). 

Eqs 4.4 and 4.5 reduce mpoctivcly to the following: 
For specific yield of stcndy fiow in either confined or unconfined aquifers, 

V2H E 0 (4.6) 

V2H2 = 0 .  (4.7) 

For simplified cases, analytical solutions of Eqs. 4.4, 4.5, 4.6, and 4.7 such as 
thosc given in Carslaw and Jaeger (1959) can be used. For more complex 
situations, numerical solutiOnS such as those described in Gray et al. (1977) 
should be used. 

An approximation of the flux (volume of flow per unit cross-sectional 
area) in the major flow direction can be obtained using Darcy's law: 

d H  AH 
dx & 

V' = -K- - -K-, (4.8) 

where AH/& is the hydraulic gradient in the direction of flow. 
This approximation is crude but in many cases it is acceptable because of 

the inability 'to accurately measure spatial variations in the hydraulic 
conductivity. Use of this quation assumes a homogeneous isotropic medium in 
which the gradient is constant over the increment. The actual velocity of a 
nonadsorbed traccr would be greater than the flux s ina  water is moving only 
in the pore spaces. The pore velocity (or -page velocity), U, may be approx- 
imated by dividing the flux by the effective porosity: 

U - VJn, . (4.8a) 

Exorrplr 1.1. For saturated groundwater flow, calculate the pore or 
seepage velocity in an 'average" sandstone under a gradient of 0.01 cm/cm. 
Use. arithmetic mean values in tables. 

Equation 4.8a applies. The arithmetic mean hydraulic conductivity, K, is 
3.31 X cm/s from Table 4.5. The arithmetic mean effective porosity, ne, 
is 0.21 from Table 4.4. Therefore, 

AH 
A% 

U = VJn, - -K-/n, = 3.31X10"4m//s X 0.01/0.21 

1.58X10-scm/s . 
[ EQd of Example 4.1 ] 

.. 
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The difficulty associated with the solution of the flow and transport in the 
unsaturated zones leads naturally to approximation metbods The time of 
travel can be estimated by assuming that the mean downward velocity v is 
pmprtioad to the rate of recharge of water at the surface, r, and inversely 
proportionrl to the mean odpmetric water content, & 

v - r/e .  (4.9) 

The recharge rate, r, can be estimated by methods d c s c r i i  in Sect. 4.3.4. 
The volumetric water content, 8, can be conservatively assumed to be equal to 
the field apacity, whicb is the maximum water content where moisture can no 
longer be beld agaiust gravity. Field capacity is equal to the W i c  retention 
s,, whicb b Mi 8s 

S, - n , - n ,  (4.10) 

where n is the total porosity and n, is the effective porosity. Representative 
values of n, and n are tabulated in Sect. 4.4.2. 

43.2 MMs- 
The most gcoeral form of the mass transport quation is for transport in 

saturated-unsaturated media. If local equilibrium of mass transfer and first- 
order chemical reactions are assumed, sorption can be represented as a linear 
relationship, and the general mass transport quation can be written as (ANS 
1980) 

where 
c - the concentration of dissolved constituent (g/cm3), 
0' = the dispasion tensor (cm2/s), 

ii = theflux(cm/s), 
A - the radioactive decay constant: 

A = inyhalf-life of isotope (l/s) . 
The term & is the retardation coefficient 

where 

n the total porosity, 
n, = the effective porosity, 
Pb - the bulk density (g/cm3), 
K d  = the distribution coefficient (mL/g). 

9 

I 

(4.12) 

(4.13) 

. .  
, '  . . '  . . .. , . . , ... . -  ~. : .  .. . . 
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More conservatively. by assuming n = 4, &can bc estimated as 

(4.14) 

An equivalent retardation factor may be defied for fracture flow where the 
exposed area of the fracture is used rather thap the porosity (Freeze and 
Cherry 1978). 

Exempfe 4.2. Calculate the retardation coefficient, Rd. for strontium in an 
-average” fine sandstone with a bulk density, Pb. of 2.8 g/cm’ and a 
distribution coefficient of 20 mL/g. 

The arithmetic mean values of n, ne arc found from Tables 4.3 and 4.4 to 
be 0.34 and 0.21 respectiveiy. The retardath d c i e n t ,  Rd, calculated from 
Eq. 4.13 is therefore 

0.34 2 8  
0.21 0.21 

Rd a= - + - x 2 0  268.3. 

Equation 4.14 gives 

Rd E I + -  2.8 X 2 0  - 267.7 . 
0.2 1 

[End of Example 4.21 

For the important case when the medium is assumed to be fully saturated, 
the mass transport equation becomes 

If the dispersion tensor is assumed to be homogeneous and isotropic and the 
flux is assumed to be parallel to the x-axis, Eq. 4.15 can bt written as 

- 
V -V-(E.Vc) + --Vc + X&c = 0. 

Rd;i ;  n 
(4.16) 

When the fluid flux is assumed to be uniform and steady, Eq. 4.16 becomes 

ac ox a2c 4 a2c 4 a2c u ac + xc , (4.17) 
a i  & ax2 4, ay2 & az2 & ax 

+-- - --------- 

where U is the pore velocity defined by Eq. 4.8a and D,, Dy, and D, are the 
dispersion coefficients in the x, y, and z directions respectively (cm2/s), as 
described in Sect. 4.4.1. c) 

. . . . . .  . . . . .  . . . .  
. .  

. . . .  . . . .  . .  . .  
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. .  . . .  

The approximate rate of movement of the radionuclide is U/&, which 
may be used to estimate the travel time. 

The abwe equations arc strictly valid only for htmpk media (Le., mcdia 
w b  hydraplic conductivity is uniform in all dirtctions) but may be applied 
*awY-i--P= formations when the arc obtained from 
fiddrtadig 

... 

Rodioapdides decay either to stable products or to mother radioactive 
speck csllad a daughter. In some specics several daughter products may be 
producad Mae the parent species decays to a stabk element This procerrs is 
particptuy important for modeling actinides and tramuam 'a. In considering 
this pocess over the transport path of radionuclides, one transport equation 
must be written for each original species and each daughter product to yield 
the concentration of each radionuclide (original species and daughter products) 
at points of in- along the flow path. In a constant onedimensional velocity 
field, the general equations can be written as (Burkholder and Rosinger 1980) 

where 

Rdi - the retardation factor for species i, 
u - the pore velocity = v,/ne* 
ci - the concentration of species i, 

D, * the dispersion coefficient, 
A, - the decay coefficient for species i. 

(4.18) 

Equation 4.18 desaibes the material balances of 1-e fth member of a decay 
chain and d pl#xding chain members. 

Analytical mod& incorporating chain decay with different sorption 
propcrtieS for each daughter arc available for up to a thmwxmponent chain 
(Burkbolder and R a i n g e r  1980). A simpler analytical formulation applies if 
all daughters are assumed to have equal sorption properties. The concentration 
ct of the ith daughter in terms of the parent concentration is 

(4.19) 

. .  
* .  . . .  . . .  : 

- .  

. .  . .  
. .  
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For long cham decays with sorption considerations, numerical solutions are 
practically mandatory (Burkbolder and Rosinger 1980; Dillon et ai. 1979). 

43.4 Percol8h of W8ter into the Grounrd 

An important part of the analysis of the migration of contaminants in 
groundwater is the determination of the rate of relcasc of the contaminant at 
the source (e+, leaching of low-level waste) and determining the speed of 
transport of the groundwater. Both of these aspects of the migration problem 
frquently iavoIvc knowing the rate at which water infiltrates the ground either 
from a surface water body such as a river or pond or directly from rainfall 
(percolation). Infiltration is most important for shallow land burial but less 
important for a deep repository not affected by local recharge. For example, 
the source of radioactive contamination at a low-level waste site may be 
limited by the amount of rainfall that penetrates the land surface and comes in 
contact with the buried waste. The flow of groundwater in the water table 
aquifer is directly related to the rate at which surface water recharges it. This 
rate of infiltration of rainwater may be an important boundary condition for 
shallow land burial problems (Aikens et al. 1979). 

Percolation of rainwater is frequently estimated by calculating the water 
budget for the root zone. Water enters the root zone through infiltration from 
rainfall and is removed by the evaporation directly from the surface, by 
transpiration from vegetation, and by seepage vertically to the water table. 
Both rigorous (Gupta et ai. 1978) and empirical (Thornthwaite et al. 1957) 
methods of performing a water budget are in common use. These methods can 
be found in standard hydrology textbooks along with coefficients that apply to a 
variety of soil and vegetation types and climates (Chow 1964). 

4.4 PARAMETERS FOR TRANSPORT 
AND FLOW EQUATIONS 

4.4.1 Dispersh d Diffasion io Porous Media 

. . . . . . . .  . . . .  . . . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . .  . . . . . . . . . . .  . .:.- : . .  _ _  ..:: ..:_ . . . .  . . .  . .  

4.4.1.1 Molecular M u s h  

Dispersion in Eq. 4.1 1 is actually a combination of molecular diffusion and 
mechanical dispersion, which are processes that irreversibly distribute dissolved 
constituents within porous media. Molecular diffusion results from the random 
movement of molecules at a very small scale. Diffusion within fluids depends on 
fluid properties such as temperature, concentration, and viscosity as well as 
temperature and concentration gradients. In a one-dimensional, nonflowing 
diffusion process, transport due to diffusion is usually related to Fick's law: 

* (4.20) 
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where D' is the effective diffusion cocfficht for prous media, which typically 
varies from about lo-' to lo-* cm2/r The cf€& diffusion coefficient D' 
win be bwer than the molecular diffusion d i t  in a free liquid because 
difhulon will be inhibited by the pore sbpctpre (Emwn and Dettingcr 1980). 

u . 2  Dfspasioll 

Dispersion describes the mechanical mixing of dissolved constituents by 
the complex flow paths the fluid must take in tk porous medium. Variability 
of path length and velocity from the mean results in longitudinal and lateral 
spreading of the dissolved constituents. 

Laboratory investigations have s h  that in porous medii, longitudinal 
d- is related to the seepage velodty. For an isotropic medium, the 
dispusb coefficients D,, can be described in tenns of the longitudinal and 
t m ~ ~ ~ ~ r s c  dispcrsivity (Scheidegger 1961): 

WhWC 

a,, - 1 for i = j .  a,, = 0 for i # j (Kronecker delta function), 

B = the volumetric water content, 

at the transverse dispersivity (cm), 
at = the longitudinal dispersivity (cm), 

Y = the magnitude of the flux (cm/s), 

VI, Vi = the components of the flux (cm/s). 

Even in small-scale laboratory experiments in uniform porous media, 
dispersion processes usually dominate the diffusion processes. Dispersion 
depends on flow, however. For very low flow rates, molecular diffusion, which 
is independent of flow, may dominate the diffusion. 

4.4.13 M.etodispersioa 

Experiments with pncked laboratory columns generally yield dispcrsivities 
having dimensions on the order of the median grain diameter, ranging from 
millimeters to centimeters. If the dkpasbitics measured in the laboratory were 
used in a transport model for a large aquifer, diripersion would be grossly 
undcrpredictcd. At the aquifer scale, it appears that the heterogeneities in 
permeability, fracturing, stratification and other properties of the medium, 
sampling errors and model approximations arc more important to producing 
dispersive behavior than mixing around individual grains and pores in the 
laboratory-scale experiments (Evenson and Dettinger 1980; Anderson 1979). 

. 
. ., 

.. , . 
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Field studies tend to support the hypothesis that macrodispersion is largely 
a result of heterogeneity in hydraulic conductivity. Dispersivity also apparently 
increases with the length scale of the experiment. There is a tendency for large 
dispersivities to coincide with experiments involving large distances. 

The Fickian analogy for dispersion (Eq. 4.20) does not always behave 
satisfadorily, and the dispersion cannot be characterized with a parameter as 
simple as the dispersivity. The assumptions of homogeneity of the medium 
break down if the heterogeneities arc not random or if they are large in 
comparison to the aquifer being modeled (Winograde and Pearson 1976). 

The cases in which the simple dispersion models are likely to fail are 

1. Media in which a few extensive conductivity variations dominate the 
transport proctss. 

2. Media in which conductivity variations are abrupt, severe, and tend to 
follow well-defined paths. 

3. Observations that are made on a scale that is small compared to the scale 
of the variation. 

4. Medii that show variations in conductivity that cannot be modeled as a 
random field with apparently random values, spatial extents, and orientation 
assumed by the aquifer properties (Evenson et al. 1980). 

These phenomena have been described generically as 'channeling." 
Evenson et al. (1980) suggest that media in which these phenomena are likely 
to occur (fracture systems, karst, etc.) should not be modeled according to 
Fick's law without extensive justification. Models capable of dealing with these 
problems are extremely complex and beyond the scope of this book (Evenson et 
al. 1980). 

4.4.1.4 Determination of Dispersion 

It is frequently the case that the only way the values of dispersion 
coefficients can be determined for a given site is by direct observation of either 
man-made or naturally occurring tracers. Tracers that have been deliberately 
introduced are used in groundwater studies in single- or double-well pumping 
experiments over relatively short distances and times. Direct tracer methods 
have several disadvantages in groundwater studies: 

1. &cause groundwater velocities are rarely large under natural conditions, 
undesirably long times are normally required for tracers to move significant 
distances through the flow system. For this reason. only small, 
nonrepresentative portions of the flow field can be measured. 

2. Because geological materials are typically quite heterogeneous, numerous 
observations are usually required to adequately monitor the passage of the 
tracer through the portion of the flow field under investigation. The 
measurements themselves may actually disturb the flow field significantly. 
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Values of dispersivities obtained from a wide range of tracer experiments and 
also those based on numerical models of &served groundwater solute ttansport 
CBSCS arc presented in Tables 4.1 and 4.2, rtsptCtively. (Anderson 1979; 
Evenson and Detthger 1980). These vahres npresent site-spocifrc cases and 
should be extrapolated to otha cases d y  with extreme caution. Furthcxmor~, 
the dispersivities reported in Tabk 4 2  probably reflect piocesses, such as 
numerical dispersion, that are bccumcb of the mathematical model and am 
not measured in nature. 

4.4.2 Porosity .ad Effective Porositp 

The parameters porosiy .ad e$2cdw paratify (or specific yield) are 
necessary for the solution of the flow rad dutc  transport equations. The 
porosity of a soil or rock is a measure of the interstitial space relative to the 
space occupied by solid material and is expressed quantitatively as the 
percentage of the total volume ooc~pied by the interstices. 

The porosity of a sedimentary deposit depends chiefly on the shape and 
arrangement of its constituent partidea the degree of assortment of its 
particles, the cementation and compaction to which it has been subjected, the 
dissolution of mineral matter by water, and the fracturing resulting in open 
wits other than interstices. The porosity of many sedimentary deposits is 
increased by the irregular angular shapes of its grains. Porosity demases with 
iacrcases in tbe variety of sizt of grains because small grains fd interstices 
between larger grains. Table 4.3 gives representative values of porosity for a 
wide range of soils and rocks. 

The effective porosity is the portion of the porosity that can be considered 
to be available for the flow of groundwater through a porous medium. Not all 
of the water in the interstices of saturated rock or soil is available for flow. 
Part of the water is retained in the interstices by the forces of molecular 
attraction or is trapped in deadcnd pores. The amount of water trapped is 
greatest in media having small interstices. Table 4.4 gives representative values 
of effective porosity for a wide range of so& and rocks. 

The hydraulic conductivity, K, for an isotropic, homogeneous saturated 
medium determines the rate at which water movcs through the porous medium 
for a given hydraulic gradient. Hydraulic conductivity is a property that 
depends on the properties of both the fluid and the medium and has units of 
velocity (cm/s). A measure of the hydraulic conductivity, which is a property of 
the porous medium alone, is the intrinsic permeability k, that has units of 
length squared and is usually expressed in darcys (one darcy = 9.87 X 
cm2). 

-e 

\ 

. .  

. .  



Radionuclides in Groundwater 4-19 

Chalk River. Ontario 
alluvial quifer  

Chalk River. strata of 
high klocity 
Alluvial aquifer 
Alluvial. stfala of 

high velocity 
Lyons, F- 

alluvial quifer 
Lyons (full aquifer) 
Lyons (full aquifer) 

Lyons (full quirer) 

Lyom (full aquifer) 

Lyons (full aquifer) 

Alsaa. Fmace 
alluvial sedimmrc 

Carlsbad. N. Mex. 
fractured dolomite 

Savannah River. S.C. 
fractured schistgneiss 

Barstow. Calif. 
alluvial sediments 

Doroct. England 
chalk (fractured) 
(intact) 

Berkeley. Calif. 
sand/grevcl 

Mississippi limestone 
NTS. arbonate 

aquifer 
Pensacd.. Fla. 

limatonc 

4034 

0.0344. I 

0.5 
0. I 

0.14.5 

5 
120 

8 

5 

7 

12 

38.1 

134.1 

15.2 

3.1 
I .o 
2-3 

11.6 
15 

IO 

3.1-14 

0.015-1 

O.I45-l4.5 

0.009- I 

4 

Single-mll tracer 

single-well 
(cst 

Twa-well 
Two-well 

Single-well , 

Single-well 
1.2 Single-well test 

with resistivity 

with resistivity 

with resistivity 

with resistivity 

tracer 

9.6 Single-well test 

13 Single-well tcst 

9 Single-well tcst 

Environmental 

Two-well tracer 38.1 0.1s 

538 0.4 Two-well 

6.4 Two-well 

8 Two-well 
8 Two-well 
8 311-1382 Multiwell trace 

test 
Single-well 
Two-well tracer 

312 0.6 Two-well 

'Ax - distance between wells in two-well test. 
'0 = groundwater seepage velacity. 
Sourcc: Evens04 D. E., and Dettinger. M. D. 1980. Dispersive Processes in Models 

of Regional Radionuclide Migration. University of California, Lawrena Livermore 
Laboratory, Livennarc. 
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i 

. . . .  

... 

Rocky Mtn. Aneaal 
alluvial rcdimenrs 

Arkaasas River Valley 
d u v i l l l  scdimmta 

C a l i f O d I  
alluvial 8cdimcau 

b a g  Islaad 
glacial deposits 

Brunswick. Ga. 
limestone 

Snake River, Idaho 
fractured basalt 

Idaho, fractured 
basalt 

Hanford site, Wash. 
fractured basalt 

Barstow. Cali. 
alluvial deposits 

Roswell Basin, N. Mex. 
limestone 

Idaho Falls. lava 
flows and sediments 

Barstow, Calif. 
alluvial sediments 

Alsact, Fmct  
alluvial8aiimeno 

Florida (SE) 
limatoae 

Suttcr Basin, Calif. 
alluvial d i e n t s  

30.5 

30.5 

30.5 

213 

61 

91 

91 

30.5 

61 

21.3 

91 

61 

IS 

6.7 

80-200 

305 

9.1 

9.1 

4.3 

20 

136.5 

91 

I8 

18 

137 

0.18 

1 

0.7 

8-20 

305 

660X I320 

305 

Variable 

Variable 

640 

640 

(50-300) 

305 

Variable 

3x152 

Variable 

(2-20 )un 

'Ax-gridSizeinprogrun. 
= groundwater osepr(le velocity. 

'(fe) indicates use of a finiteckmeat model; (moc) indicates method of characteris- 
tia; and (rw) indicates a random-walk model. 

Source: Eveason. D. E., and Dettiagcr, M. D. 1980. Dispersive Pnmsscs in Models 
of R c g i o ~ l  Rudionuclide Migrutiom, University of California, Lawrence Livennore 
Laboratory, Livennore. 
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Number of Arithmetic 
mean Aquifer material 

-alySes 

Igneous R& 
weathered granite 8 0 3 4 . 5 7  0.45 
Weathered gabbro 4 0.42-0.45 0.43 
Basalt 94 0.034.35 0.17 

Sedimentary Materials 
Sandstone 
siltstone 
Sand (fme) 
Seed (-1 
Gravel (fme) 
Gravel (coarse) 
s i t  
CbY 
Limestone 

65 
7 

245 
26 
38 
15 

281 
74 
74 

0.14-0.49 
0 2  1-0.4 1 
0.25-0.53 
0.3 14.46 
0.25-0.38 
0.24-0.36 
0.34-0.5 1 
0.34-0.57 
0.07-0.56 

0.34 
0.35 
0.43 
0.39 
0.34 
0.28 
0.45 
0.42 
0.30 

Metamorphic Rocks 
schist 18 0.04-0.49 0.38 

Source: McWhorter, D. B.. a d  Sunada. D. K. 1977. 
Ground- Water Hydrology and Hydraulics. Water Resources 
Publications. Fort Collins. Colo. Reprinted with permission. 

Hydraulic conductivity, K, and intrinsic permeability, k, are generally 
related by the equation 

K = & .  
c 

(4.22) 

..: . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . . .  . . . . . . . . . .  ..,:. . . . . . .  . . .  ._.'.. , . . . .  . . .  

where g is the acceleration of gravity, p is the density of the fluid, and p is the 
viscusity of the fluid. Table 4.5 gives representative values of hydraulic 
conductivity in centimeters per second for a sample of common porous 
materials ( McWhorter and Sunada 1977). 

Environmental factors may affect the hydraulic conductivity of a given 
porous medium. For example, ion exchange on clay and colloid surfaces will 
cause changes in mineral volume and port size and shape. Changes in pressure 
may cause compaction of the material or may cause gascs to come out of 
solution, which would reduce the hydraulic conductivity (Davis and De Wiest 
1965). 

4.4.4 Adsorptroo .od Retadation CoefMa~ts 

An important mechanism in retarding the migration of radionuclides in 
groundwater is sorption, which is defined to include all rock-water interactions 

. . .  
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47 
10 
13 

297 
143 
33 
13 
9 

299 
27 
32 

5 
14 
90 

287 

11 

0.02-0.40 
0.1 24.4 1 
0.01 -0.33 
0.0 1-0.46 
0.16-0.46 
0.18-0.43 
0.13-0.40 
0.174.44 
0.13-0.25 
0.01-0.39 
0.01-0.18 
-04.36 

0.14-0.22 
0.32-0.47 
0.02-0.47 

0.22-0.33 

0.21 
0.27 
0.12 
0.33 
0.32 
0.30 
0.28 
0.24 
0.21 
0.20 
0.06 
0.14 

0.18 
0.38 
0.21 

0.26 

Source: McWhortcr, D., B., and Sunada, D. K. 1977. 
Grwnd-Water Hydmlogy ond Hydraulics, Water R s o u ~ x s  
Publications, Fort Collins, Colo. Reprinted with permission. 

that cause the radionuclides to migrate at a slower rate than the groundwater 
itself. The amount of Sorption is dependent on both the chemistry of the water 
and of the rocks; and, because some of the chemical reactions are slow, it is a 
function of time as well. 

Values of sorption coefficients arc required to calculate the travel time of 
key radionuclides from the souroc to the biosphere. The sorption coefficients 
are usually obtained using a standard batch test where rocks arc put in contact 
with groundwater in which small amounts of radionuclides have been mixed. 
The problem with this type of approach is that more detailed geochemical data 
are otctss81y to support the validity of the sorption measurement over the 
expected travel time of &e radionuclides (which may be of the order of 
thousands of years). To provide the justification for using simple sorption 
coeficients. a detailed understanding of the geochemical mechanisms of rock- 
water interactions must be attained. Such mechanisms as dissolution/ 

'precipitation, complexing, adsorption/desorption, phase transformations, and 
solubility should be understood for radionuclides of interest in the geochemical 
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I i P - d  
w c n w  granite 7 (3.3-52) x 10-4 1.65 x 10-3 
Weathered gabbro 4 (0.5-3.8) X IO-' 1.89 x 10-4  
Basalt 93 (0.24250) X IO-' 9.45 x 10-6 

20 (0.5-2270) X 
8 (0.1-142) X IO-' 

I59 (0.2-189) X 
255 (0.9-567) X 
158 (0.3-6610) X IO-' 
40 (0.3-31.2) X IO-' 
39 (0.09-7090) X IO-' 
19 (0.147) X IO-' 

3.31 X IO-' 
1.9 x 10-7 
2.88 x 10-3 
1.42 X IO-* 
5.20 X IO-* 
4.03 X IO-' 
2.83 X IO-' 
9 x 10-8 

MetamoPphic rocks 
schist 17 (0.002-1 130) X 1.9 x 10-4 

Source: McWhortcr, D. B.. and Sunada, D. K. 1977. Ground-Wurer Hydrology und 
Hydruulics, Water Resources Publications, Fort Collins, &lo. Reprinted with 
permission. 

environment. The effect of heat, radiation, or high concentrations of chemicals 
will be particularly important close to the source of release in some situations. 
Much of this understanding for shorter periods of time and close to the points 
of release can be obtained through a combination of laboratory and field experi- 
ments combined with data from natural systems that can be used as analogs. 
However, over longer time periods or far from the points of release, all of the 
data must be obtained from studies of the natural system. 

Natural analogs of interest for application to radionuclide migration 
include hydrothermal ore deposits, intrusive magmas into generic host rocks, 
uranium ore bodies. rich thorium deposits, natural fwion reactors, and 
underground nuclear explosions (Klingsberg and Duguid 1979). Also, the 
behavior of natural radionuclides and their decay products in host rock 
formations can provide the data necessary to choose conservative sorption coef- 
ficients for use in the transport models are conservative over the range of g e e  
chemical conditions and the transport travel times expected. 

Tables 4.6 and 4.7 give, typical ranges of distribution coefficients (Kd) for 
several significant randionuclides in an assortment of rocks and soils 
(Isherwood 1981). These tables illustrate some of the sensitivitp of Kd to  

. . .  
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- .  

. .  

Sr cs 
Basalt, 32-80 merh 
Basalt. 0.54 mm, 300 ppm TDS 
Basalt4.5-4 mm, sea water 
W t - f n c t u f d  in situ merwurcmcot 
saad. quartz-pH 7.7 
sands 
cprboaabe. greater than 4 mm 
~ ~ 1 o o o p p m T D S  
Granite, greater than 4 mm 
G d i t e ,  100-200 mesh 
G r a n d i %  0.5-1 mm 
Hanford sediments 
Tuff 
soils 
Shaky siltstone greater than 4 mm 
Shaky siltstone greater than 4 mm 
Alluvium. 0.54 mm 
Salt. greater than 4 mm 

saturated brine 

16135 
22&1220 
1.1 
3 
1.7-3.8 
I343 
0.19 
5-14 
1.7 
4-9 
1 1-23 
50 
4 5 4 m  
19-282 
8 
1.4 
48-2454 

0.19 

792-9520 
39-280 
6.5 

22-314 
100 
135 

34.3 
8-9 
1030-1 810 
300 
8OO-I 7800 
189-1053 
309 
102 
12 1-3 165 

0.027 

Source: Ishemood, D. 1981. Geoscience Data Baw Handbook 
for Modcling a Nuclear Waste Repository, NUREG/CR-0912, vols. 
1 and 2, US. Nuclear Regulatory Commission. 

factors such as particle she and chemistry of the water phase. Values of Kd 
should be extrapolated to situations other than thosc for which they were 
determined only with extreme caution. 

4 5  METHODS OF SOLUTION FOR 
GROUNDWATER MOVEMENT 

45.1 l B t m d d h  

ovet the pmt several ycars, numerous mathematical models have been 
develapad to simulate the flow of groundwater and the transport of radioactive 
and chemical substances, particularly in the field of waste management. 
Discussion of the virtually hundreds of groundwater models is beyond the scope 
of this chapter, but two excellent compilations of groundwater models arc 
available (Bredehoeft 1978; SA1 1981). 

Groundwater mathematical models can beebroadly classified as either 
numerical or analytical. Numerical techniques are usually direct solutions of 

....... .-' 
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160,oOO 
4 0 0 , ~  
I6o.oOO 
40-1 30 
3 10-470 
270-1 O.OO0 
8 
60 
I 20 
lo00 
<1oo.o0o 

62,000 
4400 
300 
2000 
270 
4.5 
2.9 

Thorium 

Silt loam. Ca-saturated clay, pH 6.5 
Montmorillonite, Ca-saturated clay, pH 6.5 
Clay so& 5 mM Ca(NO3h. pH 6.5 
Medium rand, pH 8.15 
Very fine sand, pH 8.15 
Silt/clay. pH 8.15 
Schist soil, 1 g/L Tb pH 3 2  
Schist soil, 0.1 g/L Tb, pH 3.2 
Illite, 1 g/L Th. pH 3.2 
Illite, 0.1 g/L Th, pH 3.2 
Illite, 0.1 g/L Th, pH >6 

Silt loam, U(VI), Ca-satumtd, pH 6.5 
Clay soil U(V1). 5 mM Ca(N03)~. pH 6.5 
Clay soil, I ppm UO+? pH 5.5 
Clay soil. 1 ppm UO", pH IO 
Clay soil. I ppm UO+z, pH I2 
Dolomite, 100-325 mesh, brine. pH 6.9 
Limestone, 100-170 mesh, brine, pH 6.9 

Uranium 

Source: Isherwood. D. 1981. Geosciem Data Base 
Handbook for Modeling a Nuclear Waste Repository. 
NUREG/CR-0912, vols. 1 and 2, US. Nuclear 
Regulatory Commission. 

the differential quations describing water movement and solute transport, 
using methods such as finite diffcrenocs or finite elements. These methods 
always require a digital computer, a large quantity of data, and an experienced 
modeler-hydrologist. The validity of the results from numerical models depends 
strongly on the qyality and quantity of the input parameters. Analytical 
models are usually approximate or exact solutions to simplified forms of the 
differential equations for water movement and solute transport. Such models 
are simpler to use than numerical models and can generally be solved with the 
aid of a calculator, although computers arc also used. Analytical models are 
much more severely limited to simplified representations of the physical 
situations. However, they are extremely uscful for -ping the problem to 
determine data needs or the applicability of more detailed numerical models. 

Several of the more important types of numerical and analytical models 
are discussed below. 

v 
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-1 rimetwce 
o# rpprooch that has been applied to the 8oIPtiaa of groundwater 

quatiam involves fmite-diffcrcnce approxima- To apply these 
aPP mxhathns, the region under consideration is d y  divided into a 
r e c h q p h  grid. The intersections of the grid ut callad nodal points and 
represent the position at which the solution for unkwnm values such as 
hydraulic head arc obtained. When dilfereaoe equations arc written for all 
node and boundary conditions arc applied, a system of n algebraic equations in 
I variables can be solved for the variables at each aode for each time increment 
(Faus& a d  Mercer 1980). 

452.2 FdteEkment 

The f~te-element method is a numerical method where a region is 
divided into subregions, called elements, whose shapes arc determined by a set 
of points called nodes (similar to the fmitdierence grid). The first step is to 
derive an integral representation of the partial differential equations. This is 
commonly done by using the method of weighted residuals or the variational 
method. The next step is to approximate the dependent variables (head or 
concentration) in terms of interpolation functions called basis functions. 

Once the basis functions are specified and the elements defined, the 
integral relationship must be expressed for each element as a function of the 
coordinates of all nodal points of the element. Then the values of the integrals 
arc calculated for each element. The values for all elements arc combined and 
boundary conditions applied to yield a system of first-order linear differential 
equations in time (Faust and Mercer 1980). 

45.23 Methodof Characteristics 

The method of characteristics is used io convectiondominated transport 
probkms where fmite-difference and fmiteclemeot approaches suffer from 
"n'numerical dispersion" or solutions that oscillate. Tbe approach is not to solve 
the transport equations directly but to solve ao equivalent system of ordinary 
diffatntial equations that are obtained by rewriting the transport equation 
Using the fluid particles as a reference point. This is accomplished numerically 
by introducing a set of moving poiats (reference particles) that can be traced 
withip the stationary coordinates of a fite-difference grid block and allowed 
to moyc a distance proportional to the velocity and elapsed time. The moving 
partides simulate the convective transport because concentration is a function 
of sprcadhg or convecting of the particles. Once the convective effects are 
known, the remaining parts of the transport equation are solved using finite- 
difference approximations (Faust and Mercer 1980). 

...... ; : . : . 
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4.5.2.4 Random-Walk Method 

A method similar in many ways to the method of characteristics is the 
random-walk method. In this approach, a particle-tracing advection model is 
used to simulate advection. At the end of each advection time step, the 
particles are dispersed by being displaced a random distance in a random 
direction. Concentrations are calculated by counting the resulting number of 
elements in each cell and comparing this to the initial conditions. This solution 
technique is based on the realization that a normal probability distribution is a 
solution to Fick’s Law of diffusion. This method of transport modeling is easily 
implemented and provides simulations whose accuracy are limited only by the 
number of particles that can be traced. The main disadvantage of this method 
and the method of characteristics is the difficulty and expense of keeping track 
of large numbers of particles (Evenson and Dettinger 1980). 

4.5.2.5 Flow Network Models 

The numerical simulation by finite differences or finite elements of 
groundwater flow and solute transport problems in two and three dimensions 
can be costly in terms of computational resources. Flow network models such 
as the network flow and transport model (NWFT) (Campbell et al. 1980) are 
those that can be used to describe two- or three-dimensional fields in a much 
more efficient way by a network of interconnecting one-dimensional flow 
segments. Fluid discharge and velocity are determined by requiring 
conservation of mass at the segment junctions. Radionuclide migration from 
the points of release is calculated by assuming that transport occurs along a 
single one-dimensional path having a length equal to the total migration path 
length. The network model is particularly useful when it is used in conjunction 
with a more complicated two- or three-dimensional model to first define the 
flow and concentration field for a particular example. The network model is 
first matched or tuned to the results of the complicated model. The tuned 
network model may then be used for further computations with a much 
smaller commitment of computational resources then the original model for 
further runs and sensitivity experiments. 

*.<+, ,. :.. .a* ,+*<*.,;P. 5 w.Y-->---m 

.__ . . . . .  4.5.2.6 Advection Models 
There are groundwater solute modeling situations whew the phenomenon 

of dispersion, together with its many uncertainties, is only a minor factor in 
describing the transport of contaminants in groundwater. For example, the flux 
of contaminant entering a river that is recharged from a contaminated aquifer 
is much less sensitive to dispersion than the concentration in a particular well. 
In the former case, the contaminated groundwater would enter over a wide 
area, which would tend to smear out the effect of dispersion. For similar 
reasons, the transport from nonpoint sources of contamination such as large 
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low-he1 radioactive waste landfii would dimininh the masitivity of modeled 
results to dispersion. A flow model caa be used to generate a velocity potential 
field and strcam linea The flow patterns from the sources to the sinks can then 
be used to formulate the anrival time dhibutm - which cna be used to 
cnlcalate the concentration of flux of a 0011tamiP.llt at the point of use. Either 
nomQicILI or analytical solutions of the flow equations are to estimate 
lpwmdwoter velocities, the length of the path of a contaminant, and the arrival 
time distriiution ( N e h  1978). 

45.3 hdydcal Modas 
Analytical groundwater transport modas can be used for certain typm of 

malyscs where available data do not warrant a mart complicated study. Such 
models are useful for m p h g  the transport problem and may frequently be 
adequate for regulatory needs if model coefficients arc chosen conservatively. 

A series of simple analytical models that have been used at the U.S. 
Nuclear Regulatory Commission (NRC) is pnsentcd below. Many of these 
models have been computerized and are available from the NRC (Codell et al. 
1982). In their simplest forms, however, they may be used with the aid of only 
a calculator. 

The models are developed for the limiting case of undirectional saturated 
convective transport of a single dissolved substance with threedimensional 
dispersion in an isotropic aquifer as discussed in Sect. 4.3.2: 

k .  (4.23) ac u ac 4 a2c D, a t  ; Dz a2c 

at R,, ax R,+ ax2 Rd ay2 & az2 
-+--=-- 

where 

c is the concentration in the liquid phase (Ci/cm3), 
D,, D,, Dz are the dispersion coefficients in the x, y. and z directions 

X is the decay wcffcient = In 2/half-life (l/s), 
U is the x component groundwater pore velocity (cm/s), 
& is the retardation wcffcient (dimensionless). 

respectively (cm2/s), 

The dispersion coefficient can be approximated from Eq. 4.21. In this case 
V2 = V, = 0, V, - V, and 8 can be approximated for saturated flow by the 
effective porosity, n, Also, since U = V/&, 

D, = aLU (4.23a) 
(4.23b) 

(4.23~) 
-e where aL and are the longitudinal and transverse dispersivities respectively. 
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453.1 Point eolmstrptioa Model 

aquifer at some poiat downgradient of a rckase (e.g., water supply well). 
Tbe first model developed is used for calculating the cancentration in the 

Equation 423 is solved in terms of Green’s functions: . 

(4.24) 

where ci is the concentration at any point in space for an instantaneous one- 
curie rtkase. n, is the effective porosity of the medium, and X. Y.  Z are the 
Green’s functions in the x. y, z coordinate directions, respectively. Equation 
4.24 has been developed for a variety of boundary and source configurations: 

1. For the case of a point source at (0, 0, I,) in an aquifer of infinite lateral 
(x, y )  extent and depth b, as illustrated in Fig. 4.2, 

(4.25) 

where 

(4.27) 

2. For the vertically averaged concentration in case! 1 above (equivalent to a 
vertical line source of length b), 

(4.29) 

where 

2 2 - - 9  1 .  (4.30) 

3. For a horizontal line source of length w centered at (0, 0, z,), as illustrated 

b 

in Fa. 4.3, 
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ORNL-DWG 82-14406 

POINT SOURCE AT 
x = 0, y = 0, 2 = 21 

BOTTOM OF AQUIFER 

Figure 4.2 Idealized groundwrter system for poiat concentration model, point source. 

HORIZONTAL LINE SOURCE 
CENTEREDAT 

x = o , y = o ,  z = z ,  

ORNL-DWG 82-14407 

-- 

WATER TABLE 

BOTTOM OF AQUIFER 

F i p c  4.3. Idealized groundwater 
roura. 

system for point concentration model, horizontal line 
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where 

(4.31) 

(4.32) 

and erf is the error function. Tabks of the error function are available in 
standard mathematical texts (Abramowitz 1970); 

4. For the vertically averaged concentration in case 3 above (equivalent to an 
area source of width w and depth b), 

(4.33) 

5. For a point source at (0, 0, I,) in an aquifer of infinite lateral extent and 
depth, 

(4.34) 

where 

6. For a horizontal line source of width w centered at (0, 0, 2,) in an aquifer 
of infinite lateral extent and depth, 

(4.36) 

7. For a horizontal area source of length 1 and width w centered at (0, 0, 0) in 
an aquifer of constant depth 6, as illustrated in Fig. 4.4, Eq. 4.24 becomes 

(4.37) x2 y2z2 1 

1 
ci - - 

4% 

whcre 

1 x, - - 2P 

(4.38) 
exp( - X r )  . 

. . . .  . , .  : .- . . . . .  
. . . .  . .  , . .  . .  
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. . .  ORNL-DWG 82-14408 

Fm 4.4. Vertically averaged groundwater dispersion model. 

Exumple 4.3. Concentration in an aquifer of limited thickness. 
One curie of a radioactive pollutant leaks quickly into a water table 

aquifer through a highly permeable ground cover over a square surface area 50 
m on a side. The pollutant has a half-life of 30 y. A well tracer test indicates 
that the groundwater is moving in the direction of two wells at a speed, U, of 
1.5 m/d and that the longitudinal and transverse dispersivities, aL and aT, are 
20 to 10 m, respectively. 

The saturated thickness of the water table aquifer, b, is 50 m and has an 
effective porosity, 4, of 0.2. The pollutant has been determined to have a 
retardation coefficient, &, of 20 in the aquifer. 

Calculate the concentration of the pollutant in wells whose downgradient 
coordinates witb respect to the center of the source area are 

1. 

. .  
. .  . .  . 
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(a)x = 200m, y = 0 m 
(b) x = 400 m, y = 50 m 

The wells are scnencd over the entire depth of the aquifer. 
Case 7 in W. 4.5.3.1 applies to this example, since the source is a 

horizontal area type and the wells are screened over the total depth, which 
would vertically average the concentration. 

Equation 4.37 is therefore evaluated with Green's function: 

. X2determined by Eq. 4.38, 
Y2determined by Eq. 4.32, and 
Z2 determined by Eq. 4.30. 

The dispersion coefficients are calculated by Eqs. 4.23a and 4.23b. 

D, = aLU = 20 X 1.5 = 30 m2 
D, = aTU = 10 X 1.5 = 15 m2 

Figure 4.5 shows the concentration as a function of time calculated for the 
two wells. [End of Example 4.31 

1s 

10 
h 

a .  
0 
X 

c) 
E > 
0 
v 

5 

0 
0 

ORNL-DWC 82C-20751 

X=400 m. Y=50 m 

I 

5 10 15 20 

TIME (1000 d) 

Figureu4.5. Concentration in downgradicnt wells for Example 4.3. 
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Thc fha model is used to calculate the discbarge rate of a radionuclide 
entering a surfam water body that has in- the uluifer containing the 
t r a q m t d  material as depicted in Fig. 4.6. It is assumed that all material 

i 
ORNL-DWG 82.14409 

APPROX I MATE DISTANCE 

SOURCE AT x = 0 

\ 

F v  4.6. Groundwatcr~urface water interface, flux model. 

entering the aquifer mntually enters the surface water except for that which 
has been lost through radioactive decay. The assumptions that apply to the 
point concentration model also apply to this model. The model provides only 
the rate of input to the surface water at an average distance x downgradient 
from the surface. Actually, the contamination would enter the surface water as 
a diffuse patch, but the model described here gives no information about the 
spatial distriiution of this patch. 

In the unidinctional flow field assumed, the flux F (Ci/s) of material 
Crossing an area dA dy dz perpendicular to the x axis is described by the 
equation 

(4.39) 

where c is the concentration in the dissolved phase. The total flux across the 
plane would be .. 

i 
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(4.40) 

4.5.3.3 Source Released from a Vertical Plane (x = 0) 

If C, is the concentration from an instantaneous release of 1 Ci at x = 0 
and time r - 0, as described by Eq. 4.25, then the resulting flux at distance x 
downgradient would be 

4.5.3.4 H ~ r i ~ ~ n t a l  Area Source 

For conditions expressed by Eq. 4.37, the corresponding flux would be 

where 

U I I  
t - -  X-- 

Rd 2 
U I I  

X - -  r + -  
, and z2 = 

Rd 
ZI = 

4mG 4 z K *  

(4.42) 

Example 4.4. For the same conditions in the previous example (Sect. 
4.5.3.1)- calculate the flux of the pollutant into a river intercepting the 
groundwater flow, which is a distance x of 2000 m downgradient from the 
center of the source. 

Equation 4.42 applies in this case. Figure 4.7 shows the flux into the river 
as a function of time. [End of Example 4.4) 

4.5.3.5 Generalization of Instantaneous Models 

Equations 4.8 and 4.23 are formulated only in terms of instantaneous 
releases. They can  be generalized for arbitrary releases by use of the 
convolution integral: 

(4.43) 

'.. 
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Figure 4.7. Flux of pollutant into rim for Example 4.4. 

where 8 is the solution at time r for the arbitrary release, 8,(r - r )  is the 
solution at time ( r  - T )  for an instantaneous release at ( r  - T )  = 0, 
and f ( ~ )  is the source release rate at T in curies/s. 

Certain analytical solutions can be found to Eq. 4.43 for simple source 
releasc rate functions. For example, W h n  develops the solution to Eq. 4.43 for 
a continuous release in terms of the "well function" ( W h n  and Miller 1978). 
Most useful solutions to Eq. 4.43 usc numerical integration, genefly involving 
a digital computer. 

smtal special precautions must be taken, however, to pesem com- 
putational -cy, because the terms within the integral of 4 . 4 . 4 3  can be 
very nearly zero over part of the integration range. Computer programs for 
solving the equations in this section arc described by codell et al. (1982). P r e  
gram listings in BASIC and FORTRAN arc given in this reference. A com- 
puter tape of the programs is also available from NRC. 

An alternate method that could be used to simulate a continuous source 
function is to present the continuous source as a series of Instantaneous ones. 
The analytical solutions are then linearly summed. Complicated area source 

. .  . .  
. .  
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terms can also be solved in an analogous fashion by representing the source 
area by a series of point sources and linearly summing the solutions. 

65.4 !%opWi Analytical Metbods for Minimum Dilatioos 

Simplified forms of the equations of Sect. 4.5.3 have been developed for 
calculating tbe minimum dilutions (ix., maximum concentration) of volume V, 
of a substance instantaneously released from a point source into an aquifer. 

45.41 Dilution at Downgradient Wells  in^ C o a f i i  Aquifiiers for 
.o h s h t a ~ ~ s  Point Source a t  the Surface 

At some distance downgradient from a release at the surface of a confined 
aquifer, the mnccntration can be considered to be mixed in the vertical 
direction. Close to the point of release. or in an unconfined aquifer, the vertical 
dispersion will not be influenced by the vertical boundaries of the aquifer. 
Between these rcgions there is a region where the concentration cannot be 
considered mixed, but the boundaries (top and bottom) affect the dispersion. 
The degree of vertical mixing can be characterized in a confined aquifer of con- 
stant thickness and uniform transport properties by the factor 

& = -  b2 (4.44) 
QTX 

where 

ar = the vertical (transverse) dispersivity, 

b = the thickness of the aquifer (ft), 

x = the distance downgradient of the release. 

The factor 4 can be used to characterize the aquifer in three approximate 
regions: 

(a) If & < 3.3, the release may be considered to be within 10% of being 

(b) If 4 > 12, the release may be considered to be within 10% of being 

(c) If 3.3 < t& < 12, the release is neither completely mixed nor unaffected by 

vertically mixed in the aquifer; 

unaffected by the vertical boundaries of the aquifer; 

the boundaries. 

Difitrent methods apply to each of the three regions. 



. .  

I 

. , h '. 

: 

.. 

4-38 Radiological Assessment 

Ver?icefly Mixed Region (4 < 3.3). For 811 instantaneous release at x - 0, 
the minimum dilution corrected for decay directly downgradient of a source 
would be 

where 

DL = minimum dilution = cdc, 

& = retardation coefficient, 

ne = e f i d ~ p o m s i t y ,  

Vr - volume of liquid source term (a'), 
a ~ . q  = dispersivities (cm) in the indicated direction, 

x = distance downgradient (an), 
b = aquifer thickness (cm), 
t = travel time (y), 

X = decay constant = In 2/r I/z (1 y). 

The travel time, t ,  can be approximated as 

X t - R d ,  U 

(4.45) 

(4.46) 

where U is the pore velocity defined by Eq. 4.8a. 

Unmixed Region (4 > 12). For an instantaneous release at x - 0 on the 
surface of the aquifer, the minimum dilution of the surface of the aquifer 
directly downgradient from the source would be 

r c % ( 4 s x ) 4 1 m a d b )  (4.47) 

2Vr DL - * 

where at, 
am as previously defmcd. 

are dispersivities in the indicated direction and the other terms 

Intermediate Region (3.3 < 4 < 12). For an instantaneous releasc at x = 
0 on the surface of an aquifer, the minimum dilution on the surface of the 
aquifer directly downgradient from the source would be 

. .  . . . . .. . . . _. . , , 
.-- , .  . . . , . .. , .. . . . .  . .  . , .  . . .  . . .  . _ .  

: . .L, , ' _. . . 

(4.48) 

. .  . . . . .  . . .  . .  . . . .  . 
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Radionuclides in Groundwater 4-39 

where 

- n2r2  Q) 

a- I 

(4.49) 

and the other terms are as previously defined. 
The function F(4) is conveniently plotted in Fig. 4.8. It can be easily seen 

that for small values of &, F approaches the value of 1.0, which yields the 
vertically mixed case. For large values of 9. the slope of F is 1/2, and the 
unmixed case prevails. This method may be used for any value of & that can 
be read on Fig. 4.6. 

ORNL-DWG 82-14410 

1 2 5 10 20 50 100 

b2 e = -  
a T X  

Figure 4.8. Mixing factor for confined aquifers. 

4.5.4.2 Groundwater-Surface Water Interface-Instantaneous Source 

For an instantaneous release to the groundwater at x = 0, the minimum 
dilution in an intercepting river, corrected for decay, can be found to be 

(4.50) 
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when 

Q = flow rate of river (an3/s). 

at = the longitudinal dispersivity of the aquifer (cm), 
v, - the volume of release (e& tank volume) (cm9, 

If interdictive or atigativc metbods to restrict water use arc not taken 
into account, population dose from contaminated groundwater is proportional 
to the timeaveraged concentration. Relatively simple equations can be used for 
estimating average concentration in ground water or in surface water supplies 
contaminated by groundwater. Two equations arc presented below that are 
useful for population dose estimates, 

In the case of groundwater flow to an intercepting river, the total quantity 
M (curies) of the dissolved substance entering the river would be 

M - L - F d t .  (4.51) 

where F is the nux defined for either an instantaneous point or vertical plane 
source by Eq. 4.40 or a horizontal area source by &. 4.42. Equation 4.51 can 
be integrated graphically or numerically and in some cases may have an 
analytical solution. 

If dispersion is relatively small (e.g., a, << e), the following 
approximation may be uscd: 

M - Moc''curics , (4.52) 

where MO is the quantity of radioactivity released in~ taneous ly  from the 
source (curies), r is the travel time (y), and A is the decay coefficient (1 /y). 

If the substance is being released from the source at a rate proportional to 
the quantity remaining (e.g., a leaching source term), 

(4.53) 

where A' is the release rate from the source (l/y) and MO is the initial quantity 
of material in the source term (curies). 
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455.2 IDirect Groundwater Usage 

A model for calculating the quantity of a radionuclide ingested by a 
population using the contaminated groundwater was developed by the U.S. 
Nuclear Regulatory Commission (USNRC 1978). Groundwater usage was 
considered to be spatially continuous instead of bdng from dismte well points. 

The total amount of the released radionuclide ingested by the population 
is 

I = the ultimate number of curies ingested from the rclease, 
c = the groundwater concentration (Ci/L), 

Qg = the groundwater withdrawal rate for drinking water 
purposes (m3/d.km2). 

(4.54) 

If all usage is restricted beyond downgradient distance P from the release 
point, Eq. 4.54 may be integrated in closed form to give 

. - -  I -  

where 

(4.55) 

V 2  
Y - - -  

Mo is the total quantity of the radionuclide discharged to the point source, and 
the other terms are as previously defined. 

If usage of the groundwater is restricted between two downgradient 
distances, PI and g2, the curies ingested would be defined: 

4RdDx 

where I ( f! , )  and I(P2) are evaluations of Eq. 4.55 for PI  and e2 respectively. 
Example 1.5. The use of several of the simpler analytical models in Sects. 

4.5.4 and 4.5.5 will be demonstrated by way of a hypothetical example: 
Leakage into the ground rapidly empties a lOoO-ft' tank containing 4000 

&/mL of 3H, 2000 pCi/mL of %r, and 3000 rCi/mL of '"Cs at a nuclear v 

_. ... . 
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. .  

site and remains umMaxaL Tbe site is SO ft above the mean level and 3000 ft 
upgradient from a river that has representative low flow of SO00 ft3/s and is 
the sink for all surfidal groandwater in the area. There art two shallow wells 
located 400 and 2500 ft directly downgradient from the site of the spill. 
Groundwater exists in a homogcn- alluvial w d  layer 100 ft thick under 
water table condithm. for the sand have been determined in the 
near field from shgbwdl tracer tests to be 0.5 ft for a2 and 1.0 ft for aL. 
The bulk density pb of the d is 2 6  g/cm3. Its total porosity n and effective 
porosity ne arc 0.4 and 0.25. respoctiVely. Thc permeability K is 0.02 cm/s. 
Distribution coefficients Kd for the sand have been determined to be 0, 2.0, 
and 20.0 mL/g for dilute solutions of 'H, %r. and 137Cs, respectively. From 

(a) the maximum mccntrations of the radioactive components in the river, 
(b) the maximum concentrations of the components in the near well, 

(c)  the maximum concentrations of the components in the far well, and 

(d) the total quantity of each radionuclide escaping to the river. 
Solrrrion (a) If it is assumed that the source is releasecl over a short 

period. Eq. 4.50 for instantaneous releases may be used to calculate the 
maximum river concentrations of 'H, %r, and "'Cs. First determine the pore 
velocity LI from Eq. 4.8a and the effective porosity ne: 

the above infomation calculate the following 

The gradient 

- - - -  -so ft -0.0167 : AH 
b 3ooo ft 

therefore, 

-2 X 10'2an/~ X -0.0167 86,400 s/d 
0 3  * 30.48 cm/ft I 3.78 ftld . u -  

"he retadation coefficients for 3H, %, and 1370 CII be determined 
from Eq. 4.14: 

R , - I + -  2.6 x 0.0 - 1 , 0.4 'H 

'qsr R , - I + -  2*6 X 20  - 14, 0 

'% R , = I + -  2*6 x 20 - 131. 

0.4 

0.4 

........ 
,r.- 

.. 

. . . .  . .  . . . . .  . .  . .  . .  
. .  

. .  .. L . .. ' 



. . . .  . . . . . . . . . .  . . .  . . . . . . . . . . . . .  .;.>, ..- * . . . .  . . . . . . .  I . : .  Radionuclides in Groundwater 4-43 

g :.:......: .: .:' ?: ,..:?: ::: . .::::.,::;:.,.:.: ,::... : .......... . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . .  . .  . .  . . . .  ..... .. . .  
. . .  

- . ; . 

The travel times for the three components arc calculated by Eq. 4.46: 

The half-lives of 'H, -r, and "'Cs arc 12.3 y, 29 y, and 30.1 y, 
respectively. The dccay-comcted minimum dilutions in the river are found by 
applying Eq. 4.50: 

2x  LOX - ft' x J* x 1.0 ft x 3000 ft 
S 

d 
86,400 t 

'H DL = 
3.78 ft/d X loo0 ft X - 

I Xexp [ - In X2.17 y 
12.3 y 

251 X 10'. 

2 X l 4 X -  ft' x J* x 1.0 ft x 3000 ft 
S %r DL > 

3.78 ft/d X IOOOft X 0 
86.400 s 

= 6.42XlO'. 

2 X 131 X - ft3 x J* x 1.0 ft x 3000 ft 

3.78 ft/d X 1000 ft X 
86,400 s 

xcxp - X284.8 y [ In 30.1 y 

= 2.O5XlOt*. 

The peak concentrations in the river are determined by dividing the tank 
concentrations by the dilution factors: 

0 
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&H) = Jooo rCi/mL/2.51 X lo' - 1.59X lo-' e / m L  * 

&r> = zoOOfi/mL/6.42Xlfl- 3.12X10'5 rCi/mL * 

r(InCs) - 3000 fi/1t1L/205XlO*~ - 1 ~ 6 x 1 0 ' ~  rCi/mL. 

(b) Minimum dilution in well (400 ft downgradient). 

result by calculathg the factor 9 from Eq. 4.44: 
First determine whdher or not thickness of the aquifer would affect the 

Therefore, in this region the release wiU be relatively unaffected by the 

The travel times ut estimated using the retardation factors and pore 
thickness of the aquifer* and Eq. 4.48 applies. 

velocity calculated a b .  

- 0.29 y 4 0 0 f t X l X  y 'H t -  
3.78 ft/d 365 d 

- 4.06ys 4 0 0 f t X 1 4 x  Y 
3.78 ft/d 365 d 

'Dsr t -  

Applying equation 4.51: 

0.2s x i x (4r x 400 f t ) W i  ft x 0.5 ft x 0.5 ft 
2 x lo00 ft' " DL - 

- 226, 

x'15G In2  x4.06y 1 
- 343.6 * 

0.25 X 131 X (4r X 400 ft)%/I ft X 0.5 ft X 0.5 ft DL I 
2 x lo00 ft' 

= 6999.9. 

.... ..... 
. .  

.. 
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The peak well concentrations are therefore 177 pCi/mL for 'H, 5.8 
pCi/mL for %r. and 0.43 pCi/mL for 137Cs. 
(c) Well 2500 ft downgradient. Calculate 4 for this region from b. 4.44: 

- 8.0. loo rty ' 0.5 k X 2000 ft 

Therefore, this well is in the intermediate region, and Eq. 4.48 applies. The 
factor F (4) can be read from Fig. 4.7 to be 1.6. Travel times for each 
component calculated from Eq. 4.46 are 

2s00 ft )( Y = 1-81 y , 
3.78 ft/d 365 d 'H r -  

Applying Eq. 4.48: 

I X 4r X 0.25JO.S f t  X 0.5 f t  X 2500 f t  X 100 It 
1OOOft' X 1.6 'H D L E  

X e x p p  1 2 . 3 ~  X 1.81 y] 

- 271.8 , 

14 X 4% X 0.2SJO.Sft X 0.5f t  X 2500ft X IOOft 
IOOOft' X 1.6 %r D L =  

-6275 , 

13 I X 4 r  X 0.25JO.S f t  X 0.5 ft X 2500 f t  X 100 f t  "'CS DL 
1000ft3 x 1.6 

x x 237.4 Y I  
30.1 y 

= 7.61 X IO6 . 

The peak well concentrations are therefore 14.7 pCi/mL for 'H, 0.32 pCi/ 
mL for %r, and 3.9 X" IO-* pCi/mL for '''(2s. 

.. 
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(d) Quantity Q of each radionuclide eventually reaching river. 
Equation 4.51 applies to this case because'a~ << f (k., I ft vs loo0 ft). 

Travel times arc estimated in part (a) above. The quantity of each radionuclide 
initially in the tank is the concentration multiplied by the volume. Therefore, 

- 1.002x10'ci. 

Q zoo0 pCi/mL X lo00 It' X 28$00 mL/ft3 

= 27,370 Ci,  

Q = 3000 pCi/mL x 1000 ft' x 28,300 m~/ft '  

X C X ~ I E  X284.7 y] X lO-'Ci/pCi 

= 120.7 Ci . 

4.6 MODEL VALIDATION 

Hydraulic flow and transport models can be validat& (tested) 0n.j by 
comparison with field data and, in the case of numerical models, by 
comparison with the analytical solution of a simplified set of equations. i n  
general the model is a set of equations, and validation consists of comparison 
of the solution of these equations with field-measured data. Regardless of 
whether the solution is obtained by analytical or numerical techniques, true 
validation can be done only through comparison with field measurements. 
Agreement of a numerical solution with an analytical solution of the same 
equations shows only that the numerical techniques work and that no errors 
exist in the oomputer code. 

4.6.1 ModdWbrath~ 

Models arc calibrated for a specific problem by starting with an initial set 
of parameter estimates (field- or laboratory-measured), running the model for 
the problem, -4 comparing the results with observed values. If the comparison 
is poor, the parameter @na tes  arc modified, the model is rerun, and results 
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arc again compared with observed data. This process is continued until the 
desired level of agreement between observed data and the simulation is 
obtained (Mercer and Faust 1980). The modification of boundary conditions 
and parameters is subjective and requires a considerable amount of knowledge 
of the region being simulated and experience on the part of the modeler. The 
boundary conditions and parameters used in the final simulation must still be 
in agreement with the knowledge and understanding of the geology and 
hydrology of the site. Through this process the equations of groundwater flow 
in porous media have been well tested and verified. The equations of flow 
through fractured media have been tested to some extent, but the equations of 
transport through fractured media remain largely untested. 

Where enough data on hydraulic heads and variation of head over long 
time periods are available, the inverse of the equations for head can be solved 
for the spatial distribution of permeability. The solution of the inverse problem 
(Newman 1973) is useful because it yields a spatial distribution of parameters 
that are consistent with the hydrology of the site under consideration. In this 
process, field-measured parameters are useful for comparison with computer- 
generated parameters to ensure that the generated values are realistic. 

For the transport equations, the inverse problem has not been solved 
because the results are not unique. 

4.6.2 Misuse of Models 

The three most common misuses of models are overkill, inappropriate 
prediction, and misinterpretation. 

Overkill is defined as using a more sophisticated model than is appropriate 
for the available data or the level of result desired. The temptation to apply 
the most sophisticated computational tool to a problem is difficult to resist. A 
question that often arises is: when should three-dimensional models be used as 
opposed to two-dimensional or one-dimensional models? Inclusion of flow in the 
third dimension, usually vertical, is recommended only in thick aquifers or if 
permeability changes drastically across the thickness of the aquifers. Inclusion 
of the third dimension requires substantially more data than one- and two- 
dimensonal models. For example, saturated-unsaturated flow through a shallow 
land burial site is truly a three-dimensional problem. However, the data are 
seldom available to consider more than one dimension above the water table. 

In many cases, sophisticated models are used too early in analysis of a 
problem. One should begin with the simplest model appropriate to the problem 
and program toward the more sophisticated models until the desired level of 
results is achieved. i n  transport problems the flow modeling should be 
completed and checked against the understanding of site hydrology before a 
transport model is applied. 

Misinterpretations usually arise because inappropriate boundary conditions 
were selected or the hydrologic history of a site has been misread. Under either 
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oftbae conditions the simuIatal data will not match tbe hydtolosic history of 
thesite. 

Whap the worst misuse of a modcl is blind f.ith in model multti. 
Sbahtad data that contradict hydrologic intuition a h a t  always arise from a 
mistake in some data entry, an error in the annputc~ aoQt, or applicntioa of a 
moddtoa problem for whicb it was not daiped. Thehttercese can occur in 
appbtbn of an analytical solution that was obtriaed psing boundary 
amditbm that are different from those to which the oohrtion is being applied 
(Macer and Faust 1980). 

Highquality field data on contaminant or rdiomcIide transport in 
groundwater arc scarce. The collection of data naoegvy for very detailed 
modeting efforts is extremely d y  since the aquifer inwhich the transport is 
takiq place can be measured only indirectly from wtlla several well-known 
vaIidation efforts arc discussed by Roberston (1974b). CdeU (1978), Pinder 
(1973). Wilson (1978), Evenson and Dettinger (1980). Andenon (1979), and 
Isherwood (1981). 

4.7 PROBLEMS 
1. Saturated groundwater flow-Determine the seepage velocity for an 

average coarse gravel for a groundwater gradient of 0.002 

2. unsaturated flow-A water balance shows that IO cm/y of water infiltrate 
t k  ground and recharge the water table. Calculate the average downward 
velocity of the water in the unsaturated m e ,  which is a fine sand. 

3. Retardation cocfficicnt-calculate the retardation coefficient for cesium in 
an average sand with a bulk density of 2.8 g/cm3 and K, of 50 mL/g. 

4. Groundwater concentration-calculate the conantration as a function of 
time 1500 m directly downgradient of a 1-Ci instantaneous point source in 
an inftmitely deep aquifer. The seepage velocity is 1 m/d. The x, y, and z 
dispcrsivities arc 50 m, 20 m, and 1 m, respactively. The effective porosity 
i s  0.2. The retardation coefficient is 20. The half-life of the substance is 10 
Y. 

5. Dilution in groundwater-For the same conditions in problem 4, consider 
that the 1 Ci was dissolved in lo00 L of water. calculate the minimum 
dilutionin the well using tbe equations of sed. 4.5.4.1. 

6. Dilution in river-For the same conditions as problem 4, calculate the 
minimum dilution io an intercepting river having an average flow rate of 
10 m3/s. 

'7. Population dose for average usage-Waste is being discharged to an 
aquifer ingested by downgradient users at a rate of 0.1 m3/(d km?. All 

4 ... . -  
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users are greater than SO00 m and less than l0,OOO m downgradient. The 
properties of the radionuclide and the aquifer an  U E 1 m/d. a, = 100 
m, ne = 0.2, Rd = 3, b = 100 m, = 30 y. Calculate the curies 
ingested for each curie released. 

8. Groundwater flux-Equation 4.51 is an approximation only. The true total 
quantity of flux passing a plane is more accurately determined by 
integrating the flux expressed by Eqs. 4.41 or 4.42 from r = 0 to r = 00. 
Graphically integrate the flux from Eqs. 4.41 or 4.42 for a range of 
parameters and determine how well Eq. 4.54 agrees 

. . . .  . .  . . . . . . . . . :.. . ' . .  . . .  . .  . . . . . .  . 
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5 Terrestrial and Aquatic 
Food Chain Pathways 

Harold T. Peterson, Jr.* 

5.1 INTRODUCTION 

Radionuclides discharged into the environment can result in radiation 
exposure of man through a variety of mechanisms. Radioactive materials pres- 
ent in air, water, or food can be inhaled or ingested into the body. Some of 
these materials may become incorporated in tissues and organs, thereby result- 
ing in  internal irradiation of body organs. Radiation doses can also result from 
absorption in the body of radiation emitted from extracorporal radioactive 
materials. This external irradiation may be due to beta and gamma radiationt 
emitted from radioactive materials in  air or water or deposited on the ground, 
or from direct radiation from nuclear facilities, waste storage facilities, or 
nuclear weapons. 

A simplified diagram of the routes by which radioactive materials released 
from a nuclear facility can reach man is shown in Fig. 5.1. Each of these pos- 
sible routes that can lead to radiation exposure of man is termed an exposure 
pathway. As can be seen, these routes are both numerous and varied. In some 
cases they are relatively simple, such as inhalation of airborne radioactive 
materials. In other cases, these routes may be complex multistep processes. For 
example, particulate radionuclides are deposited onto forage, which is then 
eaten by a cow; a portion of the material ingested by the cow may be secreted 

*Senior Environmental Health Physicist, Office of Nuclear Regulatory Research, 
U.S. Nuclear Regulatory Commission. Washington, D.C. All views expressed in this 
Chapter are the personal views of the author and should not be taken as the official 
views of the Nuclear Regulatory Commission or of its staff. 

'Alpha radiation will not penetrate the dead layer of skin and therefore is not a 
significant form of external irradiation. 
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into milk, which is consumed by man. This is known as the air-grass-cow-milk 
pathway. 

Unlike atmospheric and hydrospheric dispersion processes which invari- 
ably lead to a dilution or  lessening of the concentration of a radionuclide in the 
environment, some of these environmental aransport procffscs can lead to phys- 
ical, chemical, or biological reconcentration so that the concentration of a 
radionuclide in an environmental medium may be considerably higher than the 
initial concentration of the radionuclide in air or water at  the point of release. 
This will be termed bioaccumulation. although it should be recognized that 
sometimes the underlying mechanism may be due to physical or chemical 
processes rather than those involving living organisms. The purpose of this 
chapter is to discuss these environmental transport processes and the methods 
by which they may be evaluated. 

5.1.1 Ecosystems 

An ecosystem is the combination of the abiotic (nonliving) physiochemical 
environment and the assemblage of biotic (living) organisms that combine 
together to form an interrelated and interdependent system, an ecological sys- 
tem or ecosystem. This interdependence between the nonliving and living com- 
ponents is an important concept in understanding the effect of man's actions 
on his environment and in describing radionuclide transport processes. 

As shown in Fig. 5.1, there are three primary' types of basic environ- 
ments, or ecosystems, that can be used to provide a natural classification of 
radiation exposure pathways: the terrestrial (land). aquatic (freshwater), and 
marine (saltwater) ecosystems. There is also a fourth ecosystem, the estuarine 
ecosystem, which has characteristics that combine the qualities of both the 
aquatic and marine ecosystems. 

The various radiation exposure pathways will be discussed separately by 
grouping them according to these ecosystems. It should be recognized, how- 

.C. , ~ ~ = : . - ~ z p ~ ~ . : - . q ; . , : u  e+' -yr .* B ever, that such a distinct grouping is somewhat artificial since, as shown in 
Fig. 5.1, there are pathways that cross between the different types of ecosys- 
tems. For example, water from a river containing radioactive materials may be 
used for irrigation of crops, thereby entering the terrestrial ecosystem. Simi- 
larly, radioactive materials adsorbed onto soil may be washed off into a river, 
pass through an estuary, and eventually be deposited in the ocean, thereby 
involving all four ecosystems. 

5.1.2 Types of Exposure Pathways 

Exposure pathways can be classified according to the temporal relation- 
ship between the radionuclide concentration in the environment and the rate of 

*Ecologists divide these still further into regional ecosystems or biomes such as for- 

.. 

est, tundra, prairie, rain forest, etc.. which differ in their characteristics. 
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release of that radionuclide from a nuclear facility. Three general classes of 
pathways am be defmcd based upon this relationship: (1) transitory exposure 
pathways, (2) iategrating exposure pathways, and (3) cumuIativc-intcgrating 
exposure patbways. 

A t ranshy utposu~e pathway is a pathway where the radionuclide con- 
.centration is directly proportional to the rate of release of the radionuclide into 
the environment: 

Cr(r) - concentration of radionuclide i ia the environment at the 
time 1, 

a ( r  -T) - activity release rate of radionuclide i at time f-7, and 

w,(r,r) - dispersion function that describes the relationship between 
the concentration and release rate. 

The environmental concentration will persist only as long as there is a 
continuing release of the radionuclide into the environment. 

An example of a transitory exposure pathway would be external irradia- 
tion from a short-lived gaseous radionuclide. In this case the dispersion func- 
tion would be an atmospheric dispersion model: 

where 

x(r,&r)/e = value of the atmospheric dspersion function at location 
(r.4) and time r, and 

-Al? 
e = factor that accounts for radioactive decay duriag transit. 

Tbe airborne concentration would be 

c,(r,e,f) = a (r,e,r) = (r,e,r) PQi(f - T )  . l e  1 
- 0  

\ 

. . .  . . . . . . . . .  . .  . . . . . .  . .  . .  
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The radionuclide concentration in an integrating exposure pathway 
increases with continuing release of radioactive materials into the environment 
and may persist beyond the cessation of these releases. The concentration of 
radionuclide i is given by the time integral of the release rate and functions 
representing the dispersion and buildup processes: 

where 

u(s.2) = a transfer function that describes the accumulation process. 

A simple example of an integrating exposure pathway would be the 
buildup of a radionuclide released into a small lake or pond. If initial mixing is 
neglected, the dispersion function is simply the inverse of the pond volume, 

W(S.7 )  = 1/Y . 

The rate of change of the concentration of radionuclide i would be 
described by: 

where 

V = volume 

X = radioactive decay constant for radionuclide i ,  and 

v = outflow rate from the pond (volume per time). 

The solution to this equation is 
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The transfer function can be seen to be cxp& +G/V)s. For a constant release 
rate of Qt(t-7) - Q, the amcentration is given by 

which asymptotically approaches an quilibrium .value of 

Figure 5.2 shows the buildup of two radionuclides in an integrating path- 
way, a short-lived radionuclide (TH = 10) and a much longer lived 
radionuclide ( TH - l0,OOO) for a system where i/F' - 0.02 As is evident, the 
hger-lived radionuclide takes a longer time to approach an equilibrium level, 
and that level is higher than for the shorter-lived radionuclide. 

- 

LONG LIVED - - - 
SHORT LIVED 

5 - - - - - - 
I I I I 

a 0 50 loo 150 100 250 300 350 
TIME ( I b i t r ~ ~  unlti) 

Figure 5.2. Aoaunulatioa of a short-lived and a 
long-lid radionuclide in an integrating exposure 
pathway. 
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The cumulative integrating exposure patbway involves a second integrat- 
ing process. In this type of pathway the radionuclide concentration in the 
medium of interest is derived from a integrating exposure pathway. The con- 
centration in this second medium is given by: 

where 

v ( r )  = a buildup function. 

An example of a cumulative integrating pathway would be a fish that 
lives in the pond used in the preceding example of integrating pathway. Let 
the rate of accumulation of radionuclide i in the fuh be described by 

(5.3a) 

where 

C,(t) = radionuclide concentration in water, 

CFi(t) = radionuclide concentration (per unit mass) in the fish 

l i  = rate of intake (uptake) (volume per unit mass), 

X i  = radioactive decay constant, and 

at time r ,  

I = rate constant for biological elimination of the stable element i. 

The solution for the radionuclide concentration in the fish is 

(5.3b) 

. . .  . . .  . . .  . .  . .  . .  
. . . . . . . .  

,._ . .  

. . .  . . . .  



5-8 Radiological Assessment 

. .  I 

\ 

. If Eq. The accumulation function can be ldcll to be w(t ) - - lc  (A, + rk 

( S A )  is substituted for G(t) and the initial radionuclide concentrations in 
both fish and water are zero. the result is 

The concentration in the fish asymptotiCany approaches an equilibrium value 
of 

Figure 5.3 shows the uptake predicted by this equation, with r 
corresponding to a biological half-life of 300 and I = 1 for two radionuclides 
having radiological or physical half-lives of 10 (short-lived) and 10,OOO (long- 
lived). As in Fig. 5.2, 6 / 3  - 0.02. 

In addition to providing insight into the development of models for dose 
assessment, the classification of an exposure pathway as transitory, integrating, 
or cumulative integrating has significance in determining the sampling or 
measurement frequencies for environmental monitoring programs. The environ- 
mental radionuclide concentration in a transitory exposure pathway will vary 
directly with the release rate and, therefore, can be highly variable with time. 
For this reason, accurate estimation of this concentration requires continuous 
or integrating monitoring such as continuous air particulate sampling or ther- 
moluminescent dosimetry. The radionuclide concentration in an integrating 
pathway is lcss variabk, as the integral of the release rate will be less variable 
than the releast rate itself. For this reason, batch sampling rather than contin- 
uous monitoring may suf'fice if the effective mean life of tbe radionuclide in 
the environment is long compared to the interval between samples. The 
radionuclide concentration in a curnulativc integrating pathway will vary even 
more slowly with fluctuations in the radionuclide release rate than in an 
integrating pathway. In such situations, annual sampling may be sufficient to 
determine the concentration of moderately long lived radionuclides. 
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RADIONUCLIDE 

LONG LIVED 

0 
0 

0 50 100 150 100 250 300 350 
TIME Iarhwarv unml 

Figure 5.3. Uptake of a short-lived and a long- 
lived radionuclide in a cumulative integrating 
pathway. 

5.13 Preseotation of Material and Selection of Model Parameter Values 
The organization of this chapter emphasizes environmental transport 

processes and an understanding of the basic assumptions and limitations 
involved in the measurement and use of environmental transport parameters. 
Particular emphasis is placed upon kinetic or timedependent models of envi- 
ronmental transport proctsses. Although static or equilibrium models and 
parameters derived from equilibrium measurements arc commonly employed 
for environmental radiation dose assessment, these models arc generally appli- 
cable only to continuous~rclease situations. In order to evaluate doses from sin- 
gle or intermittent relcases (such as accident situations) or to compare 
predicted environmental concentrations with levels measured under transient 

. .  
. . .  . .  . .  
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e x p u r e  situations, a basic Mdastanding of the temporal variation of 
environmental proasses is mxsaq. The timedependent environmental trans- 
port mod4 can usually be readily adapted for continuous release conditions, 
whereas it is generally difficult to adjust static or equilibrium models and 

ever, be uscd to estimate the total intake from a transient situation. 
The parameter values. presented in the tables or text should be viewed as 

examples of possible values rather than as recommended "best' values based 
upon an exhaustive st8cch of the literature. Then is no single parameter value 
that is applicable to all exposure situations. Were possible, several literature 
values arc presented ia orda to give the d e r  an appreciation of the variabil- 
ity of the measured values. 

Some efforts have ban made to analyze the statistical distribution of 
reported parameter measurements [FUL-70, HOF-79, and later sections of this 
text]. These efforts are valuable io understanding the possible ranges of 
parameters and the degrce to which a particular numerical value may result in 
underestimates or overestimates of actual doses. However, there are cautions to 
be observed in using such statistical tabulations. These evaluations generally 
assume that various parameters are statistically independent and unrelated. 
However, in many situations there may be interdependence between various 
parameters. A simple illustration of this is the relationship between the frac- 
tion of airborne deposition retained on vegetation and the amount consumed by 
a grazing animal. For sparse Vegetation, less of the deposited material is 
retained on the vegetation, but the animal must browse over a much greater 
land area to consume its daily food requirements, thereby increasing its 
radionuclide intake. Failure to consider such interrelationships and treating 
factors separately may result in apparent statistical ranges of combined param- 
eters that arc much greater than actually possible in nature. 

Another factor in using parameters from such statistical distribution is the 
choice of the appropriate percentile of the distribution for selection of the 
parameter value. selection of an extremely high percentile will ensure that the 
resulting dose estimates axe conservative (in the sense of limiting the possibility 
of underestimating actual doses), but the combmed selection of all parameters 
in a model at an extreme range (say the 99th percentile) will seriously bias the 
estimated d o a  In this author's opinion, the usc of such conservatism was bet- 
ter suited to times when the individual dose iimit was 500 millirem per year, 
than when used for numerical cust-benefit (optimization) analyses which 
underlie current environmental radiation standards (such as NRCs Appendix I 
to 10 CFR Part 50 or EPA's Uranium Fuel Cycle Standards in 40 CFR Part 

parameters to handle transient rekse adiths.  The static values CIUI, how- 

oParametcrs deriwd by this outher from other pubbhed data are so indicated or 
arc enclosed in parentheses. \ 
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190). Such analyses require "realistic"* dosc estimates rather than conservative 
overestimates in order not to distort their underlying objectives. The use of 
realistic choices for parameters, together with knowledge of their possible 
ranges and an understanding of the environmental factors which affect them, 
should lead to better dose assessments than the arbitrary choice of extreme 
conservative assumptions. 

5.2 THE TERRESTRIAL ECOSYSTEM 

5.2.1 Introduction 

The terrestrial ecosystem is the most important of the four general clas- 
sifications of ecosystems. Not only does man reside within this ecosystem, a 
significant portion of human food also comes from terrestrial sources. Radioac- 
tive materials can enter the terrestrial ecosystem in a variety of ways: from the 
atmosphere through deposition, from water used for irrigation, or from soil 
contaminated by ground water or deposited radionuclides. 

Some of the principal exposure pathways do not involve bioaccumulatioa 
mechanisms. These direct exposure pathways are generally transitory and 
include: inhalation (and transpiration), external irradiation from airborne 
materials, and external irradiation from radioactive materials contained within 
buildings or storage tanks. Radiation doses from these sources can be 
estimated directly from atmospheric diffusion calculations, shielding calcula- 
tions, and knowledge of occupancy factors or inhalation rates. (See Chapter 6) .  
Although these direct pathways may be major contributors to radiation doses 
from nuclear facilities, they do not involve bioaccumulation processes and will 
not be discussed here. 

The principal terrestrial exposure pathways that do involve bioaccumula- 
lion processes are generally integrating or cumulative integrating exposure 
pathways. These include buildup of deposited radionuclides on soil and vegeta- 
tion, transfer of radioactive materials from the soil to plants, and incorporation 
of radioactive materials in animal products such as meat, milk, and eggs. 

'3L;6*y+... e... b' .%-.A*...-. .. *. 

*- 
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.By 'realistic." I mean a combination of a model and its parameters that results in 
calculated doses. dose rates. or environmental radionuclide concentrations which are 
close to values actually measured in thc environment. Whether a model (and its param- 
eters) is 'realistic" can be determined only by field verification of thc predicted values. 
The underlying model (or algorithm) may be a simplistic (or even incorrect) representa- 
tion of actual environmental processes or bioaccumulation mechanisms. However, such 
a model. if it gives reasonably accurate predictions, may be preferable to a highly 
sophisticated, theoretically correct model that requires so many input parameters that it 
cannot be reasonably applied in practice. 

,/ 
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The buildup of r a d h d u h  - on vegetation or io soil as a result of deposi- 
tion of airborne radiorcti*e materials is an important process in several expo- 
sure pathways. It is a major source of radionuclide contamination of terrestrial 
food products such 1s vegetables, meat, and milk. Deposited beta- and 
gammacmitting radionuclides oontriiute to exposure from external irradiation. 
Deposited radioactive matuials also can become airborne due to wind action 
(resuspension) and serve as a source of radionuclide inhalation or additional 
ground contamioatim. 

The rate of accumpfBtioll of deposited material at a particular location 
( x y )  is given by the product of the air concentration at specified height above 
that location, x ( x y j J )  and an empirical rate constant, vg, which has units of 
velocity (distance/timc, e%, meters per second) and is termed the deposition 
velocity: 

where C A ( X ~ J )  is the areal concentration (activity per unit area). Material 
deposited onto soil or vegetation can be removed by leaching or washoff from 
rain, by resuspension. or physical removal by harvesting or by ingestion by her- 
bivores. These biephysical removal processes will be depicted by a single 
removal rate constant, I .  In addition, there are losses due to radioactive decay. 
The net rate of radionuclide buildup, allowing for these removal mechanisms is 
given by: 

The general solution to the above equation c 8 ~ 1  be found by segregating 
the terms containing C~(xy,f ) ,  multiplying both sides by an integrating fac- 
tor of and integrating. The deposited activity at a time T2 is:* 

.Note tbat deposition is an integrating p- with an accumulation function of 
e(r+U. 

. . . . .  ; . . . . . . .  . .  . . . . .  
. .- , 

. . . . . . . . .  . . .  . . . .  , .. 
. .  
. . .  

',.. :. . .  . .  



, .:__. ::. .:. : :. .......:. .....-:....... :.: ..:_ ...’... . . . .  
. . .  . .  . 

. .  . . .  . . . .  . .  . . . . . .  . .  . . . . .  . 
, . _- . _ . _ _ _  . . . . . .  . . .  .: ...; ..: . .  . . . .:_ , . . . . .  . . . .  . . .  . . .  . . .  

Food Cbain Pathways 5-13 

For a constant airborne concentration, x(x ,y ,z , r )  = j T ( x y s )  the solu- 
tion [for TI = 0. CA(x ,yp)  = 0 and T2 = T] is: 

(5.7) 

This shows that the deposited radioactive material will buildup with time 
a t  a rate determined by the deposition velocity, vs. the average airborne con- 
centration, j? (x ,y j ) ) ,  and the removal rate constants r and X and will asymp- 
totically approach an equilibrium value of 

For long-lived radionuclides, the equilibrium deposition will be limited by 
the biophysical removal rate constant, r, as X will be small. For short-lived 
radionuclides. the equilibrium areal concentration will also be limited by the 
radioactive decay constant A. As would be expected, with quivalent deposition 
velocities and air concentrations, the equilibrium amount of deposited material 
will be higher for longer-lived radionuclides than for shorter-lived radionu- 
clides. 

Exumple 5.1. Calculate the ratio of the equilibrium deposition on grass of 
radioiodine-I 31 (TH = 8.05 days) to the atmospheric concentration, assuming 
a vg of 1 cm/sec and a removal half-time from biophysical processes (i.e., 
other than radioactive decay) of 14 days. 

This ratio is given from Eq. ( 5.8:) 

In 2 
14 

r p  = - = 0.0495 d-‘ 

A=---- In = 0.0861 d-’ 
8.05 

vg = (0.01rn/sec)(8.64X 104s/d) = 864 m/d, so 
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[End of Exampk] 

For long-lived radionuclides, the equilibrium deposition will be limited by 
the bio-pbpical removal rate constant I as X will be small. For short-lived 
radionuclides, the equilibrium areal concentration will also be limited by the 
radioactive decay constant A. As would be expected, with equivalent deposition 
pelocities and air concentrations, the equilibrium amount of deposited material 
will be higher for longer-lived radionuclides than for shorter-lived radionu- 
clides. 

As noted previously, the deposition velocity is an empirical parameter 
whicb is measwed in field experiments. These experiments arc generally 
short-term so that removal processes and radioactive decay can be neglected. 
In this case, equation (5.5) can be integrated directly to give: 

Dcpositioa velocity can also be expressed in terms of the flux of material 
(deposition rate) as 

(5.10) 

The deposition velocity is determined by measuring the amount of material 
deposited per unit area during time T, and dividing this by the timeintegrated 
air concentration at a reference height (2) above the test area. This height is 
usually 1 m. The air concentration is usually determined by placing an air 
sampler at I m above the test plot. The amount of activity deposited can be 
determined by survey meter readings taken at a known faed height above the 
plot (or by field gamma spectrometry) together with a conversion factor to 
convert the counting rate or exposure rate into activity per unit area. A second 
method of measuring deposition is by carefully cutting the vegetation from a 
known area of the test plot and determining the amount of deposited material 
by radiochemical or gamma spectrometric analysis. Deposition vefucities meu- 
sund by these two methods will not wuully ugru. 

. . .  . .  . . . . .  ;. ;. 
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If the survey instrument method is used, the measurement will indicate 
the total amount of deposition, including material deposited on vegetation and 
material deposited onto the soil. If only the vegetation is analyzed, the deposi- 
tion velocity will reflect the deposition rate only onto vegetation. The ratio of 
the amount of material deposited onto vegetation to the amount of total depo- 
sition is termed the retention factor, /R: 

amount of material deposited onto vegetation 
amount of total deposition oat0 soil + vegetation * f R  - 

Table 5.1 contains representative measurements  off^. The retention has also 
been reviewed by Miller et al. [ MIL-78 J and Miller [ MIL80al. For deposition 
onto forage, Chamberlain [CHA-701 gives a functional dependence between 
JR and the dry forage density YD(kg/m2): 

where y ranges between 2.3 and 3.3 m2/kg for forage crops. Miller [MIL-67] 
found higher values of y for dry deposition and values about 2.25 times higher 
for deposition under damp conditions (relative humidity greater than 90%), as 

Tobk 5.1. Fraction of total initial &position retained a, vegetation 

Fraction of 
Initial deposition on 

Dry Ratio 
Vegetation densit{ Vegetation Soil + Total/ 

lYpc 4 / m  IR Detritus Vegetation Reference Material 

Elemental Iodine Wheat grass 0.050 (0.42) (058) (2.38) HAW-66 
(0.72) (0.28) (1.39) HAW-66 

Pasture grass 0.071 (0.74) (0.26) (1.35) HAW-66 
(0.63) (0.37) (1.59) BU-68 
(0.71) (0.29) (1.41) BU-68 
(0.59) (0.41) (1.69) BU-68 
(0.59) (0.41) (1.69) BU-68 

12 (Windscale) grass -0.20 0.82+0.09 (0.18) (1.22) 8 0 0 - 5 8  

12 clover 0.042 (0.27) (0.73) (3.67) CHA-60b 
0.026 (0.72) (0.28) (1.38) CHAaOb dandelion 

dandelion 
dandelion 

0.042 (0.24) (0.76) (4.11) CHA-60b 
0.046 (0.29) (0.71) (3.4) CHA-60b 

(0.31) (1.46) PET-72 
particles 44-88 wm Blue grass OS7 0.79 (0.21) (1.26) PET-72 

Bermuda grass 0.52 6.82 (0.18) (1.22) PET-72 
0.76 ., (0.24) (1.31) PET-72 

Simulated lallout Fcscuc grass 0.44 0.69 

Zoysia grass 0.75 
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shown in Table 5.2. In using deposition velocities from the literature, it is n e e  
css81y to ascertain which method of measuremeat was used, since as the 
results can differ by a factor of 4 or more. selectioa of the appropriate deposi- 
tion velocity will depend upon the pathway being malyzcd. If external e x p  
sure from deposited material is of primary iaterest, tbea tbe deposition velocity 
which should be used is the total deposition velocity including both vegetation 
and soil components. If deposition onto vegetation is of primary interest as an 
input to determining the radionuclide concentration in a food product, then the 
vegetation deposition velocity (v,) rather than the total deposition velocity (v,) 
should be used, or the total deposition velocity &odd be multiplied by the 
reteation factor fR; vg - f R  v,. Although it is mt often recognized, the d e w  
sitioo velocity used in plume depletion calculations should be the total 
deposition velocity v, rather than the vegctatian dqmsithn velocity. 

52.23 Factors Affecting Deposition 

face as 
T-. Sehmel and H o d p n  [SEH 76a] give the deposition flux to a sur- 

dC I$ = -(e + D)-  -v-c  , 
dz I 

where 
N - mass flux (mass/area time), 

C - air concentration (mass/volume), 

v,, - terminal settling velocity (distancc/time), 

dc/dz - the variation of the air concentration with height. 

D = Brownian diffusion constant for the material (area/time), and 

t = eddy diffusion constant (eddy diffusivity) (-/time). 

Tbe eddy dirrusivity describes transport by atmospheric turbulence, while the 
Brownian diffusivity describes molecular diffusion. 

By defmition, the deposition velocity is the flux per unit air concentration 
and, therefore, is given by: 

' = ( c + D ) ~ + v -  dlnC , 
V I = - -  

C 
e 

\ 

(5.12) 

. . . .  - .  ... . . . . .  . .  . .  . .  . .  . .  
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A. Silicate particles [ MIL-671 

Damp Conditions Dry Condiionr 
Damp 

Plant d g )  (m2/kg) T(ft'/g) (mz/kg) t)ry 
Bern 0.104 9.67 0.042 3.91 2.41 
&et 0.130 12.1 0.060 5.58 2.11 

6 Cabbage 0.036 3.35 0.022 2.05 1.63 
Carrot 0.049 4.56 0.024 2.21 .2.04 
Corn 0.032 2.98 0.046 4.28 0.70 
Leek 0.035 3.26 0.014 1.30 2.51 
Lettucc 0.150 14.0 0.051 5.30 2.64 
Orange 0.070 6.51 0.024 2.23 2.92 
Potato 0.149 13.8 0.074 6.88 2.00 
Grass 0.132 12.3 0.072 6.70 1.84 
(Grass from 
Table 5. I ) 6.05 

B. Simulrtcd Fallout (1-44 rm) [WIT-71 1 

y, 
Plant (8/r1? (kg/ml) r(ft1/8) T(m?/kg) I,,* 

Soybean 
(leaves) 12.80 0.138 0.025 2.32 0.321 
(stem) 9.28 0.100 0.008 0.114 0.074 
(total) 22.08 0.238 0.033 3.W) 0.395 

_ _ _ - - - -  

Sorghum 
(ICMVCS) S.44 O.OS8S 0.017 1.58 0.091 
(stem) 6.34 0.0682 0.001 0.093 0.004 

0.38 0.0041 0.758 70.51 0.288 (axil) 
(total) 12.16 0.130 0.776 72.18 0.383 

__- -~ - -  

C. Simulated Fallout 04-81) pm) IWlT-lO] 

y I)  

Plant cg/n:) (kg/m') ~ c r t ' / ~ )  t (m*/kg) r,* (r,) 

Squash 6.37 0.0685 0.196 18.2) 1.249 0.713 
Soyhein 11.41 0.123 0.090 8.37 1.027 0.643 
Sorghum 5.38 0.0578 0.091 8.46 0.489 O N ?  
Tespdeza 1.88 0.020 0.040 3.72 0.07s 0.0724 
Peanuts 4.45 0.0478 0.022 2.046 0.098 0.0932 

D. Simulated Fallout (88-175 pn) [WIT-69 and WlT-7Ol 

Yll 
Plant 

Squash 
Soybean 
Sor~hum 
Terpcdcza 
Peanuts 

White Pine 
Red Oak 

6.37 
1.41 
5.38 
1.88 
4.45 

44.64 
9.88 

0.0685 
0.123 
0.0578 
0.020 
0.0478 

9.480 
0.106 

0. I 39 
0.101 
0.020 
0.010 
0.01 3 

0.0054 
0.0354 

12.93 
9.40 
1.860 
0.93 
1.209 

0.302 
3.29 

fR* 

0.811 
1.152 
0. IO8 
0.019 
0.058 

0.242 
0.349 

( I R )  - 
0.587 
0.684 
0.102 
0.0186 
0.0562 

0.214 
0.295 

'From [MIL-gOJ: r, - I - crd-TYg).  where Yg i s  the dry wgecacion density (tglm') m d  7 h u  UniU or m2/tg. Foc small valua of YD. I - 
exp( -,Yo) = v Y D  - f; which is  the form urcd by Miller [MIL471 and other ruthon citcd rbovc. 
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w b a e  d In C = dc/C. The terminal sctthg velocity (or Stokes velocity), 
w-, for a particle is (to a first approximation) given by: 

. .  

(5.13) 

wheFe g = gravitational acceleration cmstaot, 

d = particle diameter. 

p - particle density. 

3 = viscosity of air, and 

p’ = density of air. 

The terminal settling velocity and. consequently, the deposition velocity is pro- 
portional to the product of the particle density and the square of its diameter.. 
The eddy diffusivity. c, is a function of atmospheric stability and is given by: 

c(z) = dzl(di i /dz)  * (5.14) 

where 
I - height above ground surface, 

dC/dz - vertical wind speed gradient, and 

u8 = fricrion velocity, 

which is related to the wind speed variation with height: 

(5.15) 

where k is a constant (von Karman’s coostant, 0.41) and zg is the height at 
whicb the wind speed goes to zero and is termed the surfbce roughness or 
r o u g h  lengrh. Both U. and zo can be determined from the variation in 
wind speed with height. - -- 

7l1~ quore root of this product, (p62)H, is termed tb~-4CrodyMmic diamrcr of 
the particle. ” 

. .  . . .  . .  . .  . .  . .  
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When these terms are inserted into Eq. 5.12, the result is 

Although the actual expressions derived by Sehmel and Hodgson are con- 
siderably more complex than this equation. the above relationship docs qualita- 
tively indicate the principal parameters that influence the deposition velocity. 
The deposition velocity for larger particks increases with particle size (settling 
velocity term), but increases with decreasing particle size for small particles 
due to Brownian diffusion (see Figure 5.4). Sehmel and Hodgson also predict 
that the deposition velocity will be proportional to the friction velocity, u., and 
the surface roughness, zo. 

Experimental evidence. Field and small-scale experiments conducted in 
Idaho [HAW-66, ZIM-69, BU-66, BU-681 showed that, at least for unstable 
atmospheric conditions, the deposition velocity of radioiodine varied with the 
parameter d/P (the square of the friction velocity divided by the wind speed) 
and could be expressed as a function of either U. or P. Numerous experiments 
[HAW-66, ZIM-69, BU-66, BU-68, “-74, HEI-761 have shown that the 

OANL- DWG 82 16796 

- - - 
10-2 10-1 100 10’  10’ 

PARTICLE DIAMETER Irml 

Figure 5.4. Effect of particle size and surface 
roughness on predicted deposition velocities. 
From [SEH-76a]. 
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deposition velocity for radioiodine hxcascs witb increasing vegetation densit) 
YO. 

There is considerable evidence that the codition of the leaf surface ha 
an important influence on the dtposition velocity for gases. Whether the pore 
on the surface of the leaf (stomata) are open (daytime) or closed (nighttime 
appears to be the most important factor, as higher leaf uptake, hence highel 
deposition velocities, of C O z  [CHAaOa, CHA-701, 0 3  [CHA-70], NO1 
(CHA-701, tritiated water vapor [ BEL-791, and radioiodine [ HCU-63 J have 
been reported when the stomata are open than when they arc closed. 

'Increased radioiodine deposition velocities hare been attributed to high 
relative humidities rBAR-63, MIM7, "-761. Hcincmann and Vogt [HEI- 
e] found a twofold higher deposition velocity for iodine deposition onto 
moist grass over dry grass There is some evidence from the Idaho CERT data 
that the radioiodine deposition velocity increases at tow temperatures and low 
relative humidities; however, there does not appear to be a consistent relation- 
ship that applies to all experimental studies. Measured deposition parameters 
arc summarized in Tables 5.3, 5.4, and 5.5. 

5.2.2.4 Wet Deposition 

In addition to dry deposition, radioactive materials may also be scavenged 
from the air by precipitation (rain, snow, and sleet) and deposited on the 
ground. The rate of total (wet plus dry) deposition can be expressed as (after 
Pierson and Keane [PEI-621): 

(5.17) 

where 

vg = dry deposition velocity (m/sec), 
b = fraction of material retained on vegetation from wet deposition (anal- 

ogous to /R for dry deF$ion), ... . 

& = rainfall rate (m/sec) [(&(m/scc) = 2.8 X lO-'&(mm/hr)], 

b - rate constant for loss from vegetation from ptoctsses other than 
washoff (including radioactive decay) (1 /set), 

k = constant describing the loss of material from vegetation due to 
washoff ( l /m) (see Section 5.6.7). 

.. 

... . .  . . .  , . 
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' a ,  ... 
. . .  

12 wheat granor 
puture grl l l  

w h a t  grass or 
pasture gr in  

d q  gran 
pasture grln 
Pasture g r i n  
moist gr in  
pasture g r i n  
rye grin 

g r i n  
clover 
clover 
clover 
dandelion 

CHlI  pasture gr in  
pasture gr in  

pasture griu 

unstibk 

stable 

stible' 
night 

ncutril 

stable 
unstable 
nible  

unstable' 
unstable 
stable 
stable 

8 

5 

I 8  
2 
2 
5 
I 

12 

4 
5 
I 
I 
2 
I 

I 
I 
I 

(1.17 i0.69)E-OZ 

(0.11 f0.2)E-02 

( I .03 i 0.15)E-02 
( 2 . 6 t  1.3)E-02 
( 1 . 1  f0.17)E-OI 
(2.1 f 2.2)E-OZ 
IE-01 
( 8 . 6 i  6.8)E-Ol 

VI - (2.OfO.4)E-04 
(2.0f  1.3)E-02 
( I .2 f 0.2E - 02 
1.OE-03 
(1.1 t0.3)E-02 
5E-03 

-IE-04 
IE-06 
7 E - 0 6  
IE-05 
(0.14-2.4)E-05 

(2.25f I.O)E-Ol 

(3.9 iZ.8)E-02 
(7.0 f 2.5)E-04 

1.6E-01 
( ) . O f  2.9)E-01 

9.OE-04 
2.9E-04 
3.6E-03 

-6E-05 
-2E-07 
-)E-01 
4.2E-06 
(0.58-I0)E-W 

0.1 2 f0.04 

(4.6f 3.O)E-02 

(1.9f 5.1)E-02 
0.13 i0.15 
( 1 . 9 i  I.5)E-02 
0.144 f 0.01 I 
0.115 
( 5 . 7 i  1.2)E-OZ 

0.164 i O . 0 4 5  
0. I4 f 0.03 
0.07 I 
0.36f0.20 
0. I2 

'IE-01 
-le-05 
'IE-05 

1.92 f O . 5 5  

0.80 f 0.36 

4.0 f 3.6 
0.14 fO.02 

1.41 
1.79f 1.51 

3.52 
1 . O f  1.6 
1.3 
'IE-02 
-2E-04 
*E-05 

( L Q i  O.%)E-02 

( 4 . 4 i  3.5)E-OZ 

0.48f0.34 
(9.6f 2.O)E-01 

0.023 
(3.9t4.3)E-02 

0.021 
(9.0f 3.2)E-02 
8.9E-02 
'61-04 

'IE-06 
21-04 

[BU-681 

[HEI-80.1 
(BU-681 
[BU-68] 
[ H E I - I h I  
[BU-68] 
IHEI-74. HE1-76) 

ICHA-60bJ 

I HEI-14 I 
[ CHA-60bI 
(CHA40bl  
ICHA-Wb] 
[BU-68] 

[ H E I - I h J  

[SU-68] 
(ATK-61] [SU.68] 

a~apec tcd  row. 
'Very high su r l aa  roughneu (h) 0 . 4  m ukul i tcd  from wind velocity profile. 

. 
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It pasture grass (1.4*0.9)E-03 (1.2fO.79)E-03 (13f 1.6)E-OZ ( 1 . 6 i  1.4)E-OZ [BU-68] 
I.8E-02 1.6E-02 0.25 0.23 [ B u d 8  1 

r)z g n u  (2 .2f  1.9)E-OZ [HEI-741 
ipinach k a v a  1.6E-03 7.9E-03 1.2E-02 5.9E-02 [NAK-nOb] 

50% inorganic. 50% organic tpinach kava (2.6f0.8)E-04 (1.320.4)E-04 ' (2.2f0.7)E-03 ( 1 . 1  20.35)E-Qf [MIY-731 
(HQ. HI011 

chi- a b h p  (1.4 iO.6)E-M (0.7i0.3)E-04 (5.2 f 2.2)E-04 (2.6f 1.I)E-tM 

(85% CHjI. 15% CZH,I) beel Icava (2.4 iO.5)E-04 (1.2 tO.2S)E-04 (1.5fO.I)E-O3 (7.4*4.3)E-03 

CHjl g n u  8.6E-05 8.68-05 
clover 9.OE -OS 9.OE-05 
rye 8- 
grass IE-04 
spinach k a d  2.3E-05 l.lE-04 l.7E-04 8.4E-04 

(I.6fO.3)E-04 

(MIY-731 

[MIY-731 

IATK-671 

[ HEI-741 
[HEI-(IOI] 
[ NAK-BOI] 

IATK-671 

Some of these values a p p r r  lower than comprnblc rild data and rhould be u d  with caution. 
bExpeaed form. 
'Assumed density I . I  tg/m' wet. 92. I% water. 

E 
P 
hJ 

a 
5' 
b 
8. 

i 
i 
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Malerial 
Deposition 

Deposited onto velocity (m/rcc) Referme 

co: 
Kr-85 
Ruthenium 

Fallout Particulates 
Iodine (1:) 

(from waste calcincr) 

Iodine (50% inorganic. 
50% organic) 

Iodine particulate (on CuSO, 
Plut8nium-238 

Citr4tc ( A M A D ' *  1.6 rm) 
Nitrate (AMAD' - 2.3 urn) 
Oxide (fresh. (AMAD' - 1.3 r m )  
Oxide (aged. (AMAD'  - 0.73 r m )  

grass 

grass 

tr= 

sand 
mil 
water 
mi I 
sand 
water 
#ras 
bean plant 
bean plant 
bean plant 
bean plant 
bean plant 

gr- 

snow 

ZE-04' 
2.3E-13 
SE-05 

2E-03 
3.43-03 
I .9E - 03 
3.3E-03 
(Z.IZE-O3)E-( l.2E-03) 
2.7E-04 
2.5E-05 
IE-05 
IE-03 

4.9E-05 
8.4E-05 
6.4E-05 
3.8E-05 

[CHAaCh] 

(BUN451 
[ VOI-701 

In [CHAaOa] 
[ 811-681 
[ BU-681 

[ ALL-751 
[ MIY-731 
[MIY-731 
[ MIY-73) 
[ HEl-80aj 
[ CAT-761 
[ CAT-761 
(CAT-761 
[CAT-761 
[ CAT-761 

'2E-04 - 2 X IW. 
'AMAD - Activity median aerodynamic diameter. 

Wv = volumetric washour factor.' which is defined as: 

activity per unit volume of rain 
activity per unit volume of air 

w, = . (5.18) 

Pierson and Keane [PEL621 suggested that the retention factor has the 
form: 

b = I - m k ,  (5.19) 

*This is more commonly expressed in mass concentration as 

activity pcr unit mass of rain 
activity per unit mass of air ' w m  - 

W,. = W,(p rainlp air). Since water has a density of about IO' kg/rn' and air (20°C. 
760 mm Hg) is 1.2 kg/m', W, - 830 W,. 
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The term bRWvX has units of the rate of wet deposition per unit area of 
ground (activity/m'-sec) and is analogous to the product vgx for dry dcposi- 
tion. 

Exumple 5.2. Calculate the quilibrium deposition of radioiodine by rain 
out as a multiple of the average atmospheric concentration for the following 
parameters: 

, .- 

.e 

. .  

- 

L 
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where m is a retention parameter (in units of inverse rainfall rate). Data 
shown in Table 5.6 indicate the possibility that this retention parameter may 
be associated with the washout coefircient rather than with plant retention, so 
that W,(R) = W,[ 1 - mg]. A power function has also been used for this 
-relationship: Wv(R) = W,Ros-a6 [ BRE-8 1 1. 

Estimated values for some of the constants are shown in Table 5.6. Other 
washout factors are shown in Table 5.7. The form of the retention coefficient 
b, I-mR approximates the f& two terms of the Maclaurin series expansion of 
exp(-mA) so that the expoaential form may also be used for b. The exponen- 
tial form offers the advantage that it does not become negative for high rain- 
fall rates Inserting this expression for b, the total deposition rate is given by: 

In general, retention from wet deposition is less than unity due to the 
combination of deposition and washoff processts. Milbourn and Taylor [MIL- 
651 report spray retention factors of 0.15-0.30, averaging 0.22. Bergstrtim 
[ BER-671 reports wet retention factors for iodine on grass of 0.3 in light rain 
and 0.1 -0.2 in heavy rain. Weiss et al. [ WEI-751 report reactor iodine reten- 
tion factors of 0.09-0.52 for wet deposition, which predominated over dry 
deposition. Reanalyses of Miller's [ MIL-671 data for wet deposition indicate 
initial wet retention factors of 0.16 for grasses and 0.45 for grains. 

By cornprison with the dry deposition case. it can be seen that the ground 
concentration that corresponds to a constant air concentration of x for a con- 
stant rainfall rate R will k 

(5.21) ( 1  -exp-((X,+kR)r] , (vg + bRW,)x 
(X, + kk) 

which approaches an quilibrium value of 
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Tabk 5.6. Derlrd r d r a t r  of ruheal parmmccrn' 

Fitted parameters for actual 
units' 

For R in m/sec For R in m/sec 
mau units volume units 

Y variate Reference 
for data Material and units R units a1 a2 m - -az/al WM . W" 

Gases 

(0.388) (-0.0404) (0.104) (1680) l . 4 X  106 (SIN-77) 'VI, Dcpnition rate rnm/hr 
per m'-sec 

SO2 A xc-' mm/hr (4 . I5X  IO-') (-4.7OX IO-') (0.011) (149) (1.2X Id) 
mm (0.244) (-4.91 X IO-') (0.020) (1060) (8.8 x Id) 

11 A see-' mm/hr (2.77 X (6.97 X IO-') (0.030) (700) (8 .3 X Io') lEN0-66l 
Soluble 

particles 

Rhodamine A w- '  mm/hr A. (2.26X IO-') (-8.OOX IO-*) (0.034) (815) 

Fallout "'1 

No aerosol m#/L mm (0.274) ( -5 .38 X IO-') (0.0198) (1190) (9.9 x IO') 
(6.8 X IO') Dana and Wolf 

E. (S.47 X IO-') ( -3.24 X IO-') (0.059) (1970) (1.6X 106) In (SLI.77I 
0.015 * 0.013 420 3.5 X IO' (PEl-62l 

"% -0.010 i 0.027 480 4.0X IO' (PEI-62) 

'Y - n R + a,R*.  R - rainfall rate or rrinfall. 
'Note that the units or the parameter m arc the inverse units of R .  The use of m va lua  from thii  table In Eq. 5.19 requirm R lo bc in mm/hr. 
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5-26 Radidogical Assessment 

Washout Factors 
Volumetric Wv 

Soluble panicularer 

Generally 
Rhodamine dye 
Rhodamine dye 
NaCl r e n d  
NaCl a d  

Generally 
Generally 
2Jbpu (fallout) 
2 J 9 p ~  (fallout) 
2npu (fallout) 
z ' vb  (natural) 
&ad 

lnsolubk paniculata 

Fallout radionuclides 
"'CS 
"'CS 
'"Cs ( d d  source) . 
IJ7Cs 
'J'CS (aew rourcc) 
'%a 

%r 

IgRu 
YMn 
"zr 

rn 
240 
I IO 
60 

('1200) 
(815) 
4 1970) 
(1190) 
(1180) 

(361) 
(1050) 
(300=!30)  
(434 2 132) 
(8.55 2 1240) 
430 
290 

(1.2 f 0.36) X IO' 
230 
560 
-800 
(920 * WS) 
1050-1 loo 
480 

(710f  370) 
(870 f 675) 
(675 f 400) 
(900 2410) 
IM 
500 
( 570 2 380) 

(4 x 105) 
(2 x IO') 
(9 x lo') 
( 5  x lo') 

('830) 
(1.4XI@) 
(1.2XIo') 
( I .6 x 105)  
(0.5-1.5)X10' 
(8.8X IO5) 

(1.01 x I@) 

(9.9 x IO') 
(6.8 X IO5) 
(I.6X I@) 

9.8 X 10' 

3X IO' 

(2.5zI.O)XIO' 
(3.6z2.2)X IO5 
(7.1 z l0.3)X 10' 

2.4 X IO' 

8.7 x 105 

(3.6 x 105) 

( I  20.3)Xl@ 

(4.6 X IO') 

(7.628.0)X IO' 

( 1 . 9 ~  105) 

(5.0d.ii)x 105 

( 4 . 0 ~  105) - -.- - 

(5.9 2 3.1 )X 105 

(8.7-9.1 )X IO' 

(7.2 2 5.6)X IO5 
(0.56 f0.33)X IO5 
(7.52 3.4)X IO' 
( 1 . 1  x 105) 
(4.2 x 105) 
(4.7 2 3. I )X 105 

[ ENG-661 
[ ENG-66 j 
[ ENG-661 

(SLI-78) 

[SLI-781 
[SLI-781 

[ ENG-66 j 

Table 5.6 
Table 5.6 

Table 5.6 

[Es-731 
Table 5.6 
Table 5.6 
Table 5.6 
[ SLl-78] 

[ BRE-8 I ] 

[ MAG-67 1 
[ MAG-671 
[ BOR-741 

[SLI-781 

[SLI-78] 
[CHA-6Ob] 
[ PEI-62 j 
[ ENG-66 j 
[ BOR-74) 
[ ENG-66 j 

[ ES-731 

ICHA-60aj 

(PEI-621 . 

[ MAG-671 
[ BOR-741 
[ 801-74 j 
(801-741 
ICHA-60bJ 
[ PEI-621 
[ BOR-741 

. .  .... 

. . .  . . .  . .  . :. . 
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T.YC 5.7. (cgriad) 

Iodine 
Fallout (parriculate) 420 

300-1500 

Elemental iodine, 3000 
PH 5 3Ooo 

(241) 

Methyl (alkyl) iodides. 1-50 
PH 5 4.2 

5 

(3.5X Id) 
(2.5-l2.4)XIo' 

(2.5 X le) 
(8.3 X IO') 
2.0 x lo' 

(8 .341 .5 )~  103 
(3.5X Id) 
(4.2 X Id) 

[ PE1-621 
[ EAC-631 

[ POS-70] 
[ POS-701 

(EAC-631 
[POS-70] 
[POS-70] 

[ BRE-8 I ] 

'Values in parentheses calculated by this author. 

Rainfall rate, R. = 2.5 mm/hr; washoff rate constant, k, I= 0.025 mm-'; m 
= 0.025 hr/mm; washout coefficient, W,, = 8.3 X IO'; removal rate constant 
= 0.1356 days-'. 

The appropriate formula is given by Eq. 5.22 with vI = 0: 

. .  . . . . . . .  . . . .  . * . .  . .  . . . . . .  . . . .  . . .  . . . . . . .  . . . . . . .  . . .  . . .  . .  . .  . . .  . . .  . . .  . . .  . .  

fi W, = (2.5 mm/hr) (24 hr/day) ( m/mm). 

(8.3 x 104 s i / m 3  rain per pci/m3 air) = 

4.98 X lo3 pCi/m2 day per pCi/m3 air 

(24 hr/day) - 1.5 day-' 
kf? = (2.5 X 10-2mm'') (2.5 mm/hr) 

exp-mf? = exp[(0.025 hr/mm) (2.5 mm/hr)) = exg0.0625 = 0.9394 

X, = kR = 1.6356day" 

-i= C A  (0.9394)(4.98 X lo3 pCi/m2 day per pCi/m3) 
X 1.6356 day-' c, 

J 

. . .  . . .  
s .. 

. .  



- 2.86X I d  pCi/m2 perpCi/m' - 
This is approximately half the dry deposition calculated in the example in Sec- 
tion 5.2.21 [End of Example] 

Pclkticr et aL [PEMS] suggested an equation for total deposition of the 
fonn: 

WhefC 

H - characteristic height, 

fi - rainfall rate (inches/month), 

p = constant (p - 0.1 1 month/inch), and 

(H = (1.18 It 0.53) X 105m, range(0.7-2.0) X 105m), 

0-1 = to the fraction of dry deposition 
(a = 1.05 f 0.01, range 1.04 - 1.065). 

Comparing this form to Eq. (5.22). it can be seen that if 

then 

results. which is a cumulative, long-term form of Eq. 5.22. 
Considerable theoretical efforts have been devoted to modeling wet deposi- 

tion processes The reader is directed to several of the primary references on 
this topic (ENG-66, ENG-70, Sn-70 ,  SEM-77, SLI-78). The principal 
characteristics that affect wet deposition arc particle and raindrop size, rainfall 
rate, and the solubility of the radioactive material in water [POS-70). 

Unlike dry deposition, which primarily involves depletion of the airborne 
material at the ground surface, wet deposition depletes the entire volume of the 
cloud. For the purpose of cloud depletion, the rate of wet deposition per unit 
air concentration integrated"over the entire height of the air column affected 

. . . .  . . . . . . . .  . . . .  . . . .  . . .  
. .  

.... . . . . .  . . .  . . .  . . . . . . .  , - . .  . : .  . . .  . .  . .  . .  
. .  
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by washout is used for depletion This quantity is termed the washout cocffi- 
cient, A, and 

dCA/dt dCA/df bRWv RWve-"R (5.23) 
h '  o r b  = ---- - -7 h A -  rL 

where L is the height of the air column affected by precipitation. Since both b 
and W, are dimensionless, R has units of meters per second, and h has units of 
meters, then A has units of inverse time (sa-'). Depletion of the cloud is time 
dependent rather than distance dependent: 

x(r) = Xoe-*' or (5.24a) 

x(r)  = Xoexp - [bRW,r/h] . (5.24b) 

5.2.25 COaversiOa of Areal Concentrations into Mass Concmtrations 

In order to convert the amount deposited per unit area (areal concentra- 
tion, CA) into the mass concentration, CM, (per unit mass) of soil or vegeta- 
tion, it is necessary to divide the areal concentration by the soil density per 
unit area or by the mass of vegetation per unit area (termed the vegetation 
density or, in the case of farm products, the yield or weight per unit area). I n  
the case of soil, it is necessary to specify the depth of interest. 

The areal soil density is given by pA = pz, where p is the soil density 
(typically 1.6-2.6 g/cm3 or 1600-2600 kg/m3) and z is the depth of interest 
(cm or m). For determining uptake by plants from soil, root depths of 
0.15-0.2 m are common, so that areal soil densities of 240-520 kg/m2 are 
reasonable for this use. This calculational process assumes a uniform distribu- 
tion of the radionuclide with depth which would be more typical of tilled soil 
used for agriculture. 

In the case of vegetation, the mass concentration C, is obtained by divid- 
ing the areal concentration by the vegetation density UD (kg/m2). As the 
amount of water in vegetation is highly variable and dependent upon collection 
and storage techniques. use of the dry-weight yield or dry vegetation density 
[kg(dry)/m*] is preferable. Use of the quotient of a deposition velocity (v,) 
divided by the dry-weight vegetation density UD gives a transfer rate between 
air and vegetation in units of m3/kg-sec, which can be used directly to calcu- 
late radionuclide concentrations for vegetation. This quantity is given the sym- 
bol VD and can be measured directly as well as being calculated from the two 
separate quantities. The use of this transfer factor is reported to give more 
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reproducible results than the use of deposition rdocity IBU-68, HEI-74). 
Values of VD are given in Tables 5.3 and 5.4. 

S Z Z 6 R ~ O f I k p O d ~ M . t a h l  
Rauspemion m e  urd msnspeasiaa f i .  UatcriaI originally deposited 

oa the ground surface may become airborne through wind action. This pnxxss 
istermednsPopcasl Om. Tbere are three mcchmms - that rwult in movement of 
particles deposited onto surfaces [TRA-76): surface creep (essentially, particles 
rdliag across the surface), saltation [akin to bouacing of particles whereby 
they become airborne for short distances (-10 m)], and true suspension (in 
which particles that were once deposited on the ground may become com- 
pletely airborne and travel up to thousands of meten). 

The rate of change of deposited material may be represented as: 

(5.25) 

where 

CA 
vg = deposition velocity (m/sec), 

S = suspemioo rate (I /=) ,  or the fraction of deposited material re- 

areal concentration (per m2) of material on the ground, 

x( r )  - airborne concentration (per m’), and 

suspended per unit time. 

The loss of material from the surface due to migration downward in soil 
or loss by mechanisms other than resuspension has been neglected in this q u a -  
tion for simplicity. The quilibrium solution to this equation is 

(5.26) 

The ratio of the airborne concentration to the a r d  concentration of depo- 
sited material is 

The quantity K is known as the ICSPPPCllsJO(I factor and has units of 
inverse length (l /m).  True equilibrium conditions would apply to an infinite 

- 
. 

. ._ 
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plane of uniform surface concentration, as it should be evident that an air con- 
centration at a given location results from resuspension of material from the 
ground surface at some distance upwind. 

Measured suspension rates or resuspension factors show considerable vari- 
ation, ranging over four orders of magnitude [SLI-78 1. One factor that influ- 
ences these measurements is the soil depth from which the areal concentration 
is evaluated. The areal concentration is usually measured by sampling soil to 
some depth z, and determining the radionuclide (volumetric) concentration in 
this soil sample, CJz). The areal concentration is then computed as 

. .  

c, = z C , ( z )  - (5.28) 

For example, Volchok calculated a plutonium resuspension factor of 
10-9m-' based upon a 20-cmdepth soil sample and a value of IO%-' for 
the same deposit based upon measuring only the surface concentration by 
pressing a sticky film onto the soil (cited in [LIN-78]). 

Slinn [SLI-78] has suggested the use of a 'resuspension velocity" akin to 
the deposition velocity which is defined by 

VR E . (5.29) 

where I is the depth of the soil layer. Substitution of Eq. (5.27) for S in Eq. 
(5.29) yields 

If applied to Volchok's results, this suggests an 'effective surface depth" 
of about 2 X IO-' m, or 200 pm. As noted by Linsley [LIN-78], use of 
resuspension factors without knowledge of the associated soil depth is of lim- 
ited value. Calculations of the product of the resuspension factor and associ- 
ated soil depth (Table 5.8) suggest that the product Kz (which I term the 
'resuspension constant") might be less variable than the resuspension factor. 

Factors uflecting resuspension. One of the principal factors affecting 
resuspension is the wind velocity (or friction velocity. u.). The general rela- 
tionship is that the resuspension rate and resuspension factor increase with 
wind speed. However, the precise relationship is unclear. Theoretical relation- 
ships indicate that the resuspension rate should increase as u? or "2. The 
models of Healy (HEA-74) and Travis [TRA-76) suggest u!. The results of 
Anspaugh et al. [ANS-76] suggest that the dependence is u? or u?. Sehmel 

e and Lloyd [ SEH-76b) find exponents of u.6 '. 
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-rurcca 

R-P--- 
a P b  d 
dcpolic h . .  'Rapparpn 

2 futar.K wmmt- 
M.Cai.1 n m-1 K2 RCl- 

Plutonium (Rocky FLU 0.2 lo-* (2 X IO'") VdcboL in [ LIN-781 
roil) 2x10-4 IO-* (2X 10-9 Votcbolr i~ [LIN-781 

Plutonium (NTS roil) 4 . 0 3  lo-" (3 X *ugh ct d. in [LIN-781 
Plutonium (mud Il.u) 0.001 4 X IO-' (4 X Anspaugh e( d. in [LIN-781 
Plutonium (mo*1 roil) 0.01 2x 10-'0 (2X IO-") [GAR-781 
Plutonium (SRP T i )  0.05 lo-* (5 X IO-") M i l h  ct d. in [LIN-781 
Ummm in roil 
(sum) 0.01 5 X IO-* (5 X IO-") Bennett in [LIN-781 
(N.Y.) 0.01 I X IO-* (1 X Bennett in [LIN-781 

VCgC181h) 2 x to-* [HAW&]- 
R d i i n c  (from 

Particle size also affects resuspension. In general, true resuspension affects 
soil particles that are less than 50 pm [in TRA-761. However, smaller particles 
can attach to larger soil particles and larger particles can be broken up so that 
long-term behavior cannot, in general, be predicted from the initial particle 
size of the deposited material. 

Weathering and migration of surface deposits deeper 'nto the soil also 
affect resuspension rates. Initial resuspension factors of 104 to 10-5 m-1 for 
fresh deposits tend to decrease with time even when migration is inhibited such 
as on asphalt. Sehmel [SEH-76c] found that material was resuspended from 
an asphalt road by vehicular traffic so that the fraction of initial resuspension 
per vehicle pass was to lo-'. However, tbis dropped by 2 to 3 orders of 
magnitude within 30 days. Linsley (LIN-781 recommends a resuspension fac- 
tor of m-I if there is regular disturbance by pedestrian or vehicular traf- 
fic and a decreasing function of time thereafter: 

. 
K(r  indays)-(10'6~p(-0.01r)+ 10-9]m-1 . (5.31) 

This is similar to the functions proposed by other studies, although an initial 
value of Linsley believes the smaller 
value is more appropriate to well-vegetated soils, whereas the factor has 
generally been measured in desert environments. The Reucror Safety Srudy 
[ NRC-751 used the following expression: 

is sometimes used rather than 

. 

K ( r  in years) - [ + 10-5exp - 0.6769rl rn-' . (5.32) 

. . . . .  . *..,!:: : , : . ,  . . .  . . . . .  . .  . . . . . . .  i . 
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Lassey [LAS-801 recommended the inclusion of a sccond exponential 
term: 

K(r in years) - [ + 10-5exp - 0.67691 

+ 9 X 10-sexp - 5.776t)m-' . (5.33) 

This term enhances the importance of the resuspension pathway, even for 
short-lived radionuclides such as iodine-1 3 1. 

Erompk5.3. Using m. 5.32, calculate the plutonium concentration in air 
above a plot uniformly contaminated with plutonium at an initial level of 0.2 
pCi/m2. Calculate the air concentration following the initial deposition at 1 
year, IO years, and 100  years following the initial contaminating event. 

Initially ( f  = 0) and K = so the airborne concentration is (lo-' 
m-') (0.2 pCi/m2) = 2 x 10-6pCi/m3. 

At 1 year, K = 5.08 X so the airborne concentration is 1.02 X 
pCi/m3. 

At 10 years, K = 1.249 X IO-', and the resulting airborne concentration 

At 100 years, K = so the concentration would be 2 X lo-'' 
is 2.50 X low9 pCi/m3. 

pCi/m3. [End of Example] 

5.2.2.7 Retention of Deposited Material on Vegetation 

Material deposited on vegetation may be lost through a variety of 
processes. which include removal by wind (including resuspension) or rain 
(washoff), consumption of the vegetation by herbivores, and volatilization* or 
evaporation, in addition to radioactive decay. If the radionuclide concentration 
on vegetation is expressed in terms of concentration per unit mass (pCi/kg) 
rather than on an area basis (pCi/m2), then plant growth should be included 
as an apparent "removal" mechanism. 

The results of the Idaho CERT tests suggest that the loss-rate constant of 
deposited material from vegetation is composcd of the following terms [BU- 
661: 

&,= h + r,, = X+X, + A, + hp , (5.34) 

*Sublimation of iodine has been suggested [HOL-631 as a possible removal mecha- 
nism, but this has not been confirmed. 

. . . .  . .  . . . .  
. .  

. .  . .  
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where 

X - radioactbdcca Y-S 
A# = plant-growtb-ratccoas&ant 

X, 

X, - blant factor" loss rak 

loss-rate amstant for reatbering (both wind removal 
and wadd). md 

Initial growth a n  be repmental as an exponential process exp(%r) so 
that the mass concentration dl dccmsc as cxp-hr. For short time intervals, 
the growth exponential turn am be approximated by 1 i- Agr, which is con- 
sistent with Miller's [MIL671 expression for growth 1 + gr (where g = %). 
Milbourn and Taylor [ MIL451 showed that the biological removal half-time 
for strontium sprayed onto vegetation was approximately 17 (16.6) days when 
expressed on an area basis and 8.6 days when expressed on a mass basis. This 
difference corresponds to a growth rate constant (A,) of 0.026 days-' or a 
growth doubling time of 27 days Miller [MIL671 estimated a growth con- 
stant of 0.024 days" from Windscale data. A value of 0.052 days-' was 
estimated for spring grass growth from the CERT data [ BU-66). Kirchmann 
et al. [KIR-671 estimated growth-rate constants of 0.0239 days'' (doubling 
time of 29 days) for ryegrass and 0.0328 days' (TB 5 21 days) for clover. 
Aarkrog's [AAR-75 J data for barley and wheat give growth-rate constants of 
0.035 and 0.039 days-', respoctivcly. All of thesc values give growth doubling 
times around 20 days (13-29 days). 

Weathering lossts consist of wind removal, washoff, and possibly volatili- 
zation. The CERT experiments [BU-661 indicate that the wind-removal-rate 
constant is approximately 0.03 days-' (THB - 23 days) and has the form: 

x r ( m ) = U u  -2 . (5.35a) 

Their values indicate that u would be of the order of 7.1 X w / m 2  
for ii - 7 m/sec. This dependence on wind speed is similar to that of 
resuspension. 

Miller [ MIL471 suggested that the wind-removal-rate is a constant: 

His values for k, (1.2 - 5.9 X m-l) suggest wind weathering 
half-times of the order of 0.14 - 0.65 days for a l-m/sec wind speed. Similar 
short-term weathering rates were found by Witherspoon and Taylor [ WIT-691 

i. 
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for the loss of particles from pine and oak trees: 0.255 and 0.124 days, respec- 
tively. In both studies [MIL47 and WIT-691, the particles were much larger 
than those in natural aerosols. Such a rapid removal process may affect the 
measurement of deposition parameters and might be a cause of the variability 
in measured deposition velocities. Beyond this effect, it would not be expected 
to greatly affect long-term retention, as longer removal half-times are meas- 
ured beyond one day after deposition. 

The weathering rate constant for removal by rainfall can  be represented 
as: 

(5.36) 

where k is the rainfall rate (in mm/hr = L/m2.hr). Values of k calculated 
from both natural rainfall and artificial washing appear similar (Table 5.9). 

Table 5.9. Wubofl t o m t ~ c s  

Radionuclide Material/cooditions k(mm-l) Reference for data . .  . . .  

I9Sf 
" Z f  
IosRu* 
Ruthenium chloride 
Nit rosylruthenium 

Nitroslyruthenium 

Nitrosylruthenium 

chloride 

tetranitrate 

IUG' 

*"Pu dioxide 

*'Pu hydrated 
dioxide 

Silicate particles 

Grass (washing) 
Grass (long-term) 
Cabbage 
Cabbage 
Cabbage 
Romaine lettuce 

Romaine lettuce 

Romaine kttuce 

Romaine kttuce 
Cabbage 
Grass 
Cabbage 
Glku (washing) 
160 delay before washing 
Cabbage 
Bush bcaos (4 mm) 
Bush bepns (17 mm) 
Sugar beets ( 17 mm) 
Bush beans (4 mm) 
Bush beans (17 mm) 
Sugar beet (I7 mm) 
Grass 
Grain heads 

(0.0238) 
0.009 f 0.018 
(0.0236) 
(0.02 18) 
(0.0256) 
(0.0625) 

(0.0428) 

(0.09 14) 

(O.OS29) 
(0.0256) 
0.020 f 0.028 
(0.01 97) 
(0.0343) 
(0.01 97) 
(0.024s) 
(5.25 f 2.75)E-03 
(1.4 f 0.5)E-03 
(0.010 f 0.0029) 
(6.5 f 3.S)E-03 
(2.6 k 0.7)E-03 
(2.5 f 0.6)E-03 
(0.0626) 
(0.068s) 

[ KRI-691 
[PEI-62) 
in [RUS-661 
in [ RUS-661 
in [RUS-661 
[ BIT-72 J 

[ BIT-721 

[ BIT-721 

[ BIT-721 

[ PEI-621 
in [RUS-66] 

in [RUS-661 
[ KRI-691 

in [RUS66] 
[ KRI-691 

[ CAT-80) 
[ CAT-SO] 
[ CAT-EO] 
[ CAT-801 
[ CAT-SO J 
[ CAT-801 
[ MIL67 J 
[ MIL671 

~~ ~~~ 

'Raulu of Middleton and Squire-assumes only loss after 28 days IS from washoff. 
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Based upon a value of k of 0.025 mm", typical average rainfall rates of 2.5 
mm/day would yield a weathering half-time of 11 days This is wry similar to 
reported weathering half-timcs. Average annual rainfall rates in the United 
States vary from 7 ia/year (0.49 mm/day) in Arizona to 67 in./year (4.7 
-/day) in Atabamr This would result in average weathering half-times 
between abaut 6 and 56 days (neglecting other processes). This suggests that 
the washoff rate parrmeter should not be used together with an effective 

The mechanism underlying the 'plant factor" term is not well defined. 
Bunch cf uL [BU-U] have suggested that it could represent volatilization or 
actual loas of plant surface material. Moorby and Squire [ M00-63 ] have sug- 
gested that the waxy cuticle of plants is shed during the growing season.The 
CERT experiments indicate values of Ap of about 0.02 days", which would 
correspond to a removal half-time of 35 days. 

Long-term retention studies following the Windscale reactor accident and 
the results of Dahlman cf uf. [DAH-691 indicate the possibility of a two- 
component retention curve. Although the longer-lived component was observed 
only in the fall and winter months and could be due to temperature-induced 
changes in plant characteristics, a twoamponent retention curve can also be 
derived from the results of Krieger and Burmann [KRI-69], whose studies 
were performed in the summer months. Their studies involved duplicate plots, 
one exposed and one covered. The difference bctwecn the short-lived compo- 
nent rate constants of the covered and uncovered plots indicates weathering 
half-times of 5.4, 6.4, 10.0, and 8.2 days for the four experiments (Table 5.10). 
or an average (of inverse half-times) of 4.9 days. The suggested retention func- 
tion of 

weathering balf-tiale. 

f R ( f )  =O.~OCXP-(A + 0.138)f 4- 0.30 exp-(A + 0.0144)t (5.37) 

cornsponds to a short-term (weathering) half-time of 5 days and a longer-term 
half-time of approximately 48 days, which might be related to the 'plant fac- 
tor" removal term. For radioiodine-131 (A = 0.086 days"), the predictions of 
this equation for a onc-month period, when fitted by a single exponential qua -  
tion, yield an effective half-time of 5 days and a biological half-time of 13.6 
days, in excellent agreement with reported values (THO451 and Table 5.1 1. 

5.2.3 Radiowelide AcepmPI.tiOa in Soil 

The accumulation of radionuclides in soil is of primary importance in 
estimating the long-term contamination of food crops and animal feuis. For 
this purpose, the radionuclide concentration in the soil layer equivalent to the 
depth of plant root penetration is of principal interest. This depth is nominally 

. .  

.... . 
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0. I88 3.7 o.ior 
0.136 s.7 0.0s 
0.106 6 3  0.02 

-0. I2 S.8 -0.03 
0.169 4. I 0.083' 
0.139 S.3 0.0s) 
0.141 4.9 0.oss 
o.im S.8 0.03) 
0. I 28 s.4 0.042 
0.192 3.6 0.106. 
0.2S7 2.7 0.171. 

(0.178) (3.9) 0.092 
(0.236) (2.9) 0.IW 
(0.138) (S.0) o.os2 
0.12s s.s 0.038S 
0. I73 4.0 0.087. 
0.239 2.9 0.1S3' 
0. I 24 1.6 0.038 

Strontium-#) (A  - 6.78 X IO-'day-') 

R y e g n n s b d  0.022s 30.8 0.022s 

6.8 
13.9 
34.6 

8.4 
13.1 
12,s 

16.4 
6 3  
4. I 

7.) f 0,s 
4.6f0.S 

13.4 f 2.6 
18.1 
8.0 
4 3  

18.2 

-24 

-m 

30.8 

[BU-66. Ill 
IBU-66.121 
IBU-66. I71 
I ~ W  
[CHW-651 
[MAR-aSl 

[BER-671 
[BER-671, 
[BER-67) 
[ WEl-6Sl 
[HE-801 
IHE-8OJ 
[ HE-801 
(MAR-63aJ 
(CHW-SSl 

Ieoo-581 

[CHW-651 
(CHW-65) 

[MlDdd] 

Strontium-89 ( A  - 0.01% day-')  

Cabbag 
Cabbap 
Grul ( a m )  O.OS4 
Gnn (weilht) 0.080 
Growth rate cautant 

Caium-I37 (A - 6.3 X IO-'day-') 
Puture: 

Permanent ( a m )  0.0223 
Permanent (ni8ht) 0.0462 
Temporary ( a m )  0.01 78 
Temporary (weilht) O.OSO6 
G&h rate amaant 
(tmponfY) 

G m h  n t c  cumstant 
(pflnaMn0 

R m t U l - C b V d  0.0268 
RuIhenium.lO3 (A  - 0.0173) 

Orus ( a m )  0.10 
Grass (weiiht) 0.12s 
Growth rate amatant 

12.8 
8.7 

31 
IS 
39 
13.7 

2S.9 

-IO 
-8 

o.wa ? 
0.028s 
0.040 
0.066. 
0.026 

0.0223 

0.0178 
O.OSO6' 
0.0328 

0.0239 

0.0268 

0 . o ~  

4 . 0 8  
4 . 1 0  

0.02s 

98.7 
24 
I7 
10.4 
26.6 

I1 
IS 
19 
13.7 
21.1 

29.0 

25.9 

i.4 
6.4 

-28 

1 ~ 0 0 4 3 1  
1 ~ 0 0 4 3 1  
[ M I M S ]  
( M I M S I  

[KIR-61) 
(KIR-671 
fKlR47l  
[KlR47] 

I KlR-721 

[KlR-721 
(KIR-721 
(KIR-721 

'May include m h .  
'Primarily w h .  
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around I m, but it is dependent on the plant species and the depth of the water 
table. In  and regions, where the water table lies deep beneath the surface, root 
depths may exceed several meters; if the water table is high, roots may be only 
a few feet in length. 

Radionuclides will enter the soil from surface deposits and with irrigation 
water and will be lost from the rooting zone by infiltration into deeper soil 
strata and by radioactive decay (lateral movement will be assumed to be negli- 
gible). The net rate of radionuclide accumulation can be represented as the 
difference between the radionuclide input rate 1, per unit soil mass and the 
rates of removal by radioactive decay and infiltration: 

-=  (5.38) dC3 
dc t" - xcs - LICS, 

where 

f, = radionuclide input rate from atmospheric deposition and 

A = radioactive-decayrate constant, 

irrigation, 

Cs = radionuclide concentration in the soil, and 

LI = rate constant for loss by infiltration. 

I f  the input and infiltration rates are constant, the buildup of the radionu- 
clide concentration in the soil will be given by: 

Cs(r)=- 1, [ I  - exp- (A+L, ) r ] .  (5.39) 
x + LI -+-* .-..--* cy,:. *am:*-. 

5.2.3.1 Radionuclide Input to the Soil 

Atmospheric deposition processes have been discussed previously with ref- 
erence to the deposition onto vegetation (Section 5.6). The general expression 
for the rate of wet and dry deposition, Eq. 5.20, can be adapted to represent 
the rate of radionuclide input to the soil. The deposition rate onto soil 
represents the difference between the total areal deposition rate and the depo- 
sition into vegetation given by J2q. 5.20. For dry deposition, this difference is 
simply the difference between the total deposition velocity and the deposition 
velocity onto vegetation: VT - vg. I n  general, the total deposition velocity is 
approximately twice the vegetation deposition velocity (s,ee Table 5.1 ) so that 
this difference is 2v, - vg = vg. 
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In the case of wet deposition, the fraction deposited onto vegetation, f, 
ranges between 0.1 and 0.5 (set Section 5.6.4) so that the fraction available 
for entry into the soil is 1 - or 0.5-0.9 times the wet deposition rate, or* 

A portion of the total deposition may be lost as surface runoff, the fraction 
remaining is 1 - LR where LR is the fractional runoff loJs The sum of the 
wet and dry deposition rates per unit surface area is 

The input rate per unit soil mass to the root depth L kt 

when p is the soil density. 
The contribution from irrigation is similar. It is the imgation rate (vol- 

ume per unit area per time) V9 corrected for runoff losses, times the radionu- 
clide concentration in the irrigation water, Cw, divided by the soil density and 
root zone depth: 

(5.42) 

Since aerial deposition is associated with airborne emuents, and imgation 
water is primarily associated with liquid effluents; these two contributions are 
usually evaluated separately. 

533.2 h f 8 C e  Rmoff 

Tbe fraction of imgation water or rainfall lost as surface runoff will 
depend primarily upon the permeability of the soil and the slope of the land. 

.. .- .Recall that W,(R) - Wue-mR where the exponential term is  believed to be asso- 
ciated with the precipitation scavenging efficiency. 

tRcaders might note that washoff of material previously deposited onto plants has 
been neglected. To a first approximation this contribution may be included by multiply- 
ing 1. by [ 1 + & @ ( A  -+ k A))  where k is the #rashoff rate constant. 

. . . . . . . . . .  
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Compact, impermeable soils with steep slopes will lose a correspondingly larger 
fraction of water than level, highly permeable soils. The mass balance of the 
water on the soil (neglecting evaporation losses) can be represented as the sum 
of the rate of infiltration into the soil and the rate of volume l0ss.a~ surface 
runoff: 

Vr = v/ + VR . (5.43) 

The fraction lost as runoff is therefore: 

The permeability of the soil. K, is defined as the water volume transmitted 
per unit surface area per unit time or 

K=- ” so that 
dA 

Vi - KdA . (5.45) 

The rate of water input is equal to the rainfall or irrigation rate per unit 
area times the area or 

r;; = RdA or VdA . 

The fractional runoff is therefore: 

(5.46) 

On level land, even when the rainfall rate excccds the soil permeability, there 
will be little runoff; and the water will puddle on the surface and slowly perco- 
late into the soil. It seems reasonable for the runoff to be proportional to the 
slope (s - Ah/&) of the land so that there is correspondingly greater surface 

9 
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runoff on steeper slopes A rough approXimation of this effect would be to 
multiply Eq. 5.46 by the slope, s: 

The fraction reaching the soil is then given by 

K 
R 1 - LR = 1 - s(1 - -) for K <&and 

(5.47) 

Io evaluating the runoff loss, the instantaneous rainfall or imgation rate 
should be used rather than long-term averages. Values for typical soil per- 
meabilitics, K, arc given in Table 5.12. 

Tabk 5.1% RcpraaCrthc rdl ppertkr 

(5.48) 

Soil Void Apparent roil Field moisture Typical infiltration rate* 
type fraction. p density (I-p) capcitf  (S) and permeability cm/hour 

(Multiply by IO to get L/mz-hr) 
(Multiply by 87.65 to get m/yr) 

Sandy 

Sandy 
Lnnm 
Lnnm 

0.38 

0.43 
(0.40-0.47) 

0.47 
(0.43-0.49) 

0.49 
(0.47-0.5 1 ) 

0.51 
(0.49-0.53) 

0.53 
(0.5l-o.SS) 

(0.32-0.42) 
I .65 

( 1.55-1.80) 
I .so 

( I .40- I .60) 
I .40 

( I . 3S l  SO) 
1.35 

(1.30-1.40) 
I .30 

( 1.25- I .35) 
I .25 

( 1.20- I .30) 

9 
(6-12) 

14 
(10-18) 

22 
( 18-26) 

21 
(23-31) 

31 
(27-35) 

35 
(3  1-39) 

5 
(2.5-25) 

2.5 
(1.3-7.5) 

1.3 
(0.75-2.0) 

0.75 

0.25 
(0.025-0.SO) 

0.50 
(0.134 .O) 

(0.25-1.5) 

'Fwld mOtturc crpcity refers to tbe fraction of the u t u m t h  r a t a  capacity retained by 

'Actual rates m y  differ cwridembiy due to roil atrudurc lad mechanical dirturbances 

Source: after Tabk 7.4 ia [IRS-SO]. 

apilluy action and incorpomtal into water of hydration. 

amprerrion. tilling. ctc. 

.. . . .  . .  
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5.233 Iditration Loss 
Losses of radionuclides from the root zone by infiltration into deeper soil 

layers are generally neglected in estimating radionuclide accumulation in soils. 
This leads to conservative overestimates of long-term accumulation. Factors 
such as high soil permeability and low adsorption properties, which result in 
apprecible infiltration losses, also result in increased radionuclide uptake by 
plants. Failure to consider infiltration losses in soils having these properties 
might result in signifiant overestimates of long-term radionuclide accumula- 
tion in both soil and food crops. 

For long-term migration, the net transport velocity can be approximated 
from a mass balance on the water input and loss from the soil: 

where 

R = rainfall rate, 

r' = irrigation rate (less the average surface runoff), 

C = rate of loss per unit area from evaporation, 

I' = rate of loss per unit  area from transportation plants, and 

+ T = the consumptive loss rate. 

(5.49) 

Table 5.13 provides typical values of R and f? + t for various regions. 
Some measured infiltration rates are given in Table 5.14. 

5.2.4 Radionuclide Contamination of Forage and Food Crops 

5.2.4.1 Mechanisms Resulting in Contamination of Vegetation by Radioactive 

Radionuclide contamination of forage and food crops is a principal com- 
ponent of several exposure pathways that lead to the intake of radioactive 
materials by man. There are several mechanisms that can result in the contam- 
ination of vegetation by radioactive materials as shown in the left-hand portion 
of Fig. 5.5. These mechanisms, in turn, are influenced by the biophysical 
processes shown in the right-hand portion of Fig. 5.5. External surface contam- 
ination occurs as a result of aerial deposition and surface adsorption of radio- 
active materials. External contamination results from absorption and biologi- 
cal uptake of radionuclides through roots, leaves, stems, flowers, and fruits. 

Materials 
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. .  . .  

Extrrrrol Corrtaminatior. External contamination of vegetation involves 
mainly physical processes such as wet and dry deposition of airborne effluents 
and resuspended material. Thesc proctssts have been discussed previously. 
External amtamination will be the primary mechanism for contamination of 
food and feed crops by short-lived radionuclides when t h m  is a continuing 
source of eflluent releasc. An illustration of the relative importance of external 
contamination is shown in Table 5.15. 

External surface contamination may also result from ion exchange reac- 
tions on mots or other plant surfaces. These procegses follow the general ion 
exchange selection N~CS and arc responsible for the uptake of ions from the 
soil solution by dead plant matter or damaged roots [FRI-67, page 841. This 
form of surface contamination is important primarily for root crops such as 

0 C ~ K O ~ S  and radishes. 
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Tabk 5.14. ldiltntioa h i s  rate mmstmts 

Equivalent 
Annual water washout infiltration loss 

input rate Frac~ionalbss amstanP V,-900rnrn 
Radionuclide (mm/yr = L/m*yr) from hi t (mm-') per year (yr-l) 

Sodium-22 230 
400 
(kast-squam 
ngrrssion con- 
strained to 0 
loss at 0 input) 

Manganese-54 230 
400 

Cobalt-60 230 
400 

Zinc-65 230 
400 

Strontium30 900 

Cesium-I 37 230 
400 

0.2 I 
0.83 

0.05 
0.05 

0.02 
0.02 

0.03 
0.03 

0.005 
0.005 

(9.1 3E-04y 
(2.08E-03) 

(3.7E-03) (3,331 

(2.17E-04) 
(1.25E-04) 

(1.71E-04) (0.154) 

(8.708-05) 
(5.OE-05) 

(6.85E-05) (0.062) 

( I .30E -04) 
(7.50E-05) 

( I .OE -04) (0.092) 

0.015 

(2.1 7E-05) 
(I.25E-05) 
( 1.71 E-05) (0.015) 

'k corresponds to the washoff loss rate mnstant in Section 5.6.4. Multiplication by the net 

%~.13E-04 = 9.13 X IO-'. 
Source: after [ DEL-721 and [ DEL-731. 

water input in (L/m2 yr or mm/yr) will give L,. 

Internal conramination. Internal contamination of plants occurs primarily 
from root uptake of radionuclides from the soil solution. However, absorption 
of soluble deposited materials through leaves, stems, flowers (inflorescence), or 
fruits may also result in internal contamination of food crops. Internal uptake 
involves biologically regulated mechanisms and does not follow the usual ion 
exchange selection rules. 

.. 

. -  . .  . . .  . .  . .  
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what dnw 88.0 3.0 97 
saybaapirots 522  5.6 m 
con, kavcr 33.5 1.1 97 

5.2.4.2 Tbe Plaat-to&il Cmnxmtratioa Ratio* 

an empirical concentration ratio CR, which is defined as: 
Radionuclide uptake by plants from soil has generally been described by 

radionuclide activity per unit m a s  of plant 
radionuclide activity per unit mass of soil 

(5.50) CR = 

The radionuclide1 soil concentrations arc generally expressed in terms of 
ovendried soil weight. However, the radionuclide concentrations in crops have 
been reported both in terms of fresh (or wet) weight and dry weight. The 
relationship between the fresh and dry concentration ratios is: 

(5.51) 

The water content of crops may range up to 90-956 of the total weight 
for such crops as lettuce and tomatoes so that the fresh-todry-weight ratio 
may be as much as 20 (see Table 5.16). Therefore there can easily be an 
order-of-magnitude difference between the concentration ratios expressed on 
the basis of a wet or a dry vegetation weight. Caution should be used when 
taking CR values from the literature to ascertain which method of measure- 
ment was used. Repr 
5.16 to aid in.conver 

~ _ _ _ _  

.The ratio of plan 
the 'soil-to-plant transf 
'discrimination ratio." I 
tration ratio" be used an 

sentative fresh-to-dry-weight ratios are given in Table 
ing between the two bases of measurement. However, 

-to-soil radionuclide concentrations has been variously termed 
:r factor," 'discrimination factor," 'accumulation factor," and 
panel of researchers has recommended that the term 'conccn- 

I that this be expressed on a dry-weight basis [ WOR-751. 
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these values may vary by more than 309b depending upon the crop, time 
between harvest and weighing, and climatic factors such as relative humidity. 
I n  order to avoid confusion, the term 'concentration ratio" and the symbol 
'CR" will be limited to concentrations expressed on a dry-mass basis and the 
term 'soil-to-plant transfer factor" and symbol Si, will be used exclusively for 
the wet-weight basis.* 

Concentration ratios for fission and activation products are shown in 
Table 5.17 and for natural radionuclides and the actinides in Table 5.18. These 
values are based upon measured radionuclide uptake in the edible portions of 
various crops and therefore should be more applicable to radiological dose 
assessments than values based on average stable element concentrations in 
plants generally and averages of the element levels generally found in soils. 
Separate values are given for aerial deposition and for other conditions where 
the literature indicates a significant effect on radionuclide uptake. These condi- 
tions are discussed in the following secti0n.f 

5.2.4.3 Factors Affecting Radionuclide Uptake by Plants from Soil 

Plant uptake of radionuclides from soils is affected by numerous processes 
and factors. Because of the multiplicity of factors, plant-to-soil concentration 
ratios may exhibit considerable variability. Among the more important factors 
which affect plant uptake are: 

a. the physicochemical form of the radionuclide, 
b. plant species and internal translocation within the plant; 
c. soil characteristics 
d. stable element concentrations, 
e. fertilizers and agricultural chemicals 
f. chelating agents, and 
g. the distribution of radionuclides within the soil. 

Each of these factors is discussed in the following sections.+ 
Physicochemical form of the radionuclide. The physical and chemical 

form of a radionuclide can greatly modify its retention by soil and uptake by 
plants. Table 5 .  I9 illustrates the relationship between the soil-to-solution distri- 
bution factor and the relative uptake of several transuranium elements. The 
forms most tightly bound to soil (highest KO) are also those which exhibit the 
lowest relative uptake by plants. 

*+ *:, ?--:. ~..u.<v.**--s h. .. .:yq-* - 

Readers should note that the soil-to-plant transfer factors in NRC Regulatory 

tSince this section was prepared. the author has noted the publication of a compre- 
Guide 1.109 [NRC-77] are expressed on a wet-weight basis. 

hensive review of soil-to-plant concentration ratios by [ NG-82a). 
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TableS.19. aumqlad(LCrr ldbrLlpdIh .1  
q t m k e 4 . d Y l t d a c . b  to tkrp4orol.bk. 

Qlbiyiradl#c.b 

Element R & h  uptake 
(oxidation state) loglo KO by plants Reference 

Neptunium (V)  0 3x10' [ WAT-801 
Plutonium ( IV)  4.0 4 [ WAT-801 
Americium (111) I .8 35 [ WAT-SO] 
Curium (I l l )  2 39 [ WAT-801 
Plutonium ( IV)  5.5 [ DAH-76) 
Thorium ( IV )  5.2 [ DAH-761 
Uranium (VI) 3.6 I DAH-76) 
Neptunium ( V I  2.5 [ DAH-761 

Note: The experimental conditions differ between the two 
sets of data LO the distribution coeflificnu arc not comparable. 

Different oxidation states of the same element exhibit different relative 
uptakes. For the actinide elements, the general order of uptake is: 

Np (Y, NpO,+) > PU (VI, PuO,+*) > U (VI,  UO,+*) -= Cm ( I f f ,  Cm +') - 
Am (Iff ,Am+')  > Th (IY,  Th+')> Pu (IY, Pu+*) 

This order is the inverse of the affinity for forming complexes with inor- 
ganic and organic ligands [ DAH-761. 

The physical form of the radionuclide also can have an important influ- 
ence on plant uptake. Simulated fallout that was heat treated up to 
80-11000°C showed a marked reduction in solubility and decreased 
plant-tesoil concentration ratios by up to two orders of magnitude compared 
with untreated controls [SAR-68). Similarly, sintered ceramic spheres contain- 
ing plutonium show plant-to-soil concentration ratios orders of magnitude less 
than given by the same nuclide in a more available form [AD-751. Special 
plant-to-soil concentration ratios arc indicated in Table 5.18 for plutonium in 
the form of sintered ceramic spheres. 

P l u t  species a d  tMnslocolio~ Leguminous plants (peas, soybeans, snap 
beans, alfalfa, clover, etc.), which have a symbiotic relationship with nitrogen- 
fixing bacteria in their roots, often exhibit higher radionuclide uptake than 
non-legumes. The concentration ratios for actinide uptake by plants are some- 
times an order of magnitude higher for legumes than for other species such as 
grasses [SCH-80b, WAGSO]. A difference$ also apparent with most fission 
and activation product radionuclides, as shown in Table 5.17. Roots and grains 
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often exhibit higher concentration ratios than other crops or other parts of the 
plant. This may in part be due PO external surface contamination. 

The degree of radionuclide translocation within plants is an important fac- 
tor governing the radionuclide conteot of food products such as fruits and 
grains. Highly soluble elements may be translocated from the deposition site. 
For example, Dahlman et al. [DAH-69} found that 20% of the '"Cs deposited 
onto fescue grass was translocated to the mots in 8 days and 25% was translo- 
cated in 14 days. Elements which are not soluble in plant fluids will tend to 
remain at the site of deposition. Hungate et al. [HUN-631 found that only a 
few percent of the radioiodine (either as I 2  or I-) was translocated in bean or 
geranium plants. 

The degree of translocation depends upon the nature of the plant and on 
the chemical properties and form of the radionuclide. The importance of 
translocation is shown in Table 5.20. The alkaline earth elements, strontium 
and radium, are more mobile than the radionuclides of lead, polonium, or tho- 
rium and, consequently, should reach higher relative concentrations in leaves, 
grains, and fruits from soil uptake than less mobile elements. A general guide 
to the relative mobility of various elements is presented in Table 5.21. 

The concentrations of immobile or slightly mobile elements in fruits and 
grains will be generally lower than in Ieavcs, stems, or roots. Because of these 
differences concentration ratios based upon the average stable element concen- 
tration in entire plants or in a variety of plant species should be considered 
only to be order-of-magnitude indicators of actual concentration ratios for the 
edible portions. More precise useful estimates of soil-to-plant transfer can be 
obtained using concentrations in the edible parts of specific food crops and 

Table 5.20. Trnnslocatioa of radionuclides in plants 
grown in nutrient solutions 

pCi/kg fresh 

pCi/L water 
Concentration factor = 

. .  

Radionuclide Plant 

8 9 ~ r  Bean 
226Ra &an 
"OPb Bean 
*'OPO Bean 
230Th Bean 

'' Fe Maize 
58c0 Maize 
54Mn Maize 
b 5 ~ n  Maize 

CF roots CF shoots 

142 83.14 
1787 84.60 
4246 2.69 
3324 OS8 
4185 0.9 I 

482 5.49 
1930 2.68 
I454 151.80 
687 

% transported 
io  shoots 

75.82 
20.62 
0.32 
0.09 
0.12 

4.43 
0.53 

30.92 
43.93 

Reference 

DSO-70 
DSO-70 
DSO-70 
DSO-70 
DSO-70 

DSO-79 
DSO-79 
DSO-79 
DSO-79 
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Labmm Boron 
Buipm Lad 
IrOa Pdonium - Tborium 
ziac Plutonium 
C0b.h 
coopr 
Molybdenum 
Radium 

associated soil concentratioas Such data arc available only for the more signif- 
icant radionuclides such as cesium, strontium, and the actinides. For other ele- 
ments, the more approximate "whole plant average" concentration ratios have 
to be uscc1. 

Soil characteristics. The importance of soil characteristics in affecting 
radionuclide uptake by plants was shown by the relationship bctwecn the soil- 
to-solution distribution coefficient and the relative uptake of actinides by 
plants in Table 5.19, The type of soil can have a profound effect on soil reten- 
tion characteristics. Sandy soils composed of large particles do not have the 
retention capacity of clay soils, which arc composed of smaller particles having 
larger surface areas. The dfierence between sandy soil and clay soil (see Table 
5.22) is particularly pronounced for cesium, which is highly sorbed onto clay. 

The soil acidity (expressed as pH) can affect the availability of elements 
from soil. In high pH (alkaline) soils, insoluble precipitates may be formed 
with carbonate, hydroxyl, phosphate, or sulfide ions which will significantly 
reduce the availability to plants. In acid (low pH) soils, the hydrogen ions can 
displace other cations thereby making radionuclides mom available to plants. 
In highly acid soil (pH < 5.9, plants may assimilate sufficient quantities of 
trace elemcnts (particulary iron and manganese) to be toxic to plant growth 
[ FOT-78 1, page 323). Special concentration ratios have been given in Tables 
5.17 and 5.18 for highly acid soils where radionuclide uptake may be 
enhanced. The effect of soil pH on radionuclide uptake is illustrated in Fig. 
5.6. 
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Table 5.22. Effect of 5011 type on radionuclide uptake by planta 

Plant-to-soil concentration ratio 
&an Clover Carrots Radish Lettuce Tomatoer Wheat 

@ Radionuclide Soil fruit tops root root head fruit grain 

Strontium-85 

Cesium-I 37 

Ruthenium-106 

Zr- N b-95 

Cerium-I44 

randy 0.245 
loam 1.6E-02 
clay 0.106 

sandy 4.638-02 
loam 1.568-03 
clay 1.31E-02 

sandy 1.338-03 
loam 8.62E-04 
clay 

sandy 1.37E-04 
loam 3.398-05 
clay 

sandy 6.55E-04 
loam 3.I5E-04 
clay 4.698-05 

4.71 
I .43 
I .62 

9.28E-02 
4S2E -02 
4.8 I E-02 

0.273 
3.318-02 

0.1 17 
4.41 E -02 

8.4SE-02 
4.97E-02 
4.148 - 02 

I .E5 
0.522 
0.409 

8.30E - 02 
3.94E-03 
1.838-02 

4.68E-02 
I .07E - 02 

2.898-02 
9.26E-02 

2.368-02 
6.84E-03 
l.l6E-02 

3.80 
1.35 
0.815 

3.12E-02 
4.46E -03 

I .74E-02 
6.598-03 

2.33E - 03 

1.41 
0.490 
0.265 

0.324 
I .  27 E - 02 
8.31E-02 

2.65E-02 
1.88E-02 

7. I7E-03 
2.3 I E-03 

4.74€- 02 
I .89€-02 
a .z7~-03 

0.306 0.309 
3.8E-02 0.1 IO 
0.166 6.5E-02 

8.40E-02 6. I7E-02 
4.59E-04 6.77E-04 
1.67E-02 I .29E-02 

J.92E-02 
7.35E-04 

3.768-04 
5.428-04 

3.a6e-03 
1.458-03 
1.358-03 1.388-04 

~~ ~~ 

Source: data from [SAR-681. 



" 

E 

-e 

5-56 Radidogical Assessment 

w 

c 

w e 

10-6 

10- 
4 5 6 7 

Pn 

Fen  5.6. Effect of soil pH on radionuclide uptake [ CUM-7 1 1. 

. Chemically similar stable elements-& uobserved ratio". The presence 
of chemically similar stable elements can have a significant effect on radionu- 
clide uptake by plants. Studies of radionuclide uptake from nutrient solution 
indicate that the active uptake of ions by plants appears to involve a 'carrier" 
molecule which reacts with the ion, forming an intermediate product which is 
passed through the plant membrane. Once inside the plant, this intermediate 
product dissociates, releasing the ion. 

The presence of chemically similar stable elements can affect radionuclide 
uptake by competing with the radionuclide for the available 'camer" 
molecules. This process is termed competitive inhibition rFRI-67, page 98) and 
is also similar to enzyme-catalyzed biochemical reactions. Models of radionu- 
clide uptake from soil based upon the Michaelis-Menten competitive inhibition 
model can be used to predict the effect of stable elements on radionuclide 
uptake. These models show that in soils having low concentrations of analogous 
stable elements, radionuclide uptake by plants is enhanced, sometimes by ord- 
ers of magnitude above the levels normally found, An example of this is shown 

L 
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in Fig. 5.7 which depicts the effect of soil potassium on the uptake of '"Cs by 
oat shoots as measured by Cummings et al. [CUM-69]. This effect is par- 
ticularly prominent in certain Florida soils which haw both a low potassium 
concentration and a low soil cation exchange capacity. It is a primary contrib- 
utor to the high cesium coocentrations found in Florida milk [GAR-711 and 
Florida residents [ ROE-691. 

ORNL-DWG 82-16792R 

. _. 

1 .o 
10-6 

0.001 0.01 0.1 
EXCHANGEABLE POTASSIUM IN SOIL (mgKlg dry roil) 

Figure 5.7. The effect of soil exchangeable potassium levels on 
the uptake of '"Cs by oat shoots b a d  upon the data of 
Cummings et al. [CUM-691. The solid line represents the 
results of least-quarts regression plot to a model proposed by 
the author. 

. .  
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The effect of stable elements on radionuclidt uptake by plants has been 
reflected in the use of element ratios to predict tbe traasport of radionuclides 
in the food chain. The ratio of the radionuclide amcentration to the stable ele- 
meat amaotration bas widely been used for tbe strontiumdcium and 
cesiom-potassium element pairs.. The ratio of the rrdiwuclide stable element 
ooweatrations io one medium to the radionuclidc stabk element conceotration 
io a precursor pathway is called the observed ratio, 0. R. [OM-571: 

(Ced/c-ak.oat) aadirm (5.52) 
Obsemd Ratio(0.R.) - 

~ ~ N d i i ~ / ~ ~ d m I a l I ) -  

The 'obsmed ratio" has also been called the -ddiscriminator factor". In 
the case of uptake from soil the observed ratio can be described as the product 
of two discrimination factors: 

The observed ratio may be used together with measurements of the analo- 
gous stabk element concentration in plants, [A,], and in soil, [A,], and the 
estimated radionuclide concentration in soil [Bs+]  to estimate the radionuclide 
concentration in plants [ Bp+ 1: 

(5.54) 

.. 

More commonly, however, the ratio of the radionuclide concentration to 
the stable element concentration in the plant is desired as this can be used 
together with other observed ratios (such as ORrnilk/pl.n1 and OR,/,& to pre- 
dict the radionuclide concentration is human organs for internal dosc calcula- 
tions: 

7 b i s  ratio has k n  expressed in "strontium units" or 'bunshine units" (S.U.) 
W k r t  

~ 1 picocurie of strontium -90 1s.u. 
gram of calcium 

A related expression for the cesium-potassium eleme; pair is ,the -cesium unit". 
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I -: 

where 

[ B*orgaa] = radionuclide concentration in the human organ, 

[A,,] = stable element concentration in the human organ, and 

[B,*yIA,] = ratio of the radionuclide concentration in soil to the stable 

-Some observed ratios for alkaline earth elements and calcium are given in 
Table 5.23. Note that strontium, which is more chemically analogous to cal- 
cium, is not discriminated against as effectively as the discrimination against 
the heavier elements. Also note the apparent decreased discrimination (higher 
O.R.) shown by the legumes and the one root crop (carrots). 

Ferrifizers und ugricufrvrul chemicals. Fertilizers and chemical additions 
to soils can effect both the stable element concentration in soils and soil acidity 
(pH). One of the most common soil treatments is the addition of lime to 
decrease soil acidity (raise soil pH). Figure 5.8 illustrates the effects of lime- 
stone (CaCO3) additions on soil pH, exchangeable calcium concentration, and 

element concentration in soil. 

Table 5.23. mnt-to-soil observed ratios for tbt 
alkaline earth ckmcats 

Nuclide Plant Observed ratio" References 

Strontium Grains. Corn 0.58 (a) 
Oat 0.58 (a )  
Barley 0.40-0 45 (b) 
Buckwheat 0.43-0 49 

Grasses: Sudan Grass 0.46 (a) 
Brome grass 0.50 (a) 

Legumes. Clover 0.82 (a) 
Soybean 0.79 (a) 
Alfalfa 0.82 (a) 

0.19 (a) cowpca 
0.37-0.53 (b )  

Leafy: Tobacco 0.78 (a) 
Cabbage 0.78 (a) 

-- .:e -..... . 5. .. . .* Y . .&-*'---- 1(*3 -. I..... 

(b )  
Buckwheat 0.023-0.028 (b) 

Legumes: Cowpeas 0.053-0.057 (b )  
Radium Grains: Barley (straw) 0.028 ( C )  

Grass: Rye grass 0.05 1 (C) 
Leafy: Cabbage (leaf) 0.03 (C) 
Root: Carrot (root) 0.12 (C) 

Barium Grains: Barley 0.02-0.022 

"Observed Ratio - (pCi/gram calcium) plant/(pCi/gram calcium) soil 
Sources: (a) data from Menzcl and Heald in [FRI-601. p. 55 .  Table 5. 

(b) [MEN-541, (c) (KIR-681. 
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Fuw 5.8. The effect of limestone (%me") additions oa strontium-89 uptake by maize 
plants, soil acidity (pH), and exchangeable calcium conantration ia two soils. The 
strontium uptake is plotted relative to the uptake in the black clay loam without any 
liestone added. Data from Mistry et al. (MIS731. 

the uptake of strontium-89 from two types of soils. The effect of the lime is 
more pronounced on the laterite soil which initially had a lower pH, lower 
exchangeable calcium concentration. and resulted in a greater plant uptake of 
strontium. The decreased strontium uptake appears to be primarily associated 
with an increase in pH, possibly- due to the d d  solubility of SrCO, in 
alkaline conditions. 

Fertilizers added to supply nitrogen can also affect soil pH and radionu- 
cfide uptake. Fertilizers containing nitrogen in the form of ammonium com- 
pounds may give rise to acid soils, particularly when applied to sand and sandy 
loam (FOT-78), p. 347). The effect of ammonium sulfate* on the uptake of 
cesium by lettuce is shown in Table 5.24. Fertilizers with nitrogen in the 
nitrate form (potassium or calcium nitrates) may decrease soil acidity as may 
phosphate fertilizers such as rock phosphate and bone meal. The modern 
'superphosphate" fertilizers generally do not have a major effect on soil acid- 
ity. Except for the formation of insoluble phosphates, these fertilizers would 
not be expectad to have a major effect on radionuclide uptake by plants. 

*cut ahodd be ex& in generpliriag without d d e r i n g  the particular cir- 
cumstances. For instance, ammonium sulfate hati b o  found to reduce the uptake of 
strontium. possibly by the formation of the sligbtly soluble sulfate [KWA-671. 

.. . 
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TaUeS.24. E R c d . I c k n i a l d d i t i o m t o ~ a  
d l 3 7  .p(nLc by letbce 

Plant-to-Soil 
Approximate amcentration ratio 

amount addcd (pCi/kg dry plant) CbWW from 
to soil Oontrol 

(kglm') (pCi/kg dry soil) (%) 

Control 0 0.020 f 0.O006 0 
Calcium chloride 0.01 I 0.018 f 0.001 -10 

Calcium nitrate 0.01 I 0.024 f 0.001 + 20 
Ca(NO& 0.034 0.036 f 0.004 + 80 

Potassium sulfate 0.01 I 0.027 * O.Ooo8 +35 
K ?SO, 0.034 0.038 f 0.002 + 90 

Ammonium sulfate 0.01 I 0.046 f 0.005 4-130 

CaCll 0.034 0.017 f O.Ooo8 -1s . 

(NH,)?SO, 0.034 0.127 2 0.015 + 535 

Source: data from [SCH-651. 

Organic materials such as peat moss, composted materials, and manure 
can affect radionuclide uptake by plants by changing the ion exchange capac- 
ity, pH, and stable element content of soils. The organic content of soil is par- 
ticularly important in influencing the soil retention of technetium (as per- 
technetate) [ WIL-74, ROU-781 and methyl iodide [ WIL-74). 

Chelaring ugenrs. Certain organic compounds called chelating agents can 
form stable complexes with metallic ions, leading to a reduction in soil adsorp- 
tion of these ions. This reduced soil adsorption can lead to greater mobility of 
these ions in soil and also may result in their ions being more readily available 
to plants. Common chelating agents are listed in Table 5.25. 

The effectiveness of chelating agents in increasing plant uptake of 
radionuclides depends upon several factors. including the chemical nature of 
the radionuclide, soil properties (particularly soil acidity or pH), and the 
nature and concentration of the chelating agent. Certain chelating agents are 
effective only at very high pH values (as indicated in Table 5.25) and conse- 
quently influence plant uptake only in very alkaline soils. Other chelating 
agents, such as EDTA and DTPA, exhibit complexing ability at lower pH 
values (higher acidities) and would be effective over most soil pH ranges. 

Table 5.26 shows the effect of chelating agents on the uptake of several 
radionuclides from an alkaline calcareous soil. There is very little influence on 
the uptake of '06R~, which may exist primarily as an anion and is not com- 
plexed, but the uptake of the lanthanides may be increased by several orders of 
magnitude. The chelated radionuclides also have increased mobility within the 
plant. This is particularly evident in Table 5.26 from the increased percentage 
of the total activity that was transported to the leaves. 

-*e:?-.??$&..:* =wx---' 
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Chernial umc 

Effective 
Mdcculrr pH mgc for 

weight akiumcompkrkm 

CDTA C ~ n e - l . 2 4 ~ ~ ~  
DTPA Diethykactrhminc pn(uoc(ic acid 
DHEEDDA Dihydmxycthyl cthyknsdhmiac dLcrtic rid 
EDDHA Ethykncdiaminc di(a-hydmryphaykzta acid) 
EDTA Ethyknediamimtetraacctk acid 
HEEDTA Hydmxycthyl ethylenediamine triroaic acid 
NTA Nitrilotrinatic sad 
Ra- I56 Commercial analog of EDDHA 

Swnc: after (ESS-621. 

346 
393 
264 
360 
380 
278 
191 
306 

>4.5 
>6.5 
>7 
>9 
>5 
>5.5 
>6 
s9.5 

Table536 E R e c t d c b d r t h g a g e u s r ~ ~ c d ~  
d#eTer8 ldbodda * I.bcsrpl..tr \ 

Petcentage of tots1 activity in Relative uptake: chelate + control 
Total 

Nuclidc Chelating agent Leaf Fruit %em Root Lepf Fruit Stem Root plant 

Y-91 Control 
DTPAO 
CDTA' 
EDDHA' 

Ru-106 Control 
DTPAO 
CDTA' 
EDDHA' 

Cc-144 Control 
DTPAO 

EDDHA" 
CDTA~ 

Prn-147 Control 
DTPAO 

EDDHAr 
CDTA~ 

9.0 0.45 0.91 89.6 
94.2 0.50 3.0 2.3 
88.2 0.90 2.2 8.7 
24.1 0.39 1.5 13.4 

51.1 1.0 9.8 38.1 
50.5 2.8 6.3 40.4 
30.6 1.1 8.0 60.3 
51.2 0.9 4.0 44.0 

14.2 1.8 8.0 16.0 
90.9 0.6 3.6 4.9 
12.2 6.2 19.7 61.9 
14.1 0.9 4.5 80.5 

25.4 3.0 7.5 64.2 
p1.7 0.37 1.9 3.0 
54.2 0.5 2.8 42.5 
33.5 1.7 4.1 60.7 

249 
143 

4. I 

I .o 
0.6 
0.9 

I97 
I .2 
0.9 

21 I3 
10.7 
2.7 

260 776 6.1 
29 34 1.4 

1.3 2.4 1.2 

2.8 0.7 1 . 1  
1.1 0.8 1.6 
0.8 0.4 1.0 

10.4 13.7 2.0 
5.1 3.6 1.2 
0.45 0.5 1.0 

69.3 144 26.6 
0.8 1.9 3.3 
1.2 1.1 2.0 

238 
14.6 

1.5 

I .o 
I .O 
0.9 

30.8 
I .5 
0.9 

565 
5.0 
2.0 

Cadi- !~~TwI@ hum pH 7.8. 1.8% ocpaic muter io 1.6 4 par 
a D T P A 4 i c t h y k n c t ~ i n e  pmtuoccic acid. 100 mg/kg. 
' C D T A ~ n c - l . 2 4 i . m i n c c c c r u a c c i c  acid. 100 mg/kg. 
CEbDHA-thyknediuninc di(a-hydmxphcnylscetic acid). 100 mg/kg. 
Souroc: after ~ ~ ~ 6 3 1 .  

e 

. ..: . .  . . . .  .. . . C.. ,. . , . : :' ,:; ;. ,.', 
. .. :. . .  . .  ' , . . : .: . . . .  . 
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i 4ni.241 Bush k a n  Control (5.7 ? I .2)E-O3 [ U AL-791 
D T P A ~  0.57 9 >.jin 122  I W A 1.-79 1 

- 
“tihylencdiaminc di(o-hydroryphcnylacctic acid) 
’Diclhylcnclriaminc pcntaacclic acid 

i 
B 

Like ruthenium in this respect, cesium does not form complexes with these 
compounds; consequently, they have little effect on cesium uptake [ESS-62]. 
Strontium does complex with EDTA and other chelates, but exhibited only a 
slight increase in plant uptake in the presence of chelates (maximum uptake 
about 25% higher with NTA than for the control). This lack of effect may 
have been due to competition between the radionuclides and the high level of 
calcium in this calcareous soil for the chelating agent [NOR-69]. It is possible 
that strontium uptake could be increased by chelation in soils with lower cal- 
cium content. The effect of chelating agents is particularly pronounced for cer- 
tain transuranic elements. which are not generally absorbed by plants under 
normal soil conditions. The increased uptake in the presence of DTPA is evi- 
dent in Table 5.27. 

As indicated previously, increased radionuclide mobility in soils and 
increased plant uptake resulting from chelating agents may be important at 
low-level-waste sites where decontamination agents containing chelates may be 
buried [CHA-76. M EA-78, ESS-79 1. The effects of chelating agents may also 
be important in certain situations where metal chelates are administered as 
agricultural supplements to remedy nutrient deficiencies [ ESS-62, CAT-781. 
Chelates of iron, zinc, and manganese are commonly used to remedy such defi- 
ciencies because their lower soil retention results in higher plant uptake per 
unit mass added to soil [WAL-561. These agents can also result in chelation 
and increased plant uptake of radionuclides. However, this increased uptake 
may be partially compensated for by increased infiltration due to lower reten- 
tion in the soil matrix. 

Table 5.27. Effrci of chrlaiiny agents on roil-to-plant tramlrr of tr-aniic rknumrs 

( I I W )  mp clwlarinp ipmt p r  kz of soill 

R d i o  of uptJLc 
-ith chclatc 

10 conlrol 
Chcalling Conccniration 

Kadrinuclidc Plan! apcnt ratiu. C R  Rangc h k a n  Rcfcrcncc 

. . .  . . . .  . . .  . .  . .  . .  .. ,. 
. .  , 

Pu-239 ni iJ i ia  Cuntrtil 5 <t-05 
E1)1)114’ J . l t - 0 4  
DTP.4’ 1.X-03 

hifJira Conirol 4 Xk-Ol 
E D D H A ”  %.)E-01 
E D D H A “  2 51:-03 

3 . J t - 0 3  

( R O M - 7 0 1  
I K 0 h4.70 1 

:I 3 [ R O M - 7 0 )  

[ ROM-701  
I 77 IROM-701  
0 52 I ROM-701  
0 69 I ROM-701  

5 7  

Pca IIcrO Control 6. II E -. OU (LIP-761 
IO 27-7.4)E-04 [LIP-761 

DTYA, 0 so 6.(6-U<3 737 Z 107 [LIP-761 
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Distribution of donuclides in soil. Plant root systems generally nsem- 
ble an inverted tree with most of the root lying closer to the soil surface. 
&cause of this distribution, plant uptake of water from the soil is greatest 
nearer the surface and dccbes with depth, as shown in FQ. 5.9 (a) and (b). 
Only when the water nearer the surface is depleted do plants draw appreciable 
water from deeper ulllc~ 

Radionuclides arc geaerally drawn up by plant mots along with the water. 
As a co118cquencc of the root distribution and distribution of water intake with 
depth, radionuclide uptake by plants generally decteases with the depth in soil, 
as shown in Fig. 5.9 (c) and (d). The relative uptake from various depths will 
depend upon the type of vegetation, the properties of the soil, and the height of 
the water table, all of which affect the root distribution pattern. The radionu- 
clide mobility in the soil is also an important factor. The strontium uptake pat- 
tern shown in Fig. 5.9 (c) shows a lesser influence of depth than the uptake of 
ccsium, presumably because the strontium is less tightly bound to the soil and 
more able to diffuse to the plant roots. The more tightly bound cesium exhibits 

OINL-DIG U-lWM 

1 .o I I 1 /, 1 1 1 1 1  I 1 I I 1 I d  
0.01 am 005 0.1 az 05 1.0 0.01 0.w 0.0s 0.1 0.2 0.5 1 o 

FRACTION OF TOTAL WATER UPTAKE CLWULATIVE FRACTION OF TOTAL WATER, d < 

aoi o m  om o i 0.2 0.5 1.0 

W A K E  OF "'0 A!j CRACTION OF UPTAKE AT SURFACE 

Figure 5.9. (a) Fractional water uptake by alfalfa with depth and cumulative water 
intake. (b) From Arizona Agricultural Experimental Station data in Foth [FOT-781, 
Figure 4.16, p. 81. (c) Fractional uptake of Strontium;W and Cesium-137. (d) With 
depth of radionuclide in soil. Based on the data of Kirchmann et y. (KIR-671 for grass. 
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an uptake profiie similar to that of the water intake. The effect of both plant 
type and soil type on the relative uptake at different soil depths is shown in 
Table 5.28. The relative uptake from a depth of 20 cm is higher for the more 
deeply rooted alfalfa than for the shallow rooted ryegrass in all soil types. The 
relative uptake from a depth of 20 cm is higher in sandy soil for both plants, 
again presumably due to tbc lower soil retention and greater mobility. 

T.Yr5.28. EffedofmdbndIdedqtLbrdlaphotW8ke 

Rdative uptake 
uptake (8t 20 cm)/uptake (surface) 

Soil type Prairie 
Crop radionuclide humus Podzol Sand 

......... ..... . . . .  ..,: . :.:.;:..::.::..::..: . .  . . . . . .  ............ . .  .../ ....................................... . .  .... . . . . . .  . . . . . .  . .  . .  . . . .  

, i ,/ 

Grass Strontium-90 0. I5 0.06 0.18 
Cesium- I 37 0.09 0.05 0.20 
Radium-226 0.26 0.14 0.16 

Alfalfa Strontium-90 0.36 0.05 0.37 
Cesium- I37 0.26 0.38 0.56 
Radium-226 0.12 0.50 0.20 

Sou=: dam from [GRZ-721. 

I t  should be noted that the uptake shown in Fig. 5.9 (c) and (d) and in 
Table 5.28 was determined by placing a contaminated soil layer at different 
depths. Consequently, the decreased uptake with depth is not due to the verti- 
cal profile of the radionuclide concentration but is primarily a result of the 
plant root and water intake distributions. In the natural environment, the com- 
bination of the vertical radionuclide distribution and root uptake pattern will 
lead to a more pronounced decrease of plant radionuclide uptake with increas- 
ing depth. This is shown for 89Sr in Table 5.29; approximately 85% of the 
uptake coma from the first 25% of the root depth. Because of this effect, til- 
ling contaminated soils can produce a reduction in plant uptake and becomes a 
possible protective measurement in case of accidental contamination. 

The decrease in radionuclide uptake with depth in soil also may affect the 
validity of plant-to-soil concentration ratios (CRs) obtained from small pot 
experiments. I n  most small-scale experimental studies. the radionuclide conccn- 
tration is uniform throughout the root zone. In nature, a uniform soil profile 
would generally be restricted only to the upper layer (approximately 0.2-0.3 
m) of tilled soil, whereas crop roots may penetrate well below this zone. The 
decreased radionuclide uptake with root and soil depth generally results in 
lower CR values being measured in field studics than in small pot experiments. 

\ 
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Depth 
Fraction 
0ftot.I 

- d e p t h  

Percentage of total uptake 
Alfalfa (lucerne) Rycgrur 

~ u l . t i v c  cumulrtive Refmacc 

IO 0.125 
20 0.25 
40 0.50 
80 I .00 

40 40 49 49 [MIL421 
46 86 35 84 (MIL421 
6 92 9 93 [MIL421 
8 100 7 100 [MIL421 

c h n  
cumulative 

0-5 0.25 50 50 [POE-72] 
5-10 0.50 25 15 POE-721 
10-20 1.00 25 100 [POE-72] 

Comparison studies of crops grown in the same soils in containers of different 
sizes (STE-80aJ confirm this effect, An illustration of the effect of experiment 
size on the %Mn concentration ratio is shown in Fig. 5.10. 

5.2.4.4 Vegetation Cmtamhmtion from Irrigation 

. .  . 

Contamination of both soil and vegetation can occur if water containing 
radioactive materials is uscd for imgation. The fraction of the radioactive 

. .  . .:. . .  . .  . .  . .  .. . . .  . .  
. .  ' .. . . . .  . .  . . ... . .  . I  . .  . . 
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material in the water that is taken up by the plant will depend upon several 
factors, especially the mode of irrigation. There a n  several methods of irrigat- 
ing cultivated crops, including distribution of the water through surface fur- 
rows. through porous subterranean pipes, drip irrigation involving application 
of water to localized portions of the soil. and sprinklers [FOT-78, pp. 
108- 1091. Total flooding of fields is also uscd, primarily for rice cultivation. 

The importance of the soil radionuclide retention properties will depend 
upon the degree of soil contact resulting from the different modes of irrigation. 
This degree of soil contact is smallest for sprinkler or spray irrigation and 
flooding and greatest for irrigation by surface furrows. 

Direct contamination /mm spray irrigation. Radionuclide uptake by 
plants from irrigation can occur by direct contamination from contact with the 
water or by indirect contarnination from contact with soil that has been con- 
taminated by the water. Direct contamination from spray irrigation would be 
expected to resemble wet deposition (Section 5.2.2.4). Equation (5.21) can be 
modified to describe this process: 

CA C,fe-"' (5 .56)  C&) = - = [ I  - exp- (&+kf ) r ]  , 
Y" YJX, + kl) 

where 

CM = the mass concentration (activitylmass) of the radionuclide on the 

CA = C, le-"' = the areal concentration (activity/m2) deposited per 

Y ,  = the vegetation density ( kg/m2), 

C, = the radionuclide concentration in the irrigation water (activity/L) 

plant, 

unit area of plant 

and 

f = the irrigation rate* (liters per hour per m2, L/m2 - hr). 

The remaining parameters are as defined in Eq. (5.21 ). 
This expression describes the interception of irrigation spray by the entire 

aboveground portion of the plant. In order to determine the radionuclide 
concentration in a specific food product (grain, leaves, fruit, etc.), it is 
necessary to multiply this expression by a factor,/, which is the fraction of the 
total plant activity that reaches the edible part of the plant. The factor 
includes both the fraction of the material deposited on the edible portion and 

*Recall that a rainhll rate of I mm/hr = IO-'m'/m'hr = IL/m'hr. 
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r maslocation to the edible portion of material deposited clsewbere on the plant. 
. . . . . . .  . .  For short time periods, Eq. (5.56) can be approximated* by: 

where 
CM/Cw has been measured and provides a water-to-plant transfer factor, F: 

is tbe total volume of water applied per unit area (V = fr ). The ratio 

Cu (activity /kg plant) P Je-mjY (5.58) 
E cw (activity /L of water) Y V  

Another transfer factor may be obtained by dividing both sides of this 
equation by Y: 

F CM(activity/kg plant) E f e - m i v  (5.59) 
yvv ' 

clP-=-= Y Cw(activity/L) v(L/m2) 

This represents the radionuclide concentration in the plant per unit activity per 
surface area. The radionuclide concentration in the plant may be calculated 
from: 

CM (activityjkg) = FC, (activity/L) = cwCw (activity/L)V(L/m*) . (5.60) 

I I 

Tabulated values of F and c,,, are given in Table 5.30. 
fdinet coataminorion from irrigation water. Radionuclides present in 

irrigation water distributed by surface furrows or subterranean conduits will 
interact with tbe soil prior to entering crops. Barbier et al. [BAR411 have 
pro@ a model to d d b e  this process, which is simiiar to the model 
developed in Section 5.2.3 for radionuclide accumulation in soil. Their model 
relates the radionuclide concentration in the vegetation to the radionuclide con- 
centration in the irrigation water: 

. .  ~ 

e 

that 1 -e-' is approximately q u a l  to x. 
+For small values of x [ x  = (A, + k l ) t ] ,  e-' can be approximated by 1 - x, so 

. . . .  >....: . . .  . . .  ..:. . . .  . . . .  . . . . . .  . .  . . . .  : .. ... . .  
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Cnhalt-60 
(DEL.131 

Zinc.65 
I DEL.73 I 

Strontium-90 

Sdium.22 
Ruthenium- 106 

[BIT-721 

Ccsium-117 

Green hcans pod 
L ~ I ~ U C C  leaf 
Carrot rwt 
Apple Mi 

irtturr tear 

Lettuce leaf 

Green k r n s  pod 
Lettuce leaf 
Carrot rwt 
Apple fruit 

Green beans pod 
1.ctiuce leaf 
Carrot rwt 
~ p p l e  fruii 

Green k a n s  pod 
Leitucc leaf 
Carrot rwt 
Apple fruit 

Young vc(ctation 
Old veplation 

Grccn hcani pod 
L~IIUCC i i e a f l  
L C l l U C C  

Tomato fruit 

Green hcans pod 
LCIIUCC l e a f  
Carrot rwt 
~ p p k  fruit 

I50 
150 
I50 
400 

I $0 
I50 
I50 
400 

I50 
I50 
I5U 
4 M  

150 
I50 
I50 
400 

I5 
I5 

I so 

I50 
I50 
I50 
400 

( 4  7E-04) 
I 6  OE-031 
( I  )E-02) 
( I  75E-041 

( 1  It-041 
( 5  OE -011 
1-01 
I I  25E-04) 

( 4  RE-03) 
( I  OSE-02) 
( 2  7E-01) 
IZOE-04) 

( 8  OE - 04) 
( I  07E-02) 
( 3  )E-01) 
( 1  75E-04) 

( I  3 - 4 6 l E - 0 2  
( 2  J-60)E-OZ 

(4 1E-04) 

(49E-01) 
(001) 
12 lE -03 )  
(115E-04)  

0 07 
0 9  
I 7  
0 07 

2 - S  

O S  IO 

0 04 
0 75 
-0 
0 05 

0 72 
I51 
0 4  
0 08 

0 I 2  
1 6  
O S  
0 I5 

0 2 - 0 7  
0 14-09 

0 07 
0 19 
0 5 b  
0 05' 

0 1 3  
I S  
0 4  
0 I S  

(24E-03)  
(0  061 
(011) 
( I  I7E-03) 

( I  35E-011 
(0051 
-0 
( 8  4 E - M I  

(0  0241 
( 0  IO51 
(0021) 
( I  3E-03) 

(4 OE - 03)  
(0  107) 
( 0  028) 
( 2  SE-03) 

( 2  4E-03) 

(00245) 
( 0  I )  
(002j) 
( 2  5E-03) 

(0.351 
(9.01 
(14.41 
(0.47) 

(20-501 

(5-10) 

(0.201 
(7.31 
-0 
(0.341 

0 . 6 )  
(15.7) 
0 .4 )  
(0.S4) 

(0.6) 
(161 
(4.25) 
(101 

( 0  351 
( 1 . 5 )  
(5.0) 
(0751 

0.63) 
( 1 3 )  
(3.4) 
(1.0) 

'Assumed Iresh/dry Weilhl convcoion frclor 
'All ruthcmium compounds e ~ ~ r p l  nitrosyl ruthenium hydronidc. 
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5-70 Radidqgical Assessment 

W b U C  

r = the ratio of the radionuclide coomotration h vegetation* to the 
radionuclide concentration in the h i p t h o  water, 

tbe ratio of the radionuclide coaomtratiOn in vegetation* to the 
radionuclide activity deposited by the water per dt d a c e  area of 
e 

c h  

V = the annual irrigation rate ( L/m2/yr). 
X - the radionuclide decay constant, and 

* - the fraction /of radionuclide lost pa year throryb infiltration. 

The equilibrium values for radionuclide accumulation in soil from irriga- 
tion water arc given by 

The radionuclide concentration in the plant can be obtained by multiply- 
ing both sides of this expression by the plant--soil concentration ratio, CR, so 
that 

(5.63) 

The parameter r in Eq. 5.61 is the ratio of Cw to Cw; therefore, 

Comparison of this expression to Eq. 5.61 shows that the parameter ci, is 

(5.65) 

.Note that the parameten c and r, like tbe concentration ratio, can be expressed in 
terms of fresh (wet) weight or dry vegetation weight. 

\ 

. . .  . . . . . .  . .  . . . .  . . .  . . .  . .  . .  
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where 

CR = plant-to-soil concentration ratio, 

LR = fraction lost by surface runoff, 

p = bulk density of the soil, and 

L = effective root depth of the plant. 

Values of the transfer parameters cim r', and r, together with the experi- 
mental conditions under which they were obtained, arc shown in Table 5.31. 
These parameters are dependent upon the type of crop and soil, as might be 
expected from the relationship shown im Eq. 5.65 between these parameters 
and the plant-to-soil concentration ratio. The importance of soil type may be 
seen from the %Sr and I3'Cs values for a low-potassium and low-calcium soil 
(denoted by a) ,  which are generally an order-of-magnitude larger than the 
transfer factors for more typical agricultural soils. 

The mode of irrigation may also have a significant effect on the radionu- 
clide content of food crops, as shown in Table 5.32. Irrigation of crops using 
surface irrigation furrows appears to transfer only about half as much %r or 
'"Cs to the plant as either subterranean imgation or spray. Losses along the 
furrow may account for this difference. The transfer of cesium from subterra- 
nean irrigation conduits appears to be slightly higher (by about 209b) than 
from sprinkler spray. This may be due to soil retention of the spray material in 
soil layers above the roots. 

Flooding. Irrigation by complete flooding of fields is used for rice cultiva- 
tion. Radionuclides in the irrigation water may enter the plant via the stem 
base as well as via the roots. As in the case of sprinkler irrigation, uptake from 
the water is generally higher than from soil due to the absence of soil sorption 
processes. The uptake by the grain from water is about two orders of magni- 
tude greater than from soil and can be extremely high for cesium, which other- 
wise is tightly bound to soil [MYT-69, BIT-721. The magnitude of increased 
uptake from flooded soil is considerably lower than that from water, typically 
being around a factor of 3, depending upon the radionuclide and the soil type. 
Less retentive soil (such as laterite soil) permits greater soil-teplant transfer 
from flooded as well as unflooded fields [OSO-79, MIS-731. 

5.2.5 Radionuclide Transfer to Animal Food Products 

5.2.5.1 Uptake and Retention of Radionaclides by Animals 

The transfer of a radionuclide from animal feed to a food product depends 
upon the metabolism of the animal. The simplest model of this process is 
shown in Fig. 5.11. This model has two compartments: the first compartment 
typically represents the blood and the second compartment the organ or food 
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Table 5.31. Wafer-Wphnf ndioclclclidc trader fadon f a  bdlm c a ( . m b r t k .  
d crop by l ~ f b n  of rdl rlfb c a f a r h m f d  wafer 

Transfer rate factor 

Water-to-plant 
Area.to-plan1 

Test Transfer factor. c,,, I' - C," x Y 
clop irrigation m2 mz L 1 

(Edibk volume, V 
Radionuclide portion) FW/DW (L/m*) kg (fresh) kg (dry) ka (Iruh)/yr t i  ( d W y r  

Sodium-22 
(A - 0.266 yr-') 

Manganese-54 
( A  - 0.817 yr-') 

Cobalt-60 
(A  - 0.132 yr-') 

, 

Zinc-65 
( A  - 1.03 y r - ' )  

Strontium-90 
( A  - 0.0248 yr - ' )  

Lettucc 

Green bans 

carrots 

Appla 

Ltt tua 
Applo 

Lettocc 
Lettucc 
Green kana 
Carrots 
Appla 
A P P ~ ~  
Lettucc 
Green beans 
Carrots 

Lcttuct 
Tomat as 

POI~IOCS 

230 
400 
400 

2 30 
400 
2 30 
400 

250 
1430 

250 
230 
230 
230 
2 30 

1430 

230 
2 30 
230 

SI5  
500 
500 
500 
500 
500 

0.17 

3E-04 

0. I 3  

IE-04 

(0.5-2)E-Me 
(0.5-2)E-O) 

(2-4)E-04 
l.2E-03 
9E-04 
1.6E-03 
2.OE-OS 
(0.5-2)E-OS 

0.014 
8.9E-03 
2E-03 

I .3E-03 

HE-05 
HE-04' 
2.7E-04 
2.OE-03' 

(0.5-1 )E-04 

(1.7) 

I.SE-03 

(1.10) 

(6.7E-04) 

(O.S-2)E-O3' 
(0.344 .34)E-04 

(2-))E-Ol 
(0.012) 
(4.SE-03) 
(0.014) 
(1.34E-04) 

(0.14) 
(4.4E -02) 
(0.011) 

(0.013) 
(0.84-1 .7)E-03 
(k5E-04) 

(1.14E-03) 

(0.34-1.34)E-04 

~.3~-03r 

(0.01 r 

(39.1) 
(68)  
(0.069) 
(0.12) 
(29.9) 
(52) 
(0.023) 
(0.04) 

(0.01 2.o.osy 
(0.7*2.8)E-O2 

(O.OS.o.1) 
(0.28) 
(0.21) 
(0.37) 
(4.6E-03) 
(0.7.2.8)E-OZ 

(3.22) 
(2.05) 
(0.46) 

(0.67) 
(0.0254.05) 
(0.0165) 

(0.135) 
( 0 . w  

( I .or 

( 390) 
(680) 
(0.345) 
(0.6) 
(254) 
(442) 
(O.lS4) 
(0.27) 

(0.12S.o.sy 
(O.OS-0.19) 
(O.J.I.0) 
( 2 . 0  
(1.00 
(3.1) 
(0.03 I ) 
(0.048-0.l9) 

(32.2) 
(10.2) 
(3.9) 

(6.7) 
(0.42-0.84) 
(0.28) 
(2.65) 
(0.37) 
u.or 
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Tsble S.31 (continued) 

Transfer rate factor 

Water-replant 
Test Transfer factor. c,,, I' - rin X V 

Area-to-plant 

Crop irrigation m' m* L L 
(Edible volume, V 

Radionuclide portion) F W / D W  ( L / m * )  kg (fresh) k8 (dry) kg (fresh)/yr k l  (dry)/yr 

Niobium-95 
( A  - 7.23 y r - ' )  

Ruthenium-IO6 
( A  = 0.693 y r - l )  

Cesium- I34 
( A  = 0.30 y r - I )  

Cesium- I 3 7  
( A  - 0.023 y r - ' )  

Cerium-141. 
( A  = 7.91 yr ' 1  

Cerium-144 
( A  = O . R R R  y r - ' )  

Green beans 
Apples 

Letruce 

Lettuce 
Apples 

Lerluce 

Lelluce 

Green beans 

Potatoes 

Tomatoes 

Carrots 
Apples 

Leltuce 

Lellucc 

5.0 500 
6.7 500 

(10) 250 

(10) 250 
(6.7) I430 

( I O )  250 

( 1 )  '250 
500 
500 

( 5 1  250 
745 

4.22 5 0 0  
5 5 0  
16.7 SO0 

5 0 0  
5 0 0  

( n . 5 )  200 
(6.7) 500 

( 1 0 )  5 0 0  

5 5E-04 
( I .4)E -04 

f 1-7)E-O-l 

(I-2)E-04 
( l-2lE-04 

(I-2)E-04 

(I-5)E-04 
1.4E-03 
7 OE -03' 
6E-05 
6 6E-04 
5 RE-05  
3 6E-03' 
I RE-05 

16E-04' 
2E-05 
IE-OS 

( 3-7 )E - 04 

(n I .  I )E - 0 5  

( 1-7 )E  - 04 

2.75E-03 
(0.67-2.7)E-Ol 

(I-7)E-0) 

(I-2)E-03 
(0.7- I .3)E -03 

(I-2)E-03 

(I-S)E-03 
(l.4E-02) 
(0.07)' 
f 3E -04 
f3.3E-03) 
(2.45E-04) 
(0.01 8)" 
f 3.OE -04) 
(0.17- I .7 )E - 04 
(6.OE-03)' 
( I .7E - 04) 
(6.7E - 05 ) 

(3-7)E-03 

(3-?)E-03 

(0.27s) 
(0.05-0.20) 

(0.025-0.175) 

(0.025-0.05) 
(0.14-0.28) 

(0.25-0.5) 

(0.025 4.125) 
(0.70) 
(3.5)* 
(0.015) 
(0.48) 
(0.029) 
( I .8 I0  
(9E-03) 
(O.J-5)E - 03 
(0. I8 1'' 
(0.01 1 
f 0.005) 

(0.15-0.35) 

(0.15-0.35) 

(1.4) 
(0 .34 I. 34) 

(0.25-1.75) 

(0.25-0.5) 
(0.96- I .9) 

(0.25-0.5) 

(0.25- 1.25) 
(7.0) 
(35)" 
(0.075) 
(2.4) 
(0.12) 
(9.0)' 
(0.15) 
(0.8-8.3 )E - 02 
(3.0)' 
(0.085) 
(0.03 3)  

(1.5-3.5) 

( I  5.3.5) 
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Lon8-lerm equilibrium transfer parameters 
e 

Water-teplant. r 
Annual 

r 
CIOP irri8ation Infiltration Buildup L L 

Radionuclide *ion) (L/m*.yr) $ yr-' (I/A + $) k8 (fresh) k8(dry) . .Referem 
rate raaor = (Edibk rate 

Sodium-22 
(A  = 0.266 yr-l) 

Mm#anac-S4 
(A  - 0.811 yr-l) 

cobalt-60 
(A  - 0.132 yr-') 

Zinc-6S 
(A  = 1.03 yr-') 

Strontium40 
( A  = 0.0248 yr-') 

230 
100 
230 
100 
230 
400 
230 
100 

( 5 0 0 )  
UO0) 

SO0 
SO0 
SO0 
SO0 
SO0 
SO0 

800 
800 
800 

SO0 
SO0 
S O 0  
SO0 
SO0 
SO0 
SO0 
SO0 

0.21 
0.83 
0.21 
0.83 
0.21 
0.83 
0.21 
0.83 

0 
0 

0 
0.02 
0.02 
0.02 
0.02 
0 

0.03 
0.03 
0.03 

0.02 
0.01 s 
0.01 
0.04 
0.02 
0.04 
0.02 
0.01s 

(2.1) 
(0.91) 
(2.1) 
(0.91) 
(2.1) 
(0.91) 
(2.1) 
(0.91) 

(1.22) 

(7.60) 
(6.60) 
(6.60) 
(6.60) 
(6.60) 
7.6 

0.941 
0.94 I 
0.941 

22.3 
25. I 
28.8 
15.4 
22.3 
15.4 
22.3 
2S.l 

(1.22r 

(82) 80 
(62) 
(0.14s) 0.2 
(0.11) 
(62.0 61 
(47) 
(0.048) 
(0.036) 

(0.03 4.12)' 
(0.03-O.12) 

(4.0) 4.3 
(3.0) 3.2 
(5.3) s.1 
(0.066) 
(0.01 9 4 0 1 6 )  

(10.5) I O 3  
(6.1) 6.2 
(1.50) I.Sl 

( I S.0) 
0.6-1.2s 
0.3 
2 . 9  
(3.0) 2 3  
IS* 
(6.1) 
(1.25-3.0) 

(0.38-9.1) 

(DEL-131 
(DEL-73) 

(DEL-131 
[ DEL-131 

( D E L l  31 

(DEL731 
[DEL731 
IDEL73J 

(DEL711 
(DEL-11 1 
( D E L l  I ]  
( DEL-13 I 
(DEL-13) 
(DEL-131 
(DEL131 
( D E L l  I ]  

(DEL131 
(DEL-131 
(DEL-131 

[BAR-61, DEL711 
[ DEL-1 I 1  

(BAR-611 
[BAR-sl) 
[BAR-61) 
(BAR-611 
(DEL-1 I ]  

[BAR411 

.'I. ... . , ,*. 
... . r,.: .... 

.. . 

I 
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Table 5.31 lcanllnucd) 

Long-term equilibrium transfer parameten 

Water-to-plant. r 
Annual 

Crop irrigation Infiltration Buildup L L 

Radionuclide p n i o n )  (L/m'.yr) J .  yr-I (I/A t J . )  kg (fresh) kg (dry) Reference 
(Edible rate rate factor - 

Niobium-95 
( A  - 7.23 yr-l) 

Ruthenium-IO6 
( A  - 0.30 yr-l) 

Cesium-1 34 
( A  - 0.30 yr-l) 

Cesium-137 
( A  - 0.023 yr-') 

Cerium-14 I 
( A  - 7.91-I) 

Cerium-144 
( A  - 0.888 yr- ')  

Lettuce 

Lettuce 
Apples 

Lettuce 

Lettuce 

Green bcanc 

Potatoec 

Tomatoes 

Carrots 
Apples 

Let I uce 

Lettuce 

230 0 

2 30 0 
1430 0 

2 50 0 

300  0 
300  0 
300  0.0 I 
300  0.003 
5 0 0  0 
300 0 
300 0.01 
300 0 
5 0 0  0 
500 0.01 
5 0 0  0.005 
5 0 0  0.005 

300  0 

5 0 0  0 

0.138 

I .44 
I .44 

3.12 

43.3 
43.3 
30.2 
35.6 
43.3 
43.3 
30.2 
43.3 
43.3 
30.2 
33.6 
33.6 

0. I263 

1.126 

(3.6-7.2)E-02 
(0.214.41) 

( 0 . 0 8 4 . l 7 )  

(2.0- I O )  
0 0 )  
(IOSY 
1.1 
(20) 
I .I 
(54Y so. 
0.4 
(0.0224.22) 
3.0. 
(0.36) 
(0.18) 

(0.0794.044) 

(0.11-0.39) 

(0.0344.24) 

(0.36-O.72) 
(1.4-2.8) 

(0.8-1.7) 

(22-1 IO) 
f 300) 
(1050)' 
(3 .3)  
(100) 
s.3 
(270)' 
(6.5) 

(90). 
(3.0) 
(1 .2 )  

(0.19-Q.4) 

( I  .7-3.9) 

(0.16-3.6) 

(DEL-71 I 
[DEL.71] 

(DEL-711 
( DEL.7 I 1 
( DEL-7 I 1 

[DEL-? I 1 
[ BAR-61 I 
[ BAR-61 I 
I DEL-?lJ 
lBAR-611 

[BAR-611 

[ DEL-71 1 
[BAR-61 1 
[ DEL-731 
[ DEL-71 ] 

(DEL-711 

[ BAR.61 I 
[ BAR-61 I 

( DEL-71 1 

~ -~ 

"This soil has a low cation exchange capacity and low enchangeable potassium and calcium levels 

Note Values in parentheses (eacept (3-7)E-031 were not presented in the ctted literature 
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Stmntium-sd (17.4) 540 1.41-03 0.73 
( 11.4) 

(17.4) 334 1.411-03 0.47 
690 1.41-03 o.% 

(6.1) 
0.65 (16.1) 0.17 (6.1) 

514 1.3E-03 
0.39 (3.5) (6.0) 810 5.SE-04 0.44 0.35 
0.81 

650 5.41-04 

680 5.41-04 MCOa 
lo00 8.11-04 

-bun# 1260 1.11-M 
(10.0) 

Calom-l 3 7  (26.4) 540 1.121-03 0.65 (45.9) 
1.9 690 2.lE-03 ( 16.0) 

(19.1) 0.31 
1.19 (58.4) 

(24.8) 840 4.4E-04 0.36 0.58 

334 9.11-04 
514 2.71-03 kttm 

punbum 1260 1.221-04 0.1s (1.60 650 8.81-04 

(6.0) 
(32.5) 

680 2.151-04 0.19 
1.5 lo00 1.51-03 

b ukdatd rm an rPmed mmud ini&m raw d ww) L/m' lor the p i p  of romp*. 
'Pammcteo: I - 0.02 yr-1, A - 0.0248 yr-l. I/(A t p) - 22.1 lor ctronlium-9d 
~ p l r l ~ e n :  - 0 p - I ,  A - 0.023 p-1, I/h - 43.3 lor mium-137. 
Source: data lmm [BAR-611. 

b 
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ORNL-DWG 82-19766 

EXCRETION 

t 
ORGAN 

FOOD 
PRODUCT 

INTAKE BLOOD 

Figure 5.1 1. Twoampartment transfer model. 

product of interest. Radionuclides enter through the blood and pass in and out 
of the second compartment but may leave the system only through the blood 
compartment. Lusses due to radioactive decay occur in both compartments. 
The difference in the input and excretion rates from the compartment 
representing the food product will determine the radionuclide content in the 
food product. 

The simple two-compartment model described above has been successfully 
used for some applications. However, three- or four-compartment models (or 
more) are more typically used to describe radionuclide metabolism. These 
models are discussed in Sheppard's book [ SHE-62 1. A general n-compartment 
model will be used to develop the feed-to-food-product transfer factor. A simi- 
lar model (with different numerical parameters) would be used for the 
radionuclide concentration in either animal organs such as beef liver or animal 
products such as eggs or milk. 

These models were derived from measurements of the radionuclide secre- 
tion or buildup in the animal or animal product following intake of the 
radionuclide. In some cases the radionuclide was injected into the bloodstream. 
The results of this approach have to be modified to account for the fact that 
the GP tract acts as a barrier to the radionuclide reaching the bloodstream 
during natural exposure situations. Nevertheless, this approach may be useful 
for determining the metabolism of very insoluble materials or materials that do 
not readily pass through the intestinal wall (such as plutonium). In most labo- 
ratory studies, a single oral administration of the radionuclide is used. How- 
ever, in field studies the animal is often exposed to multiple intakes. Care 
should be taken when using literature parameters to ascertain whether -one- 
shot" or continuous intake was used. 

. . .  
. .  . .  
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The general form of the retention equation 
in the general mammalian model* is 

0 
for a peripheral compartment 

- A /  (5.66) 
e .  

where Bj represents the fractional exchange rate (exchange rate divided by the 
fraction of the total material in the body which is contained in compartment 
j ) .  Air represents the effective loss rate constant for loss from compartment i, 
and 

k -a 
k # i  

Equation 5.66 can be simplified to: 

i - 0  

(5.67) 

(5.68) 

where Ki represents the terms in parentheses? in Eq. 5.66, and the effective 
removal rate constant for compartment i. A,,, has been replaced by its com- 
ponents, the radioactive decay constant for the particular radionuclide X and 
the biological removal rate for the element from compartment i, ri .  Except in 
the case of tritium, 'H, the difference in atomic mass between isotopes gener- 
ally has a negligible effect provided that both the radionuclide and the stable 
element are in the same physicochemical form. Equation 5.66 represents the 
time variation of the radionuclide concentration in compartment j following a 
single short-term (essentially instantaneous) intake or injection into the central 
compartment, which, in the general mammalian model, is the blood. Single- 
intake retention functions for milk for several radionuclides are given in Table 
5.33. 

The radionuclide concentration in the compartment following an intake or 
input that varies with time according to a specified function, fin (r ) ,  is 
repmentad by 

'For the development of this equation, see Chapter 4 k [SHE-621. 
t Note that Ki is also dependent on the radionuclide bccause of the presence of hi, 

in the coefficients of the terms in Eq. 5.66. 



Uemcn( P a ~ s a n  v a l d  (fa I b dryd 

Barium (80-140) - 6.3 X IO-'. bI - 0.76; az - 2.7 X IO-'. bz - QO8); J - -6.6 X IO-'. b j  - 1.01. 

Caiun ud mbdium dI - 3.6 X IO-? b ,  - aW. a1 - I 3  X IO-? bl - 0.11; aJ - 4.0 X IO-? b, - 0.01); 

a, - -5.1 X IO-'. b. - IM. 

a, - 5.6 X IO-'. bI - a94 al - 1.5 X W-'. b1 - 0.032; a, - -5.7 X IO-), bJ - 6.93 

a, - 9 X IO-'. 6,  - 0.m.q - 0.U. bz - 1.1% aJ - 9 X IO-'. bl - 0.102 bd*c (British valua)  

(CERT Idaho) [BlJ46] 

Slrmirm (Blitnh) ., - 5.5 x io-'. b, - amaz - LO x IO-*. bl - 0.01017; a, - -5.5 x IO-'. 6 ,  - 1.58 

Tellurium a, - 5.5 X IO-'. b ,  - 1.OP.q - 5.2 X IO-? b - 0.14: aJ - -6.1 X IO-'. b, - 2.34 
Pdunium-2lO IWAT-691 a, - 3.0 X IO-'. b ,  - 0.19; a1 - Z8 X IO-*. q - 0.021 

oValnu hived  principally fmm IGAR-61). 

When the radionuclide intake by the animal is constant [Ii,, (t - 7 ) = 
fCo], Eq. 5.69 bccomes 

(5.70) 

This equation describes the concentration in compartment J at time r from a 
continuous intake of a radionuclide at a constant intake rate li,, per unit time. 
The tquilibrium concentration that is approached following long-term continu- 
ous intake is given by 

(5.71) 

When this expression is normalized to a unit intake rate, it represents the 
intake-to-food-product transfer factor, 

(5.72) 

These factors are tabulated as the intake-temeat, intake-to-milk, and intake- 
to-cgg transfer factors and aie generally expressed as the percentage of the 

. .  . : . . .  
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daily intake transferred per unit mass (or volume for milk) to the food product 
(e& percentday per liter or percentday per kilogram). The values in this 
chapter arc expressed as days per liter for mi& a d  days per kilogram for 
meat in order to avoid numerical errors associatai with failure to convert per- 
ccntagff 

5.25.2 Appliation to Craziog Animrrls 
The general mammalian model must be modifd to apply it to grazing 

animals in order to account for the time dependence of the radionuclide intake 
by the animal. This, in turn, is dependent upon the time variation of the 
radionuclide concentration on the forage, Tbere arc two contamination situa- 
tions that arc of importance for radiation dosc assessment purposes: short-term 
and long-term. 

Shurt-term contarnination (accident sitaations). For accident situations, 
the went that causes the contamination of the forage is considered to be of 
short duration compared to the effective half-lie on the forage. In such cases, 
the initial contamination can be represented by the product of a deposition rate 
(given by Eq. 5.20) and the duration of the contaminating event, T: 

(5.73) 

The areal concentration at time r following the contaminating event is given 
by* 

(5.74) 

where CA(0) is given above and X, is the effective removal rate constant for 
loss from the vegetation (including washoff, resuspension, and, for smail plots, 
loss due to consumption of the vegetation by the grazing animal). 

The unit of CA(r) is activity per unit area (e.g., btcquerels per square 
meter). In order to convert this into the daily intake by a grazing animal, it is 
necessary to either convert the concentration per unit area to the concentration 
per unit mass or to express the daily forage consumption by the grazing animal 
in terms of the equivalent area of forage consumed per day. the latter quantity 
is termed the Utilized Area Factor (UAF) by Koranda [ KOR-651: 

kilogram (dry) forage ingcsted/cowday (5.75) UAF = kilogram forage produd/square meter 
. 

%e function describing retention has historically been described by a single expo- 
nential dccay term rather than the two-term expression given in sect. 5.6.7. 

.. 

. .  
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If the areal radionuclide concentration C, is converted to the vegetation mass 
concentration, the daily radionuclide intake by the herbivore is  

where 1 is the rate of forage consumption by the herbivore (kg/d)* and Yo is 
the forage density (kg/m2).* If the UAF (area) approach is used, the daily 
radionuclide intake by .the animal is 

Both of these terms will be represented by the general expression, 

fjn(r) = C ( p '  , (5.78) 

where Co is either I CA(0) /Y ,  or (WAF) CA(0) depending on the approach 
used. Values for the forage intake rates and utilized area factors for various 
feeding practices are given in Tables 5.34 and 5.35, respectively. 

Substituting Eq. 5.78 into Eq. 5.69 gives: 

I n 

As the effective loss rate from the pasture AI = A+rp, the last equation 
reduces to a form that is essentially independent of the isotope: 

. . .  . . .  . . .  . .  . 
: . . . . . . . . . ._ . . . . . . .  . . .  . . :  . . . .  . . .  . . . . . . .  

(5.80) 

*Note: f and Y, can be expressed on the basis of either dry or fresh (wet) weight, 
k t  both quantities must be expressed using a common basis. 
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wi# bay 

clava,clanr- 
l v = d  

Lapsdm 

Grnia bay 

Other hay 

w u  bay 

Alfalfa, 

Sorghum 

alfalfa mixes 

fongc 

37.5 
29-53 

33.7 
27-45 

33.7 
24-54 

38.1 
25 - 59 

49.2 
38 - 69 

19.4 
12-32 

50.4 
15-62 

-fu=h 
41.3 27.6. 
37-50 27.6 

39.3 31.9 34.7 
31-69 2 5 - 3  m-uI 
42.1 43.7 
34-49 41-49 

49.2 39.3. 31.3 
41-69 39.3 28-34 

42.1 40.7 59.0 
34-49 34-45 37-69 

53.6 35.7. 
49-65 35.7 

26. I 26.7 30.2 
22-32 25-31 25-35 

41.2 
22-44 

51.3 
39-69 

49.2 
42-84 

53.6 
39-59 

36.9 
27-69 

37.8 
29-47 

37.8 
36-62 

s0.5 
32-57 

35.8 
30-45 

49.2 
49-54 

47.2 
38-56 

42.1 
34-51 

65.5 
42-14 

21.7 
23-42 

23.4 
15-39 

45.5 
28-57 

34.1 
25-69 

45.4 
34-84 

42. I 
24 - 69 

40.7 
25-69 

59.0 
36 - 74 

25.7 
12-47 

34.0 
15-62 

‘Om state reporting (Wisconsin). 
Source: [ KOR-651. 

Integration of Eq. 5.79 provides a measure of the total quantity of the radionu- 
clide present in the food product during this time period. This quantity, when 
multiplied by the daily intake rate by man of the food product, represents the 
total radionuclide intake, which is needed to calculate the internal radiation 
dost. This integral is 

(5.81) 

e 

..... 

. . .  . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . .  . . .  
. . , _  . .  . .  
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The summation term is the forage-tefood transfer function, L, given by Eq. 
5.72, so the total radionuclide concentration in the food product over all time 
can be expressed as 

(5.82) 

Long-term siruurions. For long periods of time removal mechanisms will 
affect the radionuclide concentrations on forage, and the concentration will be 
given by Eq. 5.21 multiplied by fR, the retention factor: 

. *  

When this term and the vegetation intake rate I arc substituted into Eq. 5.69, 
the result is 

exp[ - (x+ri)f  ] - exp[ -(& +k k)f  ] -I r,, - ri 4- k & 

The terms in parentheses represent the initial transient condition. Exposure to 
a constant radionuclide concentration in air will result in a radionuclide con- 
centration in the food product which increases as 

/' 
i 

. .  ... . 
. .. . 

.. . .... .. . . .  . .  . . .  

This expression will eventually approach an equilibrium concentration in the 
food product of 

The term preceding the summation represents the equilibrium radionuclide 
concentration on the forage (see Eq. 5.22). The ratio of the equilibrium 
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concentration in the food product to the intake concentration represents the 
forage-to-food transfer fador, which is the same as the factor described in Eq. 
5.72. The equilibrium radionuclide concentration in the food product is there- 
fore 

(5.87) 

The transfer factor. f, in the long-term radionuclide intake situation 
represents the ratio of the equilibrium concentration of the radionuclide in the 
food product per unit concentration of the radionuclide in the forage. In the 
short-term exposure (or accident) condition. f,,, will be q u a l  to the total activ- 
ity of the radionuclide that appears in the food for each unit of activity in- 
gested by t.he animal. Bascd on these models, the transfer factors are numeri- 
cally identical. Values of are shown in Tables 5.36 for milk, 5.37 for meat, 
and 5.38 for eggs. With the exception of the egg values, which are for specific 
radionuclides, the values are for the stable element I,,,, not fm. To use these 
values for a specific radionuclide, an approximate correction factor for radioac- 
tive decay is fm = I,,,/( 1 + A/r  ), where I is the effective biological excretion 
rate in milk and X is the radioactive decay constant. 

5.2.5.3 Factors Affecting Radionuclide Concentration in Animal Food Products 

Yegerurion densiry. Burman et al. [BUR-661 noted that there is more 
uptake from open grazing than from green chop and more uptake from sparser 
pastures than from lusher vegetation. A possible explanation is the ingestion of 
the grass mat, which may be more highly contaminated (over the long term) 
than the upper portions of the vegetation. Another factor that contributes to 
higher intakes from sparse pastures is the greater area that must be covered by 
the animal to get the same intake. For example, in order to consume 15 kg of 
vegetation, a cow would have to cover 30 m2/d when the vegetation density is 
0.5 kg/m2 and 150 m2/d when the forage density is 0.1 kg/m7. Thus, the use 
of larger browsing areas with sparse vegetation could result in greater intake of 
contaminated dirt and closer cropping of the vegetation. 

Seeson. The season affects vegetation density, its nutritional value. and 
the relative metabolic rate of the cow. The Controlled Environmental 
Radioiodine Tests (CERT) conducted in the 1960s found the following rela- 
tionship for the total 13'1 secretion into milk [BU-661: 

Scason [pCid/L] + [pCi/g(dry)] 

Spring 
Summer 
Fall 
Winter 

64 
620 
580 

18 

. .  . .  . .  
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H (uicilun) 
C 
N. 
P 
K 
C. 
Cr 
Mn 
Fc 
co 
Ni 
cu 
Zn 
Br 
Kr 
Rb 
Sr 
Y 
21 
Nb 
Mo 

IAE-02 
IJE--02 
3JE-02 
IAE--02 
72E-03 
1.IE-02 
TOE-03 
&4E-05 
5.9E-05 
ZOE-03 
WE-02 
I.7E-03 
I.OE-03 
ZOE-02 
ZOE-02 
I .2E -02 
IAE-03 
2.OE-05 
8.OE-02 
TOE-02 
I.4E-03 

Tc 9.9E-03 
RU (RuCi, OT RuNO) 6.IE-07 

ZOE-OS 
ZOE-04 
9.9E-03 
7.lE-03 
ZOE-OS 
LEE-06 
Z9E-04 
LIE-03 
(5.OE-OSY 
9.7E-06 
WE-03 
Z6E-04 
5.OE-04 
I.4E-02 
3.OE-03 
4.5E-04 
( T O E - O W  
5.OE-06 
5.OE-06 
6.lE-04 
5.OE-06 
0.7E-09p 
(ZOE-05T 

Temperature is an important component of these seasonal effects: the secretion 
of radioiodine into milk is 6.5 times higher at 33OC than at 5°C [LEN-791. 

Type of orrid. The metabolism and sizc of the animal can make a sig- 
nificant change in the dose received by man. An extreme example of this is the 
relative concentration of radioiodine in milk from cows and milk from goats 
having the same radioiodine intake. The fm (percentage of daily intake per 
liter) for the goat for '"I is 46.7%. and for the cow it is 0.42%. These values 
reflect the relative volume of milk produced: 7.5-14 kg/d for the cow and 1.2 
kg/d for the goat rLEN-69). Note that in practice these differences would be 
less because the goat would consume proportionally less contaminated herbage. 

The age of the animal also affects its metabolism and consequently the 
secretion of radionuclides. The biological half-life of "'Cs in cows and calves 
following oral dosing was about 10 d (7-14 d) in the cows but only 4 d 
(3.5-4.5 d) in the calves [TWA-69]. 

Farming practices curd stable element intokc Farming practices, such as 
the use 0f  fertilizer and tilling, and the type of iced can have a significant 

\ 
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Na 
P 
K 
ca 
Cr 
Mn 
Fe 
G3 
Ni 
cu 
Rb 
Sr 
Y 
zr 
Nb 
Mo 

8.38-03 
4.98-02 
1.8E-02 
1.6E - 03 
9.28-03 
S.OE-04 
21E-02 
1.2E-02 
(ZOE-03) 
(l.3E-02) 
LIE-02 
8.IE-04 
IAE-03 
(2 IE-02) 
2.0E-03b 
6.8E-03 
(8.78-03) 
2.OE-03 
(I.2E-03) 
(ME-02) 
(7.2E -03) 
2.OE-03 
(2.9E-04) 
3.7E-02 

4E-0) 
4.5E-03 
5.IE-04' 
2.0E-Wr 
3.4E-MC 
( I .OE-06) 
(3.68-06 Am) 

4.4E-Q2 

3.68-03 5.9E-03 6.IE-02 
26E-02 7.3E-02 15 

3.98-02 2.28-03 3JE-02 
I.OE-02 

2E-03 
5e-03 

7E-03 

1e-02 

2.7E-02 

1.1 
0.44 

0.065 
I .3 

0.3 
2E-03 

3E-03 
0.5 

6E-03 

5e-03 

'Bed values in pamthga arc from [Ng-79]; the remaining values in the table arc from 

bA d u e  of 0.25 is given in [Ng-791. This oppcars to be out of line with the chicken 

=lar [ NG-82b 1. 

[ NG-821. 

values. 

Rfluence upon the secretion of radionuclides into food products. One affect of 
fertilization is to increase the vegetation density. Straub and Fooks [STR-63) 
fertilized a pasture and, by so doing, doubled the grass yield; this, in turn, led 
to a 50% reduction in the level of radioiodine in the milk produced by cows 
feeding in that pasture. 

. . .  . .  
. I _ . .  . . .  
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T W e r  factor (fm& d hake) 

D.yrPcrmaf T)rypr a r p a  
W W d  - 

Albumen Ydk 

"Sr 1.3E-04 l.7E-04 6.68-03 0.13 
'lY - 0  9E-07 1.4E-05 27E-04 
MNb I.OE-07 l.lE-06 TIE-OS 4.E-04 
%io S.9E-OS 3.4E-04 7.2E-03 0.14 
'03Ru 1.OE-07 4.0E-06 6.7E-05 1.3E-03 
1311 1.6E-04 1.7E-03 3.E-02 0.62 
83% 3.6E-OS 3.9E-04 7.3E-03 0.14 
lws 5.48-04 6.8E-OS 1.7E-02 0.33 
l@Ba 7.2E-06 3.68-04 6.OE-03 0.12 
'@La 6.OE-07 1.3E-06 3.9E-OS 7.6E-04 
w2Pr 1.4E-06 1.2E-06 6.IE-OS I.2E-03 
1% 1.6E-06 4.OE-07 5.4E-OS I.0E-03 
'"Nd - 0  20E-07 3.68-06 7.OE-OS 
Inpm 1.4E-06 4.4E-06 l.lE-04 2lE-03. 

'Data from [ MRAU] .  
'Avenge weight: dbumen (egg white), 30 LI; youL 16 g per 

51.6-g egg IMRA-64). 

Stable elements in fertilizers and in feeds or feed supplements also tend to 
suppress radionuclide transfer into animal food products. An intake of 2 g/d of 
stable iodine reduces the level of radioiodine in cow's milk by 50% [BUS-631. 
Good fanning practices such as fertilization can reduce the %r level in milk 
by as much as a factor of 5 [UND-67): there is a threefold reduction in the 
levels of Ca and Sr isotopes in milk produced by cows when their stable cal- 
cium intake is increased from 0.25%/d to 1.7%/d [COM-61]. 

0th maws of radionuclide intokr. Although consumption of forage is 
genedy the pMcipal means of radionuclide entry into grazing animals, there 
are otbzr sources of potential radionuclide contamination. Airborne radionu- 
clides can be inhaled by grazing animals. A cow's inhalation rate is roughly 
100 L/min [ALT-741, or 144 m3/d. 

soil on the p h t  base may also be consumed by grazing animals. Sod can 
contniute 4% of the dry matter consumed by cows and up to 2096 of the 
intake by sheep [in SIM-79 1. 

Drinking water can also be an important sou= of radionuclide intake in 
the absence of forage contamination. For example, cows drinking water from 
deep wells had 40 nCi/L of =Rn in their milk, with an fm,of 0.023 and 
0.038. Cows consume approximately 60 L/d [ALT-74). < 

. .  . .  . .  , . .  . . . ' .  . . .  . . . _. .. . 
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Transfer into secondary products. Fresh milk is used to make a variety of 
dairy products such as butter, cheese, ice cream, and evaporated or condensed 
milk. Relatively large quantities of milk may be used in the production of 
these products; for example, it takes approximately 21 kg of milk to produce I 
kg of butter. Depending upon the product and the process used, the radionu- 
clide concentration in the dairy product may differ considerably from that in 
the milk. For example, plutonium is almost totally (0.975 k 0.022) transferred 
to cheese with co-precipated milk solids, resulting in an effective 
reconcentration of a factor of 5, since the solids comprise about 2096 of the 
milk [MIL-721. The relative concentrations of cesium, strontium, and iodine in 
milk products is shown in Table 5.39. 
Example 5.4: The concentration of radioiodine in milk following a single con- 
taminating event can be approximated by (PET-701: 

C(r )  = ID, 1.86 X [exp(-O.1141) - exp(-0.901)] 

Table 5.39. Trader d n d i o w c l i  from 
milk to milk produd 

Radionuclide concentration in milk products 
+ radionuclide concentration in milk 

Product 
WCS *%r 1311 

Fresh cheese 
(Whole) rennet 1.3 3.9 3.0 
Acid fermented 0.75 0.66 2.2 

(Skin) rennet I .5 3.8 2.8 
Acid fermented 1.4 0.97 2.7 

Fermented cheesc 
Cottage cheese 
Hard chcuc 
Prcssed cheese 

Buttermilk 

Cream (24%) 

Butter 

Casein 
Rennet 
Acid 

0.86 
0.57 
0.90 

I .O 

0.81 

0.1 I 

2.6 
I .2 

4.1 
6.6 
6.3 

0.92 

0.60 

0.09 

20. 
10.0 

2.3 
2.3 
I .7 

0.99 

0.73 

0.36 

4.0 
3.6 

" B a d  upon French agricultural practice. 
Source: [ KIR-66 1. 
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when 

C(rj = concentration in milk at time r (days) after tbe mnt, 
I - daily forage consumption by tbe cow (kglday or m2/day), 

D, - initial activity present on the forage (pCi/)rg or Bq/m2). 

I. Determine the total activity of radioiodine suxctcd into milk. Express 
this as a fraction of the first day's radioiodine intake by the cow. 

2. Determine the fraction of the total dose which would be delivered and the 
fraction which would be prevented if cows were removed from pasture and 
fed uncontaminated feed 1 day, 2 days, and 1 week after the initial con- 
tamination. 

solvrion (1). The first day's radioiodine intake by the cow is IDo so that the 
normalized equation is: 

1.86 X IO-* [exp(-O.l14r) - exp(-0.9Or)) . 
The total secretion into milk is: 

I 1 -exp(-0.1141) - 1 -exd -0.91) 
0.1 14 0.9 

= lim 1.86 X 
1- - 1.86 X (lp.114 - lp.901 

Answer: 0.14. 
Sofurion (2). The amounts that would be delivered if the cows were removed 
from pasture after various time intervals are obtained by inserting specific 
times into the above integral instead of the infmite upper limit. These evalua- 
tions give: 

Time cows Value of Fraction of Percentage Percentage of 
removed from timedependent fmt day's of total dose prevented 
pasture after term (in intake by quantity by removal from 
contaminating bracts above) cow delivered (dose) contaminated 
event per liter delivered feed 

I day 0.286 5.31 E-03 3.7% 96.3% 

2 days 0.86 1 1.60 E42 11.2% 88.8% 

7 days 3.7 1 6.91 E-02 48.5% 5 1.5% 

[End of Example] 

. .  . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . .  . . . . . . . .  I... . . . . . . . . .  I . .  . .  
. . :  ' : . . .  ... . : : . ;. . .. 
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5 3  Aquatic, Marine, and Estuarine Ecosystems 

53.1 Introduction 

These three systems refer to freshwater (aquatic), saltwater (marine) and 
brackish water (estuarine) environments. The estuarine ccosystem usually acts 
as a bridge between the other two environments. This interface happens most 
frequently when rivers and strtams flow into bays and other arms of the sea. 
Although different species may occupy the same niche in different systems, the 
components of the systems are similar and can be modeled and discussed 

The behavior of radioactive materials in the various waters is not neces- 
sarily the same. The physicochemical form of the radionuclide is generally 
more important in determining bioaccumulation i n  these ecosystems than in 
the terrestrial ccosystem. 

The terrestrial food chain leading to man generally consists of 2 or 3 
rrophic levels (separate steps in the food chain). These chains usually are the 
vegetation - herbivore chain for consumption of fruits and vegetables by man 
and the vegetation - herbivore -. consumer (predator) chain for man's intake 
of meat, poultry, eggs, and milk. Most of the terrestrial food products are 
grown or produced in situations where most of the factors which can affect 
productivity (and radionuclide transfer) are or can be controlled or modified. 
Moreover, these activities take place in a fairly well-defined geographical area. 

In  the aquatic and marine environment the regularity described above sel- 
dom exists. The food chains such as: algae - zooplankton - crustacean - 
sunfish - bass. This type of food chain is made more complex by the factor 
that the predator may consume several different types of prey often from sev- 
eral different trophic levels (Fig. 5.12). The nature of this Jood web can 
change considerably with location in the same water body as different niches 
in the food web may be filled by different organisms. 

Another factor which complicates modeling of the aquatic ecosystem is 
that there are numerous species in the aquatic food chain which are mobile 
and can move over considerable distances. An extreme example is the salmon 
which is born in freshwater, grows to maturity in the Ocean and then returns to 
the system of its birth to spawn. In many cases this mobility, requires the use 
of radionuclide concentrations averaged over long distances and several types 
of environments in order to predict radionuclide uptake by this type of organ- 
ism. 

, together. 

5.3.2 Physicochemical Processes 

The physicochemical form of a radionuclide can be more variable in 
aquatic and marine ecosystems than in the terrestrial ecosystem and may also 
have greater effect upon radionuclide transfer. Three important mechanisms 
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' J'CS in w~utmn --- 
10.m 

'"CS omcentration in organism 

'J'cs 00nomtratw1 n w t c r  
Subtcnded numbers .re COmMralmn trmr. 

Figure 5.12. A freshwater food web illustrating the pathways to man for cesium-137 in 
the aquatic environment. From [PEN-581. 

which affect radionuclide concentrations in thesc ecosystems are colloid forma- 
tions, co-precipitation and sorptiondmrption on sediments and suspended 
solids. These mechanisms provide a means for reconcentration of dissolved and 
particulate radionuclides [ ANC-73 1. 

53.2.1 Colloid Foruuth 
Colloids are suspensions of very ftne particulates usually of insoluble com- 

pounds. Their small size (usually 0.005 to 0.2 m) acts to hider precipitation 
as does the usual presence of an electric charge. Colloid formation is typical 
for a variety of the heavier elements including the rare earths (La, Ce, etc.) or 
some of the transition elements (such as Co and Fe), thorium and uranium. 
These colloidial particles may pass through conventional paper filters but do 
not pass through membranes. Colloid formation is an important source of 
rcconctntration from the dissolved phase for those radionuclides which form 
colloids. The particles formed are also within the size range consumed by 
many aquatic"organisms and this may provide entry into the food chain. Stud- 
ies in an estuary in the United Kingdom showed that 65Zn, "Fe and were 

. .  . . .  . .  

. .  
.,. . . .  
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adsorbed on fine particulates which a@ to be the mechanism for uptake 
by oysters [PRE-69). Freshwater studies showed that zirconium hydrolyzed to 
a colloidal form [BEN-66]. Zirconium and especially niobium also form 
hydrated oxides with strong colloid forming t e n d e d  in sea water [HAM- 
671. 

' 5.3.2.2 Co-Precipitation 

A radionuclide present in water in low (tracer) concentrations can be pre- 
cipitated along with another element present at a higher concentration by a 
process called co-precipirurion. This process is favored if the radionuclide 
reacts with the precipitant to form a crystalline lattice similar to that of the 
major element or if the radionuclide forms an insoluble precipitate with the 
precipitant (Punerh-Fujuns rule). This co-precipitation of radium with barium 
sulfate is an example which satisfies both conditions. Ferric hydroxide 
Fe(OH), may be precipitated under a variety of natural conditions and is an 
important -carrier" of radionuclides which may be co-precipitated with it. 
Releases from the U.K. Windscale reprocessing plant show that %r, '"Cs and 
"'Cs were principally in soluble form while IWRu. IuCe, 9sZr-9SNb were 
either complexed, co-precipitated or absorbed on materials (PEN-721. As these 
surfaces included fishing tackle, nets, and the edible seaweed Porphyra, this 
deposition constitutes a pathway for human exposure [PRE-691. 

53.23 Sorption-krption on Suspended Solids and Sediments 

Suspended material including suspended sediments can play an important 
role for the transport of radionuclides in rivers, and in interactions with the 
biota. Friend et of. [FRI-63] found that about 92% of the @Co, 96% of the 
6'Zn. and 95% of the I3'Cs were lost from water within 4 days. There was 
appreciable transfer to suspended solids. In the Clinch River (Tennessee) about 
904b of the cesium- 137 was on suspended material whereas 80-909b of the %3r, 
'06Ru, and @Co remained in solution. Only about 3% of the released activity 
was accumulated in the streambed [PAR-65]. 

Suspended solids can be transported considerable distances. Some deposi- 
tion of sediments occurs in areas of low current but far greater deposition 
takes place in the tidal intrusion zone where there is contact with salt water. 
In the Savannah River this mixing occurs 200 km below the release point. 
Both sediments and other suspended material accumulate at dams and other 
impoundments. 

River waters are depleted in the alkaline earth elements, calcium, stron- 
tium, and magnesium, compared to seawater. When the freshwater and saltwa- 
ter mix in the estuary, the concentrations of these elements are lowered by vir- 
tue of the dilution by the river water [LOW-661. This is in contrast to the 
behavior of the transition elements, iron, manganese, copper, cobalt, zinc and 
nickel which are depleted in the seawater. Mixing of river water with seawater 
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in an estuary results in tbc raising of botb the electrolyte concentration and the 
pH. Under these conditions collodial clay particles coalesce and precipitate and 
collodial iron, manganese, scandium, aluminum and silica form gelatinous 
hydroxides. . 

Precipitation of ferric hydroxiae can result in cu-precipitation of 
95Zr-95Nb, '06Ru-'06Rh, '"Ce-'"R and the transition elements (u)W-67]. 
This scavenging and precipitation help maintain the depleted concentrations 
of the transition elements in seawater and may, in turn, account for the affin- 
ity and high concentratims shown by marine organisms for these elements. 

Phosphorus is rapidly adsorbed by sediments in the estuarine environment. 
In addition it is effectively co-precipitated with femc hydroxide so that most 
phosphorus-32 in the estuary is on the bottom [u>W-69]. 

In the oceans, strontium, cesium, zinc, and copper exist phari ly  as ionic 
species, cesium for example is almost totally in solution. Other elements exist 
mainly in particulate form. These include Fe, Mn, Co, the rare earths, Ru, Ze, 
Nb, Y and Th. About 90 percent of the iron in the top lOOm of the ocean is 
particulate; cobalt and ruthenium have smaller fractions in the particulate 

The distribution of a radionuclide among water, suspended solids, and sed- 
iment is affected by the concentration of ions which can compete with the 
radionuclide for sorption sites. This distribution will therefore depend upon the 
ionic concentration or salinity of the water and differ among freshwater, estua- 
rine, and marine ecosystems. The difference between estuarine and marine 
distribution coefficients. Kd's.. for various sediment compositions are shown in 
Table 5.40. Distribution coefficients for cesium-1 37 adsorbed onto freshwater 

form [ JEN-69 1. 

*See Chapter 3 for a discussion of K d .  

'Data from [ MUR-731. 

. . .  ' .  , .  . . .  . . .  . . . . .  . . .  . . .  .. , .  
. . I  
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sediments have been found to range between 3,400 to 18,OOO [GUS-69bJ. 
However, in seawater, the high ionic concentration of sodium (0 .5 Molar 
[GOL-711) and potassium limit the sediment Kd values to around 1,300 

The lower distribution coefficients in waters of higher ionic content can 
result in a change in the distribution of radionuclides among water, suspended 
solids, and sediment as the material moves toward the ocean. Radionuclides 
deposited onto sediments and suspended solids in freshwater portions of the 
rivers may be leached out or desorbed by the high ionic content of seawater 
 when these materials reach the estuarine environment. Such leaching also can 
occur in the estuary during tidal reverses [ MUR-73 1. 

1 DUU-7 1 1. 

5.3.3 RADIONUCLIDE UPTAKE-THE CONCENTRATION FACTOR 
APPROACH 

53.3.1 The Concentration Factor 

The intake of an element by a simple. aquatic organism may be 
represented by: 

1, c, - rC . dC 
dr m 
- = -  (5 .88 )  

where C is the concentration in the organism, C, is concentration in water, 1, 
is the intake rate by the organism, m is the mass of the organism and r is the 
biological elimination rate of the element by the organism. This equation has 
the solution: 

(5.89) 

Thus the concentration of the element in the organism will build up with time 
asymptotically approaching an equilibrium value of 

(5.90) 

The ratio of the concentration in the organism to that in water is: 

*Real organisms tend to be represented by two- to four-compartment models rather 
than this one-compartment model. 
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This ratio is tenwd the cmcemtnth  l.etor,. CF., and is defined as: 

uiliirium concentration in organism (5.92) concentratioafactor cQ 
concentration in water 

The requirement for equilibrium to have been reached between the organ- 
ism and its environment is important for obtaining consistent measurements of 
the concentration factor as is evident from comparing Eqs. (5.89) and (5.90). 

The preceding derivation also applies to radionuclides except that, in addi- 
tion to biological elimination, losges by radioactive decay must be accounted 
for by replacing r by r + A. Equation (5.89) then becomes: 

and Eq. (5.91) becomes: 

(5.93) 

(5.94) 

The concentration of the radionuclide in the organism can be expressed as: 

q r )  = C P q  (5.95) 

where C P  indicates consideration of radioactive decay. 
This expression follows from substituting Eq(5.94) into Eq. (5.93). Note 

that it is possible to define the ratio of the radionuclide concentration in the 
organism to that in the water for any time period. This ratio of concentrations 
is not the true concentration factor but approaches it asymptotically with 
increasing time. The time required for equilibrium to be nearly attained 
depends on the radionuclide half-life and the biological half-life of the element 
in the organism. The effoctivc half-life is: 

La2 
Tg TU, 4- TH X+r 

or T, - - . T& x TH (5.96) 

Equilibrium is generally approached close enough for practical purposes within 
10 effective half-lives. 

.The conctatration factor has also been tenad the accumulation factor. accumula- 
tion d i c i e n t ,  bioaocumulation factor or discrimination factor. 

... 
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For the true equilibrium situation, the cooototration factor for the 
radionuclide [given by Eq. (5.94)) is slightly kss than tbe concentration factor 
for tbe stable element (as given by Eq.(5.91)], providing that both elements 
are in the same physiochemical form. This can be seen by taking the ratio of 
the two concentration factors: 

-=--- r CF CF . (5.97) ' and CP=-= C P  
CF r + X  l+h/r I+h/r l+T&TH 

Because of this, concentration factors determined from measurements of 
the stable element concentrations in the organism and in water should provide 
a quantitative indication of the behavior of isotopic radionuclides. Equation 
(5.97) shows that the concentration factor for radionuclide with a very short 
half-life (compared to the biological half-life of the ekment) could be appre- 
ciably lower than that of the analogous stable element. A long-lived radionu- 
clide on the other hand, should behave similarly to the stable isotope. 

Concentration factors for freshwater systems are given in Table 5.41. 
Those applicable to saltwater systems are given in Table 5.42. 
Exumple 5.5 Fish consumption in East Tennessee is estimated to be 24 pounds 
per year [COW-66]. The following radionuclides were noted in river water: 

Cobalt-60 
Strontium-90 
Ruthenium- 101 
Cesium- 137 

Water 
concentration 

(PCi/L) 
[ PAR-661 

18 

345 
21 

4.5 

Concentration 
factor 

fish flesh 
(L/kg ) 

60 
20 
70 

600 

What is the annual intake of each of these radionuclides from fish consump 
tion? 
Solution: The average radionuclide concentration in fish flesh is given by the 
product of the water concentration and the concentration factor. The annual 
intake is the product of the concentration in the fish and the annual intake of 
fish (10.9 kg/yr). 

Water Fish Annual Intake 
Nuclide (pCi/L) (pCi/kg) (pCi/yr) 

Cobalt-60 18 1080 1.18E + 04 
Strontium30 4.5 90 9.80E + 02 
Rutheniunz-I06 345 24.150 2.63E + 05 
Cesium-] 37 21 12,600 1.37E + 05 

[End of Example) 
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T a b  5.42 Il.((as#IMc Coacmrlk. kt-  ~ O I  akubc d UIt-ntU (14) 

Marine conantration factor ( L / b  fresh mass)* 

Reference Element/ Fish nuclide Marine plants Crustaceans Mollurs 

Sodium-24 Sfipx/onlum'* 1.OE+O2 -* 3.OE-01 -* 2.OE-01 -' I.3E-01 *LOW-7I; 'FOSJP 
Lancetfish'* ( I  -IO)E+02 ~ 

3.3E+M 'LOW-71; 'Fos-59 2.4E+04 -* 6E+03 -* 
I .OE+O5 

I E + M  -' 
Lancetfish'* 

Phosphorous-32 Benthic alnre' 
Phytoplankton' 3.4E+04 
Srlgcorlonlum' (I-IO)E+OS 

' Scandium-46 Srigrodonlum* I.OE+OS 
Q 

Lancet fish'* I.OE+OS FOs-59 

2.1 E+O3 Ycllowlail' 2.8SE+M 'YAM-6): 'VAN-73 

6.9E+03 S I C '  3.1E+M 
1.8E+O3 

6.8E+03 Lobster' I.9E+03 M u ~ l '  
6.OE+O3 

Chromium-51 U h f  Mussel' 2.9E+03 Pilchard' 6.OE+03 'FOS-J9 

Abalone' 
Porphyrd 

Kclf 3.4E+O3 Mackerelb 
Sr ipx /odud*  ( I - IO)E+02 9.OE+O3 

Lancetfish'* I.OE+OI 
7.5E+03 6.4E+O3 3.OE+M 

(.OE+O3 Lobster 3.7E+02 MuuclS' 
l . lE+M Lobstet 8E+02 M ~ d s '  Porphyrd 

A balonc' Kelp' 4.5E+02 Lobster 
S e a w d  (5-25)E+O) whole (6.3E+04) salbd 
Chard 4E+04 

3.2E+O2 *YAMdk 'PEN-12; 
I.BE+03 'BRY-66, 'VAN-13; 
9.1E+O2 'COS66 

5E+O2 Mackerel* 6.2E+02 
4.OE+O3 
I. I E +02 Plaice' 

Fish muscle' ( I  .&I.O)E+OZ 
1.2E+OI 

2.8E + 03 Yellowtail' 

4.5E+02 Sole* 
Mannanw-54 U h d  I.4E+O3 Pilchard' 

-.* 

Iron-55,-59 

2.5E+04 

UlVd I.8E+04 Lobster' 
Porphyrd 1.8E+04 
Kelp' 2.3E+03 

9.4E+02 2.3&+03 1.9E+03 

1.8EtO) MUWr l . lE+04 Yellowtail' I . IE+M *YAM4$ 'FRA-7% 
Muucl' 3.OE+O3 Sole' I . lE+M 'VAN-73 
Mussel' (0.17-1. I )E+02 Pilchard' 1.4E+M 
Abalond 1.lE+04 Mackerel' 7.5E+03 

Blennic' (1.8-5.9)E+m 
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Table 5.42 ( e a t l d )  - ~ -  
Marlm Cencenlratbn ractor (L/t)  frah mass). ___ ____._. ___ Element/ 

nuclide Marine plants Crust nrrans Molluca Fish nehnnas 

Cobalt-60 Ulva' 6.OEt01 M l e f  1,4E+M Mumel#' 1.1 3E+Ol Yclbwtd' 
- --- _-_ 

4.OE+Ol YAM-61: 'BHA-UO. 
I .OE +01 

Kelp' 1.ZE+02 Crabs' 
4E+OI Bombay duct'. l.lE+OI 

I.6E+OZ S e . 4  I E + O l  
Chard' 4.E+O> W M J .  XOE + 01 

I.4E+Ol Z.ZE + 01 1.4E+OJ 3.IE+OZ 

Algae' IE+02 hncctfish' I .OE +oz 

'ATE-61 1: 'BRY -66; Pwphym' I.6E+Ol Prawns' l.lE+OI M u u W  I.Z5E+Ol !w@ 
Sargauium' 3.7E+OZ + l e d  

I .  I5(0.4?.1.86)€ +OZ Abalone' 8.OE+Ot -' 6E+OI WAN-71; 'COS66 

-_ - ~- 
Coppcr.64 Plmtton' I E + M  SE+Ol - IE+O1 'LOW-71: 'FOS59 

Sfipc/anlum'* I.E+M 
l . IE+M 

~- 
4.2ElOl YAM-63; 'BHA-8O. 
4.2E+Of 'ATE-611; *RE-69: 
I.SE+M 'LOW-71; &AN*71; 
6.9E+O) QOSS9 . 

Zinc-65 Ulvd 4.5E+01 &led I . lE+M Muuef I.2E+M Yellorlaif 
Porphyrd 8.SE+O3 -* Z.OE+OJ Abalond 1.7E+M Sold 
Keld I . lE+Ol @iten' I . I E t M  Pilchard 
Plantton' I.SE+M 
Srlgralonlum'* I .OE+OS 9E+Ol 

5E+OZ 
hnertfitN' (I-lO)E+Ol 

~ 9.6EtOl I .5E+M I.ISE+M 

I .IE+M Mactercf . 
- -_  . ___ .,.____ . . - -. 

1.01+02 FOS-39 

8.7e+OO 'CAN-)% 'ATE-6la: 

Arwnicl6 Srlpcloalum* I.OE+M - L.neeillsh* 

Strontium-89. -90 Many ip' (2-6)E-01 L d n l c r '  I Myrllui  sp' 6.OE-01 Mlr rop  & 
. . - ______ .~ . 

Calcareous sp' (2.8.1.6)E+OI Arrrmrild 0.5 Myrlluf 8.OE + 00 Srombr? 1.IE+W TRE-6% 'LOW-71: 
Fucuf 6.OE+00 H mrroprrarui 1 . 4  Myrl lud I.OE+OI Ralo %OE-01 WlL7I;'BRY-66 
F u r d  Z.OE+OI -' I Mytllur shell I.0E +OZ Plruronrnrn 1.08-01 TOSS9 
Benthic d p e '  96E+OO -' 15 Many cp' I.OE+OO 

I.OEt00 Mriodrima sp' 3.OE-01 -' I.OE-01 Porph yrd 
I O E t M  Sripxlonlum'* 2.5E+OI -' 

Ltrrornld l.OE+00 i.oe+oo 
( Winrcs) hmctfith' I.OE+OI 

I.1E t 01 1.3 9.6E + 00 1.9E+00 
. .. . . . . . ~ - - -  . . . _ . _ _ _ _ - - ~  
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l a b  SA1 (cooc(pocO 
... - _____---- . .. ... _. .- 

Marine conantration factor ( L p 8  r r u h  mass)*t - . ~~ ____ -.. ___ - - Element/ 
nuclide Marine plants Crustacc8ns M o l l u ~  Fish Refercnca 

-___ ~ . .  . . -. .. . . . . - . . . 

I.OE+U2 'FOL-69; *AM-65; 
urvd Z.OE+OI Lobite+ Z . S E + O I  Myrilur 9.OE+00 -' S.OE+OI 'PEN-72; 'BHA-80. 
Porphyrd I OE+OI Crabs' 3.(0.8.5.l )E+Ol Myiilur (I-Z)E+OI Pla ia '  2.4E + 01 'GIL-7); /ATE-6 I a; 
Kelp' I.OE+OI Cribs' 2.5E+OI Mussels' I.5E+OI Plain' 4.5E+OI 'PRE-69 'LOW-11; 
Sorganium I.ZE+OZ CrabJ 3 OE+OI Oysters' 3.OE+OI -< S.IE+OI 'CHI-66: 'BRY-66: 

F u c d  I.OE+02 Shrimp' Z.JE+OI Sardind (5- IO)E +01 "FOS-59 
Fucud 1(0.01.10)E+OI Mired Z.OE+OI 
Unspcc' (5.3.13.8)E+OI Rold 8.4E+OI 
cliard= I.E+OZ Clupa  
Sligrorlonium. (I-5)E +03 herrind 5.0E+OI 

Plruronrrtrr' 
nounder 5.OE+OI 

Whole J.OE+OI 
LaIICelfilh"' O-IO)E+01 

5.7E+OI J.5E+OI I.SE+OI 

Z.O(O.5-1.9)E+OI 5UZ-75: 'ATE-61.; 2 OE+OO Clam. 5(3.8.6)E+02 Flounder. 
I.ZE+OI 'LOW-71; WL-71:  I.OE+OI ' ).6E+OZ -' 

IOE+02 .' I .OE+OJ Yellowtail' 3.Wl.1-5.8)E+Ol 'ANC-66, IBRY.66, 
3.OE-01 'COS-66 I.OE+03 -' 

Cesium- I31 Ulvd J . S E + O I  Lobster' I.ZE+OI Myrilud Z.IE+OI Tuna' 

Ulvd Z.OE+OI Shrimp (wholeY I.OE+02 Squid' S.OE+OI Bombay duck' 8.5E+00  VAN-^^; 'cos-as, 

.. - . . .- ... . 

Mussel' 
1 Z.OE+OI Mussel 

Flesh' 1.2E+OJ Blennie' I.OE+OI 
J l.ZE+OI 
Whole' 6.5E+OI 

l.4E+03 8.6E+02 6.4E+OI 
. .. . .- .- - -- - - 

Cerium. I41 ,-I44 Ulvd 
(rare carlhs) SorgaJrlum' 

Algae' 
Plankton' 

scawaed 
Chard 

AIg8C' 

20E+02 

X I  8.5 2)E+OZ > 
6 7E+02 Lobster' 
9OE+M 
I OE+M 

(1-9)E+O2 
I SE+O3 

-_ 

2 5 ( l  4-1 5)E+O2 - 

l .ZE+02 

C 
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nuclide Marine plants Crustaceans M o l l u ~ a  Fish Reference 

Polonium-210 Benthk a l a ~  I.OE+03 - - -  - -  - LOW.71 
~~ 

bad-210 Benthk algae 7.OE+02 - - -  I.OE+OI - - Low.71 
Phyloplrnkton 4.OE+M 

Phytoplankton' I.ZE+M 
Chord 6.7E+02 Whole' L.OE+OI 

I.OE+M I .  I E +02 

Radium-226 Benthk d g d  I.IE+OI -' I.4E+OZ -' I.3E+OI -; I.SE+OI 'ATE-61& 'LOW-71 
- I.)E+OZ 'COS66 

- -  - HOMO 

- -  - -  ' I.SE+Ol 'ATE-618; 'ATE-61 b 

Thorium-232 F u w  1.3E+03 - 
Thorium-228 Fumr l.lE+04 - 
Uranium-238 Fumr 7.OE+02 - 

- -  

b Z.OE+OI 

Z.IE+OI 

plutonium-239, 216 /'orphyr# J.OE+O) Shrimp' I.OE+OI MytNis' 2.OE+O3 Plaice' I.OE+M) 'MUR-79; 'HOL-M) 
F u d  1.4E+04 -' 3.OE+OO -' 2.6E+02 Salmon' I.OE+W 'HEl-7J; 'LOW-71; 

Benthic algae' 1.3E+03 L i r r o r d  Z.OE+OZ -r S.OE+OI 
Phytoplakton' 2.6E+03 Snail 

Fumy 5.2E+02 -' 2.5E+O2 -* 1.5E+OZ -' 3.OE+00 *VIL-71; fGUA-77 

Dogwinkev I.OE+OI 
7.9E+O3 I .9E+02 2.55E +02 2.7E+M) 

- Plaice' S.OE+OO 'MUR-79; 'HOL-80 Americium forphyra I.OE+O3 Shrimp' 2.OE+02 - 
Fucus I .EE+M ___. 

'Indicata a value bued on an estuarine l a a l e  which may not be typical of marine values. Exapt when they arc of somprrable mapiluda lo tha 
marine valua. t h e  asterisk-marked valun arc not included in the Weraga. 

'Undc-d numerid valua represent the antilog or the rum of the gwmetric mean. IRf. and the gwmctric standard deviation. Inoq. of the valua 
listed. This r rprents  the 84th pcrccntile of an auumcd lognormal distribution of the values and should k a moderately conrnatiw value. Bucd upon 
the valua l i s t d .  the probability of cac#ding the underscored v~luc is  rpproaimitely one-fifth ( 16%). The calculation is  such that grutcr variability 
among the repot& valua rill lead to a larger 84th percentile value due IO a hrgcr lnsq k i n g  used. Thus leu precision in the atimatec b rcfleCtd i n  a 
grca~cr numerical concentration factor. 

, 
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533.2 VuirrMes Affecthg Radionuclide Uptake by Aquatic Biota 
imd tbe Magnitude of the Concentration Factor 

Method of nVQUrnrVlt. The definition of the concentration factor does 
not make it clear whether the radionuclide concentration in water which 
should be used in the calculation of the CF is the initial or the final 
radionuclide concentration in water. This consideration is important principally 
in laboratory uptake studies and where uptake by the aquatic organism, sedi- 
ments, or container can deplete the radionuclide level in water. In natural sys- 
tems the volume of water is generally considerably greater than that “seenw by 
the organisms so the radionuclide concentration is not rapidly depleted. The 
importance of this effect depends upon the radionuclide and conditions. For 
example, the concentration factor computed for iodine in freshwater fish or the 
basis of the concurrent concentration in water was approximately twice that 
based upon the initial concentration in water [ KOL-69bI. 

Whether the initial or concurrent radionuclide concentration in water is 
used depends in part on the application intended for the CF value. For deter- 
mining the radionuclide content following a one-time release, the concentration 
factor based upon the initial radionuclide concentration in water would be 
acceptable. However, for most applications it is the concurrent radionuclide 
concentration which should be used. 

Portion of organism analyzed. The appropriate concentration factor for 
use in radiation dose assessments is the one which best describes the radionu- 
clide concentration in the portion of the organism which is consumed by man. 
As with terrestrial organisms, certain radionuclides preferentially concentrate 
in given organs of aquatic organisms. Strontium and radium are bone-seekers 
and concentrate in those tissues. Iron (S9Fe and ”Fe) are primarily retained in 
the spleen and kidneys, %o in the kidneys, 65Zn in the splem and liver. The 
liver of cod is used to make oil and also has higher levels of most radionu- 
clides, such as 6SZn, “Ba, Il@”Ag. %Mn and %o, than muscle. Both croakers 
(Micropogon unduhtus) and bluefish (Pomatomus saltatrix) showed high 
uptake of ”Sr in scales and bone [CHI-661. 

Concern for the appropriate concentration factor is particularly important 
for molluscs as many radionuclides may concentrate in the visceral organs or 
in the shell rather than in the edible body tissue. In most cases, the adductor 
muscle is the only part of the mollusc consumed. In decapod crustaceans, such 
as the crab and the lobster, only the muscle is consumed by man, except, per- 
haps, for the hepatopancreas of the crab [ BRY-661. 

In such cases, the use of concentration factors based upon the whole 
organism may considerably overestimate the concentration in the edible por- 
tions and consequently overestimate the radionuclide intake and radiation dose 
to man. Strontium-90, cesium-1 37, and manganese-54 are examples of 
radionuclides which concentrate in the shell of freshwiter clams [ HAR-69). 

. .  I 
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ScheLsLe [ S a - 7 2 )  found that the bay scallop had a concentration factor for 
stabk mangana of 32,000 based upon the whde organh. However, only 
7.5% of the manganese was present in the edible ductor muscle which had a 
ooaaptration factor of only 2,500. Most of the mmganac was in the kidney. 
Similar amxrns apply to fish where radionuclides like ‘49’Y, 9sZr-9sNb, 
‘o”Ru, ”’Ce, d Pu are primarily associated with the GI tract and %r is pri- 
marily oonccntratcd in the bone. Examples of this are shown in Table 5.43. 

Thereculecircumstan #s where concentration factom derived for the mus- 
de of fish, crusta- or molluscs can lead to undmmma * tes of human 
intake. This oocurs most commonly in circumstances wbea the whole organ- 
iwn k co118umdd Consumption of raw clams, oystas, and mussels on the 
ahalf-sbcll” is common and generally includes tbe GI tract, kidney, and other 
organs not otherwise eaten. Small fuh such as aachovies, sardine, smelt, and 
canned salmon may include the bones and, except for the salmon, the GI tract 
in the edible portion (BAP-’IO]. The potential importance of the inclusion of 
the GI tract to doses from ingesting these organisms can be seen from the rela- 
tive plutonium concentration in a larger fish, the plaice. The concentration of 

(fCi/g wet) in various organs was [PEN-791: gut 68, gut contents 
3710, gill 9.3, skin 59, liver 255, kidney 703, bone 174, and muscle 8 fCi/g 
wet weight. The gut contents had a plutonium concentration over 400 times 
that in the muscle. 

W dietary habits arc important in assessing the magnitude of such con- 
tributions to radiation doses. In some cases, the method of food preparation 
can alter tbe radionuclide concentration in edible portions. Crustaceans and 
molluscs arc often prepared by cooking the entire animal. If food is cooked 

Ratio of Ratio of Plutonium 
Strontium-90 concentration in GI 

concentration in tract to concentration 
s w  bone lo the specia in total fish less 

concentration in GI tract [DAH-761 
flesh [ F R I l a S ]  

White bass 2.2 Large mouth bass 30 
SangCrS 2.2.4.2 Bluegill sunfish 40 
Gizzard sbad 0.6 Goldf~h 80 

2.8. 5.0 Shad 200 
0.7 

carp 
Small mouth bass 
Carpsuckers 1.6 
Catfish b3.4 
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for an appreciable period of time, there is a possibility of cross-contaminating 
muscle by radionuclides leached from the exoskekton of the crustacean or the 
shell of the mollusc [TIN-691. 

Stoble element coacprtrations in  water. The concentration factor 
approach presumes that the concentration of an element in an aquatic organ- 
ism is directly proportional to the ancentration of that element in water. 
Although this relationship may hold for microconstituents and trace elements 
(such as radioisotopes), it cannot bc expected to hold over all concentration 
ranges or for all elements A fish p l a d  in water having a high calcium con- 
tent does not acquire excess calcium without limit. On the other hand, a fish 
placed in water having a low calcium eoncentration still acquires sufficient cal- 
cium to maintain its bone composition. Aquatic organisms regulate the compo- 
sition of their bodies, so that this composition is relatively constant despite 
variations in the environment. They do this by controlling the rate of uptake 
and the biological excretion rate [PET-71 1. Uptake of trace stable elements 
and radionuclides primarily involves an exchange with existing stable element 
pools within the organism. 

The regulated constant composition can be depicted as [PET-71]: 

(5 .98)  

where 

x = the amount of the stable element in an organ of m grams, 

1 = the intake rate. 

Cw = the concentration of the element in water, 

r = the biological elimination rate constant, and 

[ = the size of the stable element pool. 

From the definition of the concentration factor given in Eq. (5.92), it can 
.w--.xw*.>, .* ,. ?*> :*-.*. .bcil** 

be seen that the concentration factor should be given by: 

(5.99) 

On logarithmic scales this expression would give a straight line of unit  slope: 

lnCF = In 5 - In C, . (5.100) 

Table 5.44 shows the results of fitting this equation to several sets of data 
on the concentration factor for calci~im in fish bone and muscle. As predicted, 
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Regression pnramctcrs in h (CF) wrsas lo (CY 
Codatha SlopefSE kt i logof  Avcmgcstable 
coefficient 

spffia Tissue 

*Perch' Bone 

Pilr# Bone 

Rooch' Bone 

Bmwo Bone 

Muscle 

Muscle 

Muscle 

troutc Muscle 

-0.987 - 1.Ooo 

-0.980 
- 1.Ooo 

-0.968 
-0.989 

-0.980 
- 0.964 

-0.940 f 0.0051 - 1.057 f 0.024 

-0.989 f 0.064 
-1.239 f 0,020 

-0.986 f 0.091 - 1.067 f 0.079 

- 1.00 
- 1.01 

28mO 
520 

41*770 
1,170 

34m 
920 

59,000 
138 

35,700 
430 

44,800 
560 

34.900 
760 

60,800 
141 

~~ 

'Analysis from [ PET-7 1 1. 
'Dah from [AGN-67]. 
.Data from (TEM-64aI. 

the slopes of the regression equation arc close to or equal to minus one and the 
logs of the intercepts correspond to the magnitude of the calcium content. 

When two chemically analogous elements are present they compete for 
uptake and retention [ PET-7 1 1: 

where (OR) is tbe obsemd ratio, which is equivalent to (OR), = I ,  / I d  + 
ra/rb The term outside of the brackets in Eq. (5.101) can be seen to be the 
conantration factor for element B [set Eq. (5.9l)J; therefore: 

(5.102) 
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An equivalent expression for element A can  be derived from Eq. (5.101) and 
the observed ratio as defined above: 

(5.103) 

This expression states that a nonessential element (element A) will paral- 
4el the uptake of a chemically similar element but that the Concentration factor 
of the nonessential element will differ from that of essential element. As non- 
essential elements are usually discriminated against by the organism, the Con- 
centration factor for the non-cssential element will usually be lower than the 
CF of the essential element. Figure 5.13 shows this effect for %r and 45Ca 
uptake by a saltwater fsh, Tifupiu. The %r is discriminated against, the 

. . . . . . .  . . .  . . . . . . . .  . .  :. :. : ;. . .  

ORNL-DWG 83-9062 

EFFECT ON ’ O S ,  UPTAKE 

1 
1 10 

L J 1 1  I I I 1 I I l l 1  
100 loo0 

CALCIUM CONCENTRATION fmglLI 

Figure 5.13. The effect of the stable calcium concentration on the concentration factors 
for uptake of i”Ca and 5 r  from seawater, by the euryhaline fish, Tilapia mossambica. 
Data from [TOW-63]. 
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obsemd ratio averages about 0.52 (TOW-631. The uptake of both radioele- 
ments dtcreases inversely with tbe stabk calcium concentration in water. 

The inverse dependence of radionuclide uptake on the ambient concentra- 
tions of analogous stable elemeats means that the radionuclide concentration 
factors for certain elements may v a y  appreciably from one location to 
another. Aside from the obvious difFerences between marine and freshwater 
systas, the variability of stabk ekmeat concentrations in freshwater and 
estuarine tcosystems can be apprcciabk and can kad to appreciable differ- 
en- in radionuclide uptake. Kolehmainen et al. [KOL67b] found 10- to 
100-fold differences in the IJ7Cs cootent of the same species of fish in 12 Fin- 
nish lakes and 3 rivers. 
Example 5.6: The conantration factor for '"Cs in fish was found to vary 
inversely with the potassium mamtration in water according to: 

(from [JIN-76)) for the potassium concentration expressed in mg K/L. Using 
this expression, estimate the &urn concentration factor for seawater (K = 
380 mg/L); an estuary, the Hudson River (K - 17 mg/L) and an inland lake 
(K = 0.5 mg/L). 
Solution. 

Potassium Concentration 
concentration factor 

mg/L L/kg 

Marine 380 33 
Estuarine 17 240 
Lake 0.5 2300 

[End of Example] 

Species. Radionuclide uptake and retention can vary among different s p  
cies based upon feeding habits, habitat and pi t ion in the food web. Less vari- 
ation would be expected for similar species. Table 5.45 presents concentration 
factors measured for three species of trout, king, chum, and silver trout for 
6Oc0, 137Cg, and =Ra. The silver trout appears to have somewhat lower con- 
centration factors. However, these values are sufficiently close (within a factor 
of 3) so that the values derived for OM of these species could be used to pre- 
dict radionuclide uptake by the other two species if more pertinent data were 
not available. 

This consistency does not extend to the behavior of I3'Cs in freshwater 
systems where the differences in dietary patterns result in a factor of 3 differ- 

- 

. .  
. . .  . . . .  
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Table 5.45. Interspecies differences im mdionefi(c &e by hlJt 

Conantration factors, CF, L / k e  

King Chum Silver 

Trout species 
organ Nuclide 

~ 

'"Co Muscle 
Liver 
ROC 

Liver 
Rot  

"'Cs Muscle 

U6Ra Muscle 

9,400 9,280 5.950 
50.000 3z000 40,OOo 
42.000 60,000 25350 

14 44 IO4 
62 31 24 
37 30 101 

750 220 

.Data from [JENd9]. 

ence in ccsium concentrations and a factor of 2 difference in concentration fac- 
tors [KOL-69a, NEL-671. Differences between species due to dietary habits 
are exemplified by the uptake of plutonium by freshwater fuh shown in Fig. 
5.14. The bottom-feeding sculpin has a much higher concentration factor than 
species which do not feed exclusively on bottom organisms and thereby ingest 
contaminated sediment. The piscivorous fish have the lowest concentration fac- 
tors. 

The 'trophic-level effect." Organisms which obtain food by the same 
number of steps between themselves and the primary producers (plants) are 
said to be at the same "frophic level". Generally, because of inefficiency in 
the assimilation of radionuclides entering with food, the concentration of 
radionuclides decreases at higher trophic levels. This effect is illustrated in Fig. 
5.14 by the plutonium and to a lesser extent by strontium. 

Measurements of the concentration of cesium-137 in freshwater fish show 
that, in addition to the bottom-feeding species which ingest sediment, the 
larger predacious fishes tended to have a markedly higher cesium concentra- 
tion than the smaller fish [PEN-65]. Moreover, the ratio of the cesium-137 to 
stable potassium in the fish was also found to increase with the trophic or 
feeding level. This reconcentration mechanism was of concern since the ulti- 
mate predator at the highest level is man. The Yrophic level" effect is illus- 
trated in Table 5.46. 

Temperuture. The effects of small increases in temperature on higher biota 
appear to increase biological activity and the uptake and excretion of radionu- 
clides [OPH-65]. The biological elimination half-life decreases with increased 
temperature leading to increased turnover as shown in Table 5.47. The 
corresponding increase in the biological elimination rate should act to decrease 
the radionuclide accumulation. 

.. 
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Table 5-46. Example .I tLc "tmpbk l e d  ellccc" lor d a m  
L f ~ t c f r i r L  

Concentration factor' Concentration' 

level CF"'Cs CF K Ratio pCi "'Cs/g K 
Trophic 

CFGCFK 

11-111 Mixed small fish 410 285 I .4 I .6 

IV Perch 750 345 2.2 3.5 

V Northern pike 3620 415 1.6 5.4 

'Data from [GlJSaSbJ. 
'Data from [GUSalJ. 

Acidity (pH). The acidity of the water can also affect radionuclide uptake 
with less uptake generally occurring in more acid (lower pH) waters. Values 
for .the uptake of cesium by the water hyacinth show that the maximum 
uptake appears to be at a neutral pH [JAY-81 1. 

Svmmaty of the eflects of emironmental conditions. The number of fac- 
tors which affects radionuclide uptake by aquatic animals and plants accounts 
in part for the variability of concentration factor values found in the literature. 
Kolehmainen et al. [KOL67b] ma& a comprehensive study of Finnish lakes 

\ 
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Age Tenpcraturc Bwicsi half-life 
Fsh (years) ('C) for nNs (days) 

Perch I -2 20f0.2 
8f3 

8f3 
Roach 1-2 20 f 0.2 

Rainbow 0.5-1 2020.2 
trwl 14f I 

7 f  1 

Crusian 20*0.2 
-tp 8f3 

7 
IS 
7 

I 1  

2.2 
2.5 
7 

10 
25 

. .  
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Source: data from IHAN-671. 

in order to determine the source of the wide variation in the cesium-137 con- 
tent of fish. They found that the main factors contributing to these differences 
were: 

1. The potassium content of water affected 10- to 100-fold differences 
between lakes and resulted in very high '37Cs levels in the entire biota in 
the most oligotrophic lakes. 

2. The biological half-time for cesium in the fish (the 'trophic level effect") 
was a major factor. The biological half-life varied from 20 to 200 days at 
( 15°C) and caused up to a 10-fold difference in cesium levels. 

3. The 137Cs concentration in water was a minor factor - observed concentra- 
tions varied only by factors of 2 or 3 between lakes. 

4. The type of food eaten by the fuh was also a minor factor resulting in 
only 2- to 3-fold differences. 

Duke and his associates (DUK-691 studied the effect of environmental 
conditions upon zinc-65 uptake in shellfsh. Among the conditions they varied 
were salinity, stable zinc concentration, acidity (pH), and temperature. The 
smallest effects were noted upon changing the pH from 7.5 to 8.5 and chang- 
ing the stable zinc concentration (Table 5.48). Changing the pH did produce a 
significant increase in the concentration factor for zinc in the crab. The princi- 
pal factors affecting the concentration factor were the salinity and the 
temperature. A rise in salinity of 10 parts per thousand (from 25 to 35 p.p.t) 
produced decreases in the magnitudes of the concentration factors of 14 to 
24%. except for the clam. A 10°C rise in temperature from 20°C to 25OC pro- 
duced increases from 6 to 53% in the value of the zinc-65 concentration factor. 

.. 
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Salinity 193 18 350 216 
w 35 opt IW lV w I 64' 
A +4w -20% - -14% -24% 

zinc(Zlo+') frmSlS#lg/L 146 22 282 216 
to30 rglL 123 18' 231' 199' 
A +loo$ -14% -18% -18% - 7.9% 

PH from 7.5 130 19 243 177 
(0 8 5  144' 2 d  2 6 9  243' 
A f . c t o r d 1 0  + l l %  - 

lo U'C 213' 18' 3384 213 
A +25% +53% +ITS% - 28% 

+ I l %  +37% 

Tcmpmturc from#rC I39 16 317 166 

'Data from [ DUK-691. 
%atistidy s i g o i f i i t  difference at the five percent confidence level. 
Stat is t idy  * & i t  difference at the OM percent confideaa kvel. 
'Not signihntly different. 

533.3 Problems Associ.ted witb tbe Use of Concentration F8ctors 

The application of the pathway approach using a water-twrganism con- 
centration factor is limited by the pertinency of the concentration factors taken 
from the literature to the actual site conditions. Concentration factors may 
represent measurements taken at only one point in time and of only a limited 
population [HAR-67). One of the most difficult areas associated with meas- 
urements of concentration factors either in the laboratory or in the environ- 
ment is to ensure that the organism is in equilibrium with the radionuclide 
concentration in water. 

Laboratory measurements in aquaria generally involve initially labelling 
only the water. This will be adequate only for organisms which get their food 
directly from water, the primary producers [HAR-67]. Organisms higher in 
the food chain may be consuming food in which the radionuclide concentration 
is not in equilibrium with the water rHAR-671. An example of such a case 
would be bottom-feeding fish which fed on organisms for which the principal 
source of radioactive materials is the sediment rather than water. Environmen- 
tal measurements may avoid problems with non-uniform labelling but the con- 
ditions cannot be controlled nor can equilibrium be ensured since samples and 
concentration measurements may be made only at certain times and locations. 

. . . .  . . . .  . . .  . . . . . . . .  . .  
.. :. . .  ._ : . 

, .  . . . .  
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One approach to avoid some of these drawbacks is to rely upon measure- 
ments of stable element concentration in water and in the organism of interest. 
Although this does not ensure that equilibrium conditions exist, the organism is 
more likely to be in equilibrium with stable elements, if their concentration 
docs not fluctuate greatly with time. than with radionuclides newly introduced 
into the system Concentration factors based upon measuring analoguous stable 
elements in the environment offer another advantage in that site-specific con- 
centration factors may be obtained from such measurements prior to plant 
construction. The use of stable element concentrations is also involved in an 
alternative approach to the use of concentration factors, the specific activity 
approach, which is discussed in the following section. 

53.4 Tbe Specific Activity Approach 

The specific activity is the activity of a radionuclide per unit mass of the 
element.. The specific activity has units of activity per mass (e.g., pCi ? 3 / g  
Sr or Bq "Fe/kg Fe). With few exceptions, the mass of the radioisotope is 
usually negligible compared to the mass of the stable isotope and can be 
neglected. If the annual limit on intake is known for a particular radionuclide, 
AL1.t and the annual intake of the analogous stable element 1, is also known, 
then the limiting specific activity, LSA, is given by: 

(5.104) 

This represents the highest specific activity of the element in food. water 
or air. The use of the specific activity approach was proposed by the National 
Academy of Sciences [NAS-621 for dealing with the disposal of radioactive 
waste in marine waters. The specific activity approach was used for hazard 

.*...JM, > .. ?;. . '. ..- & ...;;... : +<-: ..... assessments of the potential use of nuclear explosives to dig a trans- 
Panamanian Canal [ LOW-691. 

.--.- 

*The term specific activity has been used as activity per mass or volume in the 
same way as concentration (cg. pCi/ml). This is confusing and the term concentration 
is preferred by this author for this purpose. The term for the limiting activity of a pure 
carrier-frcc radionuclide is the intrinsic specific ocfivity. ISA, which is given by ISA = 
X N,/A where N, is Avogadro's number, 6.023 X IO", and A is the gram atomic 
mass. 

tSee lCRP P.ublication 30 for tables of annual limits on intake for Occupational 
Exposure. Limits for other populations pay be derived from these. International Com- 
mission of Radiological Protection, 'Limits for Intakes of Radionuclides by Workers," 
Annuls of the ICRP (3/4) (1978). 
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If X. is the activity of the radioactive isotope aad X, is the mass of the 
stable h t m  then the specific activity can be written ax 

x' 
a s -  P SA - x, 

(5.105) 

. .  

-- 0 

\ 

where Xm tk rmus of the radioisotope is assumed to be negligible. In the spe- 
cific activity approach for calculating doses, it is assumed that the specific 
activity in the organism is the same as its environment 

so that 

This last expression is equivalent to assuming that the radionuclide con- 
centration factor is qual  to the stable clement concentration factor since 
X,,,JX*r,cr is by definition, the concentration factor (Equation 5.92). 

Example 5.7; The specific activity of 6SZn in edible mussels near the mouth of 
a river was measured over a two-year period. The observed specific activities 
W C ~ C  [SEY-731: 

Date of 
measurement 

14 June 
14 July 
18 Sept 
30 Nov 
30 Dec 
18 Feb 
14 April 
30 May 

Days elapsed 

0 
30 
96 

169 
199 
249 
304 
3 50 

Specific activity 
pCi 9 n / g  Zn * 

0.07 1 
0.068 
0.050 
0.029 
0.030 
0.026 
0.01 1 
0.010 
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prescnt in existing stable element pools. Many of these stable elements exist in 
the sediments and have only a slow turnover. Differenm in physio-chemical 
form can result in the radionuclide being mort biologically available if the sta- 
ble element is complexed or adsorped on particulates. i n  this case the specific 
activity of the element in the organism will be considerably higher than the 
specific activity in water. An example of this effect is shown in Table 5.49. 

The third condition of Kaye and Nelson. that the organism be in quilib- 
rium with its environment, is capable of being confirmed by the measurements 
of specific activity themselves. This is illustrated by the data in Tables 5.50 
and 5.51. Table 550 reflects data from a longstanding contaminated lake. As 
evidenced by the specific activity of the strontium in the components of the 
system equilibrium appears to be attained. This is not the case by the data in 
Table 5.51 for zinc in an estuary. The low ratio of the specific activities of the 
organisms compared to water indicates that equilibrium has not reached in this 
system. This is also indicated by the low specific activity of the zinc-65 in the 
fish. A possible reason for this disequilibrium is that 65Zn accumulation from 
seawater by biota is much slower than from fresh water [CRO-69]. 

The specific activity in water and in the organism will reflect the degree 
of equilibrium attained. The rate of accumulation in the fish will be related to 
the metabolic turnover (biological half-life) of the fish. The concentration in 
the fish organs will be related to the availability and exchangability of the iso- 
topic stable element in the fish. If  the specific activities in the fish and the 
water are the same then it can be assumed that a reasonable degree of equilib- 
rium has been obtained. I t  is only after the specific activity of the stable ele- 

. .  

Tabk 5.49. Ratio of the specific activity in t k  organism (SA.) 
to the specific activity in water (SAJ showing t k  eflect d 

diflcrnea in bidogical availability on specifii activity ratios 

Nuclide 

"'Cs(OY "Zn(-20Y '"Cd-sOY 
Organism 

. .  : . : :.. ,'. .. . . .  . . . . . . .  .. . .  . .  . . .  . . . . . . . . . .  . . 

Silver salmon (liver) 0.61 >4400 80 
1.33 (3800-5000) (&120) 

Cdoiobis saira (saury) - I  .5 > I 0 0  - I 0 0  
Diaphus iheia - I .  > 340 40 
Lampanyctus ritteri 0.5 >60 -40 
Ser,qcsies sirpiiis > 300 100 
Tociostomo mocropus > 20 -10 

'Number in parentheses is the percentage particulate in sea- 

'Source: From [PET-71] b a d  upon data from [ROB-68). 
water. 

[RAN-681. and [PER-681 (chemical form). 
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W8kr 3847 (425) 1.0 

P h t S  
BnurrJa S e h M  29 0.68 
Ponlederio d a l o  31 0.73 
T y p h  amgmstudia 48 1.13 
Nnphr vrrrirgorum 40 0.94 

F a  (boric) 0 . R - w  
Perch 0.44, 0.62 52 
Bullhud 0.56 48 
carp 0.44 

Average 

I .22 
1.13 

0.97 

Source: data from (OPH-691. 

Sediments I . I E 4 5  2.IE-03 190 0.21 

Water 2.2E-08 2.OE-03 910 (SA,) I .o 
Chm, 6 . 6 E 6 6  2.1E-03 360 0.40 

oysters 5.8E-05 2.0E-02 340 0.37 

CmbS 2.1E-05 6.1E-03 240 0.26 

Fuh 4.8E-03 8.2E44 19 0.02 
Avenge (b-1 0.26 

Source: data from [ BAP-63). 

ment in the water has remained essentially constant that such an equilibrium 
can be reached (OPH-65 1. 

A further example of disequilibrium, involving a long-lived radionuclide, is 
shown in Table 5.52. These measurements indicate a specific activity in the 
f s h  which is almost 700 times that of the water and 200 times that of the sed- 
iment. Unlike the example shown in Table 5.49, there is no reason to assume 
that a difference in chemical species exists. The apparent 'enrichment" of the 
radionuclide with higher trophic levels bccomes less surprising if one considers 

.. I 
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that in the preceding year the spbcific adivity in water was 0.26 pCi 1291/g 
Iz7I and four years previously it was 0.53 fiCi/g I2'I [MAG-721. It can be Sten 
that the higher specific activities of the higher organisms reflect slower turn 
over rates (longerbiological half-thnes) and the higher specific activities at 
prior times. The slow biological turnover has kept the organisms from reaching 
equilibrium with the lower spcdfic d v i t y  shown for water in Table 5.52. 

Of W k 2  8&vity 
to spccifii activity of 

specific 8ctmty 
Media (pCi ' 3 / g  InI)  Water Scdiment 

Water 2.6 X IO-' I .o 
Sediment 8.5 X IO-' 3.3 I .o 
Filamentous 5.3 x lo-' 2.0 0.62 

Watercress 1.2 x lo-' 4.6 1.4 

Crayfish 6.2 X IO-' 238 72.9 

Fish 1.8 X IO-' 692 212 

green algae 

*Buttermilk Creek on tbe site of the NFS Spent Fuel Reproassing 

Source: data from [ RIC-741. 
Plant in West Valley. New YorL 

5.4 FACI'ORS MODIFYING DIETARY INTAKE OF RADIONUCLIDES 

5.4.1 Accumulatioa and Delay T i  
The previous sections have presented timedependent models of radionu- 

clide accumulation but have not specified the period of accumulation. In most 
casts, periods such as the length of the growing sc8son are sitedependent. 
Nevertheless, it is useful to how the approximate magnitude of such time 
periods. Table 5.53 provides a set of assumed and measured values for the 
length of the accumulation period. The times for radionuclide accumulation in 
soil and sediments were taken to be the midpoint+ of an assumed 30-year 
operating lifetime for a reactor. The end point of the operating lifetime could 
also be used as a period for evaluation. 

'This is nor equivalent to the radionuclide buildup reaching 50% of its equilibrium 
value. The accumulation of cobalt40 (Tfi - 5-3 yn). for example, would be 86.1% of 
the equilibrium level at IS years while cesium-I37 (Te - 30 years) would be only 
29%. 

... 

C-LI . .  
. .  
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Acarmuhion in roil 15 w [NRC-771 
A a u m u & h  in d h t  IJ Y-+ 

Growing period offorage %&P (NRC-771 
Gmwingpcriodoffmdcmp 60 &F [ NRC-771 
Typical periods fmm plantinglobvat 

Buky 120 dap [ ROM-571 
6- 60 dry [ROM-571 

canotr 75 &p [ROM-57] 
R d i  45 &p [ ROM-57) 
LcltUCC 80 d.)r [ ROW571 

35 &p [ DEL711 
Tonutar 85 &p [ DEL7 I ]  
Appb (from beginning d ICLUIO 85 d8p (DEL711 
on mature tree) 

'This is .rrumalto be the midpoint of 3 0 - p r  nudar p o w r  a c t o r  operating 
lifetime. 

The length of the growing sc8soI1 is used for evaluating the direct (wet 
and dry) deposition on to vegetation. It can also be used to determine to evalu- 
ate uptake from the soil providing that a kinetic model of soil-plant transfer 
is used. In most cases, the soil-to-plant concentration ratio, CR, is evaluated 
for the edible portion of the crop at the time of harvest. Hcncc, this parameter 
already includes the effect of plant accumulation. Only radionuclide buildup 
(usually multi-year) in the soil need be considered. 

The models given previously in this chapter do not take into account any 
decay between food production and food consumption. Except for the hypo- 
thetical maximum receptor who consumes all his/her food from a garden plot 
with an associated family cow, actual situations include several periods of 
delay in the movement of food from producer to a more distant consumer. 
Some of these delays are specific to a given site and food distribution system. 
Some of these delay periods which arc assumed by the Nuclear Regulatory 
Commission staff for licensing evaluations are given in Table 5.54. These times 
can then be used to calculate appropriate decay factors (DF - cxpAt) for 
short-lived radionuclides. 

5.43 Losses Dming Food PnpUlrtiOa 

In addition to losses from radioactive decay, the radionuclide content of 
food will usually be lower than the food crop due to lasses during food prepa- 
cation and cooking. These proccsscs include rinsing and washing, peeling, 

. .  
;_ 

. .  
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cleaning, trimming, boiling, baking, roasting, broiling, and frying. The loss of 
activity is specific to the process and individual techniques so that it is difficult 
to generalize. Table 5.55 presents some data on the loss of iodine-I31 from 
various crops as a result of rinsing and boiling. The efficiency of rinsing as a 
removal mechanism decreases with the time elapsed between the surface appli- 
cation of the radionuclide and rinsing. The percentage removal of this surface 
contamination is high. Lower results were found by Nakamura and Ohmond 
(NAK-80b1, who found that the loss of iodine from spinach due to cooking 
was 33% when elemental iodine (I2) was used and 58% when methyl iodide 
was uscd. 

Thompson [THO-65] noted that underground crops (carrots, onion, pota- 
toes) had higher contamination levels (1.02-1.87 pCi %r/g Ca) than 
aboveground crop (tomato, cabbage, green bean) (- 0.43 pCi %r/g Ca). 
The fraction removed in food preparation ranged between 19 and 55%. Cereals 
have a high %r/Ca ratio. However, milled flour is lower than unmilled grain. 
The strontium concentrates in the husks [MID-65]. Table 5.56 presents esti- 
mates of losses due to peeling and hulling during food preparation. 

Lossts of radionuclides from meat, poultry, and fish due to preparation 
would be expected to be small sine the radionuclide concentration is evaluated 
separately for the edible portion (muscle) and usually omits organs or tissues 
like the GI tract which are removed in preparation. Neither cesium-137 nor 
potassium were lost from cooked tuna, for example [YOU-79). There are 
obvious weight redcctions due to trimming and boning. However, these mea- 

. . .  . . . .  . . .  . . .  . . . .  . . .  . .,. . . .  . . . . . .  ~ . .  
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PePpc- 56 66 
(5349) (6668) 

7 i m e  intend b c t ~ e e a  fpnying with the radiorctive tracer and the 
application of the rrmovrl (rt.tmmt method. N u m k n  in parens represent 
range of values obravod 

Source: data from [lHcl73]. 

sum do not affect the radionuclide concentration. Reductions due to trimming 
of meat, etc., are not usually factored into dietary intake reductions bccause 
the annual intakes arc based upon prepared weights and include these reduc- 
tions. 

5.5 PROBLEMS 

1. Classify the following exposure pathways as: transitory, integrating, or 
cumulative integrating pathways: by marking them with a T, I, or CI. 

a. Radionuclide uptake by crops from soil. 
b. External dose rate from deposited particulates. 
c. External dose rate from argon4 1 (half-life 1.8 hours). 
d. Global airborne concentration of Krypton-85. 
e. Radionuclide concentration in a fBh in a rapidly flowing stream. 
f. Radionuclide concentration in a fish in a small cooling pond. 
g. Radionuclide concentration in a public water supply. 
h. Radionuclide concentration in soil from irrigation with contaminated 

water. Q 

\ 

.. . 
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TOlMtOC3 n 
(54-95) 

. Led Icttuoc 81 
(65-93) 

47 
( 4 3 4 )  

Cauliflower 70 
( 4 8 4 7 )  

51 85 
(47-56) (5 1-92) 

34 
(2649) 

34 77 
(32-37) (72-86) 

64 88 
(60-69) (85-90) 
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Tab& 5% Redudon d -ti# of food 
’ c r o r s b C c c t h g d 4  

Perwmtage Retention 

activity f a d  
Radionuclide Crop d u c t i m d  modifying Reference 

”Mn Potato ( I  1.6)’ (0.88y [STE-80b] 
,LDco Potato (30.0) (0.70) (STE-80bI 
’OSr Carrot 14.8 (0.85) (SAR-661 

Tomato 14.7 (0.85) [SAR-661 
’OSr PoIalo (5.9 2 27) (0.94 i0.3) [ ROM-601 

(41.8) (0.58) [ STE-80b) 
“Zr, cam 88.2 (0.12) [SAR-661 

IMRu Carrot 84.7 (0.15) [ SAR-661 
Tomato 23.8 (0.76) [ SAR-661 

Tomato 3.6 (0.96) [ SAR-661 
Potato (6) (0.94) [STE-80b] 

IUCc Carrot 84. I (0.16) [ SAR-661 
Tomato 38.8 (0.61) (SAR-661 

9’Nb Tomato 429  (0.57) [SAR-66] 

W S  Carrot 46.0 (0.54) [ SAR-661 

*~*PU”’OpU k t  (98.7) (0.01 3) [ ADR-80bl 
Potato (92.5) (0.075 [ ADR-EOb] 
Bushbcan (shelled) (54.7) (0.45) [ ADR-80b] 
!Soybean (shelled) ( 30.0) (0.70) [ ADR-80b) 

‘Includes the percentage lost in food preparation (i.c.. the conversion of kilograms 
Fresh to kilograms processed). These conversions arc [WAT-63): beans (0.40). beets 
(0.70), carrots (0.82). potatoes (0.81). soybeans (0.53). and tomatax (0.88). 

’Values in parentheses were calculated by this author from data in the reference. 

Answer: a. CI, b. I, c. T, d. I, e. I, f. CI, g. T o r  I, h. I. 
List at least four examples of exposure pathways that involve more than 
one type of ecosystem. 
Answer: 

2. 

1. Use of river water to irrigate crops. 
2. Transport of contaminated soils into rivers, estuaries, and deposition 

in the ocean. 
3. Use of sea shells as a source of calcium for agriculture. 
4. Use of fish to make dietary supplements for livestock. 
5. Use of river water for drinking water by livestock. 
6. Use of manure to provide nutrients for aquaculture. 
7. Use of sea water to produce table salt. 

’.. 
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3. (a) calculate the ratio of wet deposition to dry deposition rum for the 
f o I l 0 ~  amditiom 

v, = 0.01 m/sec 
R - 10mm/hr - 2.78 X lO%/sec 

m = 0.030 hr/mm 
w, = 5 x l ( r S  

A m r  97.3 
(b) Calculate the equilibrium deposition per unit air concentration for 
continuous deposition under the above conditions with A = 0.086 days", k 
= 0.025 mm" and I (dry removal only) = 0.05 days". Wurning: Use 
dimensional analysis to ensure that units are consistent. 
Answrx 0.160. 

4. (a) The 'osr-to-Ca ratio in the total diet follows the relationship: 

where d, is the deposition (mCi/km2) in the current year i, di.l is the 
deposition in the preceding year, and is the deposition m years prior 
to the year of interest. Given a continuous average annual release of 0.3 
millicuries per year of %r from a BWR for 30 years, calculate the 
expected average %r-to-Ca ratio in the diet in the 30th year, assuming 
that 50% of the strontium is deposited within an 80 km radius of the facil- 
ity. N o w  The sum term can be reduced to geometric series: 

E e-'''. 
AWE 3.46 x W p ~ i  %r/g Ca. 
(b) If tbe observed ratio of bone to diet is 0.15 and the dose rate to the 
bone marrow is 1.4 m m / y r  per pCi/g Ca, in bone, what is the average 
dose rate to bone marrow in the 30th year? 
A m ? :  7.26 rrem/year. 

5. The annual average air concentration of plutonium-239 (TH = 24,400 
years) near a spent fuel reprocessing plant is 100 aci/m3 (10Wi/m3). 

a. Given a mean total (soil -t plant) deposition velocity of 5.6 X IO" 
m/scc, and an effective half-time on vegetation of 14 days, calculate 

. .  . .  . . .  . . . .  . .  
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b. 

C. 

d. 

the areal/conctntration on soil and on vegetation after 1 year, assum- 
ing that the vegetation retains 50% of the deposited material. 
(Assume no loss from the soil and no contribution from vegetation 
losscs to the soil concentration.) There are 3.156 X lO'sec/year. 
Solution. Dry deposition onto soil - 8.84 X Ci/m2 (8.84 X 
106 aCi/m2X dry deposition onto vegetation - 4.89 x Ci/m2 
(4.89 X Id aCi/m2). 
The annual rainfall is 900 mm (900 L/m2 year) and the volumetric 
washout coefficient is 5 x io5 (m3,i,/m3r,i,). The fraction retained 
on Vegetation [e-"'%kk+A) = 0.21 is also lost with an effective 
half-time of 14 days. (Treat the material deposited on vegetation as 
dry deposition after computing the deposition rate.) Calculate the 
plutonium deposited on soil and vegetation from wet deposition. 
Solution. Wet deposition onto soil = 3.6 X 10" Ci/m2 (3.6 X IO7 
aCi/mz); wet deposition onto vegetation - 4.98 X I O 1 '  Ci/m2 (4.98 
x to5 aCi/m2). 
Given that the vegetation density is 2 kg/m2 and that the areal soil 
density is 240 kglm', calculate separately the plutonium concentra- 
tion on soil and vegetation from wet and dry deposition. (Assume uni- 
form mixing in top 20 cm, due to tilling.) 
Solution. The plutonium concentrations (Ci/kg) on vegetation and 
soil are as listed below. 

Soil Plant 
Dry deposition 3.682 X l o "  2.443 X l o "  
Wet deposition 15.000 X IO" 2.488 X l O I 3  

Total 18.682 X I O l 4  4.932 X 

The plutonium concentration ratio. CR, is 2.5 X Calculate the 
plutonium concentration in the vegetation from soil uptake. (Include 
the plutonium soil contributions from both wet and dry deposition.) 
Solution. The uptake from the soil is 2.5 X l o 5  Ci/kg plant per 
Ci/kg soil times the total soil concentration of 18.68 X 

(2.5 X 10-')(18.68 X IO-'') = 4.67 X 1Ot8Ci/kg 

or 

This is about I/100,000th of the direct deposition on the plant: 

= 9.5X10-6 . 4.67 X IO-"Ci/kg 
4.93 x ~o-'~Ci/kg(direcr) 

Radioiodine-I3 I concentration in milk resulting from continuing forage 
intake following a single contaminating event is given by: c(t) = 0.0186 I 
Do (expO.1411 - exp0.90t) for t, in days, where I is the daily forage 
intake (kg/day) and Do is the initial contamination level (activ- 
ity/kilogram of vegetation). 



7. 

a. Cala~late the time and level (as ‘b of initial intake) of the maximum 
oonotntration in milk. 
Answer t- = 2.42 days; (2- - 1.09 %/L. 

b. Calculate the fraction of the total dose Commitment that would be 
delivered by stopping milk ingestion at 1 day, 2 days, 3 days, and 1 
week folloniag the initial contamination. 
Answer: Total secretion (to infinity) is 11.1 %/L. The integrated 
sccr&oo to I day is O.Sl%/L or 0.046 (4.6%) of the total. The 
integrated secretion to 2 days is 1.52%/L or 0.136 (13.6%) of the 
totaL Thc integrated secretion to 3 days is 262%/L or 0.236 (23.6%) 
of the total The integrated secretion to 7 days is 6.2%/L or 55.8% of 

A farm with a Qycar-old child is located 1 kilometer from a nuclear 
power reactor. The child consumes 330 liters of fresh milk and 26 kilo- 
grams of fresh leafy vegetables per year from the family cow and family 
garden. Calculate the annual release limit for radioiodine-131 (TH = 8.05 
days) to conform to a design objective of 15 millirem per year thyroid 
dose given that: 

a. The annual-average atmosphere dispersion factor is 4 X l e  stc/m3. 
b. The deposition velocity for radioiodine is 0.01 m/sec and the biologi- 

cal half-life on both forage and vegetables is 14 days. 
c. The fraction of the daily iodine intake transferred to milk is 6 X 10‘’ 

days/liter. The cow consumes 50 kg/day of grass from a field whose 
yield is 0.75 kg/m2. The vegetable yield is 2 kg/m2. The retention 
factor for both is 1.0. 

d. The child‘s breathing rate may be assumed to be 2700 m’/year and 
the occupancy factor is 0.5. 

e. The radioiodine- 13 1 committed dose equivalent factor for ingestion is 
5.43 X lo” mrem/pCi; the committed dose equivalent factor for 
inhalation is 4.16 X l(r3 mrem/pCi (both to the thyroid gland) and 
the whole body dose equivalent rate from radioiodine deposited onto 
the ground is 2.80 X lW9 mrem/hr per pCi/m2. 

Evaluate the doses from external radiation from deposited material, inha- 
lation, and the ingestion of milk and leafy vegetables in arriving at the 
release h i t .  
Answers (including subcomponent calculations): The effective removal 
rate constant for vegetation is 5.73 X 16’ sec”. The equilibrium deposi- 

tbetdaL / 
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tion is 6.98 X 
are as follows: 

Ci/m2 per Ci/m. The doses per unit activity released 

Dosc factor 
(mrern/year)/ Percentage 

Pathway (a/=) of total 

External dose rate (5OW occ.) 97.7 4 0 "  
Inhalation dose rate 225E+07 0.04 

' Vegetable ingestion dose 4.93E+09 9.0 
Milk ingestion dose 5.0 E+10 90.9 

5.5OE+ 10 

The limiting I3'I release rate is therefore: 15 millirem/year + 5.50E+ 10 
= 2.73 X 1 0 "  Ci/sec or 8.6 millicuries of iodine-131 per year. 

8. (a) Assuming a one-compartment model of the secretion of radionuclides 
into meat, milk or eggs of the form 

IF ( f  + A )  c , dC - = - -  
dr V m  

where 
C = radionuclide concentration, 
r = biological excretion rate, 
1 = radionuclide intake rate, 

F = fraction of the stable element 
transferred to milk, 

V, = milk volume, and 

show that the equilibrium radionuclide concentration in these products is: 

and that the transfer factor fm can be represented as: 

(b) Is the factor for the stable element urn) the same? If not, derive a 
modifying factor to apply to the stable element f m  to permit it to be used 
for an isotopic radionuclide. 
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(c) What condition must be satisfied before this comctm * D introduces a 
25% change from the tabulated value? 
&r:x/r Z 1/3 or T G H  2 1/3 . 

9. (a) Assuming that the transfer factor from inhalation by a cow to milk is 
tbe same as from ingestion vn), show that the ratio of the concentration 
in miIk from ingestion to the concentnth from i h l a tmn  ' j & .  

Vg(uAF) 
(X+r) la  * 

whm 

vg = deposition velocity, 
UAF = utilized area factor, 

g = radionuclide decay constant, 
I - "weathering" loss rate, and 

fB = cow breathing rate (m3/day). 
(b) For f a  = 144 m3/day, TH - 8.05 days. T. - 14 days, UAF = 45 
m2/day, calculate the ingestion to inhalation ratio for methyl iodide ( I3'I) 
vg = 5 X IOd m/sec and elemental iodine, vI = 0.01 m/scc. 

Answer: Ratio Cin-ion 

Cinhhcioa 
for CH31 = 0.995; I2 = 1.99E+O3. 

(c) What implications a n  be drawn from this calculation for accident 
situations? Note that over 8096 of the iodine released in the Three Mile 
Island Accident was in the organic (methyl iodide) form. 

10. The current MPC for cesium-137 corresponds to a dose of 500 millirem to 
the whole body and is 2 X l(r5 pCi/ml. This value is based upon a daily 
water intake of 2 liters. What is the whole body dose to a ptrson consum- 
ing 50 kilograms per year of trout from a lake whose cesium concentra- 
tion is at 1 percent of the maximum permissible concentration for water, 
if the concentration factor for cesium by trout in this lake is l,OOO? 
Answer: 340 mrem. 

1 1. A radioactive spill has occurred in a bay. Tbc radionuclide has a half-life 
of 280 days and a biological half-life in a f s h  of 350 days. The conceatra- 
tion factor (equilibrium conditions) is 150. However, the radionuclide was 
rapidly flushed out of the bay and measurable concentrations only 
persisted for 7 days. If the average concentration in water was 10 pCi/L, 
what is the concentration in the fuh? 
Answer: -50 pCi/kg (46). 

12. The radionuclide concentration factor for '06Ru in 8 marine invertebrate 
species was 30. A fish which consumes these invertebrates as its sole food 

. .  . . . . . .  . .  
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source had a concentration factor of 1. What is the ratio of the radionu- 
clide concentration in the fish to the radionuclide concentration in the 
invertebrates? 
Answer: I /30 or 0.033. 

13. An exotic freshwater species of shrimp has been found at the site of your 
proposed reactor. The concentration factor for this species is unknown but 
the cesium-137 CF for a related marine species is 8. Given that the 
potassium concentration in the lake that receives your effluent is 3 ppm 
and that of seawater is 380 ppm (mg/l). estimate the concentration factor 
for the freshwater species. 
Answer: About lo00 (1013). 

14. A scallop has a manganese content of 7100 pg stable Mn/g in the kidney 
and 14 pg Mn/g in the muscle. The specific activity of manganese in the 
water is 0.014 pCi %Mn per pg of stable manganese. What is the ''Mn 
concentration in the organs which would be reached if complete equilib- 
rium were reached with the constant concentration in the seawater? 
Answer: Kidney 99.4 pCi "Mn/g; muscle 0.2 pCi %Mn/g. 
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6- 1 

6 Reference Man: A System 
for Internal Dose Calculations 

6.1 INTRODUCIION 
The concept of a standard man for use in internal dose calculations 

originated more than 30 years ago. When early health physicists compared 
their dose estimates due to inhaled or ingested radioactive material (or their 
estimates of permissible levels in air and water), they found that agreement on 
basic standards for radiation protection was not good. This lack of agreement 
was due primarily to the use of different values of some of the biological data 
in their dose calculations. For this reason, a "Standard Man" was proposed. 
This standard man was a test individual to be used in checking on the effect of 
various assumptions regarding the exposure situation and in comparing dose 
estimates made by individual health physicists. 

The first agreements on a standard man were formulated by the National 
Council on Radiation Protection and Measurements (NCRP) at a conference 
held at Chalk River in 1949 (NCRP 1950). At that time, the selected 
parameters were thought to be appropriate for a typical radiation worker. This 
first Standard Man" consisted mainly of the specification of the masses of 
some important organs and tissues, specifications on intakes of air, water, and 
a few elements, and some data on excretion. It should be made clear that the 
Standard Man used by health physicists was never intended to represent man 
in all his aspects. The main purpose was to specify only those characteristics 
that were n d e d  for purposes of dosimetry. 

*School of Nuclear Engineering and Health Physics, Georgia Institute of Technology. 
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6-2 Radiological Assessment 

6.2 GENERAL CONCEPlS 
The type of data needed for an internal dose calculation bas been 

spedfred by Snyder (1966). These data arc grouped according to the 
paramders acded to &ate dose from a radionudide that has entered the 
body. The doee to a ackctcd organ during the fvst 2 d follawing intake [D(T)]  
is 

whae 

I - intake of the radionuclide by the body at time 0, 
51 = coIIs18nt in Units of (disintegrations/d) X (g-rad/McV), 

R(r) fractional retention in the organ of interest at time r, 
E(r) effective energy absorbed in the organ per disintegration, 

Mft)  - mass of the organ of interest at time 1. 

To estimate 1. data on intake of air and water, or of various foods (such as 
milk), may be needed. The intakes are required if the goal is to calculate a 
limiting concentration in these substances that would produce a prescribed 
dose. If the time r is not long, the organ mass may be considered constant. 
However, in cases where the radionuclides remain in the body for many years, 
it may be necessary to consider the variation of organ mass as a function of 
time. The effective energy absorbed per disintegration will depend on the size 
and shape of the organ of interest. Thesc parameters may not be constant over 
long periods, especially during the early years when rapid growth occurs. 
However, in a number of cases E(t) is considered to be constant. 

One of the most difficult task is to estimate the fractional retention, R(fA 
in the organ at time t. The initial uptake in the organ and the rate of 
elimination from the organ arc directly related to R(r). A large amount of data 
on the metabolic activity of the body c811 be applied to this problem. For 
example, the intake of stable elements and the concentrations of stable 
elements in relevant organs and tissues provide valuable information 
concerning the retention of radioisotopes over extended periods. For this 
reason, data 00 the intake of stable elements and data on the composition of 
tissues arc important considerations in choosing R(r) for a particular 
radionuclide. 

The most complete specifcation of Standard Man, as it developed during 
the early period, was that included as part of the ICRP Publication 2 (ICRP 
1959). These data included the distribution of elements in the total body and 
in selected body organs, and the masses and effective radii of organs in the 
adult human body (see Table 6.1). In addition, data on the intake and 
excretion of Standard Man were given as well as specifications of the 
gastrointestinal tract and some information on the respiratory tract. However, 

.:.: ' , . . .  . .  . .  
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Total bod9 
Muscle 
Skin and Subcutanmu tissue* 
Fat 
Skeleton 

Without bone marrow 
Red marrow 
Yellow marrow 

Blood 
Gastrointestinal tract' 
Contents of GI tract 

Lower large intestine 
Stomach 
Small intestine 
Upper large intestine 

Liver 
Brain 
Lungs ( 2 )  
Lymphoid tissue 
Kidneys (2) 
Heart 
Spleen 
Urinary bladder 
Pancreas 
Salivary glands (6) 
Testes (2) 
Spinal cord 
Eyes (2) 
fhyroid gland 
Teeth 
Prostate gland 
Adrenal glands or suprarenal (2) 
Thymus 
Ovaries ( 2 )  
Hypophysis (pituitary) 
Pineal gland 
Parathyroids (4) 
Miaallancous (blood -LS. 
cartilap. ne-. e t 4  

70.000 
3o.m 
6,100 

1 o.Oo0 

7,000 
I.500 
I.500 
5.400 
2.000 

I50 
250 
1.100 
I35 

1.700 
1.500 
1 .Oo0 

700 
300 
300 
150 
I50 
70 
50 
40 
30 
30 
20 
20 
20 
20 
10 
8 
0.6 
0.2 
0.15 

390 

100 
43 
8.7 
14 

IO 
2.1 
2.1 
1.7 
2.9 

2.4 
2.1 
1.4 
I .o 
0.43 
0.43 
0.21 
0.2 1 
0.10 
0.07 I 
0.057 
0.043 
0.043 
0.029 
0.029 
0.029 
0.029 
0.014 
0.01 1 

8.6 X 
2.9 X IO-6 
2.1 x 10-6 

0.56 

30 
30 

20 

5 

0. I 

30 

5 
IO 
30 

5 
IO 
15 
IO 

7 
7 
7 

5 

3 
I 
0.25 
3 

3 
3 

3 
0.5 
0.04 
0.06 

'Does not include contents of the gastrointestinal tract. 
*The mass of the skin is taken IO be ZOO0 g. 
Source: International Commission on Radiological Protection 1959. 

Recommendaliotu of the Intermtiom1 Commission on Radiological Pro- 
tection. Report o j  Committrr I1 on Permissible Dose for Internal Radia- 
tion. ICRP Publication 2. Pergamon. oxford. 
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these data represented only a standard adult and did not apply to dose 
estimation for fetuses, infants, children, Q for aonstandard adults. The 
importame of this deficiency, coupled with the iaa#rsed awareness of 
populntioa exposures, led to further research on standard Mm. In December 
1963, Committee I1 of the International Chmusmo * ' n  on Radiological 
protccton (ICRP) requested that the Commission establish a Task Group for 
the revipion and extension of the Standard Man amccpt. The intent was to 
extend and revise the Standard Man concept to provide a more adequate basis 
for naraesmcnt of exposure of all groups of the population. Snyder (1966) 
stated the problem clearly: 

The real need of the health physicist is not wnfy ollt Stan- 
dard Man; for, however carefully he may be d e f i i  he will 
still be representative of only a small fraction of the popula- 
tion the health physicist must consider. Thus, the ooncept of 
Standard Man should not merely de f i  an individual but 
should include ranges of variations about chi norm and p m  
vide procedures for taking these individual diffmces into 
account when they significantly alter the dose estimate. 

Later, at the suggestion of the ICRP, the name was changed from Standard 
Man to Reference Man. 

6.3 THE ICRP REFERENCE MAN 
The work of the ICRP Task Group on Reference Man took a number of 

years to complete. Their report was published in 1975 (ICRP 1975). Even with 
its publication, members of the Task Group recognized that Reference Man, as 
defined in the publication, could be improved extensively. At the same time, the 
health physics profession throughout the world recognized the tremendous stride 
forward that this massive work represented. 

The definition of a Reference Man actually involved three separate pieccs 
of mearch. Snyder's Task Group certainly carried a tremendous burden over 
the years in attempting to define Reference Man. However, their load was 
lightened somewhat when the ICRP formed a Task Group on Lung Dynamics 
(Morrow et al. 1966). and Eve and Dolphin undertook the preparation of a 
special report concerning estimation of dose to the gastrointestinal tract (Eve 
1966; Dolphin and Eve 1966). 

The goal of all this research was to define Reference Man, in the first 
instance, as a typical radiation worker. It was important to give some 
indication of variability of the occupationally exposed group about this norm. 
Secondly, differences due to age, sex, or habits would be given where possible, 
with emphasis on fetuses, infants, and children. 

. .  . . .  
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The Task Group agreed to select data primarily to represent what was 
believed to be a typical individual of the European or American populations. 
Reference Man was defined as being 20-30 years of age, 170 cm in height, 
weighing 70 kg, and living in a climate with an average temperature of from 
10 to 20°C. He was a Caucasian and a Western European or North American 
in habitat and custom. 

The Reference Man report (ICRP 1975) consists of three sections. There is 
a large section that specifies anatomical values for the Reference Man; it is 
broken down into general organ systems (e.g., cardiovascular system or 
digestive system) and then into a discussion of individual organs and glands 
that comprise the system. The second section of the report gives the gross and 
elemental content of Reference Man. The third section presents the 
physiological data, including a daily balance of elements in the body of 
Reference Man. Calculations of the specific absorbed fraction of photon energy 
are appended to the report. These data are for twelve monoenergetic photon 
sources (0.0140 MeV) located uniformly in 16 different organs, including the 
total body. 

It is extremely difficult to separate the development of Reference Man 
from the work of the Task Group on Lung Dynamics (Morrow et al. 1966) 
and the work of Eve and Dolphin on the gastrointestinal tract (Eve 1966; 
Dolphin and Eve 1966). It is even more difficult to discuss the relationship of 
these three efforts without bringing them into focus as they relate to internal 
dosimetry calculations. 

6.3.1 Internal Dose Calculations and Reference Man 

The primary use of the Reference Man formulation has been in the revision 
of ICRP Publication 2 (ICRP 1959). The ICRP has recently released esti- 
mates of limits for intakes for occupationally exposed workers (ICRP 1979). 
These reports have embodied all aspects of Reference Man, including models 
of the lung and gastrointestinal tract. Actually, the component parts have been 
assimilated in a single sophisticated computer code (Watson et al. 1976). 
However, the component parts are discussed in detail in the following sections 
for clarity. 

..*-I ..a*>.: ".z'..2 *".a*:.z':*+;<:. 

633 Gemera1 Considerations 

The evaluation of potential exposures to radioactive materials presents 
rather complex problems, which must be considered for each radionuclide in 
various chemical forms and in various forms of particulate dispersion. Each 
chemical form of each element has different specific properties of solubility, 
transfer across membranes; distribution among the various tissues in the body, 
in some cases deposition in certain tissues, and finally excretion from the body. 



6-6 Radiological Assessment 

The principal factors considered in an mterarl wtposun evaluation include 
(1) the chemical form in which the various nuclides occur, (2) the relative 
abundance of the nuclide, (3) the &mc&mWs ' - of tbe aerosol or the fine 
powdcr in which the nuclide occurs, (4) the d y n a m i c  behavior of the aero- 

respimtory system, (5) the movtmcllt of particles within the respiratory tract 
and out of it into the lymphatic system and tbe gastrointestinal tract, (6) the 
absorption of the nuclide into the bloodstream, (7) the distribution of the 
radioouctide among organs and tissues, and (8) the retention of the nuclide by 
the body. In addition, each radionuclide units different radiations. The half- 
life, type of radiations emitted, and the energy of these radiations must be con- 
s i d d  Furthermore, although an organ would be affected by any radiation 
from nuclides deposited in it, gamma rays .Is0 irradiate adjacent organs 
(called "cross ruen). This circumstance presents formidable geometric problems 
in internal exposure evaluations. 

801 particles as they are inhaled and dcposw in various d o n s  of the 

6.33 'Ibe Long Modd 

The inhalation model used in Reference Mm is that defined by the ICRP 
Task Group but with some modifcations in the parameters to reflect newer 
data (Morrow et al. 1966; Lindenbaum et al. 1972). The lung model consists 
of a nasopharyngeal region (N-P), a tracheobronchial region (T-B), a 
pulmonary region (P), and the lymph nodes (L). Deposition is governed by the 
activity median aerodynamic diameter (AMAD) or the mass median 
aerodynamic diameter (MMAD) of the aerosol. The deposition model is shown 
in Fig. 6.1 and the retention model in Fig. 6.2 

The retention model in Fig. 6.2 prescnts a schematic representation of all 
dust deposition sites and clearance process# In this figure, DI through Dd are 
the amounts or concentrations of dust in various respiratory volumes or areas. 
For example, D, is the total dust inhaled (ic, air concentration), D2 is the 
amount of dust deposited in the nasopharyngeal region, D, is the dust 
depositoa in the tracheobronchial region, and D4 is the dust deposited in the 
pulmonary region. Ordinarily, D2, and D4 arc expnssed as percentages of 
D1 and may be determined from the deposition model (see Fig. 6.1). The 
radioactive or mass fraction of an aerosol that is deposited in the 
mharyngcal ,  tracbeobroochial, and pulmonary regions is given in relation to 
the AMAD or the MMAD of the aerosol distributions. The model is intended 
for use with a m m l  dmiut ions that have an AMAD or MMAD between 0.2 
and 10 pm with geometric standard deviations of less than 4.5. Provisional 
deposition estimates further extending the size range arc given by broken lines. 
For the unusual distribution having an AMAD or MMAD greater than 20 gm, 
complete nasopharyngeal deposition can be assumed. The model does not apply 
to aerosols with AMADS or MMADs below 0.1 pm. 

a 
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Figure 6.1. Deposition model. Source: Adapted from International Commission on 
Radiological Protection 1979. Report of Cowunitice 2, t imi is for Intakes of Radionu- 
cfides by Workers, ICRP Publication 30, A m  ICRP 2(24). 
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NASOPHARYNGEAL (b) 
REGION (N-Pi 

PULMONARY REGION 
(PI 

0.01 m.95 
0.2 d10.05 
0.5 m.a 

a 5  dm.2 
0.5 dll.O 

0.01 d10.5 
0.2 d0.5 
50 dl0.15 
1 m.4 
50 m.4 
50 d10.05 
50 d11.0 

0.01 dlO.O1 
0.2 d10.99 
500 d0.05 
1 d10.4 
500 d10.4 
500 d10.15 
lo00 d10.9 

Figure 6.2. Retention model. Source: Adapted from International Commission on 
Radiological Protection 1979. Report of Commirree 2. Limits for intakes of Radionu- 
clides by Workers, ICRP Publication 30, AWL lCRp X(E-4). See the text for dcscrip 
tion of pathways (a) through (i). In tbe table the first value is half-time for clearance 
(days), and the second value is the fraction leaving the region at the specified rate, 
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Calculations of the committed dose equivalent (HM) due to internally 
deposited radionuclides assume an AMAD of I pm. Under this assumption, D2 
= 0.30, D3 0.08, and D4 = 0.25. ICRP Publication 30 (ICRP 1979) also 
specifies a particle s k  correction method that allows the committed dose 
equivalent to be determined for aerosols with an AMAD different from the 
standard value. 

The retention model has, in addition to the major respiratory regions, three 
other closely related organ systems: the gastrointestinal tract, systemic blood, 
and pulmonary lymph nodes. The letters "a" through "j" in Fig. 6.2 indicate 
the various absorption and translocation processes associated with the 
clearance of various compartments (Morrow et al. 1966): 

Pathwav DescriDtion 

.. 
(b) 

Rapid uptake of material deposited in the 
nasopharynx region directly into the systemic blood. 

Rapid clearance of all dusts from the 
nasopharynx region by ciliary-mucus transport. 

Rapid absorption of dust deposited in the 
tracheobronchial compartment into the 
systemic circulation. 

Analogous to (b) and represents the rapid 
ciliary clearance of the tracheobronchial 
region; the dust cleared by (d) goes 
quantitatively to the gastrointestinal tract. 

Direct translocation of dust from the 
pulmonary region to the blood. 

Relatively rapid clearance phase of the 
pulmonary region, which presumably depends 
on recruitable macrophages, and this 
in turn is coupled to the ciliary-mucus 
transport process; therefore, the dust 
cleared by (f)  goes to the gastrointestinal 
tract via the tracheobronchial tree. 



.. 

1. ’ , 

I 

... 

. . . . . . .  
. , . .  . . . . . .  . . . .  ::. . . . . . . . . . . . . . . . . .  . ,.. - . . . . . .  . . . . . .  ,: 

. . . .  ’ <  . 
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(8) - pulmoaary -= process that 
is typkdly much slower than (f) but 
still dependson eadocytosis and 

dust goes via tbe ??8chcobronchial 
region to the gastrointestinal tract 
(the importaat distinction is that the 
clearance is apparsntly rate-limited in 
the pulmonary r q h n  by the nature of 
the deposited dust pcr e). 

. Ciliary-mucus tmmporG the cleared 

. 

(h) Process desar’bing the slow removal of 
dust from the pulmonary compartment via 
the lymphatic system; this process can be 
regarded as qualitatively similar to (8) 
with the exception that lymph transport 
replaces the ciliary-mucus transport. 

(i) Secondary pathway in which dust cleared 
by the lymphatic system (h) is introduced 
into the systemic blood; this pathway 
obviously depends on the ability of the 
cleared material to penetrate the lymph 
tissue. especially the lymph nodes (this 
implies partial or complete dissolution 
of the dust particles, but the turnover 
of lymphocytes may contribute). 

Note that this model s ~ k s  three compound classes in which material 
deposited in the pulmonary r e ~ o n  of the lungs can be cleared. This classifica- 
tion applies to a range of half-times for D (less than 10 d), for W (from 10 to 
100 d), and for Y (greater than 100 d).* The new classification is in sharp 
amtrast to ICRP publication 2 (ICRP 1959) in which materials werc loosely 
classed as ”soluble- and Snsoluble.” 

The Reference Man report specifies a number of average respiratory values 
for use in dosimetric calculations. These data arc summarized in Table 6.2. 
Note that adult activity is divided into three periods of qual  length, whereas 
for the very young, much of the time is assumed to be spent resting. Alternate 
values for liters of air breathed per day which werc about 4096 higher than the 
values in Table 6.2 have been proposed. However, the Reference Man values 
are considered adequate [or moat situations. 
*D = days; W wee& Y - years. 
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Table 6.2. Rcspirrtory rrlucs for Reference Mrn 

Newborn Adult Adult Child Infant 
man woman (10 Y) ( 1  Y) 

Activity 

Lifers of Air Breathed 

8 h working, "light activity" 9,600 9,100 6,240 2,500 (10 h) 90 (1 h) 

8 h nonoccupational activity 9,600 9.100 6,240 

8 h resting 3,600 2,900 2,300 1,300 (14 h) 690 (23 h) 

Total 2.3 x 10' 2.1 x 10' 1.5 x io4 
Percent breathed 42 43 
at work 

Minure volume 

Rating (L/min) 7.5 6.0 4.8 1.5 0.5 

Light activity (L/min) 20.0 19.0 13.0 4.2 1.5 

Source: International Commission on Radiological Protection 1975. Infernarioml Commission 
on Rodfologfcal Protection. Task Group Report on Reference Man, ICRP Publication 23, Per- 
gamon, Oxford. 
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Tbe minute voIume (or respiratory volume) is the product of the tidal 
volume and frequency. Obviously, these latter parameters arc dependent on the 
degree of activity, the altitude, and body temperature. 

63.4 IkhgesthBModel 

Any exposan by mgcstjon, as well as any inhalation wrposun, leads to 
radioactive materials entering the gastrointestinal tract, The ddpimetric model 
for the gastmhtesrinal tract, shown in Fig. 6.3, is essentially that due to the 
work of Eve and Dolphin (Eve 1966; Dolphin and Eve 1966). In this work, 
subdivisions of the tract and transit times through these subdivisions wen  
defmd Baskally, the tract is divided into the stomach (S), the small intestine 
(SI), the upper large intestine (ULI), and the lower large intestine (LLI). 
Absorbed doses o&ained by use of this model arc considered to be averaged 
over the particular tract section. Table 6.3 presents pertinent facts on the aver- 
age mass of food in each of the sections and the average length of time food 
stays in each section. This information iS essentially that given by Eve (1966) 
or in the Reference Man report (ICRP 1975). 

Each of the d o n s  is considered a single compartment, and translocation 
from one compartment to the next is assumed to be governed by firstsrder 
kinetics. Thus, if q(t) is the activity of ingested material in a compartment at 
time t, then the mode1 is completely described by a set of differential qua-  
tions. In addition, the model for a radioactive daughter produced in the gas- 
trointestinal tract from its ingested parent radionuclide is completely described 
by a similar set of equations. Further, a system of similar equations can be 
devised that describes a chain of parent and daughter radionuclides. In this 
case, the activity of each daughter is determined by the activity of its predeces- 
sor in the chain. In all of these considerations, the metabolic behavior of the 
radioactive progeny is assumed to be the same as that of the ancestral radionu- 
clide that was ingested. 

AbsorW doses in the gastrointestinal tract for photon emitters are com- 
puted by use of the specific absorbed fraction technique reported by Snyder et 
al. (1974). For electrons, only a surface dose is computed. Alpha emitters arc 
ineffdvc in reaching critical cells in the tract, and a factor is normally 
appIid to calculated absorbed dodies to express this fact. 

Tbe Referem Man report sptcifies many parameters that impact on the 
gastrointestinal tract model, These include data on the water balance for 
Referenoe Man as well as information on the dietary intake and excretion of 
certain major elements. 

Table 6.4 pnsents a summary of the water balance data. The estimates for 
milk and tap water intakes are well documented, but the Task Group points 
out that the intake of other water-based fluids is probably underestimated. The 
total fluid intake of 1950 mL/d was selected as being representative of the 
actual values, which ranged from lo00 to 2400 mL/d at moderate tempera- 
tures. 
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EXCRETION 

Figure 6.3. Mathumtical model used to describe the kjncticr of radionuclides in the 
gastmintcsthui tract. Source: International commissoo on Radiological Protection 
1979. &pori of commirr# 2, Limits for Intakes of Radionuclides by Workers, ICRP 
Publication 30. Ann fCRP 2(34). 

Inscnsiible water loss is dependent on body surfaa area, body weight, body 
temperature, and metabolic rate. The daily loss through the skin is in the 
ran@ of 350 to 1900 mL for adults. Of this amount, approximately one- 
quarter to ooc-thifd is lost through the lungs in expiration, with the remainder 
lost through the skin. 

Table 6.5 summarizes the excretion parameters selected for Reference 
Man. The intake and loss of the major elements (Le., carbon, hydrogen, oxy- 
gen, and nitrogen) are given in Table 6.6. The daily balance of other important 
elcmtnts seltcted for Reference Man is presented in Table 6.7. AH of these 
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T.blc6.3. c . r b o l a t a t b r l M M d d  
farIldaw+Mr 

Massof h o f  M a a  
SeCtionofGItrad wallk?amta&?rcddewe x 

(e) b) k ( d )  (d-') 

stamrch 150 250 1/24 24 
sms hrtgtiae 640 400 4/24 6 

1.8 
1 Lpmr kgc intestine 160 135 24/24 

upper large intestine 210 220 13/24 

.Values from ICRP Publication 23 (ICRP 1975). 
* 1979. Source: International Comnm ' ion 011 Rddogml Rottaraa 

lnurnotionol Commission on Radiological proucHars Repon of Corn- 
niusr 2. Limits for Intakes of Radionuclides by W e  ICRP Pub- 
I#tioa 30. A m  ICRP 2(34). 

. .  

data arc useful in the evaluation of expure due to internally deposited 
radionuclides. However, it should be remembered that these values were 
selected as representative of an adult male and do oat apply to a particular 
individual. For example, the total weight of feccs lost each day by adults 
ranges from 60 to 500 g, with a mean value of 150 g (ICRP 1975). Yet. the 
Task Group selected 135 g for Reference Man (e Table 6.5). Similar state- 
ments also apply to the data on urinary excretion. The daily volume of urine 
for the adult ranges from 500 to 2900 mL, and a value of 1400 mL/d was 
sclcctal for Reference Man. 

Additional information contained in the Reference Man report is provided 
to assist in the evaluation of internal exposures in nonoccupational situations. 
Table 6.8 gives data on the dietary intake of populations in the United States, 
the Unitad Kingdom, and Europe (Le., European Economic Community). Note 
that these data represent per capita consumption and not the consumption of a 
Reference Man. In addition, the Task Group points out that these values (i.e., 
Table 6.8) are not intended for use in a dietary intake model. 

Data on milk consumption arc preseoted in Table 6.9. These data arc cal- 
culatod representative intakes for d e s  and females as a function of age 
obtained from surveys in North America, Westcrn Europe, and Australia. 
Milk consumption by adults varies widely according to personal habits. The 
Task Group selected 300 mL/d as the intake of milk for Reference Man. Data 
for an adult woman and a 10-ycar-old child wen pnsented earlier in Table 
6.4. 
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Table 6.4. Water balance for Reference Man 

Adult man Adult woman Child (10 y) 
Gains Losses Gains Losses Gains Losses 

(mL/d) (mL/d) (mL/d) (mL/d) (mL/d) (mL/d) 

450 IO00 in urino Milk 300 1400inurine 200 1O00 in urine 

Tap water 150 100 in feces 100 90 in feces 200 70 in feces 

Other fluids I500 850 insensible 1100 600 insensible 750 580 insenslble 
loap 1088 1088 

Total intake in fluids 1950 1400 1400 

In solid food 700 650 in sweat 450 420 in sweat 400 350 in sweat 

By oxidation of f d  350 250 200 

Totals 3000 3000 2100 21 IO 2000 2000 
.I . 

. .  . . .  . . .  
~ ~ ~~~~~~~ 

Source: International Commission on Radiological Protection 1975. International Commldon on Rodfofogiccrl Pro- 
tection. Tusk Group Reporr on Reference Mun. ICRP Publication 23, Pergamon, Oxford. 
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u m d n u  
Volumc(mL/d) 1400 IO00 IO00 450 
S p a a C  gravity 1-02 1.01 
PH 6.2 
Solids (eldl 60 50 47 19 
Urea W d )  22 
%UF" b/d) 1 
Bicarbonates (g/d) 0.14 0.12 

weight 135 I10 85 24 
Water 105 90 70 19 
solids 30 20 19 5 
Ash 17 15 6 1  
Fats 5 4.5 4 3  
Nitrogen 1.5 1.3 I 0.3 
Other substance 6.5 5 8 0.7 

Source: International Commission on Radiological 
Protection 1975. Intemationa1 Commission on Radio- 
logical Protection, Task Report on Reference Man. 
ICRP Publication 23, Pergamoo. Oxford. 

633 Comppter Techniques 

The models and data discussed above, as well as models for the retention 
and excretion of most elements, have been incorporated into a number of com- 
puter codes at various levels of sophistication. The code used for the latest 
ICRP calculations (ICRP 1979) is that described by Watson and Ford (1980). 
This large computer code is actudy composed of three computer codes, two of 
which may be used as "stand alone" codes for spocific calculational needs. 
These individual codes arc called SEE, ICRP TIMED, and DOSE (Watson 
and Ford 1980). 

The goal is to calculate the committed dose equivalent ( H N J )  and sccon- 
dary and derived limits on occupational exposure. The committed dost 
equivalent in a particular organ or tissue T is simply the total dose equivalent 

c 
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Table 6.6. Intake .Id kus of major ckmcmts t Rdaeocc M.n 

Adult Adult child Infant 
man w o r n  (10Y) (1 Y) 

Element 

300 
350 

16 
2600 

1 

15 
160 

1300 
5 

7 
13 
1.5 

100 

Dutaty Intake (dd) 

210 200 
245 230 

13 10 
1800 1 700 

0.7 0.7 

Urinaty losses (dd) 

13 11 
I30 I10 

1100 970 
4 3 

Fecal lossef (g/d) 

6 4.2 
11 8.6 
1.3 1 .o 

90 62 

5 
50 

420 
0.5 

1.2 
2.5 
0.3 

17 

'Fats assumed to be (C1sH3QO)$3H~, and "other sub 
stances' assumed to be (C, Hlo 0 ~ ) ~ .  See Table 6.5. 

Source: International Commission on Radiological Pro- 
tection 1975. International Commission on Radiological 
Protection, Task Group Report on Reference Man, ICRP 
Publication 23, Pergamon, Oxford. 

(H) to which that organ or tissue would be committed for 50 y after intake of 
the radionuclide. Basically, the total dose equivalent is given by 

where U'jr) is the cumulated activity in various source organs Ut at time t 

after deposition, and SEE(T- Y,) is the specific effective energy absorbed in 
the target organ T from each transformation in Y f .  The three program 
modules are designed to perform thest calculations. The SEE code and the 
ICRP TIMED code supply the specific effective energies and the cumulated 

. . .  
. .. 
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1.6 X lo' 
440 

3.7 x Id 
I5 

1.4 X Id 

3.2 

3.3 x Id 

2.3 

4.4 x Id 
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Table 6.8. UnibcdStatcs,BrMlcpb, .ad Emopcra Ecaaomic Community 
diceuy int8kc 

Consumption per capita 
(g/d) 

Mill? (as liquid) 508 382 287 

Cbaese 19 12 21 

Meat and 204 137 I18 
meat products 

Fish and 22 
s e a f o o d  

21 22 

Eggs 47 34 21 

Fats 49 44 63 

Sugars and 69 
PnserVeS 

71 57 

Potatoes 103 202 196 

Other vegetables 202 118 180 

Fruit 184 108 114 

cereals 207 246 346 

'A more mxot sumy of houscbold consumption in the U.S. for 
spring 1965 indicates a 10% decline io the consumption of milk pro- 
ducts and fats, a 20% decline io flour and cereals (but 14% increase 
h bakery products), ao of 10% io meats and poultry, a 
decliae of less than 10% in sugar, and a decline of 15% in potato 
consumption a8 cumpad with the 1955 data 

)This includes  mil^  an^ milk products with the exception of 
chtcst, whicb is listed ocparatcly. 

Source: Iatefiletional Commission on Radiological Protection 
1915. Inremotional Commission on Radiological Protection. Task 
Group Report on Refemm Man, ICRP Publication 23, Pergamon, 
Oxford. 
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T.yC6.9. Modelaglr- 

m Male Female 
(Y) (mL/d) (mL/d) 

0.25 750 600 
0.u) loo0 800 
0.79 850 650 
I 580 500 
2 500 440 
3 490 440 
4 490 430 
5 490 430 
6 490 440 
8 490 440 

10 480 420 
I2 470 390 
1s 440 330 
17 410 280 
20 330 200 
40 270 140 

60md >60 250 130 

Source: International Com- 
mission on Radiological Protec- 
tion 1975. IntemarioMI Commis- 
sion on Radioiogicai Protection. 
Task Group Report on Reference 
Ma* ICRP Publication 23, Per- 
gamon, oxford. 

activity, rcspectivcly, for use in the DOSE code. These codes are discussed 
further below. 

The SEE code incwporates much of the anatomical information given in 
Reference Man (ICRP 1975). A mathematical description of an adult human 
has been formulated and is used to provide estimates of photon absorbed frac- 
tions in the phantom. The phantom, developed originally by Fisher and Snyder 
(1967). has been reported widely, and over the years additional modifications 
have been made to it to make it more suitable for dose calculations (Snyder et 
al. 1974) and, at the same time, more realistic. The phantom is shown in Fig. 
6.4, and 6.5, and Table 6.10 lists the source and target organ masses used in 
the ICRP calculations. 

The total-body phantom consists of three principal sections: (1) an ellipti- 
cal cylinder representing the arms, torso, and hips; (2) two truncated elliptical 

. . .  . . .  . .  . . .  . .  
. .  
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Figure 6.4. The adult human phantom. 

cones representing the legs and feet, and attached to this is a small region with 
a plane front surface to contain an approximation of the testicles; and (3) an 
elliptical cylinder representing the neck rekon and the lower portion of the 
head, which is topped by half an ellipsoid. The exterior of the phantom is 
shown in Fig. 6.4. Note that the arms arc not separated from the torso and 
that minor appendages such as fingers. feet, cars, chin, and nose are omitted. 
The dimensions of the phantom werc chosen after consideration of the distribu- 
tion of dimensions and weights of certain western populations (Altman and 
Dittmer 1962; Krogman 1941), of previous phantoms (Hayes and Brucer 
1960), and Reference Man (ICRP 1975). The major deviation from the infor- 
mation given in Reference Man is that the adult phantom is 174 cm in height 
rather than the prescribed 170 cm. c) 
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Fwrc 6.5. Anterior view of mupal organs in thc head and trunk of the phantom. 

The phantom consists of three types of tissue: lung and skeletal tissue and 
other soft tissue. The composition and density of each type is shown in Table 
6.11. The skeletal system represents the total content of the intact skeleton 
(see Fig. 6.6) and includes both bone and bone marrow. This material is con- 
sidered to be distributed homogeneously throughout the skeleton. This is 
clearly a compromise due to the inability to represent more accurately the 
bone and marrow spaces. However, the distribution of yellow and red bone 
marrow is considered in the design (see Table 6.12, for example). Neverthe- 

Q 

I 

.. 

. . . .  L 
.; . . . .  

. .  . .  
. .  . .  . .  . .  ' . : # . .  . .  . . :_ - . .  

. . .  , . . :: . .' :. . . .  . .  . . .  



Referena Man 6-23 

. . . . . . . . . . . .  . . . . .  . . . . . . . .  ............. . ; ....... . . . . . . . .  . . . .  . .  . . . . . . . . .  .:.. . . . . . . . . . . . . .  . . .  . . . . .  . . .  . . . . . . . . . . . . . . . .  . . .  
:. .: :: :. : 

. . . .  
. .  

MSS 
(B) 

Target organ MaSS 

(d Source organ 

Adrenals 
Bladder contents 
Stomach contents 
Small intestine contents 
Upper large intestine 

Lower large intestine 

Kidneys 
Liver 
Lungs 
Muscle 
Ovaries 
Pancreas 
Cortical bone 
Trabecular bone 
Red marrow 
Skin 
Spleen 
Testes 
Thyroid 
Total body 

contents 

contents 

14 A d d  14 
200 Boaesurfaocs 1 20 
250 Bladder wall 45 
400 Stomach wall 150 
220 Small intestine wall 640 

135 Upper large intestine wall 210 

310 Lower large intestine wall 
1.800 Kidneys 
1.000 Liver 

28.000 Lungs 
11 Muscle 

IO0 Ovaries 
4,000 Pancreas 
1,000 Red marrow 
1.500 Skin 
2600 Spleen 

180 Testes 
35 Thymus 
20 Thyroid 

70.000 Uterus 

160 
310 

1,800 
1,000 

28,000 
11 

100 
1,500 
2.600 

180 
35 
20 
20 
80 

S u r a :  Watson, S. B.. and Ford, M. R. 1980. A User's Manual 
to the ICRP' W e - A  Skries of Computer Programs IO Pedorm 
Dosimetric Calculations for the ICRP Committee 2 Report, 
ORNL/TM-69%0, Oak Ridge National Laboratory, Oak Ridge, 
'Tenn. 

less, the tissue composition shown in Table 6.1 1 can be regarded only as an 
average. The composition is clearly not representative of different portions of 
the skeleton but only of the total. 

The three tissue types used (Le., lungs, skeleton, and other soft tissues) are 
composed principally of hydrogen, carbon, nitrogen, and oxygen. In the skele- 
ton, additional elements amount to about 18% of the total mass, with calcium 
and phosphorus accounting for most of this. In the lungs, the composition is 
slightly different from that of other soft tissues in the remainder of the phan- 
tom because the lungs contain little fat and a larger fraction of blood than 
most organs. The densities of the.skeleta1 region (bone plus marrow), lungs, 
and the remainder of the phantom are approxiFately 1.4862, 0.2958, and 
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Tabk 611. Ekmcntd compoeit&o of Merat  t h m  dtk phmmtom (% by weight) 

Total body minus 
tissuead iJssuc L”3 skeleton a lungs’ 
Skeletal Ehnent 

7.04 
22.79 
3.87 
48.56 
0.32 
0.1 1 
6.94 
0.17 
0.14 
0.15 
9.9 1 
8.0 x 10-3 
4.8 x io-’ 
3.2 x io-’ 

1.1 x io-’ 

0 

0 

10.21 
10.01 
280 
75.96 
0.19 

0.08 1 
0.23 
0.27 
0.20 

0.037 

7.4 x 10‘’ 

7.0 x 10” 

1.1 x 10’’ 
3.7 x 1 0 - ~  
5.9 x lo+ 
4.1 x 10” 
0 

10.47 
23.02 
234 
63.21 
0.13 
0.01 5 
034 
0.22 
0.14 
0.21 
0 
6.3 x 10” 
3.2 x 10” 
5.7 x 1 0 - ~  
3.4 x 
8.0 x 10-4 
1.6 x 

- 

‘Density 1.4862 g/cm3. 
‘Density 0.2958 g/cm3. 
acnSity 0.9869 g/cm3. 

0.9869 g/cm3, respectively. h e  values of the composition were obtained from 
the analysis of tissue specimens obtained from autopsies of 150 grossly normal 
US. adults (Tipton et al. 1966). These specimens were analyzed for a wide 
variety of trace elements. Values were selected from the literature for the 
major cbemical elements to be consistent with physiological data on content of 
fat, water, and other constituents of these organs. 

In additioo to the mathematical description of the exterior surface of the 
phantom, the skeleton, and the lung region, a number of other organs were 
spocifii in the mathematical phantom. The description of the interior organs 
was generally correct as to size, shape, position, composition, and density. 
However, simplifcd equations were used to provide formulas that were readily 
calculated on a digital computer. This phantom seerves 8s the basis for calcula- 
tions of spacific effective energies in the SEE code. 

Basically, the formula for computing the specific effective energy (SEE) 
from source organ V, to target organ T is given by 

(6.3) 
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ORNL-DWG 70-484OR 

SKULL 13.1 70 

VERTEBRAE 28.4 Ye 

RIBS + STERNUM 10.2 Yo 

SCAPULAE 4.8% 

1.9 Yo 

BOTH CLAVICLES 1.6% 

HEAD AND NECK 
OF BOTH ARMS 

3.8 70 HEAD AND NECK 
OF BOTH LEGS 

PELVIS 36.2 Ye 

TOTAL AMOUNT OF RED BONE 
MARROW: 1500g 

RED BONE MARROW 

Q 

Figure 6.6. Idealized model of the skeleton for computer calculations with percentages 
of red bone marrow. 

where 

1, = yield in particles per disintegration for radiation of type j ,  

E, - average energy or unique energy of the j th  type of 
radiation, 

. . .  

. -  

*j(T - Ut) e specific absorbed fraction of energy (or fraction 
of energy absorbed per gram of target organ T)  from the 
j t b  type radiation in source organ &, 

Q,JV,(T) - appropriate quality factor and modifying factor for the 
j-type radiation in the target organ. N,(T) should be 
taken as one for all types of radiation. 

The absorbed fraction, +,(T -&I, where +,(T -Yt) = +,(T--Y,)/mass 
of T, for photons used i'n calculating SEE was obtained principally by two 
methods. The primary method used Monte Carlo techniques, and all organ 
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Red Yellow 

Arms 
upper 28.5 474 9.5 
Lower 0 sm 389 

Clavicles 24 49 8 

mP ' 

Upper 57 2036 19 
Lower 0 1588 461 

Pelvis 543 in 181 

Ribs 153 677 201 

Scapulae 72 206 24 
Shll 

Cranium 178.5 557 59.5 
Mandible 18 439 6 

Spine 
Upper 51 I30 17 
Middle 21 1.5 533 70.5 
Lower 163.5 87 54.5 

Total I500 7473 1500 

pairs for which the cocf€icient of variation, did not ex& 50% were accepted 
using this method. A secondary method made use of the buildup factor 
formulation of Berger (1968). This technique was used to calculate absorbed 
fractions for organ pairs failing to mat the axflicient of variation criterion. 
The table of photonspecific absorbed fractions used in the calculation of SEE 
values is given in a report by Snyder d d. (1974). The data arc for 12 
monoenergetic photons ranging in energy from 0.01 to 4 MeV and distributed 
uniformly in 22 source organs of a mathematical anthropomorphic phantom 
whose organs approximate those of their prototype in size, shape, composition, 
and density. The quality factor Q, is assumed to be 1 for photon emitters. 

*Coefficient of variation - IO0 u J ~ .  

. . .  . .  i . . .  , '  ., . . . . .  . . . . . . . . . .  
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The absorbed fractions for electrons, positrons, and beta rays are assumed 
generally to be equal to zero if the source and target organs are separated, or 
equal to 1 if the organs coincide. Organs with walls are exceptions to this rule. 
In this case, the absorbed fractions are equal to one-half the ratio of the mass 
of the wall to the mas of the contents times a factor, vJ, representing the 
degree to which the particular radiation penetrates the gastrointestinal m u m .  
For beta particles, etc. the factor is assumed to be 1.0. 

For radionuclides in bone, additional modifications are required. The 
absorbed fractions for beta emitters in bone are a function of the source and 
target organs in question as well as the class of the radionuclide (i.e., surface 
or volume seeker). In addition, for surface-seeking radionuclides, the average 
energy must be considered. In all cases, the quality factor is assumed to be 1.0 
for electrons, positrons, and beta rays. 

For alpha particles and recoil nuclei, the energy is assumed to be absorbed 
in the source tissue. For organs with walls, the energy contribution is estimated 
from the surface dose. The absorbed fractions for recoil nuclei are assumed to 
be zero for the segments of the gastrointestinal tract. The absorbed fractions 
for dosimetry of radionuclides in bone have been recommended by the ICRP 
( 1979). The quality factor Q, is assumed to be 20 for alphas and alpha recoils. 

The code also treats spontaneously fissioning radionuclides. SEE values for 
contributions arising in spontaneous fission from fission fragments, neutrons, 
gamma rays, and beta particles are also calculated in the SEE code package. 
The quality factor for fission fragments is 20, and vi is 0.01. 

The second module of the ICRP code is a modification of the TIMED pro- 
gram (Watson et al. 1976) renamed the ICRP TIMED code (Watson and 
Ford 1980). This d e  is used to compute the cumulated activity V , ( f )  at 
some time t after a I-pCi intake. The code was modified to meet the recom- 
mendations of ICRP Committee 2. The basic considerations used in the lung 
model, the gastrointestinal tract model, and the metabolic information avail- 

.. 

able are embodied in this code. 
The final module in this important calculation is the DOSE program. The 

purpose of this program is to combine the specific effective energy values com- 
puted by the SEE code and the cumulated activities calculated by the ICRP 
TIMED code to calculate dose equivalent. The dose equivalent is given by 

A .-..e-*. .:y<:. *21..?*.:z.:-.*.:,x- 

1 
. .  

(6.4) 

where H(T,r) is the total dose equivalent. If f = 50 y, then the total dose 
equivalent is equal to the total committed dose equivalent ( f f S o , T ) .  In the 
ICRP calculations, the cumulated activity is in units of transformations per 
becquerel, and the specific effective energy is in units of million electron volts 
per gram per transformation. The factor k has the value 1.6 X IO-'' (J/MeV) 

(g/kg). Using the calculated dose equivalent values, the annual limit on 
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intake (AM) and the daived air ooncentrations (DAt) arc calculated for a 
given chain of radionuclides 

6.4 SUMMARY , 

The concept of a Standard Man (later changed to Reference Man) for use 
in internal dose calculatia oxighatcd more than 30 years ago. It was clear 
that the estimation of absorbad dose due to external or internal radiation 
sources required the spacircation of certain information regarding the exposed 
individuat For external radiation source& the information required is little 
more than speciftattion of the size and mass, dimensions, and elemental com- 
position of certain organs. However, when the source is internal to the human 
body, the exposure situation is much more complex, requiring much more 
highly refined data. 

This chapter has attempted to summarize the current state of Reference 
Man as it relates to internal exposure evaluations. The discussions have 
included not only the anatomical and physiological data given in the Reference 
Man report (ICRP 1975), but also the development of more detailed models of 
the gastrointestinal tract (Eve 1966) and the respiratory system (Morrow et aL 
1966). Finally, these data aod models arc discussed in relation to available 
computer codes leading to the latest publications of the ICRP (1979). 

This chapter has attempted to bring together pertinent information on a 
reference individual (Reference Man) for use in dose calculations. An under- 
standing of the complexity of internal dose calculations makes it very clear 
that the Reference Man concept is the keystone to such calculations. Although 
many individuals have participated in these developments over the more than 
20 years that have elapsed since the publication of the original Committee I1 
report, the primary burden was borne by one individual, Walter S. Snyder. We 
shall always owe Walter a debt of gratitude for his work in this area and his 
firm resolve to complete the work. Many of us will remember the tough times 
when there seemed to be no end to the details to be considered. I, for one, shall 
always remember the twinkle in his eye when he came to me to share a pmb- 
lem or a story regarding the work. I am sure such memories guided those who 
carried the work forward after his death. Nevertheless, in my heart, this work 
shall always bear the indelible stamp of Walter S. Snyder. 

6.5 PROBLEMS 
1. Inhalation and ingestioo parameters discussed in this chapter do not 

appear explicitly in the calculation of dose quivalent or committed dose 
quivalent. Explain the necessity for specifying these parameters and identify 
the role they play in setting limits for exposure to internally deposited radionu- 
clides. 

0 
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2. The absorbed fraction is defined as the ratio of the energy absorbed in 
an organ to energy emitted by the source. Assume that the radiation source is 
contained entirely in one organ. For a constant photon energy, how will the 
absorbed fraction vary as the organ size (mass) is increased? ... decreased? 

3. For an organ of constant mass, how will the absorbed fraction vary as 
the pboton energy is increased?,..decrcascd? 

4. The text states that every exposure to radioactive materials via the inha- 
lation pathway is also an exposure by the ingestion pathway. Explain. 

5. Explain in your own words the meaning of the term "cross fire." Why is 
it an important consideration in internal dosimetry calculations? 

6. Calculations of absorbed fractions for monoenergetic photon sources are 
included as an appendix to the Reference Man Report. These data are derived 
for idealized organ shapes, with the masses specified for Reference Man. 
Deduce the probable scaling laws that could be used to apply these Reference 
Man data to a nonstandard radiation worker. 

7. The lung model and the gastrointestinal model discussed in this chapter 
differ significantly from earlier models. Investigate the early models; discuss 
the difference and the impact of these differences on internal dosimetry calcu- 
lations 

8. In  the latest formulations on internal dose published by the International 
Commission on Radiological Protection, alpha particles are assigned a quality 
factor (Q) of 20. Discuss the importance of this change in quality factor as it 
relates to the dosimetry of alpha-emitting radionuclides deposited in the skele- 
ton. 
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7 Internal Dosimetry 

By G. G. KILU)UGH* ond K. F. ECKERMAN. 

7.1 INTRODUCTION 

Internal dosimetry, as it is presented in this chapter, seeks to estimate the 
radiation energy deposited in various organs and tissues of the body by alpha, 
beta, and photon emissions of radionuclides that are taken into the body by 
ingestion, inhalation, or direct injection. The deposited energy per unit mass, 
averaged over the organ or tissue of intenst, is converted into one of several 
definitions of dose to the organ or tissue in ways that are described in Sect. 
1.2. 

Internal dose is not measured directly; it is inferred from estimates of 
intake by the application of radiation physics and mathematical models of 
translocation and metabolism of the material in the body. A principal aim of 
this chapter is to give the reader a first acquaintance with those methods and 
models that are currently being applied in internal dosimetry for purposes of 
radiation protection. While the models arc simple in concept, making calcula- 
tions with them can be tedious, and in some casts prohibitive, without the 
availability of a computer. We have selectad examples for illustration, and 
most of the steps can be followed with paper and pencil (and pocket calcula- 
tor). The purposc of these examples is to guide the reader to insights into the 
methods that underlie internal dose estimates. But we cannot offer sufficient 
information and instruction to assure the reader of independent expertise: tabu- 
lations of dosimetric information, such as Publication 30 of the International 
Commission on Radiological Protection (ICRP), rely on extensive libraries of 
data, considerable computing power, and the collective wisdom of many people 
who arc expert in the relevant disciplines. 

*Health and Safety Research Division, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee 37830. 
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Tb: 
Section 72. BASIC QUANTITIES. We define the oooapts ubsorbed dose, 

daK equWent, and eflective darc equivdent, together witb wsociatcd quanti- 
tics rod units. This materiai is conctmd with the comrdon of absorbed 
cacqy per unit mass of absorbing medium to dac 

SOURCE ORGANS. This section begins with antsideration of the relationship 
between a distribution of activity in organs and tissues d the body and the 
resulting distribution of dose rate throughout the irradiated parts of the body. 
The spedfuc absorbed fraction is defined and related to the concept of S-fuctor 
(average dost equivalent rate to a ”target” organ per unit activity in a usourcc” 
organ). which is of particular utility in treating internal dac  from penetrating/ 
radiitiom. The fundamental role of the specific absorbed fraction is empha- 
sized by a discussion of interactions of alpha a d  beta particles and photons 
with matter. Finally, we addrcss the practical problem of estimating specific 
absorbed fractions by an introductory look at Monte Carlo techniques. 

saction 7.4. DYNAMIC MODELS OF hDIONUCUDES IN THE BODY. From a 
single intake of a radionuclide, by inhalation, ingestion, or injection, the p r e  
cess of internal dose estimation must consider the distribution of radioactivity 
among the ’’source” organs and its variation over time. Such consideration 
entails mathematical models of translocation and metabolism of various 
phjs id  and cbemical forms of material. The models we discuss arc essentially 
those used in the dosimetric calculations for ICRP Publication 30. In particu- 
lar, we examhe the systemic model consisting of the transfer compartment and 
its exchange of activity with other organs, whost metabolic dynamics are 
represented by multi-exponential retention functions. Special models for the 
respiratory and gastrointestinal tracts arc explainad; in the former case, the 
current ICRP model for deposition and retention of aerosols in the respiratory 
passagts is included. A number of examples illustrate the application of the 
models to integration of the activity and its translocation over time. 

NUCLIDES This section contains a tabulation of committed dose equivalent per 
unit intake by ingestion and inhalation for a selection of radionuclides that arc 
important in environmental assessments of light-water reactor (LWR) fuel 
cycles Results are given for several specific organs and for the effective dosc 
equivalent. 

organization of the chapter is as fallow9. 

section 73. DOSE TO A TARGET ORGAN FROM W l O A C T M T Y  IN 

!ktiOn 7.5. W E  CONVERsION FACTORS FOR SELECrED RADIO- 

7.2 BASICQUANTITIES 
In this section, we present definitions of the concepts absorbed dose, dose 

equivalent, and eflecriw dose equivalent as they relate to internal dosimetry. 
Throughout the chapter, we shall give units in the @red format CM [SI], 
where the abbreviations stand for conventional metric and Systbme Interna- 
tionale, respectively. 

.’ . 
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The absorbed dose at a point P of a mass distribution, due to a radiation 
m n t ,  is the limiting value of the quotient A 7 / M ,  where AM is the mass 
enclosed by a spherical volume element AV with center at P ,  A7 is the mean 
energy emitted by the event that is absorbed by AM, and the limit is taken as 
AV is shrunk to the poht P: 

D(P) = l i m ~ y - p ( A T / A M )  . (7.1) - 
The special unit for absorbed dose is the rad [gray (Gy)]: 1 rad 
kg" [ 1 Gy = 1 J kg"]. 

of energy over time. The absorbed dose rute at P is defined as 

J 

The absorbed dose is an integral quantity, corresponding to the deposition 

with units rad s" [Gy s"]. 
Absorbed dose is considered inadequate for prediction of health effects 

associated with irradiation of tissue, and a modified quantity has been intro- 
duced to carry additional information. The dose equivulenr at the point P has 
been defined by the International Commission on Radiological Protection 
(ICRP, 1977) as 

H ( P )  = D ( P ) Q ( P ) N  , (7.3) 

where Q( P ) ,  called the quuliry factor, weights the absorbed dose according to 
the biological effectiveness of the radiation types producing the dose. The fac- 
tor N is the product of all other modifying factors; at present, N = 1 is the 
value assigned by the ICRP. The quality factor Q ( P )  is defined as a function 
of the collision stopping power (L,,,) in water at the point P, by interpolation 
in Table 7.1. This definition seeks to take into account the range of relative 
biological effectiveness (RBE) while making Q ( P )  independent of the specific 
organ or tissue or biological e f k t  being considered. Direct computation of the 
value of Q ( P )  from the foregoing information requires knowledge of the spec- 
trum of each type of radiation at P to obtain the corresponding distribution of 
L,. For the limited purposc of comparing levels of exposure with limits 

Tabk 7.1. Qp.uty factor M a fuoctb of stopping 
porm in water (ICRP Publicatioa 26) 

L,in water 
(keV --I) G3.5 7 23 53 2175 

Q 1 2 5 10 20 
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cxprcssed as dose equivalent, ICRP Publication 26 (1977) presents a 
&upbation of the problem, which oonsists of effactive estimates Q of the 
quality factor, depending only on primary radiation types (and not, for exam- 
pic, on spcci6c organ geometries and distributions of the radiation source 
.ctiVity), as indicated in Table 7.2 Tbt special unit of dose equivalent is the 

Table 7.2. Eaccthc of- factor 
fordtlcm!mtmdhtiomtypa!s 

(I--26) 

Radiation type Q 
- 

~ 

x~ys,+rays,- 1 

Neutrons, protons, s i n g l y ~ a q p d  
particles of rest m a s  greater than 
one atomic moss unit of unkmwa 
energy 10 

cles (and particles of unknown 
l a particles, multiply charged parti- 

. .  charge) of unknown energy 20 

rem [Sievert (Sv)]: if the product of the quality factor and all other modifying 
factors is unity, 1 rem - J kg” [ 1 Sv 1 J kg-’I. 

The dose equivalent rate is defined as 

-*-.a- .. In place of absorbed dose and dose equivalent evaluated at a point P of an 
organ or tissue, as defined above, we shall work with averages of these quanti- 
ties ovcr the mass of the organ or tissue whose irradiation is under discussion; 
we shall therefore drop the P notation and write D or H, sometimes with sub- 
raiptS or superscripts, to indicate the result of this averaging (we choose to 
-id the more suggestive but somewhat more cumbersome notations 5 and 
H). Thus we shall interpret the (average) dosc equivalent H as satisfying an 
e q u a h  of the form 

. ”  
(7.5) 

when M is the mass of the organ, and the integral is taken over all points P 
of the region R of space that the organ occupies; p ( P )  is the local mass den- 

. ,  
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Sity, with volume element dV(P). Dose rates wiU be assumed to have been 
averaged similarly, with an analogous notational mvention. 

In ICRP Publication 26 (1977)- the commissian defined the eflecrive dose 
quivolent as the sum of (average) dose equivalents to individual organs, HT , 
with each term weighted by an organ wcishtiag factor, W,: 

HE ~ : i y o H + ~ [ s ~ l ~  (7.6) 

where I ranges over the irradiated organs. The weighting factors WT are 
based on organ-specific risk, per unit dose equivalent to the organ, of fatal 
health effects of srocharric type, Le., those far which the probability of 
Occurrence is a function of dose (malignant disease and genetic disorders), as 
opposed to nonstochusric effects, which arc characterized by a deterministic 
causality relationship (such an effect will occur when the dose reaches or 
exceeds a threshold value; examples arc the acute radiation syndrome and the 
formation of cataracts). Table 7.3 displays organ-specific risk factors adopted 
by the ICRP, together with the associated W, ; the total risk per unit uniform 
whole-body radiation is shown as 1.65X10" rem" [1.65X10'2 Sv'']. For 
uniform or nonuniform irradiation of the organs T, the product 1.65X 10'' 
rem" X HE rem [1.65X10'2 Sv" X HE Sv) may be interpreted as the 
total risk of fatal stochastic health effccts, due to the particular radiation 
source, on the part of an individual receiving HE rem [Sv] from that source. 

The effective dose equivalent is of considerable value, in that it represents 
Md'dosc" as a single quantity, in contrast to an array of individual organ doses or 

T 

Tabk 73. Stoch.stic rk& pa oak dose eqddeat and 
co- o r p q d t k  wcigbting factors 

(IcRPhMiatioa26) 

Organ/tissue (e Risk (Sv-'P Weight ( W,) 

Gonads 4.OXlO-' 0.25 
Breast 25X 10') 0.15 
Red marrow 2 . 0 ~  10-3 0.12 
L u g  20x10-3 0.12 
Thyroid 5,OX lo4 0.03 
Bone surfaces 5.OX lo4 0.03 
Remainder' S.OXlO-' 0.30 

Total 1.65X 10" 

.For risk per rem, divide factors by 100. 
'Remainder represents the risk of cancer in unspecified tis- - -  sues of the body. 

e 

\ 
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the "total body" daw, whose utility and applicability am open to question. "&e 
effective dose equivalent pFovides a measure of radiation insult which ie con- 
sistent, in concept, with avrent undcrstcabg of the tissues at risk from radia- 
tion exposun. 

We conclude this section by dcfininl the effkctive dare egrtfvufmt rutc as 

R E  - z W,R, rem s-1 [SV s-11. (7.7) 
T 

'73 DOSE TO A TARGET ORGAN FROM 
RADIOACX'MTY IN SOURCE ORGANS 

7.3.1 Introdactiw 

The dose to a target organ of the body depends on the distribution of 
activity among source organs and the transport of the various radiations emit- 
ted in the nuclear transformation process In general, the "target regionsn as 
well as msourcc regions" will be identified as organs of the body, but this need 
nd be the case when kpowledge suggests otherwise. For example, the short- 
lived radon daughter radionuclides, when inhaled, arc deposited on the tracheo- 
bronchial tree, from which they irra&ate the basal cells of the bronchial 
epithelium as the target region of interest. Various computational procedures 
were employed in the past for estimating absorbed dose, given the necessary 
information on the distribution of activity within the body. Over the past 
decade, however, considerable effort has been devoted toward a unification of 
these procedures such that all types of radiations could be treated under a 
common scheme. The Medical Internal Radiation Dose (MIRD) Committee of 
the Society of Nuclear Medicine has spearheaded thesc efforts. The formalism 
set forth by the MIRD Committee (Loevinger and Berman, 1976) deals with 
the various radiations emitted in nuclau transformation of radionuciides in a 
simple yet consistent manner. This formalism also addresses absorbed dose and 
can be easily extended to the radiation-protection quantity of dose equivalent, 
as the ICRP (1979) has done in its development of secondary radiation protec- 
tion limits. 

Development of a unified approach to estimation of absorbed dose for vari- 
ous radiations emitted in nuclear transformation of radionuclides was largely 
achieved through introduction of the absorbed fraction concept. Consider a 
source region r from which radiation of type i is being emitted. If a target 
region w has absorbed energy from the radiation emitted in the source region, 
then the absorbed fraction in w from r, +,( ~ r ) ,  is defined a~ the quotient of 

, the energy imparted to the target region r and the energy, exclusive of rest 
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mass energy. emitted in the source region 1. That is, the absorbed fract: &on can 
be expressed as 

(7.8) 

Note that the absorbed fraction is defined only for target regions which are 
volumes; homer ,  no such constraint is placed on the source region, it.. it can 
be a point, l i e ,  surface, or volume. The absorbed fraction quantity thus embo- 
dies not only the geometric variables of size, shape, and spatial relationship of 
the regions, but also the extent to which radiation is transported through the 
medium containing thest regions. 

The specijc ubsorbedfrociion, +,( ww-1. is defined as the absorbed fraction 
per unit mass of target; i.e.. 

energy absorbed by target volume 
energy emitted by source region “(ucr) = * 

(7.9) 

where m ,  is the m a s  of the target volume. The specific absorbed fraction has 
the property that it can be defined for all target regions, including the 
important case of a point target. Recall from Sect. 7.2 that absorbed dose is a 
point function. One needs to note that there can be no points in common 
between the source and target regions unless at least one of the regions is a 
volume. An attempt to calculate the specific absorbed fraction for a point serv- 
ing as both the source and target regions leads to a divergent mathematical 
expression. 

If the source and target regions are in a homogeneous absorbing medium 
that is sufficiently large (relative to the range of the radiation) that edge 
effects are negligible, and if the activity is uniformly distributed in the source 
region, then the uni/orm isotropic model is said to apply. Under this model, 
the distribution of absorbed energy about the source region is a function only 
of distance from the source. The fraction of emitted energy absorbed per unit 
mass at a distance x can then be represented by the point-isotropic specific 
obsorbed fruction, +,(x). Since the emitted energy must be absorbed some- 
where, the point-isotropic specific absorbed fraction must satisfy the constraint 
that 

(7.10) 

where p is the density of the homogeneous medium. 
The point-isotropic specific absorbed fraction for the various radiations of 

interest provides the basic means of estimating specific absorbed fractions. 
Non-poi91 source and target regions can be developed simply as the superposi- 
tion of the point function. Thus the specific absorbed fraction between any 
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non-point target region r and I point souroe is the mean of the values of #,(x) 
in the target region; 

O ‘ ( P P )  - 5,(x). (7.1 1) 

Furthermore, the spcci6c absorbed fraction in any region rl from a source in 
anotber region r2 is tbe meam of the values of the point-isotropic specific 
absorbed fraction for all pairs of points in the regions; Le., 

(7.12) 

where x is the distaace bttmen points randomly sclected in rl and *. Equa- 
tions 7.11 and 7.12 can be u p d  in their integral representation, but for 
regions whose geometry is complex, i.e., other than spherical, recourse is often 
made to numerid evaluation of Eqs. 7.1 1 and 7.12 using Monte Carlo tech- 
niques. 

As noted above, the point-isotropic specific absorbed fraction is a function 
only of distance. Thus in Eqs 7.11 and 7.12, if the source and target regions 
are interchanged, the numerical value of the specific absorbed fraction would 
not be changed. The double-headed arrow in thest equations indicates that 
either region may be the source or target region. This property of the uniform 
isotropic model is referred to as the Reciprociry Theorem, The conclusion of 
the theorem is that the specific absorbed fraction is independent of which 
region is designated as the source and which is the target. In symbols, 

ai(r2-rI) = *j(r]+f2) Q *j(rz”r,) ; (7.13) 

(7.14) bA *-VI 1 6 dd v - v 2 )  
m2 ml 

Note that these relationship apply to all radiations in the uniform isotropic 
model. 

Exumpfe 7.2. The potential distribution of absorbed energy for a particular 
radiation type is often charactehd in terms of the radius of the sphere about 
a point source in which 90% of the emitted energy would be absorbed. Assum- 
ing the uniform isotropic model, we derive the expression for the absorbed 
fraction in a sphere of radius R with a point source at the origin P of the 
sphere. 

The point-isotropic specific absorbed fraction i p ( t )  denotes the fraction of 
the emitted energy absorbed per unit mass at t. The absorbed fraction in a 
spherical shell of radius r and thickness dr (volume 4rr2dr)  about the point 
source is 

dshe l lcp)  = 4rr2&p@((r) , 

, 

. .  . . .  . .  . .  . ’  . . . .  . _., . . . . .  . . . . . .  . .  . .  . .  . .  . .  
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and thus 

wbert p denotes the density of tbe-absorbing medium. Tbe sptcifi 
fraction in the sphere would then be 

absorbed 

From the reciprocity theorem, the spcci6c absorbed fraction at the origin of 
the sphere containing a uniform distribution of activity would be 

This expression has application to the practical problem of estimating the 
exposure rate in a radioactive cloud. The values of the limiting value of 
NPcsphere) as R-wo must await the development of the functional forms 
of Nr).  [End of Example 7.11 

7.33 Absorbed Dose Rate per Unit Activity, S-factor 

Consider an organ r o f  the body which is absorbing energy from activity in 
a source region S of the body. Let the activity, i.e., the nuclear transformation 
rate, iP the source region be A# and the mean energy emitted as radiation of 
type i per nuclear transformation be denoted as 4. Then the rate of energy 
abso tion in r per unit mass, which is by definition the mean absorbed dose 
rate,%,(T--S), due to the activity in 8 is 

In general, more than one type of radiation will be associated with the nuclear 
transformation prootss of a particular radionuclide, and thus the mean 
absorbed dose rate is 

If the activity is prescnt in a number of source organs, then an additional sum- 
mation must be considered to derive the mean absorbed dose rate in r; 

where the first summation is over all source regions 8. 

(7.17) 

. .. 

. .  . . .  . . .  . .. . .  
_ .  . . . 

. .  .- . 
. .  . .  

. .  . .  . .  .. . . .  
. .  . .  . 
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Examination of the a h  equation meals that tbe factow within the inner 
Summrtioa, ia, 4 and af(ICIc), reflect the physical data on the nuclear 
transformation proctss and the anatomical/radiation tramport relationship 
betWac0 the source and target regions, respectively. Girea an agreed-upon 
analog of the human body for estimation of the (Chpter a), then consider- 
able dart can be saved through consideration of the additioMt quantity s. If 
we defiae S( -8) as 

SW-8) - ~CLLW*S) , (7.18) 
1 

then opt cxprdon for the mean absorbed dose rate reduces to 

(7.19) 

The quantity S represents the mean absorbed dose rate in t p e r  unit radioac- 
tivity in a If S is considered to be invariant with time, that is, if the analog 
of the human body and its implied geometric relationship arc independent of 
time, then intcgmtbn of Eq. 7.19 yields 

E(r)  = pi- ,S( t+S) , (7.20) 

where denotes the time integral of the activity in the source region (the 
cumulorcd uctiviry). Thus S may also be de6ncd as the mean absorbed dosc 
per unit cumulated activity. 

The S factor can be expressed in terms of dose equivalent by inclusion of 
the modifying factors in its defining equation; Le, 

S(t'S) Z.LLQIN@I(~'+S) , (7.21) 

8 

I 

where Qr and N are the factors discussed in Sect. 7.2 In developing its 
recommendations on s c a m b y  limits, the ICRP (1979) introduced the speciific 
e$kctiwe energy quantity* SEE(+$). This quantity is given by the right hand 
side of Eq. 7.21; however, units of MeV g-I (nt)-' were retained, where nt 
deaotm the number of nuclear transformations. 

73.4 spccisc hwrbed Fracdoos for Vuiom R.di.figpp 

Tbe three principal modes of nuclear transformation an beta decay, alpha 
decay, and isomeric transition. An additional process, spontaneous fwion, is 
available for some of the nuclides of larger mass; however, this mode of decay 
will not be discus& here. The principal radiations involved in these modes of 
nuclear transformation are electrons (either negative or positive charge), alpha 
particles, and photons (electromagnetic radiation). These radiations differ 

. :. 
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significantly in their energy deposition pattern, as a result of different mechan- 
isms through which they interact with matter. 

73.4.1 IntetPctioa of Charged Particles with Matter 

Charged particles passing through matter lose energy principally by 
Coulomb-forcc interactions with the atomic electrons of the absorbing medium. 
The energy loss in these interactions is sufficiently small that one can make use 
of the average rate at which the particle loses energy, i.e., the stopping power 
dEldx, where d€ is the average energy lost as the particle traverses the path 
element dx. Stopping power is a function of the type of charged particle, its 
energy, and the absorbing medium. It is usually expressed in units of MeV 
pm-', and in some instances mass stopping power (= p-'dE/dx, where p is 
the density of the absorbing medium) is given. The units of mass stopping 
power are typically MeV/(g cm-*). 

The average path length that a charged particle of initial energy Eo will 
travel before stopping can be written as 

The quantity Ro is the csda range (continuous-slowing-down-approximation), 
which assumes that no catastrophic events, such as nuclear collisions, occur 
during the slowingdown process. The average distance that a charged particle 
penetrates in one direction, e.g., in a slab, would be less than the csda range. 
This is particularly true of electrons which experience considerable deflection 
in the collision events, and thus traverse a more tortuous path than do heavier 
charged particles. 

The linear energy transfer (LET) of a charged particle in a medium is the 
quotient of the average energy dEL locally imparted to the medium by a 
charged particle of a specified energy and the distance dl that the particle 
traverses: 

*.*.4.*..$,.:.* ..-c .-*2. .:+ r. >... 

dEL L, = - 
dl * 

. .  Note that the LET quantity directs attention to the energy deposited in the 
medium, while stopping power addresses the energy loss of the particle. Some 
of the lost energy may be imparted to the medium quite far from the track of 
the particle, e.g., bremsstrahlung photons. Thus LET can be viewed as a res- 
tricted stopping power, in that it is limited to energy losses which are locally 
imparted to the medium. 
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A continuous energy spectrum of electrons is associatd with beta decay. 
The spcctmm ranges in energy from zero to the maximum energy permitted by 
tbe differeacn in the energy level of the parent .ad daugbta nudeus. Elec- 
tnms of disaete energy arc also o b s e d  in nudear traastn motions, as a 
result of pmccsss involving orbital electrons. 

Under the auspices of the MIRD Committee, Bwger bas tabulated point- 
isotropic specific absorbed fraction data for mowcnergctic electron sources 
ranging in energy from 0.025 to 5 MeV (krga, 1971). Thge data were later 
revid and extended downward to 0.0005 MeV and upward to 10 MeV in a 
National Bureau of Standards publication (Btrger. 1973). To facilitate 
numerical use, k g e r  presents the data in terms of a scaled point kernel, 
F(r/r& w b n  ro is the csda range. The point-isotropic specific absorbed 
fraction MI)  in terms of Berger’s scaled point kernel is 

The tabulations were prepared for water as a surrogate medium for soft tissue. 
Table 7.4 prescnts the csda range (ro) and the Wpenxntik distance (xW) in 
water as a function of elcctron energy. The 90-pcroentile distance is defined to 
be the radius of a sphere around a point source within which 90% of the emit- 
ted energy is absorbed. As can be seen from Table 7.4, electrons of energy up 
to about 2 MeV deposit their energy within a distance of less than 1 cm. 

Organs of the body are of dimensions sufficiently large relative to the elec- 
tron range that the electron absorbed fraction may be taken as unity if the 
source is uniformly distributed in the organ. Thus the specific absorbed frac- 
tion for electrons is 

A notable exception to the above occurs for walled organs where the source 
resides in the contents, e.g., urinary bladder and the segments of the gastroin- 
testinal tract. 

For organs whosc contents contain an electron emitter, the specific 
absorbed fraction in the wall of the organ from its contents is 

4 
where M,- is the m a s  of the contents. This.relationship is derived from 
the fact that the dose rate at the surface of a half space containing a uniform 
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0.0005 
O.OOO6 
0.0008 
0.0010 
0.001 5 
0.0020 
0.0030 
O.Oo40 
0.0050 
0.0060 
0.0080 
0.010 
0.015 
0.020 
0.030 
0.040 
0.050 
0.060 

2.272( -6) 
2.897( -6) 
4.325( -6) 
5.976( -6) 
1 .W2( - 5) 
1.7 IO( -6) 
3.279( -5) 
5.268( -5) 
7.652( - 5) 
1 . O n (  -4) 
1.689( -4) 
2.482( -4) 
5.042( -4) 
8.374( -4) 
1.715(-3) 
2.851( -3) 
4.222( -3) 
5.807( - 3) 

1.5 IO( -6) 
2.016(-6) 
3.120( -6) 
4.420( -6) 
8.358( -6) 
1.338(-5) 
2.62q - 5) 
4.259( -5) 
6.215(-5) 
8.960( -5) 
1.386( -4) 
2.043( -4) 
4.163( -4) 
6.907( -4) 
1.407( - 3) 
2.327( -3) 
3.434(-3) 
4.7 12( - 3) 

0-08 
0.10 
0.15 
020 
0.30 
0.40 
0.50 
0.60 
0.80 
1 -0 
15 
2.0 
3.0 
4.0 
5.0 
6.0 
8.0 

10.0 

9.562( - 3) 
1.401( -2) 
2.760( - 2) 
4.400( - 2) 
8.263( -2) 

1.735(-1) 
2.227( - 1 ) 
3.248( - 1) 
4.297( - 1) 
6.956( - 1) 
9.613( - 1) 
1.485 
1.997 
2.499 
2.99 1 
3.950 
4.880 

1.264(- 1) 

XPg 

(g m-2) 

7.732( -3) 
1.13 I(-2) 
2.219( -2) 
3.532( -2) 
6.614(-2) 
1.01 1( - I ) 
1.388( - 1) 
1.783(- 1) 
2.603( - 1 ) 
3.452( - 1) 
5.616( - 1) 
7.819( - I )  
1.230 
1.682 
2.138 
2.586 
3.510 
4.447 

distribution of activity is one-half the equilibrium dose rate at locations within 
the contaminated half space far from the interface. I t  should be noted that the 
approach 'for walled organs may be very conservative, in that the critical cells 
are typically considered to be the basal cells of the epithelial layer, which 
lie at some depth in the tissue; in the gastrointestinal tract, they are further 
shielded by a mucus layer. Thus the dose rate in the wall may decrease 
rapidly from the value at the surface, particularly for low-energy electrons. 
Consideration of these details in the dosimetric models must await further 
description of the location of the cells at risk. 

Exumple 7.2. We show that +(wallccontents) = 1 /(2MmtenU). 
The quilibrium dose rate within the contents of a walled organ which con- 

tains A activity-units is 

The surface dose rate is taken to approximate the dose rate to the wall and is 
one-half the equilibrium dose rate; thus 

d(wallc-contents) = %bo 

'._ 
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or 

altd thus 

[End of Example 7.2) 

An alpha particle, composed of two protons aad two neutrons, is frequently 
emitted in the nuclear transformation process of beavy elements, Le., of mass 
number greater than 200. A nucleus emitting an alpha particle loses four units 
of mass and two units of charge. Alpha particks exhibit a discrete energy 
which depends on the energy difkrcnce in tbe kwb of the parent and 
daughter nuclei. 

The theory of charged-particle interactions with matter is sufficiently well 
developed and supplemented by empirical data to permit calculation of stop 
ping power. The expression for the energy loss experienced by a heavy charged 
particle was orginally developed by Bethe (1932) and Blah (1933). Their 
expression, simplified for nonrelativistic alpha particles, is 

where 

(7.22) 

dE/dx = linear stopping power (MeV pm"), 

E ,  = energy of the alpha particle (MeV), 

NZ - density of electrons in the ah rb i ig  medium (cm"). 
I * average ionization potential of the absorbing atoms (eV), and 

For soft h u e ,  I and NZ arc about 69 eV and 3 . 3 2 X l P  
and thus the stopping power is given by 

respectively, 

- = -  dE h(7.99EU) . 
dx E ,  

In air the stopping power expression is 

dx 

. . .  . . . .  ; . . . . . .  . . . . . . . .  . . . . .  . . . . . . . . .  . .  . . . .  . . . .  - .  :. . - .  

(7.23) 

(7.24) 

. . . .  . . . . . .  . . . . . .  . . .  . . . .  . . .  . . .  . .  . . .  
' !  .i 
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For air, I and NZ arc about 84 eV and 3.6X Id0 an-', respactively. 
Eronrplc 7.3. We compute the linear stopping power in air and tissue for a 

&MeV alpha particle. Note the significance of the logarithmic term involving 
I. 

From Eqs. 723 and 7.24 for E ,  = 6 MeV, we have 

(dE/dx)& 8.37X lo-' MeV v" , 
and (dE/dx)hw = 8.19X 10-2MeV pn-' . 

Although the valucs of I for air and tissue are not identical (84 m 69 eV), the 
logarithmic terms are comparable (3.67 vs 3.87). Stopping-power values are 
thus not highly sensitive to the ionization potential I. The ratio of the stopping 
powers is 

(d€/dx)*. E 974 , 

which is approximately the ratio of the electron densities 

( N Z ) h u e : .  = 922. 

[End of Example 7.31 
As the alpha particle slows down and reaches velocities comparable to orbi- 

tal velocity of electrons in the absorber atoms ( E ,  d 2 MeV), the particle will 
capture electrons from the absorbing medium and lost electrons to it. A 
correction must be introduced into the above stopping-power expressions to 
reflect the effective charge borne by the particle in this low energy region. The 
square of the charge on the slowingdown particle enters the cocficient of the 
stopping-power expression. The square of the effective charge (1')' of alpha 
particles below 1.6 MeV is taken from Whaling (1958) and is given in Table 
7.5. Stopping-power values in this energy region are then computed as 

O2 (d€/dx)- , d€/dx = 
4 

(7.25) 

where ( d € / d x h  denotes the stopping power when the alpha particles 
arc assumed to be doubly charged. 
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Empirical stopping-power values and the rangecnergy relationship for 
alpha particles in tissue have been summand . by Walsh (1970). In Table 7.6, 
stopping-power values vs depth of penetration arc presented for an 8-MeV 
alpha particle in tissue. These data can be utilized to address rangeenergy 
relationships and stopping-pomr values for alpha particles of any energy less 
than 8 MeV. 

x E 
(rm) (MeV) (MeVw'') 

0.0 8.00 0.0655 
2.5 7.84 0.0670 
5.0 7.68 0.0675 
1.5 7.5 1 0.0690 

10.0 7.34 0.0100 
12.5 7.16 0.0710 
15.0 6.94 0.0125 
17.5 6.81 0.0735 
20.0 6.63 0.0750 
22.5 6.44 0.0765 
25.0 6.25 0.0780 
27.5 6.06 0.0800 
30.0 5.86 0.0820 
325 5.65 0.a40 - 
35.0 5.44 0.0860 
37.5 5.23 0.0885 
40.0 5.01 0.0915 
42.5 4.78 0.0945 
45.0 4.53 0.0980 
47.5 4.30 0.1010 
50.0 4.05 0. 1080 
525 3.78 0.1120 
55.0 3.50 0.1180 

575 
60.0 
625 
65.0 
65.5 
67.0 
67.5 
68.0 
68.5 
69.0 
69.5 
70.0 
71.0 
71.5 
72.0 
72.5 
73.0 
73.5 
74.0 
74.5 
75.0 
75.5 

3.20 0.1250 
289 0.1320 
256 0.1450 
2.20 0.1590 
2.12 0.1620 
1.87 0.1770 
1.18 0.1810 
1.69 0.1890 
1.60 0.1910 
1.50 0.2000 
1.40 0.2050 
1.30 0.2 160 
1 .08 0.2400 
0.96 0.250 
0.83 0.2620 
0.69 0.2790 
0.55 0.2890 
0.41 0.2790 

0.2480 0.28 
0.18 0.1920 
0.08 0.1200 
0.00 O.oo00 

Exurrplr 7.4. Using the data of Table 7.6, we estimate the range in tissue 
of alpha particles of energies of 4,5,6,7, and 8 MeV. 

Fram the table, wc find that the range of an 8-MeV alpha particle in tissue 
is 75.5 pm. The range of alpha particles of energies less than 8 MeV can be 
estimated as the residual range of an %MeV alpha particle after it has slowed 
down to the desirad energy. 

. . . . .  . . . . . .  
. . . . . . .  

. .  . .  . .  
. .  . .  

. .  
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4 MeE The distance traveled by an 8-MeV alpha particle in losing 4 Mev 
of energy can be found by interpolation of the data in Table 7.6. After travel- 
ing 50 pm, the residual energy is 4.05 MeV; thus 

50 -t [ 52S-50.0 
3.78-4.051 

(4-4.05) = 50.5 )rm . 

The midual range is then 75.5 - 50.5 - 25 pm. n u s  the range of a 4-MeV 
alpha is 25 pm in tissue. 

5 MeV.- We have 

Similar calculations for alpha particles at 6, 7, and 8 MeV yield 47.2, 61.2, 
and 75.5 pm. respectively. Tabulating the results, we have 

E, (MeV) Range (pm) 
4 25.0 
5 35.4 
6 47.2 
7 61.2 
8 75.5 

[End of Example 7.41 
Example 7.5. At low energies, the charge carried by the alpha particle 

fluctuates because of continual captures and losses of electrons between the 
particle and the absorbing medium. From Table 7.5. we see that the squared 
effective charge ( z ' ) ~  of a 0.5-MeV alpha particle is 2.8. Using Eq. 7.22, we 
find that the uncorrected stopping power in tissue is 

dE - = 0.350MeVpm-' . 
dx 

Corrtcting for the effective charge of the particle, we have 

- dE = - 2.8 XO.350 - 0.245 MeV pm-' ; 
dx 4 

this compares reasonably well with the estimate 0.285 MeV pm - I  at 0.5 MeV 
from Table 7.6 [End of Example 7.51 

The point-isotropic specific absorbed fraction N x )  has not been tabulated 
in the literature for alpha particles. As noted above, the range of alpha parti- 
cles in tissue is sufficiently small that for organs of the body, an absorbed Frac- 

.. 

. '  . 
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tion of unity can be Bs8umc& However, in some speci6c instances - such as 
alpha-cmitting short-lived rrdon daughm deposited on the tracheobronchial 
tree - CoIISidcration must be given to the energy deposition pattern. 

The point-isotropic spcci6c absorbed fraction @(x) for any chargod particle 
am be dehed as 

(7.26) 

where (dE/dx), is tht stopping power of the particle at the energy it has after 
traveling a distance x, and E, is the initial energy of the alpha emitter. In 
order to avoid the discontinuity at x = 0, the quantity 4rx2p+(x) is often 
tabulated for the point-isotmpk specific absorbed fraction. Table 7.7 presents 
the results of such a calculation, derived from the data of Table 7.6. The data 
have been normalized so that 

(7.27) 

.............. ;;: ...... : .c. .: :.:,:.:::.-::.:.c;: :;:I.:: ::. 
The percent column denotes the percent of the energy of an 8-MeV alpha par- 
tick deposited in spheres of various radii. Note the units assigned to Nx),  
i.e., reciprocal picograms; a soft tissue density of 1 g 
~ m - ?  

Specific absorbed fractions for sourcetarget pairs in the body arc the same 
as employed for beta radiation. The exception is for the walls of the gastroin- 
testinal tract, where only 1% of the alpha particles' energy is considered to 
penetrate the mucous lining of the tract. 

.......... .... ...................... :.'. .: .... . :  :: .I '.I, :: ....... ........ . . . .  . . .  . . . .  . . . .  corresponds to 1 pg 

73.4.4 Gamela R8ys d x R8p 
Gamma rays and x rays arc electromagnetic radiations of short wavelength, 

orders of magnitude shorter than visible light. A nucleus in an excited state 
from which it is energetically impossible to dwxcite through emission of parti- 
culate radiation (emission of alpha or beta particles) may decxcite through 
the emission of one or more photons of electromagnetic radiation. Many 
nuclides formed in beta or alpha decay may be in an excited state, and thus 
gamma-ray emission often accompanies thm decays. Electromagnetic radia- 
tions associated with changes in nuclear a t e  arc r c f d  to as gamma radia- 
tion. 

The internal conversion process competes with gamma-ray emission as a 
dc-excitation prooean In this conversion process, an inner-shell orbital electron 
of the atom is ejected as a result of its interaction with the excited nucleus. 
The energy imparted to the electron, referral to as an internal conversion elec- 
tron, corresponds to the energy difference of the nuclear lmls involved, less 

Q the atomic binding energy of the electron. The fact that internal conversion 
\ 

--. . -  

. I  
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X 4r-x 1 

0.0 
2 5  
5.0 
7.5 

10.0 
12.5 
15.0 
17.5 
20.0 
22.5 
25.0 
27.5 
30.0 
32.5 
35.0 
37.5 
40.0 
42.5 
45.0 
47.5 
50.0 
52.5 
55.0 

8.264(-3) 
8.325( - 3) 
8.51 1( - 3) 
8.634(-3) 
8.757(-3) 
8.!M2( - 3) 

9.2Sl( -3) 
9.436( - 3) 
9.621(-3) 
9.867( - 3) 
1.01 1( - 2) 
1.036(-2) 
1.061(-2) 
1.092( - 2) 
1.129(-2) 
1 . l W  - 2) 
1.209( - 2) 
1.24q - 2) 
1.332( -2) 
1.381( -2) 
1.455( - 2) 

9 . w - 3 )  

0.00 
204 
4.12 
6.22 
8.36 

10.54 
12.75 
15.00 
17.29 
19.63 
2201 
24.44 
26.94 
29.50 
32.12 
34.8 1 
37.59 
40.46 
43.42 
46.49 
49.7 1 
53.1 1 
56.65 

X 

(w) 
57.5 
60.0 
625 
65.0 
65.5 
67.0 
67.5 
68.0 
68.5 
69.0 
69.5 
70.0 
71.0 
71.5 
72.0 
72.5 
73.0 
73.5 
74.0 
74.5 
75.0 
75.5 

4lrx’Yx) 
(rm2 P P I  
1.542( - 2) 
1.628( - 2) 
1.788( -2) 
1.961( -2) 
1.998( - 2) 
2.183( -2) 
2.232( -2) 
2.331( -2) 
2.356( - 2) 
2.467( - 2) 
2.528( -2) 
2.664( - 2) 
2 . 9 a  - 2) 
3.084( -2) 
3.232( -2) 
3.441( -2) 
3.565( -2) 
3.441(-2) 
3.059( -2) 
2.368( - 2) 
1.480( -2) 
O.OO0 

z 
60.40 
64.36 
68.63 
73.32 
74.31 
77.44 
78.55 
79.69 
80.86 
82.07 
83.32 
84.6 1 
87.43 
88.94 
90.52 
92.18 
93.93 
95.69 
97.3 1 
98.67 
99.63 

100.00 

electrons have discrete energies provided the initial evidence that this process 
was distinct from beta-ray emission, where a spectrum of energies is observed. 
A deficiency in tbe orbitalclectron structure occurs bccause of the ejection of 
an inner-shell electron. As the electronic configuration is established, x rays 
may be emitted as electrons from outer shells fill the inner-shell vacancy. The 
electromagnetic radiation emitted as a result of this rearrangement of orbital 
electrons is referred to as x ray. 

Thus electromagnetic radiation is classified as gamma ray or x ray accord- 
ing to the origin of the radiation, not its energy. X rays are also emitted as 
charged particles, principally electrons, are stopped in a medium. A continuous 
spectrum of bremsstrahlung (bruking rudiurion) x rays are emitted as electrons 
are stopped in the target element of a diagnostic x-ray tube. Since inner-shell 
orbital electrons may be ejected from atoms of the target, discrete x rays of 
energy characteristic of the target atoms m,ay be superimposed on the 
bremsstrahlung spectra. 



7-20 Radidogical Assessment 

El- radiation (photons) ionizes matter as a result of the pho- 
tons’ transferring cimgy to electrons of the medium through occurrence of 
discrete interaction Photons do not lose their amgy in a masonably 
colltipuopt manner, but rather experience catastrophic intaaction mnts.  Thus 
one cannot rauurirtr?. a range, analogous to the csda range of electrons or alpha 
particles, with pbaton radiation. One characterizes the penetration power of 
photons by their probability of traversing a unit dissaace in the medium 
without interacting with the medium. 

Photons transfer energy to electrons of the medium through three major 
interaction mnts: the photoelectric eflect, Compton scattering, and pair pro- 
duction The probability that a photon enters into one of these interaction 
events depends on its energy and the nature of the medium. Otber photon 
interactions arc possible, e.g., photonuclear reactions (nn); however, thcse 
interactions arc of limited interest for dosimetry and arc not discussed here. 

In the photoelectric interaction, the entire energy of tbe photon is absorbed 
by an atom with an inner-shell electron (usually K- or Gshell) being ejected 
with a kinetic energy T: 

“ 

-.  - .  

T hVQ-4e B (7.28) 

where h b  denotes the photon energy and 4~~ the binding energy of the electron 
in the medium. The liberated electron is referred to as a photuelectron. It is 
necessary for the electron to be bound, because of conservation of momentum 
consideratiow the residual atom in its recoil balances the momentuin. If the 
photon is of su5cient energy that even the more tightly bound inner-shell elec- 
trons appear to be ‘free,” then the probability of the photoelectric interaction 
is low. Similarly, as the photon energy approaches the binding energy of the 
inner-shell electrons, the probability of the event increases. Of course, if the 
binding energy of electrons in a given shell, e.g., the K-shell, is greater than 
the energy of the photon, these electrons cannot participate in the event; only 
electrons of L or higher shells contribute to the effect. Thus the probability (or 
cross section) for the photoelectric effect is highly energy dependent and, as 
indicated, wil l  be strongly dependent on Z (the atomic number) of the absorber 
atoms m e  probability or cross section per atom T (m2 atom-’) varies approxi- 
mately as the fourth power of the atomic nucleus and inversely with the cube 

6,- 

(7.29) 

For low-eneqy photons and for high-Z absorbing media, the photoelectric 
dcct will be the dominant interaction went. 

In the Compton effect (or Compton scattering), a photon interacts with an 
atomic electron that is virtually free; i.e., its binding energy is much less than 

\ 

,.’ . . 
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the energy of the photon. The interaction results in a partial transfer of the 
photon's energy to the electron (called a Cornprom elecrmm) with the photon 
proceediog with reduced energy and altered direction. It is the altering of the 
direction of photons (scattering into various angles), with the accompanying 
spectrum of energy associated with the scattered photon, that complicates the 
transport of photon energy. 

If the incident energy of the photon ( A v o )  is written in terms of the dimen- 
sionless quantity a = hud(mg2),  where m g 2  is the rest mass energy of an 
electron (0.511 MeV), then the energy of the Compton-scattered photon (hu) 
is 

1 h u  = [ i +di --me) 
(7.30) 

where B is the angle of the Compton-scattered photon. The minimum energy of 
the Compton-scattered photon (maximum energy of the Compton electron) 
occurs with a complete backscatter of the photon, i.e., B = 180". Electrons of 
the maximum energy define the so called Compron edge observed in gamma- 

Example 7.6. Let us compute the energy of the Compton edge for photons 
of 0.1, 0.3, 0.5. 0.8, 1.0, and 2.0 MeV. The Compton edge is the maximum 
energy which can be transferred to electrons in the Compton process. From Q. 
7.30. we see that if 6 = 180°, then the energy of the scattered photon is 

. .  ray spectroscopy. 

The energy T imparted to the electron is then 

(7.31) 

(7.32) 

Thus one computes the following: huo = 0.1 MeV; a = 0.1/0.511 = 0.196; 
and T = 0.028 MeV, etc. The following tabulation is derived: 

. . .  .:: Z.' . . . . .  . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . .  ...... .... .. . .  .. . . . . . . .  . .  .. ;.. : .  
, . _ '  . ' . "  . . .  . . . . . .  ._ hun(MeV) T (MeV) 

0.1 0.028 
0.3 0.162 
0.5 0.331 
0.8 0.606 
1 .o 0.796 
2.0 1.77 
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A ruk of thumb in spectroscopy is that the Compton adge is taken to be one- 
fourth MeV below the photopeak (the full energy peak). We show next that 
this rule of thumb is a reasonable estimate. The energy difttc~lct between the 
paotopeak and the Compton edge is h b -  T or 

A v o - T  - Ab[&/ . (7.33) 

From tbe definition of a and by noting that m,,$ - H MeV, one has a - 
up, thus 

(7.34) 

(7.35) 

[End of Example 7.6) 
The formulation by Klein and Nishina of an analytical expression for the 

Compton ~ a e ~  section was one of the early triumphs of quantum mechanics. 
The total cross section per electron for the proctss is given as 

I 2( l+a)  ln(l+2a) 

where ro is the classical radius of the electron (ro = 2.818X 
h p k  7.7. We calculate the attenuation coefficient for the Compton pro- 

cess for 1-MeV photons in water. From Eq. 7.36, with a = 1.0/0.511, one 
computes e' - 21 1 X lo-= cm2/electron. Water (H20) contains 10 electrons 
per molccuk (2 from the H atoms + 8 from 0) and there arc 6.023X 1023 
(Avogadto's number) molecules per mole (1 mole is 18 8). Thus 

cm). 

molecules 1 mole 
mole 18 B 

ekctrons X6.023Xldu 
mlccule 10 

- 7.06x10-2 cm2/g . 

. 
... 

. .  
. .  . .  . _. 
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As we shall see later, the total mass attenuation coefficient in water for a 
I-MeV photon is exactly this value; i.e., the cross-section for the photoelectric 
effect at this energy is negligible. because the electrons are essentially free. 
[End of Example 7.71 

Interaction of a photon with tbe coulomb field of the nucleus can lead to 
the creation of a positively (positron) and a negatively charged electron with 
the disappearance of the photon. This process, referred to as pair production, 
can only occur if the photon is of energy greater than the rest mass energy of 
the formed pair [rest mass energy (nt@*) for an electron is 0.51 1 MeV]; thus 
the process has a threshold at 1.02 MeV. The energy of the photon in excess of 
the threshold is shared cqualiy as kinetic energy of the pair. The kinetic energy 
of the created pair is dissipated as discussed for electrons: positrons lose their 
kinetic energy essentially as electrons do. As the positron slows down, it will 
capture an electron of the medium and be annihilated. This annihilation, essen- 
tially the reverse of pair production, results in conversion of the rest mass 
energy of the positronclectron pair into two photons of 0.511 MeV each. To 
satisfy conservation of momentum, the photons must be emitted in opposite 
directions, i.e.. 180" apart. The probability per atom for pair production 
increases with increasing photon energy above the threshold and is proportional 
to the square of the atomic number (Z2). Thus pair production is the dominant 
interaction even for high-energy photons and high-Z media. 

A measure of the probability per unit distance (density distance) traveled 
by a photon that an interaction occurs is the mass attenuation coefficient. As 
the three interaction events discussed above are independent and mutually 
exclusive, the total mass attenuation coefficient ( p / p )  is given as 

PIP  = T / P + U / P + K / P  * (7.37) 

where T / P ,  a l p ,  and ~ / p  are the mass attenuation coefficients for the pho- 
toelectric, Cornpton. and pair production events. Tabulations of these 
coefficients for various elements and compounds of general interest are given 
by Evans (1968). Hubbell (1969), and Storm and Israel (1970). Values for 
other compounds or absorbing media can  be computed as 

(7.38) 

where (PIP), is the tabulated value for the ith element, and w, is the fraction 
by weight of the ith element in the medium of interest. The equation is valid 
because the chemical binding energies between atoms in a molecule are very 
small, thus not significantly altering the electronic binding energies. 

As we have seen above, the transfer of energy from photons to matter is a 
two-step process.involving first the conversion of the photon's energy to kinetic 
energy of secondary electrons, and then the electrons' dissipating the kinetic 

0 
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energy through cxcit8tioLI and ionization of the absorbing medium. In princi- 
ple, an evaluation of the energy dissipation io the d u m  would involve deter- 
mination of the energy spectrum of the seamhy ekctrons ret in motion by 
the photon interactions, and determination of their energy deposition pattern 
thropgb ~ C C O U ~ ~ C  to transport d d a a t i o a  (sse above discussion of elccttons). 
It is simpIer, however, rad in most htances dcquatc, to employ a proccdurc 
in which the energy t r a n s c m a d  to mamdarydactnrns is assumed to be depo- 
dted in the medium at the location of the photon interaction. Clearly, the tran- 
spor& of energy by the secondary electmas can be neglected if their range is 
d relative to the dimensions of the medium of intmst and if the spatial 
details of the absorbed energy are not of interest. 

Tbt rate of energy transfer from photons to I medium is proportional to 
the number of photons passing through the volume element of interest (the 
photon flux) and the energy of these photons. The constant of proportionality 
is called the mass energy-transfer coefficient and is denoted by k / p .  

The mass energy-transfer coefficient is the weighted sum of the m a s  
attenuation coefficients, Le., 

.>-" 

,/ . .  

The weights fC) f,, and f I  indicate, for their respective interactions, the frac- 
tion of the photon energy which is converted into kinetic energy of secondary 
electrons and dissipated in the medium by collision losses. Note the restriction 
of the energy deposition to 'collision losses"; radiative loss (bremsstrahlung) is 
excluded from the mass energy-transfer coefficient. It is beyond the scope of 
this chapter to develop the detailed prescription for estimation of the weights. 
But it is important that the reader note, for example, that the wiights reflect 
only the energy transferred as kinetic energy of charged particles and thus 
energy emitted as x rays following photoelectric absorption; the rest mass 
energy of the pitmnclectron pair in the pair production process is excluded 
from the weight. It should be further noted that for the composition of body 
tissues and typical photon energks, the correction for bremsstrahlung energy 
loss by the secondary electrons is rather small. 

Tbe fraction of the energy emitted by 8 point-isotropic source that is 
absorbed per gram at a distance x from the source [the point isotropic specific 
abrbal  fraction a(%)] can be expressed as 

(7.40) 

where x is the distance from the point source, p is the linear attenuation 
coefficiant of the source energy, pJp is the mas  energy-transfer coefficient at 

. .  

... 

. . I  
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the source energy, and B&x) is the energy-absorption buildup factor. 
Examination of the above equation reveals that it includes a factor represent- 
ing the attenuation of the photon flux e-’U and the geometric reduction 
[ 1/(4rx2)]; the product of these factors with the mass energy-transfer 
coefficient yields the energy absorbed per gram due to the primary or uncol- 
lided photons (photons which have not experienced an interaction). However, 
because of the scattering of photons into the region of interest, it is necessary 
to modify the essentially uncollided calculation by the factor referred to as the 
energy absorption buildup factor. Such an approach is only possible within the 
uniform isotropic model. 

Several tabulations of energy-absorption buildup data are available in the 
literature for application to body tissues. Berger presented such data in MIRD 
Pamphlet No. 5 (Berger, 1968) for a point source in water. More recently, 
Spencer and Simmons (1973) have published improved values applicable to 40 
mean free paths (pr = 40). whereas Berger’s data were applicable to 20 mean 
free paths. The Spencer and Simmons data are presented in terms of a ninth- 
degree polynomial; i.e., 

(7.41) 

For small values of p r .  BCn(pr) is approximately unity. The maximum 
buildup occurs for photons of about 100 MeV and is an increasing function of 
distance. 

Example 7.8 We illustrate the use of Q. 7.40 in estimating photon specific 
absorbed fraction data. Let us compute @(testicles--thyroid) for a I-MeV pho- 
ton. For volume source and target regions one would use b. 7.12 in conjunc- 
tion with Eq. 7.40; however, both source and target regions are quite small (20 
and 40 g, respectively) and separated by a distance that is large (-75 cm) 
relative to their spatial extent. Thus we may consider the source and target 
regions as point regions. 

The mass attenuation coefficient ( p / p )  and mass energy-transfer coefficient 
for a I-MeV photon are 0.0706 and 0.031 1 cm2/g, respectively. From Spencer 
and Simmons (1973). the coefficients of the polynomial of Eq. 7.41 are: 

i 0, 

7.1 1 l7356E- 1 
5.2335893E- I 

-3.51 850658-2 
I ,2487894E- 2 

- 1.019198lE-3 
6.7697850E- 5 

- 2.269 1445E-6 
4.3776058E-8 

-2.7058007E- 10 
a 0.13636 
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%+&-.at&- .. .m* 
. . .  

. .  

If we assume a density of 1 g ~ m - ~ ,  then the 75-cm separation corresponds to 

pr - 0.0706 d g - '  X 75 cm 
- 5 3 0 .  

The enetgy-absorption buildup factor B&r) is 

9 

1-1 
B,( 5.30) - 1 + e4'36Mxub I: W 3 O Y  

- 10.75 . 
From Eq. 7.40, then, 

-2l%XlO-'X 10.75 

= 236X 10"g". 

Thus @(ttsticlescthyroid) - 2.36X10'a g-' at 1 MeV; the corresponding . 
value tabulated in MIRD Pamphlet No. 5 Revised (Snyder et al., 1978) is 
2.46X10-8 g-', based on tbc use of Eq. 7.12 in conjunction with Eq. 7.40. 
Note in this example the significance of the scattered photons; Le., the specific 
absorbed fraction considering only the uncollidcd photon flux is only 
2.20X g-'. [End of Example 7.8) 

73.4.6 Monte C u b  Trrnspolt (hlculations 

An obvious limitation of the point-isotropic spacific absorbed fraction is 
that it is only strictly applicable to a uniform isotropic model. The human 
body is not a bomogcncous absorbing medium, nor is it large relative to the 
'range" of photon radiation. The only computational method which can be 
applied to address radiation transport in a heterogeneous medium utilizes 
Monte Carlo techniques. 

The Monte Carlo technique is distinguished from other numerical tech- 
niques in that random sampling of probability distribution functions is used to 
approximate the solution to the mathematical problem. Monte Carlo simula- 
tion of photon transport is, in principle, rather simple, straightforward, and 
requires only knowledge of elementary probability theory, the kinetics of pho- 
ton interaction with matter, and the geometry of the system being simulated. 
However, to apply Monte Carlo methods to estimating photon specific 

L 
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e 

absorbed fractions, a considerable expenditure in code development must be 
done to ( 1 ) generate the origin and flight of photons from the source region, 
(2) determine the target regions in which interaction events lie, and (3) treat 
the kinetics of the interaction events. If we had to start afresh, the investment 
in code development and verification might well be prohibitive. However, 
aspects of the simulation, in particular the kinetics (item 3), have been 
developed into code packages, and we need only code the particular geometry 
(items 1 and 2 )  for the problem of interest. Smeral excellent references on 
Monte Carlo methods are available to aid the development effort (Carter and 
Cashwell, 1975; Cashwell and Everett, 1959; and Shreider, 1966). 

The Monte Carlo approach to photon transport can probably be best under- 
stood in terms of the so-called complete analog approach. In that approach, a 
faithful simulation of the photon’s flight and the radiation physics of the possi- 
ble interactions is strictly maintained. The flight of a photon (a history) would 
be simulated and interaction events would be considered by sampling their 
probability distributions, the history being terminated when ( 1 ) the total 
energy of the photon has been deposited or (2) the photon escapes from the 
body. 

As discussed above, the linear attenuation coefficients T ,  u, and I( represent 
the probability per unit distance of the photoelectric, Compton, and pair- 
production events. As these events are independent and mutually exclusive, the 
probability of a photon undergoing an interaction per unit distance is p = 

Determination of the point at which an interaction occurs is basic to the 
simulation. The probability that an interaction occurs between x and x + d x .  
where x is a given distance from the origin of the photon, is the product of the 
probability that the photon reached x and the probability of an interaction in  
the differential element dx .  Thus the probability of a photon interacting 
between x and x + d x ,  denoted by p ( x ) d x ,  is given as 

T + U + K .  

p ( x ) d x  = e-”pdx. (7.42) 

where the exponential factor represents the probability that the photon reaches 
x and pdx is the probability of interaction in the interval d x .  The quantity 
p ( x )  is a probability density function. The probability that an interaction 
occurs within distance !? is then 

(7.43) 

The quantity P ( Q )  represents the cumulative distance-to-interaction distribu- 
tion. Note that P ( Q )  satisfies the necessary conditions of a cumulative probabil- 
ity distribution function, in that its range lies between 0 and 1. In simulating 
the flight of the photon, we must randomly sample this distribution. To sample 
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the distribution, the random number, 4, chosen uniformly from the region 0 < 
4 < 1, is equated to tbe distribution, 

P- -ln(X-f)/p. (7.45) 

However, as 1 - E  is itself a rawbm number (complement of t), we can write - - w ) / P .  (7.46) 

This is the well-known expression for sampling the distance-to-interaction in 
Monte Carlo simulation of photon transport. 

If the transport is in a beterogeneous medium, then various regions may 
have different linear attenuation coefficients. This is the case in the representa- 
tion of the human body uscd in Monte Carlo calculations where three regions 
of different composition and density are considered, namely, soft tissue, lung, 
and skeleton. The above distanceto-interaction expression was developed for a 
single medium with linear attenuation cr. Two difTerent approaches can be 
applied to determining the distance-to-interaction in a multi-medium problem. 
In one approach, one projects forward the photon flight to 6nd what regions 
may be intersected, and one applies the above quation in each successive 
region until an interaction distance is determined or the photon escapes from 
the regions of interest. As one might expect, substantial geometric considera- 
tions would be involved, particularly if the regions are complex and numerous. 
An alternative approach which is computationally simpler, although its validity 
is not readily apparent, is often uscd. In this approach, the distanct-to- 
interaction is determined from the same quation, but the maximum linear 
attenuation of the regions is uscd in the quation; that is, 

where max(fil,pa, * - ,&) denotes the maximum value of the pf. The 
region in which this possible interaction site lies is then determined and a game 
of chance is playa& that is, a random number 4 is obtained and if 4 G 
rrlm=(Pl*P2, .p,,), the location is accepted as an interaction site. If 
the outcome of the game is not favorable, the photon is allowed to continue 
from the false position with an incremental distanceto-interaction picked as 
above. In general, it is computationally easier to determine in which region a 
potential interaction site lies and play the game of chance than to project the 
flight's intemction with geometric regions as require6 in the former approach. 

Given that a photon interaction has occurred at location l? and that I! lies in 
region i of a heterogeneous medium, then the conditional probability that the 
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interaction was a photodactrrc * absorption event is r,/p,, a Compton scattering 
event UJM, or a pair-praduction m n t  K&. If a random number 4,O < < 1, 
satisfies 

then € determines that 8 Compton cvcnt occurred. If the random number [ is 
such that 

then the pair-production went is considered to occur. If is less than or equal 
to T& then the photoelectric went is considered to occur. Note that if the 
photon energy is icss than the pair-production threshold of 1.02 MeV, then K 

= 0 and no [ can satisfy the inequalities of Eq. 7.49. 
The energy deposited, AE, in the region i as a result of the interactions 

can  be summarized as 

E; photoelectric event 
E -E '; Compton event 
E - 2m& pair-production event, 

where E is the initial energy of the photon, E' is the energy of the Compton- 
scattered photon, and 2 m ~ *  is the energy associated with creation of the 
positronelectron pair. The energy E' of the Compton-scattered photon is 
uniquely determined by the initial photon energy and the scatter angle (Eq. 
7.30). The probability that the photon is scattered in a given angle is given by 
Monte Carlo sampling of the Klein-Nishina cross section. The Compton- 
scattered photon must then be simulated in the calculations such that its 
potential energy deposition is considered. In a similar fashion, the two photons 
associated 'with annihilation of the positron must also be simulated. 

The complete analog Monte Carlo approach outlined above and 
flowcharted in Fa. 7.1 requires simulation of a very large number of histories, 
particularly for target regions far removed from the source. Thus, some type of 
weighting or biasing in the sampling of the probability distribution is often 
used. It is not our intent to discuss these details but rather to outline the gen- 
eral Monte Carlo approach, whose simplicity is evident in the complete analog 
approach. 

Exonrple 7.9. As a simple application of Monte Carlo techniques, we seek to 
calculate the number of photons experiencing their first interaction within a dis- 
tance R from a point source. To carry out this exercise, we need only pick a 
random number €, 0 < € < 1, and determine if the distance-to-interaction P = 
-ln(€)/p is less than R. If this condition is met, we count the event a success 
and pick a new random number for the next trial (history). We repeat this pro- 
cedure for some finite number of histories and determine the fractional 

. 
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successes. We would expect that after a large number of histories, the fraction 
of successful histories would be I -e-fiR. Tabulated below are results obtained 
for five simulations of various numbers of histories for p = 1, R = 1; i.e, 
I-e-’” = 0.632. 

Histories Results f f S  

100 0.67, 0.74, 0.70. 0.58. 0.66 0.670 +- 0.059 
500 0.658.0.650. 0.620, 0.652.0.664 0.645 f 0.015 

lo00 0.632, 0.614. 0.623.0.624.0.620 0.623 f 0.007 
SO00 0.6444. 0.6262. 0.6370.0.6268.0.6310 0.633 f 0.0077 

This trivial example, which can  be carried out on a programmable pocke- cal- 
culator with a random-number generator, serves to indicate the statistical 
nature of the solution derived by using Monte Carlo methods. The statistical 
nature of the results makes testing of Monte Carlo codes difficult, as a slight 
change in code logic can result in a completely different series of random 
numbers and thus different decisions being made, leading to numerically 
different results. In the preliminary testing phase of a Monte Carlo code, it is 
often advantageous to carry out a problem similar to this example, that is, con- 
sider only first-interaction events. The expected numbers of first interactions in 
various regions can often be inferred from geometry considerations. [End of 
Example 7.91 

. .  

73.5 Special Topic: Energy Deposition in Skeleton 

73.5.1 Tissues of the Skeleton 

Thc skeleton is a complex structure composed of bone mineral ( 5  kg), yel- 
low marrow (1.5 kg), red-hematopoietic active marrow ( 1.5 kg), and assorted 
connective thues (2 kg) (ICRP, 1975). The numerical values given above are 
for the adult male. There is now general agreement that the radiosensitive tis- 
sues of the skeleton are the hematopoietic stem cells of the active marrow and 
the osteogenic cells. particularly those on the endosteal surfaces of bone 
(ICRP, 1968). Developing red blood cells are found in various stages of 
maturation within the active marrow. Thus the active marrow is of primary 

. . .f concern as a target tissue with respect to leukemia induction. The osteogenic 
cells are the precursors of cells involved in the formation of new bone (osteo- 
blasts) and the resorption of bone (osteoclasts) and are of concern as a target 
tissue with respect to bone cancer induction. Note that bone mineral, the larg- 
est component of the skeleton, is not considered at risk; only soft tissue regions 
of the skeleton are of concern. 

In the past, the dose equivalent estimated for bone was averaged over a 
mass of 7 kg (ICRP. 1959). The effective energy deposited in the skeleton was 
compared with that of radium for which human experience had indicated that 

..>..*..+ 44 x -.&*-p#s-+.crlF.$~..y$ 
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a &&tal burden of 0.1 pg =Ra might scrvc as a pamissibk Imt In cstimat- 
ing the effective energy, a modifying factor of five (the N-factor of Eq. 7.3) 
was a p p d  to rll non-radium isotopes to account for lack of knowledge as to 
thdr deposition patterns to the radiosensitive tissues. Enluatian of the irradia- 
tion of tbe tissues now ansidered at risk necdtate that mineral bone, the 
saura re- be further classificcl into two bone types: trabaadar and cortical 
bonc 

In the mature skekton, the two bone types ut XC~SOMMY distinct with 
regard to both appearaocc (sec Fig. 7.2) and tbeir reteation of deposited 
radionuclides cortical bone is the hard compact bone found largely in the 
shafts of long bones. This bone type c~otains about fopr-fifths of the skeletal 
minrral, ic. 4 kg (ICRP, 1975). and constitutes about ooehalf of the skeletal 
surface area. Tbe surface area of the skelcton is about 12 m2. Ifooe assuma a 
mineral density of 2 g ~m'~, then the surface to volume ratio, S/V, of cortical 
bone is 

Figwe 7.2 A roction of the tibia, illu8trating the auupact (cortical) bone and the 
trabeculae of the c~ccllous (trabecular) bone. Souroe: Bloom, W., and Fawcett, D. W. 
1975. A Textbook of Histology, Saunders, Philadelphia Reprinted wifh permission. 
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The dominant microscopic structure of cortical bone is the Haversian sys- 
tem. Each Haversian system consists of a canal or space containing blood 
vcssels, osteoblasts (bone-forming cells), and undifferentiated cells. The canals 
are typically 50 pm in diameter (ICRP, 1975) and with supporting channels 
serve to supply nutrient to the skeletal interior. The soft tissues lining the 
Haversian system arc a component of the endosteal tissue. which is considered 
at  risk for bone cancer (ICRP, 1968; ICRP, 1979). 

Trabecular bone, sometimes referred to as cancellous bone, is the soft, 
spongy bone, composed of an apparently fragile latticework, which is interior 
to flat bones and the ends of long bones. Trabecular bone is characterized by a 
high surface to volume ratio; if one assumes that the mineral density of trabec- 
ular bone is 2 g cm-’ and that one-half of the skeletal surface area is associ- 
ated with this bone type, then 

S/Y = 6X10‘cm2X2gcm-’ f 1 X lO’g 

= 120 cm2/cm3. (7.51) 

Thus the surface to volume ratio of trabecular bone is about four times that of 
cortical bone. The interlacing splinters of bone mineral (trabeculae) form cavi- 
ties in which the active marrow is found. As trabecular bone totally contains 
the active marrow, this bone type is the major source region from which beta 
and alpha particles may originate to irradiate the active marrow. 

. - .  

7.3.5.2 Estimation of Energy Deposition 

Estimation of energy deposition in the skeletal target regions is complicated 
by the geometric relationships between the source and target regions. The tra- 
beculae and the marrow cavities they form in trabecular bone cannot be 
represented by simple solid geometric forms. To derive an estimate of the 
energy deposition in the marrow cavities, we need to consider the potential 
path taken by a charged particle (alpha or beta particle, or in the instance of 
photon irradiation, secondary electron) in its traversal of trabeculae and mar- 
row cavities. If we assume that a particle originates in the mineral region, its 
energy upon entering a cavity will depend on its initial energy and that dissi- 
pated in traveling to the cavity, Le., the residual energy as indicated by the 
range-energy relationships discussed in Sect. 7.3.4. The amount of energy 
deposited within a cavity is dependent on the path the particle takes through 
the cavity and the energy it had on entrance. If a particle has sufficient energy 
to traverse the cavity, it will encounter a trabecula on the far side, which 
(given sufficient energy) it may traverse and enter a second cavity. Calcula- 
tions of the energy deposition thus require information on the lengths of possi- 
ble paths particles may take through these two tissues. Such compilations are 
available for a limited number of bones (Beddoe et al., 1976). Using these data 
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and Monte Carlo sampling techniques, the tlight of peuticles can be simulated 
as outlined in sact. 7.3.4. 

h p l e  7.20. The range of alpha particks is snssdcntly Wted that one 
cao treat the mineral surface of trabecular bone as a 6at piane; ie., the radius 
of curvature of the marrow cavities is much greater than the particle range. 

pying a half-space. We wish to estimate the froctiOn of the energy of alpha 
plutidesemitted in the volume of the minaal that isdepositad in the marrow, 
that is, 

drai rnarrow+tmbmk bo#). 

Giren this a s ~ ~ m p t i ~ ~ ,  the mineral and CUI be &d as each OC<N- 

Consider a &MeV alpha particle whose range in soft tissue is 47.2 pm (see 
Example 7.4). The ratio of stopping powers in bone and soft tissue for alpha 
particles is about 1.95; thus the range in bone of &MeV alpha particles is 
47.2/1.95 or 24.2 pm. Only alpha particks emittad within 24.2 pm of the 
interface can deposit energy in the marrow space. To cany out our estimate, 
we will employ Monte Carlo techniques in amjunction with the rangt-energy 
data of Table 7.6. 

Assume a coordinate system with its origin at the interface, with bone 
mineral occupying the half-space x < 0 and marrow the region x > 0. We will 
simulate a volume source by random selection of points from which the parti- 
cles arc to be emitted; note that only the x coordinate need be established, 
because the half-spaces arc infinite in the y and z diractions. We further res- 
trict our attention to the mineral @an from which &MeV alpha particles can 
potentially reach the interface, namely, the region dehed by -24.2 < xo < 0. 
The coordinates of the emission point arc (-24.2&0,0), where the random 
number 4 is uniformly distributed in the interval 0 to 1. Given the origin of the 
particle, we now need to establish its direction (note that only particles travel- 
ing in the positive x dinction am reach the interface). The direction can be 
simulated by random selection of direction cosines; d that the parametric 
form of the equation of the line pasaing through (xQyGzO) am be written as 

X XO+@,  y yo+At,  and J - Z o + p f ,  (7.52) 

where ~r, A, and I am dirsction amines of the line. To generate direction 
weincs at random, U e r  a hemisphere of unit radius occupying the region 
x > 0. Points within tbe bemisphere can be aelacrd at random as 

x = €1, Y = & - I ,  rad 2 - x3-1, (7.53) 
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where €1, €2, and €3, are independent random numbers from the uniform distri- 
bution for the interval M&I. Note, that the values of the y and I coordinates 
range from - I  to 1, while the x coordinate is between 0 and 1. If 

xZ+y2+22 > 1 , (7.54) 
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we reject the point as it is outside the hemisphere. Rejection is a commonly 
employad technique in construction of random sampling schanes. What we are 
doing is selecting points in a box of dimension 1X2X2 and rejecting any point 
that lies outside the enclosed hemisphere of volume %T. The efficiency of the 
scheme is the ratio of the two volumes; in this case, r / 6  or about 52%. This is 
not a highly efficient scheme, but it is sufficitnt for our purpose here. If the 
point ( x y j )  is accepted, then direction cosims of the h e  passing through 
(0.0.0) and the point are 

A = -  
(x2+y2+22)’P * 

(7.55) 

I v -  
(x2+y2+22)’D - 

Having established the origin and direction of the alpha particle, we now 
must determine its path length in the mineral half-space. Tbe parametric q u a -  
tions of the particle’s flight are 

x = x o + p r ,  y - A t ,  and I - u t .  (7.56) 

The particle will cross the interface at x = 0 solving the x-coordinate equa- 
tion for f gives us I = -xo /p. Thus the coordinate of the point of interception 
with the plane is 

(0. -XoVP, -xov/d * 

The path length Q of the particle is the distance between its origin (xo,O,O) 
and the intercept: 

(7.57) 

where bt,l denotes the absolute value of xo. 
Table 7.8 presents the results of a simulation of SO00 &MeV alpha parti- 

cles being emitted from the segment of the x axis given by -24.2 < x < 0 and 
in the positive x direction. All path lengths greater than the particle’s range in 
bone were scored in a single bin labeled ‘>24.2”; some 50.8% of the simula- 
tions fell into this bin. Other path lengths were scored in 20 bins of q u a l  
width; the upper boundaries of the bins arc indicated in the first column. The 
residual energy E, is the energy of the particle after traveling a distance 
corresponding to the midpoint of the ith bin; these values were obtained from 
the data of Table 7.6 after the path in %ne was multiplied by 1.95 to obtain 
an quivalent path in soft tissue. It is this eoergy which will be deposited in the 
marrow space. 

.. 
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Table 7.8. Cdcehth dud mamew- b.bsclllr bo@ 
la 8 #aoeof#rw 6 MeV 

FndioaXloO (MeV) per particle Number (m) 
1.21. 117 2.34 5.90 
242 125 250 5.71 
3.63 129 258 5.51 
4.84 113 2.26 5.31 
6.05 128 256 5.11 
7.26 130 260 4.89 
8.47 122 244 4.67 
9.68 1 42 284 4.44 
10.89 119 238 4.2 I 
1210 1 26 252 3.97 
13.31 117 234 3.72 
14.52 126 252 3.45 
15.73 118 236 3.16 
16.94 110 220 2.87 
18.15 1 07 214 1.56 

20.S7 127 254 1.83 
2 1.78 1 29 258 1.38 
22.99 128 256 0.84 
24.20 121 2.42 0.25 

19.36 126 252 2.22 

>24.20 2540 50.80 
a0 

1 1 1  
Total 5000 2 F,&, - 1.77 
'For example, 1 17 alpha particles traversed a path length in bone between 0 and 

1.21 pm (averaged path 0.60 pm) and entered the marrow half-space with 5.90 MeV of 
energy. 

The absorbed fraction for the simulated emissions is the quotient of the 
deposited energy and the emitted energy. or 

... 

9 ; z F t E t  l r n  -X1.77 1 0.3. 
1-1 6 

(7:58) 

Recall that we b i d  our simulation to consider only particles traveling in 
the positive x direction. If the emissions had been 4r- rather than 2r-isotropic, 
only onehalf of the simulated particles would have traveled in the positive x 
diraction. Thus for a 4r-isotrOpic source, the absorbed fraction would be 0.15. 

We also need to translate the simulation to that of a volume-distributed 
source in teabecular bone (recall that we restricted the source region to a depth 
corresponding to a particle's range). An estimate of the fraction of trabecular 

4 
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bone that lies within 24.2 fim of the surface is needed. The mass of trabecular 
bone is IO00 g, corresponding to a volume of 500 cm3 (density of 2 g ~ m - ~ ) ,  
with a surface area of 6 m2 (6  X IO‘ an2). The thickness r of a slab (rec- 
tangular solid) of surface area A and volume Y is 

f - 2YjA ; 

we neglect the contribution of the edges to the surface area. Thus the average 
thickness of trabecular bone is about 170 pm. The fraction of trabecular bone 
within 24.2 pm of the surface is thus 

2 x 2 4 2  + 170 or 0.29 , 

where the factor of 2 enters because of the two slab surfaces. Only 29% of a 
volume-distributed alpha source would contribute an absorbed fraction of 0.15; 
thus, 

&(red marrowtrabecular bone) = 0.29 X 0.15 = 0.044 . 

In ICRP Publication 30, a nominal value of 0.05 was suggested for all 
alpha emitters. Our estimate, based on a small number of simulated emissions, 
is in excellent agreement with the recommended value. [End of Example 7.101 

The skeleton is continuously undergoing remodeling. In the case of the 
mature skeleton, resorptive and formative processes result in a turnover of the 
mineral with no change in the total quantity of mineral present. Radionuclides 
are incorporated into the mineral matrix by the formative process and removed 
by the resorptive process. Some radionuclides are capable of movement into the 
volume of the mineral matrix through a ‘diffusion-like process,” while others 
tend to remain on the surface. For purposes of bone dosimetry, radionuclides 
are dichotomously classified as surface or volume seekers. The energy deposi- 
tion in the sensitive tissues can be highly dependent on this classification, par- 
ticularly for low-energy electron and alpha radiations. 

Example 7.11. In an earlier example, the absorbed fraction in the red mar- 
row for alpha particles uniformly distributed in the volume of trabecular bone 
was found to be 0.05. If the alpha emitter were distributed along the mineral 
surface, what would be the absorbed fraction? In Example 7.10, we indicated 
that the mineral and marrow regions can be represented by half-spaces when 
dealing with alpha radiation. For particles emitted in a 4r-isotropic manner at 
the interface of the half-spaces. geometric considerations indicate that one-half 
of the emissions would enter the marrow half-space at their initial energy. 
Thus for a surface deposit, 

.‘&- <‘;LD. . . - * . .  $.*.. + . 

. /  
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#(red marrowctrabecular bone) = 0.5 . 

Note that this valueis an order of magnitude higher than the corresponding 
quantity for a volume distributed source. [End of Example 7.1 I ]  
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Calculation of the toc%y deposition of alpha radiation in the skeletal tis- 
sues was considerably ttimplified by tbe assumption of half-space geometry. For 
electron radiation, eg., beta particles, such a geometric simplification is not 
W i b l e  and ~CCOU~~C must be made to measurement of possible path lengths 
through the trabeculae and marrow cavities, re6oements which we cannot enter 
into in this chapter. Tbe nominal values for the absorbed fraction for skeletal 
tissues as suggested by Committee 2 of the ICRP are given in Table 7.9. Note 
the indicated energy dcpdence of the absorbed fraction for a surface-seeking 
beta emitter. For a high-energy beta emitter, the question of whether the 
emitter is on the surface or in the volume is relatively unimportant, because of 
the range of the partides. At lower ~ c s ,  E < 0.2 MeV, the ranges of beta 
and alpha particles arc similar, and thus the absorbed fraction for these radia- 
tions for surface deposits arc the same. 

~ ~~ 

a emitter 8 emitter 
On bone surface 

S O U K C  Targel Uniform io on km Uniform in 
organ organ volume lurfau dumc &+O.ZOMcV ;s<O.ZOMeV 

~~-~~~~ ~ ~ ~ ~~ 

Trakeuhr bonc Boncwrfrc 0.025 0.U 0.025 0.025 0.25 
Corticalbonc Bonclurfaa 0.01 0.25 0.0 I5 0.015 0.23 
Trabecular bone Red marmw 0.05 0.5 0.35 0.5 0.5 
Corticalborn Redmarrow 0.0 0.0 0.0 0.0 0.0 

Before closing our discussion on absorbed fractions in skeletal tissues, a few 
remarks are needed regarding photon radiation. The energy deposited in the 
skeleton by photon radiation is estimated using Monte Carlo methods as dis- 
cussed in Sect. 7.3.4. In these simulations, the skeleton is represented as a uni- 
form mixture of its components, since it is impossible to model the geometric 
details The energy deposited in regions of the skeleton (total mass 10 kg) is 
partitioned among the various skeletal components according to their mas 
fractions. For example, if one ~~ssumts uniform irradiation of the skeleton, the 
energy deposition in tbe zed marrow (mass 1.5 kg) is taken as 15/10 of that 
deposited in the homogeneous skeleton. This approximation is reasonable for 
photons of energy greater than about 0.2 MeV, where Compton interactions 
arc the dominant interaction events. Recall that the Compton cross section is 
proportional to the electronic density, which has similar values for bone 
mineral and soft tissue; the result is that the skeleton appears as a uniform 
mixture. At lower photon energies, photoelectric interactions in the mineral 
region are the dominant events by which energy is deposited in the skeleton. 
Partitioning the deposited energy among the skeletal tissues by mass fraction 
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results in an overestimate of the energy deposition io the soft tissue regions. 
However. photoelectrons liberated by photon interactions in the mineral will 
irradiate the soft-tissue spaces of the skeleton, and thus one cannot neglect the 
presence of the bone mineral. The energy deposition in soft tissues of the skele- 
ton is enhanced by their proximity to the mineral, and the magnitude of the 
enhancement is dependent on the photon energy. Thc transport of energy by 
secondary charged particles from their points of origin to the deposition of 
their energy n d  to be considered to obtain realistic estimates of the energy 
deposition in the skeleton. 

7.3.6 Illustrative Exampk Calculation of Sfactors 

Given absorbed fraction data, S-factors c a n  be computed from knowledge 
of the radiations emitted in nuclear transformations of the radionuclide of 
interest. Compilation of the radiations emitted in the naclcar transformations 
of the various radionuclides is not a trivial task; however, these data have been 
compiled by specialists for such application (Dillman, 1969; Kocher, 1981). In 
this section, we present several examples to illustrate the computation of the 
S-factor and its use. 

Example 7.12. The principal region of residence of %r (TH = 29.12 y)  
in the body is the bone mineral region. Strontium-90 is a pure beta emitter 
(average energy 0.1957 MeV), which decays to 9 (TH = 64.0 h), also a 
pure beta emitter (average energy 0.9348 MeV). We wish to compute the 
appropriate S-factors for the skeletal tissues at risk. 

The S-factor as defined by Eq. 7.18 can  be written as follows: 

where Ai = product of the intensity of the ith radiation per nuclear transfor- 
2, 2"'.'-~.A..,.:~..>r-& w .:*- mation (nt) and its average or unique energy (MeV/nt); 4,(T-S) = 

absorbed fraction of the ith radiation for the source-target pair; and M r  = 
mass of the target region (kg). The constant 1.6X1O-l3 represents the 
conversion from MeV to joules, and thus S has units of joule/kg-nt or Gy/nt. 
If a quality factor or other modifying factors are included, S should be 
expressed as Sv/nt. Note that 1 nt is equivalent to 1 Bq-s, and therefore S can  
be expressed as Sv/s per Bq. 

As strontium is a member of the same chemical family as calcium (alkaline 
earth elements), we will assume that it is distributed in the volume of the 
mineral. We will also assume that 9, as the daughter of %r, is volume dis- 
tributed. Thus from Table 7.9, we have 

. .  

$(bone surface - trabecular bone) = 0.025 , 

Q 4( bone surface - cortical bone) = 0.01 5 , 

#(red marrow - trabecular bone) = 0.35 . 
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We also have mass of bone surface = 0.12 kg, and mas of red marrow = 1.5 
kg. For %r, 4 - 0.1957 Mev/nt; and 

s@oltc d a c e  - trabecular bone) - 1.6X10-*3 X 0.025 X 0.1957 i 0.12 - 652 x 1 0 - ~ ~ ~ y / n t ,  

S(bme surface - cortical h e )  
= 1.6X10'13 X 0.015 X 0.1957 + 0.12 - 3.91 X IO-'' Gy/nt, 

- 1.6X10'13 X 0.35 X 0.1967 i 1.5 - 731 XIO-l5 Gy/nt. 

Sred marrow - trabecular bone) 

For 9 , 4  = 0.9348 MeV/nt, and the values arc 

S(bone surface - trabecular bone) = 3.12X 10'14, 

s(bone surface - cortical bone) = 1.87X IO'", and 

S(red marrow - trabecular bone) - 3.49 X Gy/nt. 

In Example 7.19 (in Sect. 7.4.2). it is shown that the ingestion of 1 Bq of %r 
results in 0.3 Bq entering the blood. In addition, from Example 7.17 (in Sect. 
7.4.1). the fifty-year residences (integrals of the retention in body tissues) for 
cortical and trabecular bone are shown to be 398 and 157 Bqd per Bq uptake 
to blood, respectively. Let us use these data to estimate the committed dose 
equivalent to these tissues per unit 90sr ingested. 

The number of nuclear transformations of "'Sr occurring in the two typcs of 
bone mineral per unit activity ingested are 

~rttull.- 
0.3 Bq-blood/Bq-ingested X 398 Bqd/Bq-blood 

X 8.64XIes d-' X 1 nt/Bq-s 

= i .03~10' nt in cortical bone per ingested ; 

tm* 

0.3 Bq-blood/Bq-hgWd X 157 Bqd/Bq-bld 

X 8.64X Io's d-' X 1 nt/Bq-s 

- 4.07X 106 nt in trabecular bone per Bq ingested. 

.. 

. . . . . . .  . .  . . . .  . . . .  . . .  . . . .  . .  . .  
. .  . .  . .  ... 

. .  . .  . .  . .  . .  
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Since the half-life of 9 is short relative to that of the parent nuclide, we can 
assume that each nuclear transformation of %r yields one nuclear transforma- 
tion of q. Thus the committed dose equivalents per unit activity ingested 
(assuming 1 S v  - 1 Gy) are 

H&cd marrow) = 4.07X 106 nt/Bq-ingcstcd 

X (7.31 X lo-*’ i- 3.49X 10‘“) Sv/nt 

= 1.72X Sv/Bq-ingested , 

H & o n t  surface) - 4.07X 106 nt/Bq-ingested 

X (6.52X10’” + 3.12Xl0-I4) Sv/nt 

+ 1.03X IO7 nt/Bq-ingested X (3.91X lo-’’ + 1.87X 10-14) 

3.86X Sv/Bq-ingested. 

Note that the above values, in conjunction with an estimate of the intake of 
%h, can be used to compute the dose which the individual is committed to 
receive as a result of an intake. [End of Example 7.12) 

The complexity of the calculation of the S-factor is dependent on the 
details of the radiations emitted in the nuclear transformations of the radionu- 
clide. 

Exumple 7.13. In Table 7.10 are shown the radiations emitted in nuclear 
transformations of I 3 I I .  Note the multiple beta emissions and the presence of 
conversion electrons in the tabulation. X rays associated with vacancies in the 
K-shell created by the internal conversion of gamma radiations are also listed. 
As indicated at the bottom of the tabulation, some radiations have not been 
included in the listing (radiations representing less than 0.1% of the total 
energy for the radiation type). 

B- 

1.086% 
I3lI (8.040 d) - ”lmXe (1 1.84 d) 

Specific absorbed fractions for photon radiation can be obtained from 
MIRD Pamphlet #5 Revisad (Snyder et al., 1978). Values obtained from this 
source are tabulated below for the thyroid as the source organ and the thyroid 
and testes as target organs. Only data relevant to this example arc shown. 

Energy range Wtby.cthy.) Wtcstcscthy.) 
(MeV) b-’ kg-’ 

0.02 - 0.03 18.1 - 7.41 4.96X - 7.32X lo-’’ 
0.05 - 0.10 1.67X lo-’ - 7.87X lo-’ 
0.10 - 0.20 1.44 - 1.55 . 7.87X10-’ - 3.52X10-‘ 
0.20 - 0.50 1.55 - 1.66 3.52X10-‘- 1.17XlO-’ 

2.42 - 1.44 

0.50 - 1.00 1.66 - 1.54 1.17X lo-’ - 2.46XlO-’ 
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~ ~ l c 7 . i a - m d - 1  
I1 4 

hdhliul (Bll-8)- (MeV) h X 4  
0- 1 213(-2) 6.93Y-Zr IAM-3) 
P- 2 6 m - W  8.693(-2y 5.3%-4) 
0- 3 7 x - 2 )  9 . w  -2y 7.1 I( -3) 
0- 4 ROY-I) 1.91%-2)' L7U-1) 
0- 6 4.m-3) 2.832( -2)' 1.19(-3) 
T I  262( -2) 8.01#-2) 2.W-3) 
e&? 1 3.6Y-2) 4.%2(-2) 1.66(-3) 
OPL*.f I 4 . w  - 3) 7.473( -2) 3.21( -4) 

7 7  6 . W  - 2) 248Y-I) l.72( - 2) 

7 12 2.51(-3) 3.25M-I) 8.18(-4) 

- K v  14 1 .U( - 2) 3 . W - I )  S.lO( - 3) 
-L.Y 14 L71( - 3) 3.590(--1) 6.13(-4) 
7 16 3.6 1 ( - 3) 5.030(-1) l.82( -3) 
7 17 737( - 2) 6.370( - I ) 4.63( -2) 
7 18 2.m-3) 6.427( - I )  I.))( -3) 

Km X ny 25% - 2) 297M - 2) 7.72( -4) 
b 2 X  n Y  1.w-2) 2.w-2) 4.1 2( -4) 
L b t s d x 7 . r a d y i  ndhtionr 3.W-I)  
0mittd~.7..ad7i ndiitions' 1.W-3) 
L i d  8. sr. rad A u w  n d i a t h  1.90(-1) 
Omitd 8. a. .ad Auger radmtions' 1.86(-3) 
Lhted radiations %to( - I )  
Omitlad ndhtionr, 2.95( -3) 

7 4  L6S( - 3) imx-1) 4.m-4) 

-K77 2.4N-3) 2.497( - I ) a m - 4 )  

T 13 8.12( - 1) 3.64%- I)  2.5%-1) 

7 19 1.80(-2) 7.229(- I )  1.m-2) 

*Avenge energy (Mcv). 
*E& omitted transition contributes <0.1008 to Ey,€, in its atepry .  

Xewbl3lm daughter. yield I.llXIO-J. k t r d i  Xa100-131 daugbtcr. yield 
9.889X IO-'. h m b k  

Tabulated below is a calculation of the photon radiation contribution to the S- 
factor for the thyroid and testes on the assumption that the thyroid is the 
source organ. In computing the specific absorbed fraction for the various phe 
ton radiations, log-log interpolation has been used. 

pbaroa E (MeV). A (MeV/nt) qthy.czhy.) q(tr*taLchy.) 
Y l  0.W 2 l O X  10" 1.70 22aX10'' 

0.1772 
0.2843 
0.3258 
0.3645 
0.5030 
0.6370 
a6427 
0.7229 
0.0298 
0.0295 

4.70X 10" 
1.72X lo-' 

2.%xIo-' 
l.82X lo-' 
4.63XIO-' 
1.41X10-' 
1.30x10-' 

4.12XIO-' 

a.18~10-4 

7 . 7 2 ~  10-4 

ZWf - 

1.53 
1.59 
1.61 
1.62 
I .66 
1.62 
1.62 
1.60 
7.53 
7.71 
0.623 

271  X lo-' 
5.58X10" 
d 6 7 X  IO-' 
7.73X lo-' 
1.17X10" 
1J2X IO-' 
1 S X  IO" 
1.74X lo-' 
4.40x10'" 
209x IO'" 

3.36X10" 

. .  . .  . .  . . .  
... 



I 

- .  Internal Dosimetry 7-43 . .  

The S-factor for the testes as a target need only consider the photon radiations. 
Thus 

S(testes-thyroid) = 1.6X X 3.36X 

= 5.38X Gy/nt . 
For the thyroid as the target, the electron and beta radiation (non-penetrating 
radiations) must be considered. From the decay data tabulation, 0.190 MeV/nt 
is associated with thcsc radiations. Recall that an absorbed fraction of unity 
will be considered for the non-penetrating radiations. If the thyroid mass is 
taken as 0.020 kg, then 

S(thyroid-thyroid) = 1.6X X (0.19/0.02 + 0.623) 

= 1.62X10-'2 Gy/nt . 

Note the significance of the non-penetrating radiation in determining the S- 
factor for the thyroid as the target organ. In Table 7.1 I (in Sect. 7.4.1). an S-  
factor value of 1.42X10-' Sv/Bq-d or 1.64X10-'2 Sv/nt is shown as 
obtained from Snyder et al. (1975). This value is based on a thyroid mass of 
19.63 g as used in the mathematical phantom for Monte Carlo calculation of 
the radiation transport rather than the 20 g value recommended in the Refer- 
ence Man report (ICRP. 1975). [End of Example 7.131 

7.4 DYNAMIC MODELS OF RADIONUCLIDES 
IN THE BODY 

Following intake into the body by inhalation or ingestion, a radionuclide 
may be absorbed from the respiratory and gastrointestinal (GI) tracts into the 
blood. from which it may be taken up by other organs and subsequently 
removed at rates that depend on the organs' metabolic processes and the chem- 
ical properties of the particular material. For some radionuclides, the forma- 
tion and decay of radioactive daughters are superimposed on the dynamics of 
uptake and removal. We shall index the members (species) of a decay chain 
with the symbol i .  where i = 1 corresponds to the nuclide taken into the body 
(parent). If 4: denotes the level of radioactivity of species i in organ Y, then 
the dose-equivalent rate to target organ T due to this radioactivity is 

..a. .*.&-~-.w* i.;c-. .- .\a*... 

Hk-r = Si-vq'r rem S - '  [Sv s - ' 1 .  ( 7 . 5 9 )  

When radioactive daughters are absent, the superscript i will usually be omit- 
ted. 
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One of the fundamental problems of internal dosimetry is to characterize 
q$ as a function of time for those source organs of interest for a particular 
radionuclide. Given this information (which depends on the history of intake 
of the parent radionuclide), the dose equivalent to target organ t may be 

where the summations art taken over all radioactive species in the decay chain 
and all source organs V. The lower limit of integration, r I, corresponds to the 
time of first contamination, and in many applications, r2 is the life expectancy 
of the reference individual. For purposes of Occupatioaal radiation protection, 
it is common practice to assume r2-r1 = 50 y, whereas in the area of 
environmental dosimetry, in which one is concerned with members of the gen- 
eral public, ranges of 70 and 100 y are sometimes used. When the range of 
integration corresponds to a terminal segment of the reference individual's life- 
time, we speak of commirred dose equiwulent corresponding to the assumed 
intake of the parent radionuclide. In this discussion, we assume that the total 
intake occurs abruptly at time r l  (an ucure intake). The resulting dose is 
delivered incrementally, at a rate that varies with time, until the radioactivity 
is removed from the body. 

Figure 7.3 is a schematic representation of the general compartment model 
of radionuclide movement within the body that will be discussed in this 
chapter. This arrangement is quite similar to that adopted by ICRP Commit- 
tee 3 for ICRP Publication 30. Intake is by inhalation or ingestion, and in 
either case there is absorption of the radionuclide into blood and body fluids 
(corresponding roughly to the compartment labeled "transfer compartment" in 
F,&. 7.3) and thence to systemic organs. For certain of our discussions, it will 
be convenient to assume direct injection into the transfer compartment. In the 
following subsections, we discuss the components of this system and their 
mathematical formulations. 

7.4.1 T d e r  Comparlmeat and Systedc Orgurp 

In the model suggested by Fig. 7.3, material introduced into the transfer 
compartment is assumed to be removed by first-order kinetic processes with 
biological balf-time T x  usually qual  to 0.25 d (but different for certain 
radionuclides). The systemic organs compete for the material with direct 
excretion from the transfer compartment. The allocation among these path- 
ways is parameterized by the fractions 0,. - - - , tIu, 0,. 

where 

81 + 

.a 

. .  . . . .  . . .  , .  . 
. .  . . . .  . . . .  . . . . .  ::.: , ~ .._ . , .' .- , ' . 

0 

(7.61 ) . . .  +ey +e, = 1 . 

. . . .  . . . . .  . . . . . . . .  .. :.. . . . . . . . . . .  . . . . .  . . . .  ~ . . . . . . . . . . .  . . . .  . . . . . . . . . .  . . .  . .  . .  
. .  . .  . .  

. .  
. .  

i 



- 
h 

11 GI 1 TRACT 

TRANSFER 
COMPARTMENT 

4 

1 

" I '! \. 





Internal Dosimetry 7-47 

................................ .:. ... :::::.::.:.:.: . . . . .  . . . .  . . . .  . . .  . . . . . . . . .  . . . . .  . .  . .  
. .  

... . .  . .  . .  . .  . .  

8 
. . .  . . . . .  . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . .  . .  . .> ' .  

of the cobalt entering the transfer compartment is excreted with biological 
half-time 0.5 d of the remaining 50%. 5% is translocated to the liver and 45% 
is uniformly distributed among other organs and tissues. Of the translocated 
portion, fractions 0.6. 0.2. and 0.2 are assigned to parallel compartments with 
biological half-times 6, 60, and 800 d, respectively. Translation of these 
assumptions into parameters described pmiously for the model of Fig. 7.3 is 
as follows: 

81 = 0.05 82 = 0.45 flex, = 0.5 ( I  = liver, 2 = other organs) 

j = 1.2 I ~ j . 1  0.6 Aj.1 == 0.693/(6 d)  = 0.116 d-' 
~ j . 2  = 0.2 
~ , , 3  = 0.2 Aj.3 0.693/(800 d)  = 8.66X 10-4d-1 

A j 2  = 0.693/(60 d)  = 1.16X 10-2d-' 

AT= = 0.693/(0.5 d)  = 2.77 d-' 

Substituting these values into Eqs. 7.65 and 7.66 gives 

qj( r ) = e j [  0.626exp( -0.1 16r ) + 0.201 exp( - I .  16 X IO-'r ) 

+O.ZOOexp(-8.66X 10-4f) 

- (0.626+0.201+0.200)exp( - I .39r ) ]  
X exp( - 3.60X 10-'f) . 

(7.69) 

By making a table of values and plotting the curve, one sees that q j ( r ) ,  ini- 
tially zero as required, increases rapidly as radioactivity is translocated from 
the transfer compartment until  a maximum value of 0.8328, units occurs at 
approximately 2.3 d after deposition of I unit in the transfer compartment. 
The integral of Eq. 7.69 from 0 to 50 y (=  18.250 d)  equals 1858, activity- 
unit  d and is the same as the integral to infinite time for the precision shown in 
our calculations. 

The retention function for systemic organs, r i ( r ) ,  is given by 

r,(r ) = [0.6exp( -0. I 161 ) + O.Zexp( - 1.16X 10-2f ) 
(7.70) + O.Zexp( -8.66X IO-'r )]exp( - 3.60X 1 O - 4 f )  ; 

this function is normalized so that rj (0)  I= 1. Because of the long radiological 
half-life of %o. the holdup of radioactivity in the transfer compartment 
makes little difference in the  activity integral for the systemic organs. If 8, 
units of '%o were deposited directly in organ j ,  the activity integral would be 

gj = L m y 8 j r j ( r ) d r  = 1858, activity-unit d, 

the same result as before, to the precision shown. But for short-lived radionu-" 
clides, the material lost to radiological decay during its stay in the transfer 

... 

. .  
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OTHER 
ORGANS 

(ORGANIC I) 

(12 d) 

compartment can make a substantialdifference in the dose computed for sys- 
temic organs. This point will be made in the next example, which deals with 
radioiodines. [End of Example 7.14) 

Exumpfe 7.15. As a second example, we examine the metabolic model for 
iodine proposed by Riggs (1952) as adapted for ICRP Publication 30 Part 1 
(ICRP, 1979). This throaccwnpartmcat model represents iodine in the transfer 
compartment, thyroid, and all remaining organs and tissues (Fig. 7.4). Iodine 
deposited in the transfer compartment is removed with biological half-time 
0.25 d, with 30% going to the thyroid and 7096 to excretion. Removal from 
the thyroid occuts with biological half-time 120 d, and the iodine, in organic 
form, is deposited in a compartment representing other organs and tissues. 
From the latter compartment, 109b goes to fecal excretion and 909b is returned 
to the transfer compartment, with biological half-time 12 d for both pathways. 

Note that this model violates the general scheme summarized in Fig. 7.3 in 
two ways: (1 )  The compartments for thyroid and "other organs" are not in par- 
allel; the first clears into the second. (2) There is feedback from 'other 
organs" to the transfer compartment. The differential equations and initial 
conditions are 

TRANSFER 
COMPARTMENT ('/'( 1 

(0.25 d) 

07 - 

EXCRETION 

0 Figure 7.4. Tbe Riggs/ICRP iodine model. 

L .  . . .  . . . . . .  . .  : . , .  
_ 1  

. .  .. :. . 
. . .  
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(7.71) 

d 
= h q l  - (h2+AR)qIr  92(0)=0. drq2 

where subscripts 1 and 2 refer to the thyroid and "other tissues," respectively. 
F m  the above description, we have Arc = 0.693/(0.25 d) 5 2.77 d-', AI 

= 0.693/(120 d) = 5.78X10-3 d-', and X2 = 0.693/(12 d)  = 5.78X10-2 
d-I. One may solve Eq. 7.71 with X R  = 0 to obtain the response for the sta- 
ble element. Solutions for a specific radioiodine may then be obtained from 
these by multiplying each stable-element response by exp( -ARf). Performed 
by hand, the calculations can be tedious. We have carried them out with the 
aid of a computer program, and the results, for the given data, are 

) ) = [exp( - 2.771 ) - 6. I3 X IO-'exp( -5-9SX 

+ 5.88X IO-'exp(-4.IOX10-'1)]exp(-X~f); 

q l ( r )  = [-0.301e~p(-2.77r)+9.49XlO-~exp(-5.95X10-~r) 

+0.291exp( -4.lOX lO-'r)]exp(-ARr); (7.72) 

qZ(1) = (6.40X IO-'exp(-2.771) - 3.20X10-2exp(-55.95X 10-2r) 

+3.13X 10-2exp(-4.10X10-'r)]exp(-X~t). 

To illustrate the effect of holdup in the transfer compartment for short-lived 
radioiodines. we have prepared Table 7.1 I for three isotopes with radiological 
half-lives that span a wide range: 1291 (5.73X109 d), '"I (8.04 d), and '''I 
(3.65X10-2 d). For each isotope, Table 7.11 gives the time-integrated 
response of each compartment of the model to an initial deposition of 1 .activ- 
ity unit in the transfer compartment; the total integrated response for the three 
cornparlments is also shown, and the percent of this total is given in 
parentheses for each compartment. Note the shift in the percent for the thy- 
roid in going from the long-lived 1291 to the intermediate '"1 to the ephemeral 
lUI. For each isotope, Table 7.1 I also gives us the S-factor, 
S(thyroid-thyroid) and the SO-y committed dose quivalent. 

Suppose the transfer compartment is not dynumicdy included in the 
model for the purpose of estimating the committed dose equivalent to the 
thyroid, and instead, 30% of the initial uptake is abruptly translocated to the 
thyroid where it is removed as before, with biological half-time 120 d. If the 
feedback pathway is neglected, the time integral of the thyroid's response, 
ijl(r). is given by 

(7.73) 
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Fdty-yar th&tcgUsd rdio 
aaivity(.eti.iy-raitdh Puca- 
~ ~ b e r s u t p a o e b  
tua: 

T d e r -  0.5 (0.6) 0.4 (9.6) 0.046 (95.8) 
Thymid 71.0 (90.3) 3.2 (86.9) 0.002 (4.2) 
&argan8dtin8Na 7.1 (9.0) 0.1 (3.5) 4 4 
TOtd 78.6 (-100) 3.7 (100) 0.048 (100) 

Sfactor for tblrdd.: 
rem (rCi d1-I 0.172 0.524 1.92 
[Sv (Bq d)-'I [4.64X10"] [1.42X10"] [5.18XIO-'] 

c o m m i t t s d d o & ~ t t o  
thyroid: 

rem (pCi)-l 12 1.7 3.8 X IO" 
[SV es-'1 [3.2XlO-'] [4.6X10-') [I.OXIO-'] 

'Snyder et d. ( 1975). 

Table 7.12 shows the estimates of committed dose equivalent to the thyroid 
obtained from Eq. 7.73 in comparison with their counterparts from Table 7.1 1. 
Long-lived "1 recycled by the Riggs/ICRP model delivers a dose to the thy- 
roid that is greater by 35% than the estimate based on instantaneous transloca- 
tion to the thyroid. For I3lI ,  the two estimates arc nearly the same. But for 
the rapidly decaying IwI, holdup in the transfer compartment of the 
Riggs/lCRP model results in an estimate of dose to the thyroid that is less by 
a factor of eight than that for immediate translocation. For nuclides with 
radiological half-lives that arc short in comparis6n with the O.2Sday biological 
half-time of the transfer compartment, this example shows the potential impor- 
tance of the preliminary holdup in the estimate of dose to a systemic organ; 
this importance diminishes as the radiological half-life significantly exceeds the 
biological half-time of the transfer compartment. [End of Example 7. IS] 

lhmple  7.16. We now illustrate the interplay of metabolism with the 
dynamics of production and decay of radioactive daughters in a decay chain. 
The chain to be considered is 

8- a 
210Bi (5.013 d) + 2'%o (138.4 d) - 206Pb (stable) . 

i )  

. . . .  . . . . . . .  . .  . . . . *  . .  . . .  . .  . . . . . .  . . .  
. .  

. .  , 
. .  . .  . .  
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T.Me 7.12. of emomitted dose equimkot to tbc thyroid due 
toopt.ledra&&dmt u estiuuted by (A) tk Riggs/ICRP model 

.d(B)iprh.tueolrstrurskcrtroa 

Isotope 
Half-life 

' W I  1311 'MI 
5.73XlVd 8.04 d 3.65X 10" d 

(A) Riggs/ICRP model? 
rem (pCi)-I 12 1.7 3.8 X IO" 
rsv &-'I p2xio-'] [4.6x 10-71 [1.0x10-91 

(B) Instantaneous translocation 
to thyroid of 30% of traosfcr 
compartment's contents': 

rem (pCi)+ 8.9 1.7 3.0X 10" 
i s v  &-'I 12.4X10") [4.6X lo-') 18.1 X 10'91 

'Table 7.1 1. 

*Equation 7.73 with Sfactors from Table 7.11. 

Our calculations are drawn from the following metabolic assumptions, which 
were adapted from ICRP Publication 30 (ICRF', 1979): 

BISMUTH. Of an initial deposition of bismuth in the transfer compartment, 
30% goes to excretion, 40% goes to the kidneys, and the remaining 30% is dis- 
tributed uniformly throughout the rest of the body's organs and tissues. Clear- 
ance of ,bismuth from the transfer compartment is rapid, occurring with biolog- 
ical half-time 0.01 d - not the 0.25 d taken as the usual default value. The 
retention function for bismuth in any systemic organ is assumed to be 

, (7.74) 
where the superscript 1 indicates the first (parent) species in the decay chain. 

POLONIUM. We assume that 10, 10, 10, and 70% of polonium deposited in 
the transfer compartment are translocated to the liver, kidneys, spleen, and all 
other tissues, respectively. In each of these compartments, the retention func- 
tion is taken to be 

R I ( ~ )  = 0.6~-0.693:/0.6 + 0 4,-0.693:/5 

p ( f )  r e-4693:/50. (7.75) 

The differential equations for the transfer compartment (TC) are 

(7.76) 
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whm A:, = 0.693/(0.01 d), A k  - 0.693/(0.25 dh A i  0.693/(5.013 4, 
and A i  = 0.693/(138.4 d). This system is easily s o l d  by elementary 
methods; the solution is 

2'oBi: q&r) - e -& (7.78) 

where we define & = &+ Ah, i - 1 , 2 .  We ccwsider transhation to kid- 
neys mly, for purposes of illustration. It is convenient to express the organ 
response for each nuclide species at time t as a convolutioa of total input with 
retention. For the parent species, 210Bi, the expression is 

where K denotes the kidneys, and accordingly, - 0.4. The retention 
function is of the form r g t )  = cxp(--XAf)Rfit), where R#t) is given by 
Eq. 7.74. For the polonium daughter, we have 

where e l  - 0.1 and other notations arc identical or analogous to those previ- 
ously explained. The first term in the brackets is the rate of translocation of 
polonium formed in the transfer compartment to the kidneys; the second term 
gives the rate of formation of polonium from decay of bismuth in the kidneys. 
These convolution integrals may be evaluated by direct integration or Laplace 
transformation techniques to give closed-form solutions for the bismuth and 
polonium content in the kidneys. These solutions are 

. . .  . .  . . .  . . .  . . . .  . . .  . . . . .  . . . . .  . .  . .  . .  . . . .  . .  . . .  
- . .  . .  _ . ._ . .  
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The time integrals from t = 0 to r = T (e.g., 18,250 d - 50 y) may be 
obtained from Eqs. 7.82 and 7.83 by replacing each exponential of the form 
e-'' by (1 -e-bT)/b. 

An equivalent formulation of the convolution integrals (Eqs. 7.80 and 
7.81) consists of the three differential equations 

z q K 1  d l  = ekhkd1qk-bkIq:I  9 
(7.84) 

(7.85) 

ZqK d 2  I = I q;C + xi qk I + xi d 2  c K 2 2  I q K  I 9 
(7.86) 

where q: of our previous equations equals qLl +qA2; these latter terms corre- 
spond to terms of the retention function for bismuth in the kidneys (Eq. 7.74). 

When numeric values are substituted for parameters in the solutions given 
by Eqs. 7.82 and 7.83, the results are 

qidf)  = exp(- 1.887X 10-21), . (7.87) 

& r )  = '7.51 1 X 10-5exp(-2.778i) 

- 7.5 I I X I O-5exp( - 69.451 ) , (7.88) 

qkf) = 0.2441exp( - 1.294r)+0.1603exp(-O.27691) 

- (0.2441 + 0.1603)exp(-69.451) , (7.89) 

(7.90) - 9.590X 10-4exp(- 1.2941) 

- 3.1 1 2 X 1 0-3 exp( -0.27691 ) 

+ 2.947X IO-'exp(-69.45f) . 
Integration of Eqs. 7.89 and 7.90 gives qi = 0.762 and 4: = 0.203 activity- 
unit days for *IoBi and 210Po, respectively, in the kidneys. [End of Example 
7.161 



The models discussed 80 far have assumed retention functions that can be 
expresscd 8s normalized h e a r  combinations of decaying exponential functions 
of time after uptake: 

(7.91) 

When such functions are fitted to expaimental data, however, it is frequently 
the case that three or more terms arc nccewuy to give a good representation, 
and consequently five or more parameters (q, A,) must be determined (the 
normalization condition in Eq. 7.91 reduces the number of a& by one). Use of 
this functional form to fit data poses two disadvantages: (1) determination of a 
large number of parameters is inefficient and scicnti6cally unpalatable when a 
smaller number can be made to suffig (2) obtaining fits of Eq. 7.91 that are 
optimum in the sense of least squares can present serious numerical difficulties. 
In view of these considerations, alternative forms arc sometimes introduced. 

A decaying exponential function can be interpreted to represent removal of 
material from a compartment at a rate proportional to the amount present, 
where the coefficient of proportionality is constant; Le., dJ?/dr - -AR, where 
A is a positive constant Suppose a sannd removal process is present whose 
rate coefficient diminishes with increasing time asymptotically as l/t. We 
write the differential quation for R with the competing proctsses as follows: 

R. - dR - -m-- 
dt r + t  

(7.92) 

The parameter c>O is inserted to avoid singularity at t = 0; its value is small 
in comparison with the total time interval over which the equation is to be 
integrated. With the initial condition R(0)  = 1, the differential equation (Eq. 
7.92) has as its solution 

4mrvp- ' . '  . *-.:;*- R(r )  = P(r +t)-be-h. (7.93) 

With values of b (0<6 < 1) and X determined by regression procedures, func- 
tions of the form 7.93 have been highly successful in modeling the retention of 
bone-seeking radionuclides in the body. The factor &'(r + c ) - ~  is commonly 
r e f d  to as a power funcrion. In some work, functions R - ut-b have been 
employed to represent retention data, where u denotes the fraction of the 
material administered that remains at the end of unit time, usually one day; 
the term power funcrion is also applied to this form. 

Without the exponential factor, the power function of Eq. 7.93 does not 
possess a convergent time integral to infmite time if b 6 1. Thus, a metabolic 
process represented by such a function would not achieve steady state in any 

e 
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finite time under the conditions of continuous administration of material at a 
constant rate (Le.* removal would never balance uptake). 

Power-function models with exponential factors have found prominent use 
by a task group of ICRP Committee 2 for representing retention of the alka- 
line earth elcments-calcium, strontium, barium, and radium. The task group's 
report, issued as ICRP Publication 20 QICRP. 1973). proposes a model that 
involves products of exponential and power functions, with parameters that 
have been estimated by a pnmss of fitting the model to various sets of reten- 
tion data (Table 7.13). For whole-body retention, the form of the model is 

R ( r )  = ( I  -P)e-"U+prb(r+t ) -b(ge- -rh+(~-B)e-u"J]  (7.94) 

where 

R(r)  = the fraction of an initial injection, into the blood, that remains in the 

t = a small time (0.3-3 d). related to initial turnover rate of the mate- 

body a t  time r ;  

rial; 

Table 7.13. Valws of the parameters for the alkaline earth metabolic modela 

Parameter Units Calcium Strontium Barium Radium 

Independent 
b dimensionless 0.10 0. I 8 0.237 0.415 
f d 0.76 0.20 0.007 0.12 

k g Ca d-' 0.275 0.275 0.275 0.275 
rl dimensionless I 3.80 37.1 36.5 
0 dimensionless 4 4 4 4 
P dimensionless 0.79 0.60 0.62 0.821 
m d-' 0.10 0.25 0.75 0.4 
w dimensionless 1 1 1.52 0.131 
C 1 ,OOo 1 *OOo 1.100 1 ,ooo 
CSURFACE g Ca 4 2 4 12 
k U R  d- ' 0.3 0.3 0.3 0.3 

dimensionless 2.29 2.22 2.0 3.0 
/ I  dimensionless - 0.19 -0.2 1 - 0.15 -0.2 1 
fc 

lorlk liter d-' 2.75 10.4 102 100 

fT dimensionless 2.01 1.78 1.54 1.94 

A Y - '  0.025 0.025 0.04 0.01 5 

Dependent 

B dimensionless 0.532 0.555 0.564 0.608 
r dimensionless 0.826 0.949 0.99 1 0.997 

a 'From ICRP Publication 20 ( 1973). 
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b e power function slopc, determined by removal of material from 
bone to blood and subsequent excretion from the body, 

X = the rate of apposition and resorption in cortical bone (taken as 
2 5 %  y-' by the task group); 

u = the ratio of the turnover rates of trabecular and cortical bone 
(taken as 4); 

@ = the fraction of material taken up by bone that is deposited in cort- 
ical bone (assumed to be approximately 0.5 by the task group); 

I = a factor which adjusts for deposition of material as new bone at 
sites of resorption long after injection (estimated as 0.826, 0.949, 
0.991, and 0.997 for salcium, strontium, barium, and radium, 
respectively); 

m = the rate constant for early removal of material from whole body 
(d-'); 

p = the fraction of the initial injection excluded from the early- 

r = time after the initial injection (a). 

As the parameters suggest, this retention model is strongly related to the 
metabolism of alkaline earth elements by bone. The task group partitioned 
whole-body retention into bone surface, cortical bone volume, trabecular bone 
volume, blood, and soft tissue; and each type of bone was also divided into 
'old" and "new." It is not possible to go into detail here about the evolution 
and calibration of the model, but the report of the task group (ICRP, 1973) 
contains full and extended discussions. We content ourselves with the barest 
outline, arranged algorithmically, followed by numeric tables that provide time 
integrals of concentration per unit activity taken up by blood. 

The task group assumed that the rate of excretion of an alkaline earth 
radionuclide from the body is proportional to its concentration in Serum or 
plasma and quantified this assumption as follows: 

removal component of the material; 

- =  dR -&s, 
dr 

(7.95) 

where R is the whole-body retention function of Eq. 7.94; k is the excretion 
rate coefficient (urinary plus fecal; time-'); 9 is the ratio of excretory plasma 
clearance of the radionuclide to that of calcium; and S is the activity per gram 
of calcium in blood Serum or plasma. Since R has been prescribed and esti- 
mates of the parameters 9 and k exist (Table 7.13), Eq. 7.95 is a means of 

e 

. . .  . .  .. _ . I  .~ 
f 

. . . .  . .  
, .  . .  . . . . . .  .... . .  

. .  

.. - 



Internal Dosimetry 7-57 

computing S as a function of I .  Given S, the retention for bone surface, 
R S U R F A ~ .  is computed by solving the differential equation 

d 
~RSURFACE = XSUR(CSURFACE~ - RSURFACE) 

(7.96) 
R ~ F A C E  0 for r -0. 

The parameters AwR and CSURFACE denote the turnover rate coefficient 
(time-') and calcium content of the bone surface compartment, respectively. 
Retention in blood is expressed as 

R B L ~ D  (3X IO-')cS , (7.97) 

where 3XIO-' is the fraction of the body's calcium in blood plasma and c is 
grams of calcium in the body. 

The retention function for cortical bone volume, RCORVOL, is 

I 0 if t = 0. 

p ~ r * ( l  + O)-be-rh if 1 > 0 ,  
(7.98) RcoRvoL = 

. .  
The quantity 8 is time dependent, through whole-body retention R: 

8 = L/cO.lcXw( I - R)/(ptb/39k)]-'/b ; (7.99) 

this expression for 8 was chosen to give the retention function RCORVOL suita- 
ble asymptotic properties. The constant 0.8 is related to the fact that 80% of 
body calcium in cortical bone, I/'= is the fraction of activity deposited in cort- 
ical bone that is in new bone, and w expresses isotopic discrimination between 
blood and bone. The other parameters in B have been defined previously. 

In  trabecular bone, the retention function, RTRAVOL, is given by 

&&.e--*& 47 .c-':- b.r+<-v.s>-*-. RTRAVOL = J T [ O . ~ C U X ~  1 - R ) / ( 9 k  )I . (7.100) 

where JT = 4J'( 1 - B)/(Bu). and 0.2 is the remaining fraction of body cal- 
cium (body calcium not in bone is a fraction of one percent and is neglected in 
the bone model). 

Retention in total cortical bone, total trabecular bone, and soft tissue is 
obtained from the functions already defined: 

RCOR RCORVOL + MRSURFACE. (7.101 ) 

RTRA RTRAVOL + HRSURFACE (7.102) 
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The equations gim above describe biological retention and do not account 
for radiological decay. If A, denotes the radiological decay rate coefficient for 
the alkaline earth radionuclide under study, the adjusted equations are 

r = (7.104) 

 COR ~CORVOL + %SURFACE * (7.1 10) 

(7.1 11) ~ T R A  = ~TRAVOL + H~SURFACE 9 

rwm = r - r m  - rTRA - ~BU)OD. (7.1 12) 

Practical evaluation of thest equations and their time integrals requires. for 
most purposes, the use of programmable computing equipment. But tabula- 
tions .of integrated activities in the compartments of interest can be helpful 
with solving some problems of internal dose estimation. Tables 7.14 through 
7.17 provide such tabulations of integrated activities for some of the alkaline 
earth radioisotopes We will illustrate their use in the following example. 
Table 7.13 displays the parameter values used in computing Tables 7.14 
through 7.17. 

Example 7.17. For 'OSr-v, we are concerned with the following decay 
chain: 

8' 8' 

The very short half-life of relative to 'DSr makes it reasonable to assume 
that time-integrated concentrations of 9 activity in bone and soft tissue com- 
partments are approximately equal to those of %r. Therefore, from Table 
7.15, following uptake of 1 Bq of %r by blood, we have the 50-yr integrals 
398, 157, and 18.4 Bq d io cortid bone, trabecular bone, and soft tissue, 
respectively, for each of 'OSr and 9. [End of Example 7.171 
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Table 7.14. CALCILIM: T k  h g m b  d a ftmcdom (d) 

Isotope Time Blood Bonc Soft CaciCpI Trabecular Whole 

nthc.Herhjcdid 

(half-life) (y) surface tissue bac born M Y  
Sbbk Ca I 0.652 8.76 14.0 89.6 76.9 176.5 

50 1.03 14.3 14.3 2055.5 724.2 2761.6 
QD 1.09 15.2 14.3 2903.6 731.6 3642.8 

"Ca I 0.652 8.76 14.0 89.6 76.9 176.5 
( 8 X I V y )  50 1.03 14.3 14.3 2055.1 724. I 2761.2 

OD 1.09 15.2 14.3 2902.4 731.5 364 I .6 

"Ca I 0.573 7.57 10.6 44.4 38.6 92.9 
(162.7 d)  50 0.579 7.66 10.6 53.7 45.9 110.4 

Q, 0.579 7.66 10.6 53.7 45.9 I 10.4 

Qca 

@GJ 
(4.538 d) I' 0.237 2.10 1.59 1.70 I .62 5.12 

(8.7 min) I' 8.3XIO-' 2.7XIO-' 0.0053 1.8XlO-' 1.7XIO-' 0.00615 

'From ICRP Publication 20 (1973). 

'Integral is the same for I y. 50 y. and infinite time. 

Isotope Time Blood Bone Sort Trabccuhr Conical Whole 
(half-life) (y) surface tissue bone bone M Y  
Stable Sr I 0.245 1.64 13.4 25.8 33.2 71.1 

50 0.283 1.92 19.2 190.6 595.6 799.0 
a0 0.287 1.95 19.2 191.4 762.8 973.0 

?sr 1 0.245 1.64 13.3 25.4 32.7 70.3 
(28.1 y) 50 0.275 1.86 18.4 157.2 398.4 572.0 

QD 0.275 1.86 18.4 157.3 421.1 597.0 

' S r  I 0.218 1.40 6.97 6.65 8.26 22.0 
(64d)  5 d  0.218 1.40 6.98 6.72 8.36 22.2 

%r I 0.214 1.37 6.39 5.54 6.84 18.9 
(52 d) 50' 0.214 1.37 6.40 5.57 6.88 19.0 

(1.35 d) I' 0.0870 0.215 0.920 0.163 0. I77 1.35 

(9.67 h) I' 0.0450 0.0439 0.377 0.0305 0.0327 0.486 

'51 

"Sr 

-sr 

"Sr 

USr 

(2.83 It) I' 0.01% 0.00617 0.127 0.00420 0.00447 0.155 

(2.60 h) I' 0.0184 0.00534 0.117 0.00363 0.00387 0.143 

(70min) I' 0.0096 0.00127 0.0533 8.67XIO-' 9.25XIO-' 0.0647 

.From ICRP Publication 20 (1973). 

'Integral is the same for I y. 50 y. and infinite time. 
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T31c 746. BAUUM Tiw btegmb of reteado0 fl#tka(d) 
ntimedterinjcctid 

irolopc Boat soft cortical TmbccuInr wbole 
(half-life) (y) rurfaa tissue bone boae M Y  
StabkL I 0.0293 0.356 6.82 9.48 6.93 22.9 

50 0.0306 0.374 11.1 120.4 32.8 163.5 
Q) aom 0.375 11.1 130.6 32.8 174.4 

%a I 0.0293 0.355 6.70 9.18 6.71 22.2 
(10.7 y) 50 0.0301 0.367 9.85 60.0 24.7 94.5 

Q) 0.0301 0.367 9.85 60.2 24.7 94.7 

(12.8 d) I' 0.0261 0.270 1.52 0.585 0.48 1 2.60 

( 1  1.7 d) 1' 0.0260 0.264 I .45 0.542 0.447 2.45 

I*Ba 

"lga 

1 3 3 m b  

(38.9 h) I' a0202 0.101 0.557 0.0959 0.0855 0.757 

(28.7 h) 1' 0.0188 0.0781 0.477 0.0705 0.0633 0.629 

(83.2 min) 1' 0.00680 0.00198 0.0488 0.00161 0.00147 0.0587 

(2.60 min) I' O.WO285 2 5 X  0.000456 3.1 X 2.7X IO-' 0.000748 

l 3 L h  

'"Be 

I 3 1 m ~ g  

.From ICRP Publication 20 (1973). 

'Integral is the same for I y. 50 y. and infinite time. 

Table 7.17. IlruwvM: Time L t W  of reteation fimctroos (d) 

Isotopc T i  Bone Soft Cortical Trabecular Whole 

=Ra I 0.0288 1.16 10.8 4.96 3.35 18.8 
(1602 y) 50 0.0296 1.19 21.2 73.3 25.4 1 19.0 

Q) 0.0297 1.19 21.5 100.4 25.9 147.7 
=Ra 1 0.0288 1.15 10.4 4.69 3.18 18.0 

(5.75 y) 50 0.0292 1.17 16.2 22.0 11.7 49.8 
w 0.0292 1.17 16.2 22.0 11.7 49.8 

Ts time dter in ject id 

(half-life) (y) rurfaa tissue bone bone WY 

=Ra 

mRa 

'YRa 

mRa 

.From ICRP Publication 20 (1973). 

'Integral is the same for I y. 50 y. and infinite time. 

(14.8d) I' 0.0250 0.868 2.14 0.665 0.582 3.36 

(11.4 d) 1' 0.0244 0.815 1.83 0.582 0.520 2.9 1 

(3.64d) 1' 0.0209 0.516 0.933 0.306 0.289 1.53 

(41.2min) I' 0.00234 0.00111 0.0312 0.000601 0.000585 0.0348 

\ 

. . .  _. . .. . , . .  . . .  .. '. , 
' c 

.- . . ._ '. . .... ..I. 

. I  



. .  . . .  . . . . . . . . . . . . . . . . . . . . . . . .  .:..--. . - . .  I.-..: . . . .  .;..-,.> :+ . .  :. :::..-:.. . . . . . . . . .  ._ . . . . . .  . .  .:. . . . . .  . .  
I n t d  Dosimetrv 7-61 

7A.2 Caslroimtestind (GI) Tract 

The gastrointestinal (GI) tract is modeled as four discrete segments: 
stomach (SI, small intestine (So, upper large intestine (VU, and lower large 
intestine (W. Table 7.18 summarizes some basic data about the segments 
and their contents. The conceptual model is that of Eve (1966) and has been 
adopted by ICRP Committee 2 as the basis for dosimetric computations for 
radiation protection. Mathematically, each segment is viewed as a compart- 
ment that clears into its succtssor by first-order kinetics, without feedback. It 
is assumed that essentially all absorption of radioactivity from the GI tract 
into body fluids occurs in the small intestine, at a rate b q s ,  where X, is the 
rate coefficient (d-'1 and qS1 is the radioactivity in the contents of the small 
intestine. Figure 7.5 is a schematic diagram of the model, for which the 
differential equations are 

. . . .  

(7.1 13) 

(7.1 14) 

(7.1 15) 

(7.1 16) 

in which it is assumed that 1 activity unit (pCi [Bq]) is ingested into the 
stomach at time 0. The rate coefficients As, As,, &, and A- govern clear- 
ance from the segment indicated by the subscript into the successor, or in case 
of the lower large intestine, out of the tract. These coefficients are based on 

- -  

Mass of Mass of Mean nsidencc 
walls. h) contents. (8) tin9 (d) selpnent 

stomrcb (s) 150 250 1/24 
S d  intestine (SI) 640 400 4/24 
uppcrhgc 

hteainc (ULI) 210 220 13/24 
b-large 

intestine (LLt) 160 135 24/24 

'ICRP Publication 23 (1975). 
'Eve (1966). 
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Figure 7.5. Schematic diagram of the model of radionuclide mQvement through the 
gastroiatgtiaal tract. 
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mean residence times of material in the respective segments as estimated by 
Eve (1966): As - 24, As, - 6, Auu = 1.8, and X u  = 1 d-I; these values 
arc reciprocals of the mean residence tinncs in Table 7.18. 

Absorption of a particular nuclide from the GI tract is characterized by a 
fraction, f,. which means that fraction of a unit amount ingested that is 
absorbed into body fluids if no radiological dccay Ooturs. Thus for a stable 
elemcat, if one exists, /, is the fraction of the total amount cleared per unit 
time from the small intestine that is absorbed: 

bqs1 
= ( A S I + b k S l  ' 

from which we derive an expression for X, in terms off': 

(7.1 17) 

The kinetic model, as formulated above, does not permit total absorption of a 
nuclide C/I = I) .  ICRP Committee 2 substitutes a model in which material 
passes directly from the stomach into body fluids, without passing further down 
the GI tract, when the material is considered to be completely absorbed. 

Note that the biological mean residence times for the segments, I& 
(where seg = S, SI, ULI. or LLl),  are small relative to the integration of 
times of 50-100 yr that are typical of calculations for routine or chronic expo- 
sure. Consequently, the activity integrals 

(7.1 18) 

may be used in computing committed dose equivalent to the walls of the seg- 
ments of the GI tract, rather than the corresponding integrals with the finite 
upper limit. Similarly, for an acute intake of radioactivity by ingestion, the 
cumulative transfer of activity from the small intestine to body fluids is essen- 
tially complete within eight times the biological half-time for removal of mate- 
rial from the small intestine, and therefore, within about one day. This cumu- 
lative transfer is Ad4sI, where osl is computed as in Eq. 7.1 18. By solving 
Eqs. 7.113 and 7.1 14 and integrating to obtain gsr, we may show that the 
cumulative uptake from the  GI tract, which we denote by A,, is 

A, is dimensionless and represents the fraction of ingested activity u$s that is 
absorbed from the GI tract. For a stable isotope (Le., X R  = O), one may use 
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Eq. 7.1 17 to show that Ax reduces to f,. For short-lived radionuclides, how- 
ever, A8 diminishes asymptotically as ~/(AR)'. 

Solving the difierential quations 7.1 13 through 7.1 16 and integrating the 
solutions to infinite time, as in Eq. 7.1 18, wc obtain the following results: 

1 - x,+x,; (7.120) 

(7.121) 

(7.122) 

(7.123) 

We remind the reader that the quantities Qwl in Eqs. 7.120 through 7.123 are 
normalized to one ingested activity unit and therefore may be regarded as hav- 
ing units of time. 

Example 7.18. Phosphorous-32 decays with radiological half-life 14.3 d. 
Phosphorous is readily absorbed from the small intestine, and ICRP Publica- 
tion 30 gives /I = 0.8. If 1 activity unit of '? is ingested, the activity 
integrals for the segments of the GI tract may be computed directly from Eqs. 
7.120 through 7.123: 

X R  0.693/( 14.3 d) = 4.85X10-2d"; 

A d  = (0.8)(6)/(1-0.8) 24 d-I; 

Qs = (1 activity unit)/(24 + 4.85X lo-') 

= 4.16 X activity-unit d; 
gsl .= (24)(4.16X10'2)/(24+6+4.85X10-2) 

* 3.32X activity-unit d: 
Quu - (6)(3.32X 1.8 + 4.85X 

0.108 activity-unit d; 

= 0.185 activity-unit d. 
4~ (1.8)(0.108)/(1 +4.85X10-2) 

Fractional absorption of the radioactive phosphorous is 

A, = (24)(3.32X10-2) = 0.797, 

. .  . . . .  . . . . .  
. . .  . .  . .  . .  : 

. .  . . . .  ...... .:. . :. ...... 
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Le., nearly that of nonradioactive phosphorous, as one would expect from the 
fact that the radiological half-life is long relative to the biological half-time of 
phosphorous in the small intestine. [End of Example 7.18) 

Equations 7.120 through 7.1 23 rquire generalization when radioactive 
daughter products are formed from the parent nuclide that is taken into the GI 
tract. We give the formulas for g& (seg - S, SI, ULI, LLI) for radionuclide 
i in the decay chain, where, as in Eq. 7.118, the tilde indicates integration 
from 0 to infinite time. The results are 

(7.124) 

(7.125) 

(7.126) 

The summations in Eqs. 7.125 through 7:127 are understood to be zero when i 
= 1. These equations correspond to an acute intake at r = 0 of one activity 
unit into the stomach. The symbols Bij denote branching ratios from nuclide 
species j to species i, where j < i .  

Example 7.19. We illustrate the use of Eqs. 7.124 through 7.127 to calcu- 
late gieg for %r ( i  = I )  and 9 (i = 2) for the four segments of the GI 
tract. We assume that 1 Bq of %r is ingested. For soluble forms of stron- 
tium, ICRP Publication 30 gives f l  = 0.30. Yttrium is poorly absorbed, and 
f1 = is assumed. With these data, we calculate, using Eq. 7.1 17, 

b & = (0.30)(6)/( 1 - 0.30) = 2.57 d-' , 

& - (10-')(6)/( 1 - IO-') = 6X lO-'d-'. 

Radiological decay-rate constants are A:, = 6.64X lo-' d-I and A i  = 0.260 
d-', and for this chain, 821 = 1. Therefore 

= 4.17X10-2 Bq d , 1 g& =: 

24 + 6.64X 
i )  



. . . . .  . .  ...................................... .:.; ,-.. ..... ........................... ::<y:;.:.: :. -:.: . ..... .; . .’ . . . . .  . .  . .  

o*260 X4.17X IO” - 4.46X Bq d , @i - 24+a26o 

(24X4.17X lo-’ = 0.117Bqd. 
@’ ID 6+257+6.64X1~-5 

(24x4.46X + (0.260)(0.117)1 
6 + 6 X  lo4 +0.260 @I - 

- 6.56X 10‘’ Bq d , 

E 1.8+!.64X:0-J (6 OJr7 
= 0.390 Bq d , 

(6)(6.56X IO”) + (0.260)(0.390)1 
1.8 + 0.260 4t.u - 

- 6.83X Bq d , 
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0*390 - 0.702 Bq d , 
1 +6.kXIO)-’ 

(1.8)(6.83X + (0.260)(0.702)1 
1 +0.260 420 - 

- 0.242 Bq d .  

The amounts of %r and 9 absorbed from the small intestine into the blood 
aft, respectively, 

A: = (2.57)(0.117) = 0.30 Bq , 

Ai = (6X 10’4X6.56X 10”) - 3.9X Bq . 
We see from this example that the assumption of integrated activities of 9 
that approximate those for %r would substantially overestimate the contribu- 
tion of the daughter nuclide to the dose to segments of the GI tract. The rea- 
son is the presence of biological half-times that are significantly shorter than 
the radiological half-life of 9. [End of Example 7.191 

7.43 Respiratory Tract 
The model respiratory tract which we shall discuss was developed for pur- 

poses of internal dosimetry by a task group of the ICRP and described in a 
published report (ICRP, 1966). Subsequent modifications have been incor- 

e 

. .  . , . .  . . . . . .  . . . . . .  .. :. . . . . .  . .  . . .  . . . .  . . . .  
. .  > .  :. . .. 
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prated, and the structure and parameterization given here are essentially 
thost found in ICRP Publication 19 (1972) and in ICRP Publication 30 
(1979). Sometimes it is referred to as the Task Group Lung Model (TGLM) 
to distinguish it from the earlier model that formal the basis of recommenda- 
tions set forth in ICRP Publication 2 (1959). But at present. it probably is 
more appropriate to call it the ICRP lung model, and we shall use this desig- 
nation. 

The ICRP lung model is intended to apply to radioactivity-bearing aerosols 
introduced into the breathing passages by inhalation. The model is presented 
schematically in Fig. 7.6. Inhaled materials are assumed to belong to one of 
three discrete clearance classes. according to how rapidly they are removed 
from the respiratory passages. These clearance classes are designated as D 
(removal accomplished in days). W (weeks), and Y (years), and to each 
corresponds a set of parameter values for the dynamics of removal. The model 
identifies four major respiratory regions: nasal-pharynx (NP), tracheo- 
bronchial tree (TB), pulmonary region (P), and lymphatic tissue (L). Frac- 
tional depositions of inhaled particulates in the first three of these regions are 
given by the fractions D,, DTe. and D,, respectively (the sum of these is less 
than one. with the shortfall accounting for prompt exhalation). These frac- 
tions are functions of the activity median aerodynamic diameter (AMAD) of 
the inspired particles; a functional relationship between the fractions D,, DTF, 
and Dp and AMAD is given by Fig. 7.7. The values of the fractions shown in 

Fig. 7.6 correspond to AMAD = 1 pm. 
Each major region is subdivided into compartments. and we label the latter 

with boldface italic letters a, 6, . . .  , j .  In the NP  region, material depo- 
sited in compartment u is available for absorption into body fluids, while that 
deposited in compartment b is eventually swallowed and thus enters the GI 
tract. Similarly. material deposited in compartment e of the TB region is 
absorbed into body fluids, while compartment d represents material that is 
being moved upward by ciliary action, out of the lungs and into the GI tract. 
Material from compartments f and g of the pulmonary region (P) also enters 
compartment d and is moved upward and into the GI tract, with material from 
f being cleared rapidly from the lungs and that from g progressing very slowly. 
Compartment e in the pulmonary region represents absorption into body fluids, 
and material is removed from compartment L by lymphatic drainage. Lym- 
phatic tissue is divided into two compartments (i and j ) ,  with material that 
leaves compartment i entering body fluids. Compartment j represents material 
that is tenaciously retained in lymph and is applied only in the case of Class Y 
material to ten percent of the lymphatic burden, with the assumption that 
removal occurs only by radiological decay. Figure 7.6 tabulates, for each clear- 
ance class, the partition fraction F. and the biological half-time of removal, T,, 
for each compartment Y = u. b, . . .  , j .  The partition fractions sum to 
one over all compartment3 of each major region; for example, Fa i- Fb = 1.  
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Fize 7.6. Tbe ICRP lung model. 
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The following system of differential equations, with initial conditions, pro- 
vides a precise characterization of the model's dynamics. We assume that ini- 
tially one acitivity-unit (rCi (Bq]) of the parent species is inhaled (i = I), 
with no daughter activity. The difierential equations describe the translocation 

. . .  . _ .  . . .  
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Figure 7.7. Respiratory deposition model for particulate material. The radioactivity or 
mass percentage of an aerosol that is deposited in the nasopharyngeal, trachmbronchial, 
and pulmonary regions ( D N ~ .  D n ,  and Dp. respectively) is shown relative to the 
activity median aerodynamic diameter (AMAD) of the aerosol distribution. The model 
is intended for usc within the AMAD range indicated by the solid lines, whereas the 
broken lines represent provisional tstimatts. For a distribution with AMAD > 20 pm. 
complete deposition in the NP region is to be assumed; the model should not be applied 
to aerosols with AMAD <0.1 pm. Source: Adapted from International Commission on 
Radiological Protection 1979. Report of Committee 2. Limits for Inakes of Radionu- 
rthles by Workers, ICRP Publication 30, Ann. ICRP 2(2-4). 
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and decay of the parent species and the formation and transldcation of the 
daughter species (i = 2, - , N), all as functioas of time subsequent to 
the initial deposition of the parent. The notations 4.6,. - - , qj stand 
for the activity of species i in the chain that is prestnt in compartment a, b, 

of species i by & and by our previous statement, this is one activity-unit if i - 1 (parent) and zero otherwise. Here are the q u a k  

. . .  . j at time 1. In the equations, we denote the total inhaled activity 

(7.128) 

(7.129) 

(7.1 30) 

(7.131) 

(7.132) 

(7.133) 

(7.134) 

(7.135) 

(7.136) 

(7.137) 

... . . .  .. 
. . .  . . .  

. .  

: ' . . .  
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In Eqs. 7.128 through 7.137, note that the regional partition fractions F, and 
the corresponding removal rate constants A,, P = u, b, - - - , j ,  are not 
indexed by the superscript i and therefore are the same for all species in the 
decay chain. The effect of this choice is that the biological dynamics of all 
species that form within the respiratory passages will be the same as those of 
the parent species that was originally inhaled and deposited. The explanation 
is that the aerosol carrier to which minute particles of radioactivity are 
attached is assumed to determine the dynamic behavior of clearance to a 
greater degree than the attached radionuclides. In practice, however, there 
exists some ambiguity in this regard, because in the original task group report 
(ICRP, 1966). a considerable number of chemical compounds were classified 
as to overall biological half-time in the respiratory tract, without explicit refer- 
ence to properties of the underlying aerosol carrier, the list of compounds was 
supplemented in the Reactor Safety Study (Nuclear Regulatory Commission, 
1975. Appendix D of Appendix VI), with each compound being classified D, 
W, or Y. Even the particle size distribution of the aerosol is sometimes un- 
known when the model is applied. The solution of these and related problems 
must await further development of the basic research that supports the model- 
ing and the characterization of the chemical and physical properties of the air- 
borne radioactivity. 

For a single radioactive species, Eqs. 7.128 through 7.137 may be solved by 
elementary methods. The solutions follow: 

q. ( t )  = F,.DNpe-(A*+AR)' , Y = U .  b ; (7.138) 

. .  . .  . .  

(7.141 ) 
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. .  
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. . .  

(7.144) 

(7.145) 

(7.146) 

(7.147) 

(7.148) 

(7.149) 

We shall denote estimates of cumulative translocation from the respiratory 
tract into the body fluids (i.e, transfer compartment) and GI tract by Af and 
B:, respectively. ~ h e s e  quantities may be expressed as 

81 - s4:+Gli - (7.15 1) 

The fate of material entering the GI tract from compartments b and d and its 
residentx time in the segments of the GI tract are estimated by the methods of 
Sect. 7.2 and Examples 7.18 and 7.19. The following example illustrates cal-== 
culations for the respiratory and GI tracts following the acute intake by inha- 
lation of 1 activity-unit (pci [Bq]) of 32P. 

Exumplc 7.20. We consider inhalation of 1 activity-unit of 32P (TR = 14.3 
d, A, = 4.85XIO-’ d-’1. Phosphorus compounds are assigned to Class D by 
ICRP Publication 30 Part 1 dICRP, 1979), except for certain phosphates, 
which are considered to belong to Class W. We assume Class D for this cal- 
culation, that the carrier aerosol has AMAD = I pm, and we further assume 

.. 
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that the material brought up and swallowed bchaves in the GI tract in accord- 
ance with Example 7.18. The following table indicates, for each respiratory 
compartment, the parameter values, the integrated activity (ij,), and the q u a -  
tion used in the calculation: 

4. 
Cornpart- A X,+A, (activity- 
mcnt (0 )  F. D (d‘l) (d-l) Equation unitd) 

0.5 0.30 69.3 69.4 (7.139) 2.16X10-’ 
b 0.5 0.30 69.3 69.4 (7.139) 2.16XIO-’ 
C 0.95 0.08 69.3 69.4 (7.141) 1.10X10-3 
d 0.05 0.08 3.47 3.51 (7.143) 1.14X10-3 
e 0.8 0.25 1.39 1.43 (7.145) 0.140 
L 0.2 0.25 1.39 1.43 (7.145) 3.5OXIO-’ 
i 1.0 - 1.39 1.43 (7.147) 3.37X101’ 

Note that compartments J g, and j are not applicable to Class D. Substituting 
appropriate values from this table into Eqs. 7.150 and 7.151, we calculate 

A, = 0.467 activity-units to body fluids , 
B, = 0.154 activity-units to GI tract 

0.62 1 activity-units cleared from respiratory tract. 
For 1 activity-unit inhaled, the deposition model gives D,,+DTs+D, = 0.630 
activity-units deposited in the respiratory passages. The difference 
0.630-0.621 = 0.009 is the fraction of the inspired activity-unit of 32P that  
undergoes radiological decay in  the respiratory passages and lymphatic tissue. 

By referring to Example 7.18, we can compute the residence times of the 
32P that is transferred from the lungs to the GI tract. We have 

GS = (0.154)(4.16X 10-2)=6.41 X IO-’ activity-unit d , 

ijs, = (0.154)(3.32X lo-’) = 5.1 1 X IO-’ activity-unit d , 

and similarly for the other segments. Finally, translocation to body fluids from 
the small intestine is 

Ag= A&sI=(24)(5.1 1 X 10”)=0.123 activity-units. 

The total translocation to body fluids, therefore, is 

AI + A, = 0.467 i- 0.123 = 0.590 activity-units. 

[End of Example 7.201 

treatment of Class Y materials. 
We give an example involving a plutonium isotope to illustrate the model’s 



732. Plutonium-239 decays by alpha emission witb half-life 

1979) suggests that Pu@ be assigned to Class Y for respiratory clearance, 
with GI-tract absorption parameter f, - For this example, we assume 
AMAD - 1 ccm, Because of the extremely low activity of the u5U daughter 
that is formed per transformation of 23%, the rest of the decay cham can be 
neglected in the present context. The following table summarizes the calcula- 
tion of cumulated activity in each respiratory compartment 

8.81X106 d (A, - 7.87X10‘* d-I). ICRP Publicatioa 30 Part I (ICRP, 

Compart- 
4. 

(activity- 
ment ( P )  F, D ( d - 9  (d-‘)  quat ti on unit dj 

a 0.01 0.30 69.3 69.3 (7.139) 4.33X IO-’ 
b 0.99 0.30 1.73 1.73 
c 0.01 0.08 69.3 69.3 
d 0.99 0.08 3.47 3.47 
e 0.05 0.25 1.39X10-’ 1.39X10-’ 
f 0.4 0.25 0.693 0.693 
8 0.4 0.25 1.39X IO-’ l .39X IO-’ 
h 0.15 0.25 1.39XIO-’ 1.39XIO-’ 
i 0.9 - 6.93X IO-‘ 6.93X IO-‘ 

. .  

i 0.1 - 0 7.87 x lo-’ 

(7.139 j 
(7.141) 
(7.143) 
(7.145) 
(7.145) 
(7.145) 
(7.145) 
(7.147) 
(7.149) 

0.172 
1.lSX Io-’ 
8.05X IO-’ 
8.99 
0.144 

71.9 
27.0 
48.7 
65.7 

i n  these calculations, the exponential terms are all negligible, except e-*@, 
which occurs in Eq. 7.149, in connection with compartment j ;  this compart- 
ment represents trapping of Class Y material in the lymphatic tissue. We used 
t = 18.250 d (50 yr). 

Notice the relatively large values of 4, for the pulmonary and lymphatic 
regions, particularly compartments g. L, i, and j .  In thest last two compart- 
ments, the bigh exposure and the small mass of the respiratory lymph nodes 
( 1  5 g) conspire to give a large dose to the lymphatic region, relative to the 
dosc averaged over the NP, TB, and P regions. [End of Example 7.211 

~ ~ S ~ . > ~ *  .--. 

75 DOSE CONVERSION FACTORS FOR SELECTED 
RADIONUCLIDES 

Applications of the computational procedures outlined above have been 
implemented in Various computer d e s  for the purpose of tabulating the com- 
mittad d m  equivalent in an array of organs of the body per unit activity 
inhaled or ingested. The utility of such tabulations is of course self evident, as 
well as the inherent limitations with regard to their application to a particular 
individual. In the tabulations presented bere we have restricted consideration 
to the organs of Table 7.3, that is, the organs explicitly considered by the 
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ICRP to be at risk. We have included the ?emainder" as the average com- 
mitted dose equivalent among the five highest irradiated tissues which are not 
explicitly named in the table. The effective committed dose quivalent was 
computed in Eq. 7.6 as 

- I: WrHso,r 
r 

where H%,r is the committed dose equivalent in target tissue per unit intake, 
and the weighting factors wt represent the fractional contribution of r to the 
total risk under uniform whole-body irradiation. The committed dose 
equivalent received by an organ was introduced in the context of occupational 
radiation protection, 50 years being generally inclusive of a working lifetime. 
The committed dose equivalent represents the total dose equivalent which an 
organ or tissue of the body is expected to receive over the 50-year period fol- 
lowing exposure. For radionuclides whose retention times in the body are rela- 
tively short (-1 year), the committed dose equivalent for a single intake of 
one unit of radioactivity is numerically comparable to to the annual dose 
equivalent for a continuous intake of one unit of radioactivity per year. But 
for radionuclides with longer retention times iii the body, the committed dose 
equivalent will underestimate the annual dose equivalent. 

In a single dosimetric quantity, the effective committed dose equivalent 
represents the risk from irradiation of the body under uniform or nonuniform 
irradiation, the risk being the induction of fatal malignant disease and genetic 
disorders. A risk of 1.65X 10-2Sv-' has been assigned (see Table 7.3). 

As noted above, the weighting factors are based on fatal health effects. For 
some body tissue, the probability of inducing a cancer in that tissue and the 
probability of death are quite different, e.g., thyroid. Furthermore, the genetic 
weighting factor was based on consideration of disorders only in the first two 
generations. the parents and immediate offspring. To permit further considera- 
tion of health effects for these tissues, we have tabulated their committed dose 
equivalent per unit intake. 

The data presented have been adopted from information compiled during 
the course of development of ICRP Publication 30. In ICRP Publication 30 
(ICRP, 1979). the Commission published those dosimetric data needed to 
reproduce the secondary limits of intake. The values presented here in some 
cases may not be applicable to environmental situations. For example, in 
characterizing the influence of chemical form on the clearance of inhaled 
material from the respiratory passages, as well as fractional absorption from 
the gastrointestinal tract, primary attention was given to those compounds 
which might be expected to be present in the work place. In some instances, 
environmental factors might lead to higher uptake from the gastrointestinal 
tract (e.g., for uranium and plutonium), while in other cases, the values might 
be lower. 

.-4* .-4,..w*+ 2, y.-.-.-.u*. 
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In most environmental applications, a more rigorous evaluation would 
require information on the time variation in tbe dose equivalent rates for the 
various tissues at risk. Given such detailed information, the time dependence of 
environmental concentrations, and therefore that of the intake (rather than 
simply the total intake), could be 8sscs8cd with consideration of the years of 
remaining Iifc, as derived from the age distribution of the exposed population. 
At this time, however, such information is not available for a large number of 
radionuclides. We wish to caution the reader that overestimates by factors of 
two to three in the risk may result from failure to consider the timedependent 
nature of the organ dose equivalent rates and the years of life remaining. 

75.1 Iph.htloa Erpospre 
Committed dose equivalent values per unit intake are given in Table 7.19 

for a limited selection of radionuclides. The values presented arc for an aero- 
sol of AMAD = 1 pm with the indicated respiratory clearance class. Sug- 
gested assignment of chemical forms to clearance ciassifmtim arc presented in 
Table 7.20. but the reader is strongly urged to consult the discussion of meta- 
bolism of the element in ICRP Publication 30 (ICRP, 1979) for further 
details. 

75.2 IRgeStioa Exposlw 
Committed dose equivalent values per unit intake arc given in Table 7.21 

for a limited selection of radionuclides. Suggested assignments of chemical 
forms to the f l  parameter, the fractional absorption from the small intestine, 
arc presented in Table 7.22; but we strongly urge the uscr to consult the dis- 
cussion of the element's metabolism in ICRP Publication 30 (ICRP, 1979) for 
further details. 
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Table 7.19 (coatinod) 

Clear- 

class 
Nuclide ance /I Gonads Breast R .  Marrow Lungs Thyroid Endosteal Remainder Effective 

S .OE-0 2 
sew-02 
5 .OF- 0 2  
5.0t-02 
5 OF- 02 
9 OE- 02 
5.0€-@2 
5.0F-02 
!4.OC-02 
5 or- bS 
I .OF-03 
5 .Or?- 0 3 
s .OF- O? ., .OE-OS 
s 007- 0' 
5 .OE- 0 2 
S.OF-02 
5 .Of- 0 2  
S eo€- 0 2 
.I o O F - 9  2 
9.0C-92 
5.0C-0 2 
q.OF-32 
5.0E- 32 
%Or- 02 
5.05-02 
SOOF-02 
P .or- b 2 
2.OE-02 
2.OE-02 
2.OF-32 
2.OE-c 2 
%.OF-02 

9.84C-11 
I I3E-10 
I e23F-lC 
1 52F-OC 
3 18E-OE 
1 29C-07 
I .28t - lO 
2.37C-10 
2 0 5ec- IO 
6. 04t -  1 I 
2.19r-IO 
3 4sc- @9 
2 . 3 r - 1 0  
2.72C-10 
2.06t- IC 
1 . O T E - O C  
0.54F-09 
2.1IF-oe 
0.12c- 10 
1 WE-09 
I .(lbf-OQ 
4 0  13F-07 
I 2E-07 
I oO8C-07 
1.95F-00 
1 1lE-OS 
1.16E-08 
?.Xi€-09 
8 7W- 09 
1 .SbC-09 
4.18F-09 
2 34t- OE 
2 69E -06 
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Tabk 7.19 (contfaocd) 

Clear- 

class 
Nuclide ance /I Gonads Breast R. Marrow Lungs Thyroid Endosteal Remainder Effective 

1.oe 00 
I .OE 00 
t.OE 00 
I.0E oc 
t o o €  0 0  
( .OF 00 
l.OC 00 
(.OF 00 
1 .OE-01 
I .OF-0 I 
I .OE-Ot 
1 .O€-O 1 
1 .OE-O?l 
1 .OE-03 
I .E-03 
I .OF-03 
I .OC-O3 
t .Or-03 
3. OF- 04 
3.OE-04 
1.OC-Ob 
3oOC-04  
3.Oh-04 
3 o O E - 0 4  
3 05-0 4 
3.OF-04 
3.w-94 
3 o O E - 0 4  
3.0F-Ob 
3 .OF-04 
3 .OF-0 4 
3008-04 
3 OE-04 

2. mat-I3 
80 46t-09 

3.34F-12 
I.?OC-05: 

7.  93E-69 
3 = I C - I  2 
2. 43C- 12 
2. %E-IO 
I 33C-I2 
1 P 7 C - 1 2  
I .  22c-10 

9. 4OE-I2 
2. 4 5 C - I  2 
0.?4F-l? 
4. 91  E-I 2 
4.01 € - I  I 
2. CSE- I I 
I .  2 I E-1 1 
6023E-12 
I. ear-09 
2.928-13 
I.Fee-ls 
1 .CIE-1(1 
I 94E-I I 
I .  e2 e- I I 
Im32e-14 
I 9 lE- I  4 
4 . ~ 7 E - I  I 
3.82E-l I 
e. 1 C E - I O  

I .  1 IE-rn 

t . 73 E-09 

c.eie-ii 

5 ~ 3 1 r - 1 2  
2 .O IF-  I t  
I .ioR-on 
3 .sst-12 
I .tor-09 
I .TOP-09 
7 0941-03 
?.S(LE-12 
2 oa9C-12 
2 041  E-09 
4.73t- 12 
t ~ 4 2 E - l 2  
4oOSF-IO 
I 0 4 l F - 1 0  
I .20E-IO 
t ..?%E- I 1  
1 117- I I 
3 e39E- 12 
3.79C-09 
2 .WE- 10 
? .bot- I I 
I .64F- I I 
4 .S4€-08 
4 072E-39 
2.74€- 10 
1 0 4 9 f - 1 1  
2 033t-09 
3 .tee- to  
I .n2rr-m 
~ . O l E - 0 8  

? .OBE- I I 
0 005C-09 

4 .no?- to 

5.55.5- I I 
3 0 3 2 E - I O  
1.iSC-OO 
I.laE-11 
I. 23F-09 
I 98E- 09 
O.63E-09 
2 074r- I t  

I 01 E- 09 

I .  1 le- I I 
9 033E- I 0 
1031E-09 
1 . S X - I 0  
I 052E- IO 
6'. a4c- I I 
5 SO€- 1 I 
202%-09 
2.4s-09 
a .C6C- IO 
9. t6E-IO 
5 84F-08 
I OIE- 07 
2004'C-O9 
2.I?E-09 
1072E-09 
1 OSF- 09 
6 e97E- 09 
I .06E-C8 
2 .B lF-O9  
2095E-09 
So46E-00 

4.64e- t I 

L. tntz-11 
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Table 7.19 (continued) 

Clear- 

class 
Nuclide ancc /I Gonads Breast R. Marrow Lungs Thyroid Endosteal Remainder Effective 

?.OF-02 
.;.OF'-02 
2.OE-0 3 
1 .OF- O? 
1 .OF-02 
t .OF-02 
I .OF-nb 
t .or- os 
I .0'-04 
I .OF- os 
t eo€-04 
I .O€-OS 
t .OF-04 
1 a 3 F - 0 5  
I e o € - 0 4  
I .O'-Ob 
I .OE-Ob 
t .O€-OS 
3 e O E - 0  4 
s.0c- 0 4 
SeOF-04 
9.0E-04 
S.0 F- 0 4  

2.23F-0 P 
n. 7tF-I?$ 
? 4 E-QQ 
3.07E-OC 
3 O M - 0 9  
7.42F-t I 
3.79E-os 
t . 04c- Of 
3.17E-os 
1. ?W-05 
3. 1C.E-OS 
I . 2 0 € - 0 S  
(r.COC-O? 
2 ?E€- 0 ? 
3mOIE-OC 
t t4F-05 
T.qEE- o s  
I . I X - O S  
r . ??€-0 s 
1.94E-09 
?.?OF-OS 
3 2SE-0 s 
S.60E-07 
z or€- 0 s 

6.50E-0 ? 
I .  qat-0 7 
6.90E-Ot3 
t q t F - 0 4  
I. -2E-08 
I .  a t € - t  0 

e. *?C-OJ 
t 37F-0 4 
7.6Of-05 
I C7E-0 4 
7. 6dr -05  

I ?OE-06 
I .  PEE-0 4 
7. ?JE-FS 
I R6E-0 4 
?* t?E-05 

I 17E-0 0 
t n9E-0 4 
2. 03K-C 4 
4.02'-06 
I. 335-9 4 

I .  7 6 ~ - n  4 

4. o%E-on 

2. we-a4 

2. A O E -  07 
I m42E-03 
P .  6 6 ~ - 0 4  
t e6LlF-05 
3.47rf-09 
2.36F-09 

? .?01-04 
I .?35-05 
3.235-04 
I .?3€-0S 
3.P3E-04 
1. SE-09 
3 t8E-06 
I -6bF-OS 
3.070-01 
t .63€-0s 

Q 3 t - 0 4  
I .841-05 
S.?OP-OR 
4. POE-06 
I .  78?-05 
t .SSC-OS 
t .94E-CS 

93E-0 S 
.@OC-OS 

1.n4c-o~ 

. C ~ E - O S  

2. t2F -08  
6.71 E-39 
2.73E-09 
1.03 E-38 
2. tac-11 
s o  R I E -  t 2 
4. t o € - 1  2 
I O9E-12 
4.36E-t2 
2.34E-t 2 
s. 56 E- 12 
2.47E-ti! 
1.43c-t1 
7.80E-12 
2.96E-11 
1.8OE-t t 
2. e6  E-6 n 
t. rSE-08 
?.SOE-tO 
I.6SC-t 3 
5.3~ E- I o 
Oe76E-09 
1.28E- I 3  
3.24E-09 
6 . 2 3 E - l P  
3.26E-09 
I Z 6 E - 0 9  

6.62F-07 
I e90E-06 
3.20t-05 
1 e X F - 0 4  
9.25E-09 
6 e A J F -  1 0 
1.255-04 

I .40E-04 
9.19C-OS 
I ..OF-04 
9.  I*€!-OS 
2. 0 I C - 0 6  
1 S6E- 06 
I.33E-04 
P . ? X - 0 5  
I 3 I C - 0 4  
e 63C-  O S  
I .4JE-04 
1.62E-OO 
I rS9E-04 
1 4 3 E - 0 4  
4 7 8 F - 0 6  
0 . C I E - 0 5  
?.6IE-05 
I 48E-04 
1 47E-  04 

n . SOE- oz 
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Table 7.19 ( e o n t i d )  

Clear- 

class 
Nuclide anct /I Gonads Breast R. Marrow Lungs Thyroid Endosteal Remainder Effective 

OCarbon dioxide. 
bLabelcd organic compound. 
Varbon  monoxide. 
dNickel carbonyl vapor. 

... * :. , 
'. 'v.; 

. .. 
' '!. 
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Tabk 7.20. Assignmat of clearance clpss .ad 
f:tlbwsforinhiledcompormds 

Ckaxana f: Chemical compounds class Element 

Be 

P 

Cr 

Mn 

FC 

co 

Ni 

cu 

se 
Br 

Sr 

Y 

Zr 

Nb 

MO 

Y 
W 
W 
D 
Y 
W 
D 
W 
D 
W 
D 
Y 
W 
W 

vapor 
D 
Y 
W 
D 
W 
D 
W 
D 
Y 
D 
Y 
W 
Y 
W 
D 
Y 
W 
Y 
D 

sx 10-3 
SXlO-’ 

0.8 
0.8 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

5x 10-2 
5x 10-2 
5x 10-2 

1 .o 
5x 10-2 

0.5 
0.5 
0.5 

0.8 
1 .o 
1 .o 

1 x 10-2 
0.3 

1 x 10-4 
1 x 10-4 
2x 10-3 
2x 10-3 
2x 10-3 
1 x 10-2 
1 x 10-1 
5x10-2 

0.8 

Oxides, halides, and nitrates 
AI1 other compounds 
Phosphates of some particular elements 
All other compounds 
Oxides and hydroxides 
Halides and nitrates 
All other compounds 
Oxides, hydroxides, halides, and nitrates 
All other compounds 
Oxides, hydroxides, and halides 
All other compounds 
Oxides. hydroxides. halides. and nitrates 
All other compounds 
Oxides. hydroxides. and carbides 
Nickel carbonyl 
All other compounds 
Oxides and hydroxides 
Sulfides, halides, and nitrates 
All other compounds 
Oxides. hydroxides, and carbides 
All other compounds 
Bromides of all compounds 
Bromides of all compounds 
Titanates 
Soluble compounds 
Oxides and hydroxides 
All other compounds 
Carbides 
Oxides, hydroxides, halides, and nitrates 
All other compounds 
Oxides and hydroxides 
All other compounds 
Oxides. hydroxides, and disulfides 
All other compounds 
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Tc 

Ru 

Rh 

w 

. . . .  

cd 

Sn 

Sb 

Te 

i ,// 
a 

. .  . . .  . . . . .  . . . . . .  . . .  . .  . . .  . . . . .  . .  
. . . . . . .  ._.. .._ 

. . .  
. .  

. .  
. .  

W 
D 
Y 
W 
D 
Y 
W 
D 
Y 
W 
D 
Y 
W 
D 
Y 
W 
D 
W 
D 
W 

D 
W 
D 
W 
D 
Y 
W 
W 
W 
Y 
W 
Y 
W 

0.8 
0.8 

5X 10" 
5X 10" 
5 X lo-' 
5 X lo-' 
5 x 10" 
5x 10-2 
5 X lo-) 
5X lo-) 
SXlO-' 
5X lo-' 
5X lo-' 
5X 
5X10" 
5X 10" 
5 X 
2x 10-2 
2x 10-2 
1 x 10-2 

0.1 
2x lo-' 
2x 10-1 
1 x 10-3 
1 x 10-3 
3X 
3X104 
3x10'' 
3X10'4 
3X10'4 
3x10" 
3x10" 
3x10" 

. . . . . . . . . .  . .  . . .  . :  : . .  

oxides, bydroxidg, ldidca, .ad nitrates 
All*- 
Oxides and hydroxida 
H a l i b  
All Otbaarmpouads  
Oxidesandbydmxides 
Halides 
Al lOtherCOi lpU& 
Oxides and hydroxida 
Nitrates 
All other ampounds 
Oxides and bydmrrider 
Nitrates and sulftdes 
All other COmPOUIl(le 
Oxides and hydrazides 
Sulfdes, halides, and nitrates 
All other ampounds 
Sulfides, oxides. hydroxides, halides, and nitrates 
AU other compounds 
Halides, hydroxides, sulfates, nitrates, sulfides, and 
oxides 
All other compounds 

All other oompounds 

All other ampounds 

All Otba oompounds 

All oths oom+ 

Au O h  cumpound6 

All other annpounds 

Oxides, hydroxides, md nitrates 

Oxidesmdhyeoxides 

Oxides, hydroxides, and fluorides 

Oxides, hydroxides, carbides, and fluorides 

Oxides, hydroxidg, arbideq llrd fluorides 

Oxides, hydmxib a&idcs, m d  fluorides 
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Eknrent Clearance 
class 

Chemical compounds 

Bi D 5 X 10” Bismuth nitrate 

Po W 0.1 Oxides, hydroxides, and nitrates 

Ac Y 1 x 10-3 Oxides and hydroxides 

W 5X10’2 All other compounds 

D 0.1 AU other compounds 

W 1 x 10-3 Halides and nitrates 
D 1 x 10-3 AU other compounds 

n Y 2x104 Oxides and hydroxides 
W 2x10-4 All other compounds 

Pa Y I x io-’ Oxides and hydroxides 
W I x 10-3 All other compounds 

U Y 2x 10-3 Highly insoluble oxides 
W sx 10-2 Less soluble compounds 
D sx 10-2 Soluble compounds 

W I x IO-‘ All other compounds 
Pu Y I x IO-‘ Dioxides 
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Table 7.21. Committed dose quirrlent per unit intake ria ingestion (Sr/Bq) 

Nuclide J Gonads Breast R. Marrow Lungs Thyroid Endosteal Remainder Effective 

H 3  
BE IO 
N A  22 
N A  24 
0 32 
C A  4 1  
5 C  46  
CR 51 

U N  54 
YN 56 
't .Is 
=e 59 
t o  57 

C,@ 60 

M I  S9 
M I  63 
N I  65 
C U  64 
I N  65 
L N  69 
SE t 9  

O R  82 
BR e3 
BR 84 
9 9  86 
09  87 
QB 08 
R B  89 
5 9  89 

1.OE 00 
S .OE-03 
I.OE 00 
I.OE 00 
8 . OE-0 I 
3 .OE-0 I 
I .O€-04 
I .0E-01 
I . O€-02 
I .OE-01 
I .OE-0 I 
I .OC-01 
1 . OE-0 I 
5.OE-02 
3 o O E - 0 1  
5 .OE-02 
3009-01 
5 .OC-02 
s .OC-O2 
SoOE-02 
5 . oe-01 
5.0E-01 
s . O Q - 0  I 

5 .OE-02 
1.OE 00 

l o b €  no 
1 . O E  00 
1.OE 00 
I .OE 00 
I.OC 00 
3.OE-01 

e .oe-oi 

I . O E  bo 

I.7OiZ-1 I 
2.420-1 I 
2.8lP-09 
3 43E- IO 
6. SSE- 10 
2.711-12 
2. 01E-09 
40  OOC-I I 
3. 96.-I I 
9.48E-IO 

I 07s-10 
I 66%-09 

2.94c-to 
S o  I*-09 
7. 23C-09 
3.83%-1 I 
6. SO.-! I 
2.43E-1 I 
4 78C-I I 
30 S6%-09 
40 I7C-13 
9.06%-I 0 
S.66.-1 I 
4 0  4 8 C - I O  
1.351-12 
60 WE-I 2 
2.151-09 
I .  14%-09 
2.76'- 12 
3. 32C-I 2 
2. 40.-I 0 

a. 5 3 ~ -  I I 

I . 03c- IO 

Io IOE-1 1 
. s o  66E-09 
30 LIE-09 
5.3 IF-1  0 
2067P-09 
2. 74E-I I 
3. 78E-09 
8.7SE-I I 
90 I7E-11 
I 218-09 
1. 9 4 f -  I O  
3oOOC-IO 
3. S6C-09 
4042E- LO 
5039E-IO 
4097E-09 
1006C-00 
I ' 3 3 C - l  0 
3 . 2 O C - I O  
50 32C- 10 
3oS7E- IO 
40S9h-09 
To9 IE- I I 
S 073E-09 
I O4E-09 
s o  @OE- I O  
6053E-11 
I .48)0,-10 
2 33E-09 
I 17E-09 
I . S O € - I O  
8.04E-1 I 
6. I (E-09 

a,. . 
... ... . , .'. ... ... . . .  
c . ,o; .... . '. 

. . .  
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. I .  
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Table 7.21 (continued) 

Nuclide 

S Q  90 

SR 91 

S R  92 

V 90 
V 91 
V 91- 
V 92 
Y 93 
2 9  93 
Z R  95 
Z R  97 
N O  93* 
NB 95 

/I 

I .OE-02 
3 OC-0 1 
1 .OE-02 
3 .OE-01 
1 .OE-02 
3.OE-01 
I .OE-02 
1 .OE-04 
I eOE-04 
I .OE-04 
I .OE-O4 
I .OF-04 
2 .OE-05 
2 .OE-O3 
2 .OE-03 
1 .OE-02 
I .OE-02 

Gonads Breast R. Marrow Lungs Thyroid Endosteal Remainder Effective 

Nm 97 1.OE-02 

5 .OE-02 
Y C  99 B.0C-01 

5 .OE-02 
T C  99 9 .OE-01  
T C  99Y 9.OE-01 

DU 103 S-OE-02 
C U  105 5.OE-02 
R U  I O 6  T.OE-02 

OD 107 5 . O E - 0 3  
> D  109 5 . O E - 0 3  
4 G  Il9Y 5.OE-02 

Y O  91 e.or-oi 

i t  1 0 1  8.0~-01 

a H  10s 5.0~-02 

S G  1 1 1  5.OE-02 

e. os€- 12 
I S 1 E-09  
SeO4E-1 I 
2. IOE-lO 
2.4OE-IO 
0.015-11 

I 43:-I 4 
3.54:-I 2 
6.94E- I2 
1.96E-I1 
2.20E-11 
9.23;-14 
8 . 1 6 Z - 1 0  
6.22C-10 
3. 34E- 1 I 

e. ie:-ii 

e . o s ~ - i o  
1.455-11 
1 2TE-IO 
2.54E-1 I 
2.21z- 10 
2.18E-IO 
6 . 0 4 E -  I I 
9. T5E-  I2 
6.29E-13 
5.72E- IO 
9.6TE-11 
1.645-09 

9.91E-11; 
7.90E- I2 
2.99E-09 
3. S A € -  I I 

5 .  8oe-  I 1  

7 .PBE- I 2 

4.9ee-I I 

I . 5 I E - O ?  
5.04E-I 1 

3.5TE-1 I 
2.69E- I  I 
1 * T O E - I  I 
Ie27E-14 
3 . S 4 E - I  3 
1.04E-t 2 
3.5SE-12 
3.13F-I 2 
1.9TE-I 3 
1.05E-13 

? 57E-12 
1.07E-I 0 

~ . I Z E - I  i 

1 .OB€-10 
1 .94E-07 
6.45E-09 

5.53E-ll 
3. R7E-1 I 
2.29E-1 I 
3. TOE-1 3 
6.50E- I ? 
2.2IE-12 
4 91 F-12 
4 . 9 3 E - I  2 
T.42E-10 
2. I 4 E - I O  
1 .30E-10 
2.32~- I I 
1 -99E-10 

I . o e E - i o  

2 4.20E-12 

2 1.97E-Il 
0 5.33E-10 
1 9.32E-11 

I 2 . ~ 2 ~ - 1 0  

I 6.OlE-ll 
2 6.29E-12 
3 4.36E-13 

T e97E-I 2 
I .SlE-09 
S.OIE-ll 
3.055-1 I 
9.9 1 E- I2 
I .891-11 
7.225-1 2 
1.255- 14 
2.02:- 13 
1.2¶E-l2 
1 eS9t-12 
B.6TE-13 
1 155-13 
2.34:-11 
I eT5E-11 
2 . * S F -  I2 
2.T4C-I1 
1.99E-12 
1 .05:-10 
5.53:-12 
I e 9 3 E - 1 0  
1.51E-1 I 
6.04:-I 1 
3.14:-I2 
4 .  I 3 E - I  3 

7097E-12 
I .51E-09 
S. O b € - I  1 
2.41E-11 
I. 9 3 E - I  2 
I.35E-11 
1 e JOE-I 2 
1.26E-I4 
I .2PE-l3 
1.1TE-13 
I e77E-13 
1.26E-I3 
1.31E-14 
8.2 ?E-12 
2 66E-12 
2.44E-12 
I. 19E-1 I 

1.5lE-IO 
4 . I  9E-OT 
I .33E-08 
7.905-1 I 
2.52E-I 1 
2.13E-I I 
3.49E-I2 
3.b7E-I 3 
6013E-I 2 
9 . f  I E - I 3  
1.75E-I 2 
1 e73E-I 2 
9. I 4C-D9 
4 .B!3F-10 
4 . 5 5 E - I  I 
5.996-1 1 
2 .?&E- I O  

7.31:-I I 6 . ' ? S E - I  I 9.53E-1 I 3. IO€-09 
6.215-12 1.82E-I2 BeB9E-12 8.5.E-IO 
1 . 4 2 5 - 3 3  l.blE-09 1.43E-09 Z.lIE-08 
1.85:- I 2 2 9 IE-1 2 6.75E- I 2 1.27E-09 
9.91F-15 9.91c-15 1 . S 3 E - 1 3  1.355-10 
I.69E-I 3 9.43E-I4 I -02E-I 2 1.95E-O(i 
9.305-10 1.8lE-IO 4.33E-10 6eOBE-09 
8 .81: -12  T.~B:-IZ 9.47~-12 4 . j i F - 0 3  
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Table 7.21 (eonllnued) 

Nuclide /I Gonads Breast R. Marrow Lungs Thyroid Endosteal Remainder Effective 

C S  I36 
C S  137 
CS 138 
BA 139 
911 I 4 0  
B A  1 4 1  
B A  142 
L A  140 
L A  1 4 1  
L A  142 
CE 141 
CE I43 
CE I 4 4  

ND I47 
D M  147 
DU 1.0 
.M I48W 
JU I 4 9  
> Y  IS1 
JH I S I  
8 H  I S 3  
E U  IS2 
C U  154 
FU I55 
5 U  156 
10  160 
H O  1tlC.q 
u 181 

P a  143  

u 18s 

u I87 

I . 3 E  0 0  
1.OE 0 0  

I .OE-0 1 
I .@E-01 
I .OE-01 
I .OE-01 
1 .OE-03 
I .Of!-03 
I DOE-03 
3 .OE-04 
3 .OE-O4 
3 .OE-04 
3 .OE-06 
3.OE-Ob 
3 .OE-04 
3 .OE-O4 
3.OE-04 
3 .OE-Ob 
3.0F-O* 
3 . O E - 9 4  
3 . O € - O b  
I .OE-O.7 
I .Of!-03 
I .OF-03 
1 ef3E-03 
3.9F-Ob 
3 .OE-04 
I .OE-02 
3.0s-01 
I .OE-02 
3.0:-01 
I . O E - 0 2  

I . O E  on 

3 .041-09  

8. ooc-1 2 
1.561-12 
9.96-r- I O  
2 .86E-I2 

1.345-39 
3.77E-I 2 
6 . 9 9 E -  I I 
1.083-1  0 
2.12r-IO 

8 .995-18  
1 79:-I 0 
6 . 8 6 E - I 5  
4 7 2 s -  I O  
2.18E-09 
9. IS?- I2  
2.11:-IO 
2.12E-14 
7.  I t = - I  I 
I 33:-09 
1.31E-09 

i. 395-oe 

9 . n ~ - 1 2  

6 . 9 8 5 - 1 1  

9. a x - i  I 
1 EZE-09 
1.175-09 
2.05E-09 
7. 3 3 E - 1  I 
5.36:-I I 
3 . 7 4 E - 1 4  
6.35E-I Q 
2 . 5 9 t -  I O  

2.65E-39 

9 . 0 0 E - I Z  
5 .  17E-1 3 
I 59E-I 0 
I .22?-I 2 
2.S2E-I 2 
I.8OE-IO 
1.07E-t 3 
I .'54C-I I 
1 . I I E - I  I 
2.32E-I I 
I . Z Z E - l  I 
I . O P E - 1  8 
I.97E-I I 
?.b5€-16 
e. I I € - 1  I 
2.59E-IO 
I.02E-12 
2 .*2€-1  I 
I . r )3€ -14  
6 . 9 I F - I 2  
2 . 9 5 E - I  0 
2.79E-IO 
I . 4 4 € - I  I 
1 . 5 2 E - I  0 
I e 4  3E-I 3 
3 . b 8 E - I O  
7.31F-I 2 
7.b6F-I2 
8 . 9 8 E - I  3 
8.78C-I5 
J . 2 2 E - I  I 

I . 2 4 ~ - 0 e  
2. P5E-09 
I 32E-08 
1.37E-I 2 
9.596-1 3 
4.39E-IO 
I 47E-I2 
3 OOE-I2 
2 8 1 E - I  0 
I * O X - I 2  
I e93E-I I 
3 -39E-I I 
3 07F-I I 
9 .92E-I I 
1 . 0 3 E - I 2  
5.OSE-It 
2 09E-I I 
9.8SE-Il 
4 4 IE-1 0 
2 .27E-I2  
* . 9 * € - 1 1  
1 .76F-11  
2 72E-1 I 
9 . 1 9 5 - 1 0  
I 155-09 
I .SBE-IO 
2 %E-IO 
2 e5.E-I 0 
3 . 1 2 E - I 0  
3.26E-I I 
4 . 9 5 c -  I I 
I . 6 @ E - I 2  
4 .  e 3 ~ - 1  I 
f 89E-I1 

3. 52E-09 
I . 4 5 E - 0 8  
I e 57E-I 0 
3 0 51E-  10 
1.37E-09 

8.89E-1 I 
6 .  26E-09 
1 0 2 4 f - 0 9  
5 0  2 0 5 -  10 
2.50'-09 
3.89E-09 

I .  845- I O  

i .aeE-oa 
4.22E-09 
3.7bE-09 
9.08E- 10 
9.32E-09 
4 . 1 S t - 0 9  
3.56E- 09 
2 0 4 9E-09 
3 . 0 4 E -  10 
P . 6 2 F - O Q  
3.92E-89 
6 32E-09 
1 .095-09  
7 O4E- 09  
*.PO€-09 
4.74E-09 
2.3 15- I O  
I e845-IO 
I .  79E- 09 
I e?9E-09 
2 22E-09 

3 .Obt -09  
I e3SE-08 
502Sf-1 I 
I .09E-I 0 
2.56E-09 
5 0 6 5 E - 1 1  
3 . 0 1 f - I  I 
2.28E-09 
3.145-1 0 
I .?9E-I0 
7 . 3 3 f - I O  
1.2 35- 39 

I .27E-09 
I .  1 8 5 - 0 9  
2 . @ 3 E - l 0  
2 . 9 6 5 - 0 9  
2 O7?-09 
I . 0 7 t - 0 3  

I r O S I - I O  
0 0 5 7 % - I O  
I rTSC-09 
2 . S B t - 0 3  
4 1 3 5 - 1  0 

I eq2Z-09 
2.135-09 
9 . 3 1 5 - 1  1 
7 . 1 b f - 1  I 
5.382-10 
b.2BL-IO 
7 . b 6 I - I  3 

5 . 6 a 5 - 0 9  

e . o q s -  I o 

2 . r a 1 - 0 9  
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Table 7.21 (eoatinaed) 

Nuclide /I Oonads Breast R. Marrow Lungs Thyroid Endosteal Remainder Effective 

_. . .  

. . .  . ..... . .  

00 210 
8 1  210 
PO 210 
R A  223 
R A  224 
R A  225 
Q A  226 
R A  2%- 
AC 225 
AC 227 
T U  227 
T U  228 
T U  229 
T U  230 
T U  232 
T U  234 
P I  231 
P A  233 
U 232 

U 233 

U 234 

U 235 

U 236 

U 237 

J 238 

boot-01 
2.OE-01 
s mot-02 
I .OC-O1 
2 . ot -0  I 
2.0t-01 
2.ot-01 
2 .OE-0 I 
F .OE-01 
I o O C - 0 3  
I .OC-03 
2 00t-04 
2 OF-04 
2 .OE-04 
2 oOE-04 
2 O t - 0 4  
2 OE-04 
I .OE-03 
I .OE-03 
s . OE-02 
2 OE-0 3 
5.OE-02 
2001-03 
5oOE-02 
2oOE-03 
s .0t-02 
200E-03 
5.OF-02 
2 SO€-03 
s .OE-02 
2 00t-03 
5 .OE-02 
2.0E-03 

1090E- IO 
I 2SE-07 
I 97E- I I 
80 23.-08 
40 26E-08 
2.12:-00 
3. 3tE-08 
9. I6E-08 
I S8E-07 
I 361-09 
8.311-07 
2.9SI-IO 
2. 53E-09 
40 69:-09 
6 0  825-1 0 
I 2s:-09 
3. I2E-1 I 
1.21E-IO 
2. sat-10 
8.271-09 
3034E- I0  
2.62C-09 
1.01:-IO 
2. S9E-09 
I Ob€-I 0 
2. 67t-09 
3 0  341-1 0 
2.455-09 
I . 001-1 0 
1.151-10 
1.81:-10 
2. 315-39 
I .  0 2 t - I  0 

I .09E- 11 
I o 4 8 C - 0 6  
I eQ7E-I I 
0 23F-08 
2 . 8OE-or 
I oS2C-07 
I e68E-OT 
5 0  981-07 
6 .  WE-07  
7.99E-09 
S 4 01-06 
Se69E-09 
1 93E-07 
I *PIE-06 
2 89E-07 
I .48E-Ol  
I 84E-I I 
5 7BE-06 
6.89E-1 I 
4 I9E-07 
I o 6 0 E - 0 0  
7 16E-08 
2 95E-09 
I . 2 1  E-08 
2. oeE-09 
~ . O I E - O ~  
2 TOE-09 
6 83E-08 
2 T3E-09 
9.5OE-1 I 
S.69E-11 
E.8OE-Oe 
2 72E-09 

5.00%-12 
I .2S1-0? 
I.011-ll 
8 2 3E-0 8 
4 23C-0 r) 
2.05:-08 
3.375-08 
9.16:-08 
I s7:-07 
3.01:-I2 
2.20'-13 
I e25Z-10 
2031Z-39 
b 0565-09 
6080E-I C 
I .2¶E-09 
7.OSE-13 
6 o O O E - 1  I 
3. 7 3 E - I  2 
9.29f-39 
3032E- I 3  
2 625-0;) 
I .OSE-10 
2 . S¶E-DJ 
I003t-IO 
2.465-09 
I .OIE-IO 
2.4s:-39 
9.79'-I I 
4 0 9 1 5 - 1 2  
2. I ? € - I 2  
20335-39 
90225-1 I 

? * J ¶ I - l l  
2. 1 6 E - O S  
I.37E-1 I 
8 e23E-0 8 
2 09  3E-06 
I .Sa€-06 
I .?BE-06 
6.¶3E-06 
5 .  ¶2E-06 
9.941-011 
6 7lE-0 S 
6 8 4 E - 0  8 
2 37E-0 6 
2.3 SE-OS 
3 501-06 
I . ¶ $ E - 0 5  
2.OSC-1 I 
7 2 2C-OS 
I .32E-IO 
6 o S 3 E - 3 6  
2 6 5E-0 T 
1.1 6E-06 
4.6215-0 8 
I o 1 3 E - 0 6  
4.S2E-OO 
IoOSE-06 
4 2 DE-08 
1.07=-06 
4 28E-0 8 
4.4IE-IO 
3039E-11 
1001E-06 
4 34E-08 

L ... 
, ' 8,: 

: '. . . '.: . .! 
. .A,. 

. .  ... '. : 

... 
. :,... 
., . . 
* 

, .._ . .,. 
... . .. . .  

. .. . . .  . .  . ..,. 

. '% .  
<. 

. .  . .  .... ... ... ... . .. . .  
'1.' .. . 
... 
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Table 7.21 (continued) 

Nuclide /I Gonads Breast R .  Marrow Lungs Thyroid Endosteal Remainder Effective 

NP 237 I.OE-02 2.46E-06 1.52E-09 1.53E-05 2.371-09 8 . l 6 E - I O  I.3IE-04 8.24E-Ot 1.075-55 
YP 238 I .OE-02 9.255-IO b o 8 3 E - 1  I I e 0 5 E - 0 9  I .  1 0 5 - 1  I I e 6 5 E - 1 2  I -22E-08 3.46E-09 I s b 7 E - 0 9  
N P  239 I-OE-02 1.62f-10 I.72E-I I 5.72E-11 2.73E-IP 2.831-13 I . 5 5 . E - I O  2.7-E-09 8.8OF-IO 

=v 2 3 9  

OV 240 

4 U  241 

J U  242 

O U  244 

.OE-OS 

.OF-04 

.or-os 

.OE-0*  

.OF-OS 

.OE-04 

.OE-JS 

.OE-Ob 

. O F - 0 5  

. O E - O l  
I . O t - O S  

4'4 241 5.OE-04 
AM 242 5 . O E - 0 4  
4n 242u 5.tx-04 
A M  243 5 . O E - 0 4  
C M  242 5 . O E - 0 4  
CM 243 5.OE-04 
Chi 244 5.OE-04 
C M  2b5 5.OE-04 
C M  246 § e o € - 0 4  
C M  247 5.OE-04 
cw 248 s . n E - 0 4  
CF 252 5.OE-04 

R.82F-I I 
S e b I E - I  I 
I . 3 3 E - I  I 
9. I BE-1 3 
8.38E-I2 
9.53E-I I 
I .2OE-l3 
4.42E-I I 
3 . 0 7 E - l  3 
4 . 3 I E - I  1 
2. I 9 E - I  I 
I e 5 7 E - I  0 
7 6 6E-0 9 
I .226-39 

b e  64:- I I 
I .OIE-I t 
1.72:-I I 
I e 3 9 f - I  3 
1.09:-I I 
I e2.5-IO 
1.295-I4 
4 . 3 9 5 - 1  I 
2.595- I 3  
5.041-I I 
I .225-I I 
I e 7 3 I - 1 3  
4.19:-33 
2.94E-IO 
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TJk7.22 ~ t d f ~ ~ f ~ ~ c o l n p o l l l d s  

Elemeat fl Chemical annpoundr 

Cr 0.1 Hexavalent compounds 

co 5x10” Oxides, hydroxides, and .II 0th inorganic com- 
1 x 10-2 Trivalent compounds 

pounds 
0.3 

0.8 All other compounds 

All other inorganic and organic compounds 
sc 5 x 10” Elemental selenium and selenides 

Sr 0.3 Soluble compounds 
1 x 10-2 Titanates 

Mo 5x IO” Disulfides 
0.8 All other compounds 

sb 0.1 Tartat emetic 
AU other compounds 

W 1 x 10-2 Tungstic acid 
0.3 All other compounds 

U 5x10’’ Water soluble inorganic compounds 
2x 10’’ Insoluble compounds 
1 x 10” Oxides and hydroxides Pu 
1 x IO-‘ All other compounds 

1 x 10’2 

Q 

. .  

. -. 

. .  . .  
. .  . . .  . .  . . . . . . . . . . . . . .  . . . . . .  ’ ,  . . .  . .  . . . ,_ . :: . - .  ., . .  
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8 External Dosimetry 

By D. C. KOCHER+ 

8.1 INTRODUCTION 
From the point of view of environmental radiological assessments, the cen- 

tral problem in external dosimetry is to determine the dose to an individual or 
population due to the radiations emitted by radionuclides dispersed in the 
environment. The radiation dose from external exposure depends, in general, 
on the following: 

1. the concentrations of the radionuclides in the environment as a function of 
time and distance from the location of the exposed individual or population; 

2. the energies and intensities of the radiations of interest emitted by each 
radionuclide; 

3. transmission of the emitted radiations through the different media between 
the source and receptor positions; and 

4. transmission through body tissues of the radiations incident upon the 
exposed individuals, resulting in doses to particular body organs. 

Calculation of the transmission of radiations through body tissues to 
obtain the dose to body organs is a complex problem that is beyond the scope 
of this chapter. Such calculations axe usually based on Monte Carlo simula- 
tions of the scattering and absorption of the radiations in a mathematical 
phantom describing the so-called Reference Man, with the assumption that the 
phantom is irradiated isotropically (Berger 1974; Poston and Snyder 1974; 
O'Brien and Sanna 1976; O'Brien 1980). A primary concern of this chapter is 
the interpretation and implementation of the available Monte Carlo calculations 
of organ doses for radiological assessment purposes. 

..--- u.e.*\...J.-..r +i.a.?-.-Y.: *: 

.. . .  

*Health and Safety Research Division, Oak Ridge National Laboratory. 
e 
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In any calculation of external dok, the determination of the radionuclide 
amcentrations in the environment is separate fxwn all other factors involved 
because the dose rate at any time fmm a particular radionuclide is always pro- 
portional to the concentration at that time. In this chapter, therefore, we 
regard the concentrations as hown quantities determined by either direct 
measurement or theories of environmental transport (e.g., see Chapters 2, 3, 
and 14). In general, the determination of tbe concentrations requires detailed 
amsideration of both the rate and manner of radionuclide release, their move 
ment in the environment, and radioactive decay, including production and decay 
of any radioactive daughter products 

Given the radionuclide concentrations in the environment as a function of 
time and location, the estimation of external dose may, but not necessarily, pro- 
ceed according to the following logic: 

1. specification of the particular mode of wposure (e.g., immersion in a radio- 

2. specification of the particular radiation type (Le., photons or electrons); 
3. calculation of the absorbed dose in the medium (Le., air or water) surround- 

ing the exposed individual at the specified location; 
4. modification of the absorbed dose in the medium to calculate the dose in a 

small piece of tissue at the same location; 
5. modification of the dose in tissue to obtain the dose at the body surface by 

accounting for the perturbation of the radiation field due to the presence of 
the exposed individual; and 

6. modification of the dose at the body surface to determine the dose to the 
body organs of interest. 

The desired end result of any procedure. such as the one outlined above, is 
the estimation of dose to body organs for the particular mode of exposure and 
radiation type. As mentioned above, calculations of organ dose obtained using 
Monte Carlo techniques are available in the literature. Therefore, it might seem 
unntccssary to use the intermediate steps 3 through 6 above when the desired 
results appear to be already in hand. We emphasize, however, that the available 
organ dose calculations apply only to the special case of exposure via immersion 
in an infinite and uniformly contaminated source medium. Therefore, thest 
results an not directly applicable to any other exposure conditions, such as irra- 
diation from an infinite, uniformly contaminated ground surface or exposure to 
finite or nonuniformly contaminated source regions. For external exposure to 
photons, for example, most of the methods in cumnt use for estimating organ 
doses for exposure conditions other than immersion in an infinite, uniformly 
contaminated medium are based on the assumption that the ratio of organ dose 
to the dosc at the body surface (or, alternatively, organ dose to dose in the sur- 
gounding medium) for a given emitted energy is independent of the conditions 
of the exposure. This assumption allows a calculation of organ doses for photons 

active cloud or irradiation from a contaminated ground surface); 

. '  
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for arbitrary modes of exposure, prwided the dosc at the body surface (or dose 
in the surrounding medium) is calculated for the exposure mode of interest and 
the exposure mode for which organ doses are already available in the literature. 
An important purpose of this chapter is to show how steps 3 through 6 are 
camed out for any mode of exposure for the different radiations of importance 
in external dosimetry. 

In this chapter, wc restrict our attention to the two exposure modes that 
are usually the most important in environmental dose assessments-namely, 
exposure to a radioactive cloud in the atmosphere and exposure to a contam- 
inated ground surface (e.g., from fallout). Other potentially important modes 
of exposure, such as immersion in contaminated water, can be treated in essen- 
tially the same manner as the cascs studied here (Berger 1974; Kocher 1979; 
Kocher 1980a; Kocher 198 1 b). 

In general, the only radiations emitted in significant quantities by radionu- 
clides dispersed in the environment that can penetrate the body surface and 
give a dose to radiosensitive tissues are photons and electrons. Neutrons can be 
an important radiation for external dose in special cases, such as direct expo- 
sure in the proximity of a nuclear weapon detonation. However, neutrons emit- 
ted by radionuclides that decay via delayed neutron emission or spontaneous 
fMion arc relatively unimportant for routine or accidental releases from 
nuclear fuel cycle facilities and are not considered in this chapter. We are not 
concerned in external dosimetry with nonpenetrating radiations such as alpha 
particles and spontaneous fission fragments. (These radiations, of course, are 
very important in internal dosimetry.) The photon radiations of interest in 
radioactive decay include gamma rays from nuclear deexcitation, 5 1 1 -keV 
annihilation gamma rays following positron emission, and X rays from atomic 
deexcitation. The electron radiations include continuous negative electrons and 
positrons from beta decay and discrete Auger and internal conversion electrons 
from atomic deexcitation. Concise reviews of these radiation processes are 
available in the literature (National Council on Radiation Protection and Mea- 
surements 1978; Dillman 1980; Kocher I98 la). Several compilations are 
available which give the energies and intensities for the photons and electrons 
emitted by a large number of radionuclides which might be encountered in 
radiological assessments (Dillman and Von der Lage 1975; Martin 1976; 
Kocher 1977; National Council on Radiation Protection and Measurements 
1978; Kocher 1981a). Contributions to the photon spectrum from 
bremsstrahlung produced by scattering of emitted electrons are usually not con- 
sidered in external dosimetry. In some cases, however, bremsstrahlung can be 
important, particularly for radionuclides that are pure beta emitters. Methods 
for calculating the photon spectrum from bremsstrahlung in a variety of scatter- 
ing media are described by Dillman ( 1980). 

Section 8.2 includes a general formula for the calculation of external dose 
. based on the concept of the point-isotropic specific absorbed fraction. In Sect. 
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8.3, we apply the general formulation to simpWial and idealized situations 
often assumed in environmental radiological assessments; namely, the assump 
tions that the distributioo of 809tccs is effectively infinite in extcnt and the 
radionuclide anoentratioa is uniform throughout the source region. For these 
ideatizcd situations, m d d o p  the concept of the external doserate convdon 
factor and show how it is calculated for the two important wm of immersion 
in a semi-infinite, uniformly contaminated rtmospberic cloud and exposurc to 
an Smi te ,  uniformly contaminated ground d a c e .  In Sect. 8.4, we briefly 
discuss estimation of external dose for more rtalistic exposure situations involv- 
ing frnite sources with nonuniform radionuclide concentrations, and we con- 
sider corrections to calculated external doses to account for effects such as 
building shielding during indoor residence, terrain roughness, and penetration 
of radionuclides into the ground 

8.2 FUNDAMENTAL EQUATIONS 
OF EXTERNAL DOSIMETRY 

In this section, we consider a general formulation for the calculation of 
external dose rates and dose for irradiation by photons and electrons emitted 
by arbitrary distributions of radionuclides in the environment. 

The formulation is based on the concept of the point-isotropic specific 
absorbed fraction (Loevinger and Berman 1968; Berger 1968), which was origi- 
nally introduced to calculate dose from internally deposited radionuclides. The 
specific absorbed fraction, which we denote by 0, depends on the radiation type 
and the medium in which the emitted energy is being absorbed and is defined as 
follows: 

+(r,E) = fraction of the emitted energy E absorbed per gram of material 
at a distance r from an isotropic point source. (8.1) 

The utility of the spcdk absorbed fraction is illustrated by writing the 
equation for the absorbed dose rate from a monoenergetic point source of 
energy E. At a distance I from such a source having activity A at time I ,  the 
absorbed dose rate b is simply (Berger 1968) 

d(r ,E,r )=kXR(r)XEX+((r ,E)  , (8.2) 

where 
b - absorbed dolre rate in Gy/s, 

k = 1.6 X 10”Og-Gy/MeV, 

A I= source activity in Bq, 
E = energy of cmittcd radiation in MeV, 

Q - specific absorbed fraction in g-’. \ 

. .  . .  . . .  . .  . .  . . .  
. .  . .  . .  
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The value of the constant k is determined by the definition of the gray as one 
joule of absorbed energy per kilogram of material and the conversion factor 
from MeV to joules. The product of the factors k. A. and E gives the total 
energy emitted per unit time in g-Gy/s; and multiplication by the specific 
absorbed fraction 9 gives the amount of the total emitted energy that is 
absorbed per unit mass at the distance r .  

For a point source embedded in an infinite absorbing medium, all of the 
emitted energy must be absorbed somewhere within the medium. Therefore, the 
specific absorbed fraction obeys the important normalization condition 

where p is the density of the absorbing medium. This equation holds for any 
energy E and any functional form for the specific absorbed fraction and is 
strictly a consequence of conservation of energy. 

The general equations for the absorbed dose rates from arbitrary distribu- 
tions of radionuclides emitting photons and electrons of arbitrary energies fol- 
lows from the dose rate for a point source in Eq. 8.2. As shown in Fig. 8.1, we 
let u denote the volume or surface over which the radionuclides are distributed. 
For simplicity, we let the point P at which the absorbed dose rate is to be 

ORNL-DWG 82C-13785 

Figure 8.1. Coordinate system for calculation of external dose rate from arbitrary 
distribution of radioactive sources. 
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determined be loceted at the origin of the coordinate system. Then f denotes 
the vector distance from the point P to the volume or surface element du in 
the source distribution. Tbe quantity xv,r) denotes the radionuclide conccn- 
tration at location Tand time r m Bq per unit volume or area. 

We consider fvst the absorbed dose rate at the point P for photons, We 
assume that the photon spectrum from radioactive decay consists of one or more 
discrete (i.e., mowenergetic) radiations, and we define 

f i ,  = intensity of ith photon y in number per decay, and 

El, = energy of ith photon in MeV. 

From Eq. 8.2, the photon dose rate at point P and time r can then be written as 

(8.4) 

For electrons, the spectrum from radioactive decay may consist of discrete 
Auger and internal conversion electrons and continuous electrons from beta 
decay. The energy distribution of electrons from a given beta transition ranges 

* from- zero energy to a maximum value called the endpoint energy. Thus, we 
define 

= intensity of ith discrete electron e in number per decay, 

E, = energy of ith discrete electron in MeV, 
fIS = intensity of electrons from j t h  continuous beta transition 0 in 

E T  - endpoint energy in MeV for electrons from jth continuous beta 

N,B(E) = probability density function for electrons from jth continuous 

number per decay, 

transition, and 

beta transition. 
-+ - -w+- -Sw* : . -~  

The probability density function (Le., the energy spectrum) N,b(E) for electrons 
emitted in beta decay gives the probability that a B’ or @+ particle has energy 
between E and E +-dE. This function is assumed to be properly normalized so 
that 

This equation expresses the requirement that the emitted electron energy for 
each beta transition lie between zero energy and the endpoint energy. With the 
definitions given above, the electron C* dose rate at point P can be written in 

*In this chapter. we use e to denote electrons in general and e to denote discrete electrons in 
particular. The symbol @ is rcsenod for continuous ekctrons from beta dccay. 

; 

* .  . 

. .  . .... . 
. .  . . .  I 

. .  . .  : . . ’ . .  . .  . .  ... . .: 

. .  . . .  



~. . .. External Dosimetry 8-7 

terms of the separate contributions from the discrete and continuous radia- 
tions as 

(8.6) 

Equations 8.4 and 8.6 are the fundamental equations of external 
dosimetry and are obtained by integrating the point-source absorbed dose rate 
in Eq. 8.2 over the source distribution for each emitted energy and summing 
over all dismte or continuous radiations in the spectrum. The concentration x 
depends in general on the vector while the specific absorbed fraction Q 
depends only on the scalar distance r .  

From the dosc rate b as a function of time, the dose for any time r of 
exposure is given by 

8.3 IDEALISTIC (EASY) CALCULATIONS 
In many environmental radiological assessments, the simplifying assump 

tion is made that the distribution of sources at any location is effectively infin- 
ite or semi-infinite in extent and that the radionuclide concentration x can be 
represented as uniform throughout the source region. With these assumptions, 
we are led to the concept of a dose-rate conversion factor, which we will usu- 
ally call the dose-rate factor. For infinite or semi-infinite source regions with 
uniform radionuclide concentrations, Eqs. 8.4 and 8.6 can be expressed in the 
general form (Kocher 1979; Kocher 1980a; Kocher 1981b) 

d(r) = X(r)XDRF, (8.8) 

* r r .  ;hx--&P*m*v* 

where DRF denotes the dose-rate factor defined by this equation as the dose 
rate per unit radionuclide concentration. The dose-rate factor thus embodies all 
aspects of the calculation except for the radionuclide concentration, which is 
assumed to be known. 

In this section, we develop the equations for calculating the dose-rate fac- 
tors for photons and electrons for immersion in a semi-infinite, uniformly 
contaminated atmospheric cloud and for exposure to an infinite, uniformly con- 
taminated ground surface. As outlined in Sect. 8.1, we first calculate the 
absorbed dose rate in air at the specified location, then the absorbed dose rate 
in tissue, the dose rate at the body surface of an exposed individual, and finally 
the dose rate for the body organs of interest. These steps are not necessary for 
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the case of e~rposure via immersion in contaminated air because organ dose 
rate factors arc already available in the literature (see Sect. 8.3.1.4). It iS also 
the case that calculation of the dose-rate in tissue and dow rate at the body 
surface as intcnncdiate is not necessary for any cxpamrc modc involving 
air as the mbdium surmundiag the exposed individual, whichis the case for air 
immenion .ad gouadsurface exposure amsidered here. Hawever, these steps 
in the dculation ut a d d ,  for example, if submersion in contaminated 
water is an expo6urc mode of interest (Bergcr 1974; Kocber 1979; Kocher 
198Oa; Kocher 1981b). For the purposc of this presentation, performing a cal- 
culation through all possible intermediate step illustram mme important con- 
ccpts involved in estimating external dose for arbitrary exposure modes. 

The equations for the dose-rate factors for immersion in contaminated air 
and exposure to a oontaminated ground surface are derived in Sects. 8.3.1 and 
8.3.2 respectively. Compilations of external dose-rate factors available in the lit- 
erature are discusscd in Sect. 8.3.3. In Sect. 8.3.4, we discuss the adequacy of 
the approximations inherent in the dose-rate factors-namely, that the contami- 
nated atmospheric cloud or ground surface is effcctiveIy semi-infinite or infinite 
in extent with a uniform radionuclide concentration throughout the source 
region. 

The determination of dosGrate factors for immersion in a contaminated 
atmospheric cloud that k assumed to be infinite in extent with uniform 
radionuclide concentration is particularly simple because of the normalization 
condition for the spacific absorbed fraction given in Eq. 8.3. 

8.3.1.1 Dose-R.te F8ctors b Air 
We begin by integrating Eqs. 8.4 and 8.6 over a source region that is 

assumed to be an infinite sphere with uniform radionuclide concentration. We 
use Eqs. 8.3 and 8.8 to give the dosc-rate factors in air u for photons 7 and 
electrons c as 

where 

DRF = dosc-rate factor in Gy/s per Bq per unit volume, 

p8 = density of air in g per unit volume, 

. . .  
.. , . . .  . . .  . .  . .  . .  . . .  . . . .  

. .  
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and the other quantities were defined in Sect. 8.2. If the unit of length is cm, 
the dose-rate factor is then given in units of Gy/s per Bq/cm', and the density 
of air is in units of g/cm3. These quations give the so-called air kerma in air 
for photons and electrons. 

We note that the dosc-rate factors in air for this e x ~ u r c  mode have been 
determined without explicit knowledge of the specific absorbed fractions for 
photons or electrons. Rather, the equations follow directly from conservation of 
energy; that is, for a n  infinite medium with uniform radionuclide concentra- 
tion, the energy absorbed per unit volume must be equal to the energy emitted 
per unit volume. We also note that the summation over the energies and inten- 
sities of the radiations in the photon and electron spectra_ is q u a l  to the aver- 
age energy per decay for each radiation type. Thus, if € denotes the average 
energy in MeV per decay, we may write 

1 -  

Po 
DRF: = k-€,, (8.1 1 )  

DRFf = kLE,. (8.12) 

In  practice, however, this is not a particularly useful result for external 
dosimetry because the desired organ dose-rate factors depend on the energy 
spectrum, not the average energy. But the equations nonetheless display the 
simple principle involved in determining the dose-rate factor in air. 

Exomple 8.1. Krypton-85 emits a single photon of energy 514 keV with 
intensity 0.434% (Kocher 1981a). If we assume a density for air of 0.0012 
g/cm3 appropriate for dry air at 20°C and 750 mm pressure, the dose-rate fac- 
tor in air for a unit source concentration of I m/cm3 is 

DRF: = (1.6X lO-"g-Gy/MeV)(3.15X lO's/y) 

Pa 

X (0.00434)(0.514 MeV)/(0.0012 g/cm3) J *+. c.&--- +:s.**.-:*.*r--- ... & -. . .** . ..-I . .. 
= 0.0094 Gy/y per Bq/cm'. [End of example] 

83.1.2 Dose-Rate Factors for Tissue Embedded in Air 

Given the dose-rate factors in air in Eqs. 8.9 and 8.10, we then imagine 
that a small piece of tissue is placed in the medium so that the radiation field 
is not perturbed by the presence of the tissue. The dose-rate factors in tissue 
are obtained from those in air by accounting for energy absorption in tissue 
relative to energy absorption in air. 

For photons, the relative energy absorption in the two media is determined 
by the ratio of the mass energy-absorption coefficients in tissue and air. For 
electrons, the relative energy absorption is determined by the ratio of the mass 
stopping powers. The proper determination of these ratios for use with Eqs. 8.9 
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ad 8.10. however, is not a trivial matter. The ghm in Eqa 8.9 and 
8.10 are the emitted energies, not the resulting &cs inddcnt upon the tis- 
sue. "he emissiOn of monoenergetic photons or ekUrons in an infmitC, uni- 
formly contaminated medium results in a continuous energy disttibution at any 
point in the medium between zero energy and the emitted energy, due to the 
-scattering and absorption of the emitted radiatioas. Thenfore, in a proper cal- 
culation, one must perform a weighted average of the mtb of mass energy- 
absorption coeificients or mass stopping powm in tissue and air for each emit- 
ted energy over the energy distribution incident upon the tissue. 

Dillman (1974) has calculated the energy spectra of scatted photons for 
monoenergetic photons between 10 keV and 10 MeV emitted in an infmite, 
u n i f d y  contaminated atmospheric cloud. For example, the spectrum of scat- 
tered photoas for 0.5-MeV emitted photons and 1 &i/g source strength is 
shown in Fig. 8.2. If we define the ratio of energy absorption in tissue t to that 
in air a for the ith emitted photon as 

when 

d p  photon mass energy-absorption coeficient in cm2/g, 

(8.13) 

then Dillman has shown that this ratio, when properly averaged over the 
energy distribution of scattered photons, increases from a value of 0.95 at 10 
keV emitted energy to a value of about 1.10 for emitted energies above 1 
MeV. Thesc results are given by the solid symbols in Fig. 8.3. Thus, the 
correction factor for energy absorption in tissue relative to that in air is 10% or 
less for all emitted photon energies. As an alternative to the correct calcula- 
tions of Dillman, the ratio RtT can be approximated by the ratio of the mass 
energy-absorption coefficients in tissue and air evaluated at the ith emitted 
photon energy (Kocher 1979; Kocher 1980a). These ratios am given by the 
open symbols in Fig. 8.3. This approximation, which does not account for 
scattering and absorption of the emitted photons in air, overestimates the 
correct ratio by about 10% at 10 keV but is accurate within 1% above 1 MeV. 
This is a useful approximation because it can e a d y  be applied to any other 
wtposlve mode. such as irradiation from a contaminated ground surface, for 
whicb the scattered spectra am not the same as those for air immersion. Even 
more crudely, the energy-absorption ratio for tissue to air can be assumed to 
be a constant (1.14) independent of energy ( T ~ b e y  and Kaye 1973). The error 
in this approxbnation is about 209b at 10 keV, decreasing to 7% or less above 
0.2 MeV. 
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Eo*0.5 MeV 
t pCi/p IN AIR 

L.T. DILLMAN. n m L  ru purslcs 
27. 571 (1974) 

Figure 8.2. Spectrum of photons in air resulting from emission of monoenergetic 
photons of energy 0.5 MeV in M infraite, uniformly contaminated atmospheric 
cloud with source con&ntration of 1 pCi/g. 

Exumple RX In Sect. 8.3.1.1, the doserate factor in air for ''Kr was cal- 
culated as 0.0094 Gy/y per Bq/cm3. From Fig. 8.3, the tissue-to-air dose ratio 
for the scattered spectrum from a Sl4keV photon is approximately 1.09. 
Therefore, if we assume a quality factor of 1 for converting absorbed dosc to 
dosc equivalent, the dosGratc factor in tissue is 

DRF; = (0.0094 Gy/y per Bq/cm3)( 1 Sv/Gy)( 1.09) 

= 0.0102 Sv/y per Bq/cm3. [End of example] 

Berger (1974) has cnldated the eqergy spectra of electrons resulting 
from the emission of monoenergetic electrons in ap infinite, uniformly contam- 
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Figwt 8.3. Ratio of dose in tissue to dose in air for tissue immersed in an infinite, 
uniformly contaminated atmospheric cloud vs emitted photon energy. The solid 
symbols give the dose ratio calculated as a weighted average over the scattered 
photon spectrum in air, and the triangles givc the ratio evaluated at the emitted 
energy. 

inatad atmospheric cloud. The scatted spectrum for 0.5-MeV emitted elec- 
trons is compared with the spectrum for 0.5-MeV photons in Fig. 8.4. If the 
ratio of energy absorption in tissue to that in air for the ith electron is defined 
as 

where 

& / d x  - electron mass stopping power in MeV-cm2/g, 

then Berm has shown that this ratio decreases from a value of 1.15 at 10 keV 
to a value of 1.1 1 at 2 MeV. These results are shown by the solid symbols in 
Fa. 8.5. Thus, the variation of €4, with energy is considerably less than the 
variation of 4, shown in Fig. 8.3. Approximating 4, either by the ratio of 

'._ 
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. .  



. . .  . .  . . . . .  .- . 

. . .  . . .  . . . . . . . . . . . . . . . . . .  .... I.:. . . . . . . . . .  .-..;..:. . . . . . . . . .  . . . . .  . . .  . :. . . . .  . . . . . .  . . . . . . . . . . . . . . . .  . . .  . . . .  . . . . . . . . . . . . .  . . . .  ._. . . .  . .  
<: 

.. 

External Dosimetry 8-1 3 

0 20 40 60 Bo (00 

PERCENT OF INITIAL P W T O N  ENERGY I O  5 MI 

Figure 8.4. Comparison of spectra of scatted electrons and photons resulting 
from emission of monocnergetic electrons and photons of energy 0.5 MeV in an 
infinitC. uniformly contaminated atmospheric cloud with source concentration of 1 
rcilg. 

mass stopping powers at the ith emitted energy (Kocher 1979; Kocher 1980a), 
as shown by the open symbols in Fig. 8.5, or by the constant factor 1.14 (Tru- 
bey and Kaye 1973) rcsults in errors of only 3% or less. 

Regardless of the method chosen to evaluate the ratio of energy absorption 
in tissue to that in air, the dose-rate factors for tissue embedded in a n  infinite 
atmospheric cloud source are obtained from Eqs. 8.9, 8.10, 8.13, and 8.14 as 

(8.15) 
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F i r e  8.5. Ratios of dose in tissue to dose in au for tissue immersed in M infmite, 
uniformly contaminated atmospheric doud vs emitted electron energy. The solid 
symbols give the dose ratio calculated as a weighted average over the scattered 
electron spectrum in air, and the triangles give the ratio evaluated at the emitted 
energy. 

These equations give the so-called tissue kerma in air for photons and elec- 
trons. In the sccond term in Eq. 8.16 for electrons for beta decay, we have 
retained the tissue-to-air dose ratio R,(E) as an cnergydependent quantity 
inside the integral over the continuous electron energy spectrum, wen though 
from Fig. 8.5 it is an excellent approximation t t take this quantity as a con- 
stant qua l  to its value at the average energy E,& The term for continuous 
e l e m  could then be written as the summation of the simple product 
f#&p As with Eq. 8.12, however, this latter simplication is not useful in 
obtaining organ dosbrate factors for continuous electrons because organ doses 
depend on the clcctron spectnun not the average energy. 

8.3.13 -Rate Factom for the Body Sarface of an Exposed Individual 

So far, we have calculated the dose-rate factors for a small piece of tissue 
embedded in an infinite, uniformly contaminated atmospheric cloud. We now 
account for the effective geometry of the exposure medium as it differs from 
an infinite sphere and the modification of the radiation field at the body sur- 
face due to self-shielding by the body tissues of an exposed individual. 

. . . . . . . . . .  . . . .  . . . .  . .  
. .  . .  

. .  . .  . .  
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E//eetiw g e o w  of the atmospheric cloud. The dose-rate factor for 
immersion in contaminated air is commonly based on the assumption that an 
exposed individual is standing at the air-ground interface so that, in effect, the 
receptor position is located near the boundary of an infinite hemispherical 
source medium. 

For photons, the dose rate at the air-ground interface of an infinite hemi- 
spherical cloud is usually assumed to be one-half of the dose rate at any point 
inside an infinite cloud (Dillman 1974). This is an intuitively reasonable result 
because one-half of the hypothetical source region contributing to the dose at 
the interface has been removed. Furthermore, if the photon mean-free-path in 
air (defined as l/pa. where pa is the linear attenuation coefficient in air) is 
large compared with the height of an individual standing on the ground, it is 
reasonable to assume that the dose rate in air at any point up to that height is 
equal to the dose rate at the air-ground interface-namely, one-half of the infi- 
nite cloud value. Recent calculations (Ryman et al. 1981) have shown that at a 
height of I m above ground, which is the average height of body organs for an 
individual standing on the ground, it is a good approximation to assume that 
the photon dose-rate factor in air is reduced by a factor of 1/2 due to the air- 
ground interface effect for all but the lowest photon energies. For energies 
above 20 keV, the maximum error is less than 20% near 50 keV emitted energy 
and is less than 10% above 0.2 MeV. For energies below 20 keV, this approxi- 
mation underestimates the dose-rate factor at 1 m height by as much as a fac- 
tor of two due to the short photon mean-free-path in air (U.S. Department of 
Health, Education, and Welfare 1970). but this energy region is unimportant 
for external dosimetry. 

For electrons, the dose rate at the air-ground interface is also assumed to 
be one-half of the dose rate in an infinite cloud (Berger 1974). However, it is 
customary to assume that the electron range in air is less than the average 
height of the body surface above ground ( 1  m). Therefore, the dose rate in air 
above ground from an infinite hemisphere is usually assumed to be the same as 
that from an infinite sphere. In  principle, we should calculate the electron dose 
rate in air averaged over the height of the body surface above ground. Since the 
dose rate at the air-ground interface is reduced by about one-half for any elec- 
tron energy, the presence of the air-ground interface reduces the electron dose 
rate averaged over the height of the body above ground by a factor between 
one-half for very high energies and one for very low energies. In practice, how- 
ever, this averaging procedure has not been considered in the literature. Thus, 
our assumption of no reduction in dose rate due to the hemispherical source 
medium may provide a conservative overestimate of the dose-rate factor for 
electrons, depending on the body organ of interest and the height above ground 
of the organ compared with the electron range in air. 

Sefj-shielding of radiations by body tissues. The radiation field at any 
point on the body surface is influenced by self-shielding by body tissues; that 
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is, the body shields thc surface f m  onehalf of the source region, and the 
doec rate depends whetbcr 01 not the radiations must penetrate body tissues 
to reach the body surface. 

For photons, it k customary to make the oonservativc assumption that the 
body provida no &idding mthat  the dose rate at the body 8urfacc is not 
redud compared with the dose rate in a small piece of tissue. Obviously, this 
is a poor assumption at the lawest energies where shielding by the body is 
almost amplete (Dillman 1974). In actuality, the dose rate at the body sur- 
fact is reduced by a factor between onehalf and one, depending on the photon 
energy. We no@ however, that any error in the assumption of no body shield- 
ing for photons is of no consequence for obtaining organ dogarate factors for 
immersion in contaminated air because the organ dose-rate factors discussed in 
the next section for this urposurt mode properly account for shielding by body 
tissues. 

For electrons. it is clearly a good approximation to regard the body tissues 
as essentially impenetrable (National Academy of Sciences 1964). Therefore, 
self-shielding by the body reduces the electron dose-rate factor at the body sur- 
fact by a factor of one-half for all electron energies of interest in radioactive 

/' 
-7 1 

decay. 
Dose-rate factors for M y  swf- With the approximations described 

above for the effects of the air-ground interface and self-shielding by body tis- 
sues, the dose-rate factors for the body surface s of an exposed individual are 
given in terms of the dosGrate factors in tissue in Eqs. 8.15 and 8.16 by 

. .  

DRF: = -DRF:, 1 (8.17) 
2 

1 
2 

DRF,' E -DRF:. (8.18) -- 8.3.1.4 Dosc-R.te F8ctors far Body ogiap 
We come to the desired point of estimating the photon and electron dose 

rate factors for the body organs of M exposed individual standing at the air- 
ground interface in M infinite, uniformly contaminated hemispherical cloud. - 

I we define 

Gm(Ei) - ratio of absorbed dose rate in body organ m to absorbed 
dose rate at the body surface for emitted energy E,. (8.19) 

The numerator in this equation is the dose rate that is obtained from Monte 
Carlo cnlculations given in the literature. Given this definition, the organ 
b r a t e  factors for photons can be expressed from as. 8.15 and 8.17 as 

0 

DRF7 --k 1 1  - ZI'vEiVR,vGY(E,7) . (8.20) 
2 Po 1 
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The organ d-rate factors for electrons are e x p d  similarly as 

(8.21) 

We note that it is not proper to simplify the second tcrm in Eq. 8.21 for 
C_lectrons from beta dccay by evaluating the ratio GF at the average energy 
&,b because electrons have a fmite range in matter. Thus, if a given continu- 
ous spectrum of electrons between zero energy and the endpoint energy is 
incident upon the body surface, only a portion of that spectrum will penetrate 
the body tissues and reach the organs of interest. It could occur, for example, 
that the average energy is too low to penetrate to the desired organs, but 
higher energies between the average and the endpoint have a sufficient range. 
Therefore, the ratio in Eq. 8.19 must be applied to all energies in the continu- 
ous electron spectrum. It is still a reasonable approximation_ to evaluate the 
tissue-to-air scattering ratio R,(E)  at the average energy Eja and take the 
value outside the integral in Eq. 8.21 if so desired. 

We mentioned at the beginning of this section that the photon dose-rate 
factors for air immersion can be calculated without explicit consideration of 
the intermediate steps of obtaining the dose-rate factors in tissue and at the 
body surface. If we were to define G"'(Ei) as the ratio of organ dose to dose in 
air, instead of using the definition in Eq. 8.19, then the dose-rate factor for 
body organs could be obtained from the air kerma in Eq. 8.9 by multiplying 
each term by the redefined Gm(E,) and the factor of 1/2 in Eq. 8.17. This 
approach has been used in recent work (Kocher 198 1 b). 

w a n  dose-rate foctors for photons. Organ doses for photons for immer- 
sion in a scmi-infinite atmospheric cloud with uniform concentration are avail- 
able in the literature. Therefore, we could just as well use these results to 
obtain organ dose-rate factors directly and not go through the calculations in 
Sccts. 8.3.1.1 through 8.3.1.3. All that is ntcfssary is to interpolate tabulated 
values for a particular organ with energy using the known spectrum of photons 
for the given radionuclide and to normalize the results to the desired unit 
source concentration in air. As discussed in Sect. 8.1, however, calculation of 
the ratios G: for photons as defined in Eq. 8.19 is useful if organ dose-rate 
factors for other modes of exposure are desired because the published organ 
doses are directly applicable only to exposure via immersion in contaminated 
air. 

We caution, however, that it may not be a straightforward matter to take 
photon organ doses from the literature and apply them correctly to the given 
photon spectrum. Consider, for example, two sets of organ doses that have 

. .  
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been obtainad by Monte Carlo techniques by Poston and Snyder (1974) and by 
OBrien and Sanna (1976) and O'Brien (1980). For any given organ, it is evi- 
dent ( K m  1980) that the doses given by thesc two papers do not agree for 
energies a h  about 0.1 MeV, wen when expressed in the same units. The pri- 
mary reason for this dismpancy is that the organ doses calculated by Poston 
and Snyder arc given for assumed energies emitted in the atmospheric cloud, 
whereas the energies for which OBrien and Sanna give their results are those 
assumed to be incident upon the body surface. As we dmusscd in Sect. 8.3.1.3, 
these two energies arc not the same because of scattering and absorption in air. 
The average energy incident upon the body surface is always less than the emit- 
ted energy. The defiiition of the energies used by Poston and Snyder is clearly 
the one which is appropriate for application to Eq. 8.20. On the other hand, 
O'Brien and Sanna's organ dose calculations are potentially more useful 
because they generally have a greater statistical accuracy than t h e  of Poston 
and Snyder and extend to higher energies. 

A rigorous procedure for using the calculations of O'Brien and Sanna 
( 1976) and O'Brien (1980) to obtain organ dose-rate factors for immersion in 
contaminated air has been discussed by Kerr (1980) and recently implemented 
by Eckerman et al. (1980). In this procedure, dose-rate factors in units of dose 
rate per unit concentration of activity in air are obtained by integrating the 
dose per photon per unit area incident upon the body surface calculated by 
O'Brien and Sanna over the energy spectra of scattered photons in air (e.g.. see 
Fig. 8.1) calculated by Dillman (1974). In this way, the calculations of O'Brien 
and Sanna can be expressed in terms of the emitted photon energy and, thus, 
are directly comparable with those of Poston and Snyder (1974). Examples of 
this comparison, in which the calculations are expressed as the ratio of organ 
dose to dost in air, arc shown in Figs. 8.6 through 8.8. The results for total 
body in Fig. 8.6 illustrate that for most body organs the results of Eckerman et 
al. arc systematically less than those of Poston and Snyder for the same emitted 
energy. The reason for this systematic discrepancy is not known. The results for 
the ovaries in Fig. 8.7 indicate the effect of the improved statistical accuracy in 
the O'Brien and Sanna data on obtaining a smooth energy dependence of the 
dose-rate factors, particularly for small, decglying organs. For red marrow, an 
important organ for external dosimetry, the newer calculations of Eckennan et 
al. .shown in Fig. 8.8 are also systematically less than those of Poston and 
Snyder, and the discrepancy is as much as an order of magnitude for emitted 
energies below 0.2 MeV. This large difference results primarily from differences 
in the models used to describe energy absorption in red marrow in Reference 
Man. Thesc differences have been discussed by Kerr (1980). 

Given the photon organ dose-rate factors for immersion in contaminated 
air, obtained from the literature as described above, and the body-surface 
dose-rate factor for photons obtained from Eqs. 8.15 and 8.17, the ratio CY as 
a function of energy can then be calculated from the definition in Q. 8.19. 
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Figure 8.6. Ratios of dose to total body to dose in air for an infinite, uniformly con- 
taminated atmospheric cloud vs emitted photon energy. The results of Poston and 
Snyder (1974) are compared with calculations of Eckerman et al. (1980). 

For example, thesc ratios for total body, ovaries, and red marrow can be 
obtained from the results in Figs. 8.6 through 8.8 by dividing by the tissue-to- 
air scattering ratio shown in Fig. 8.3. Again, the ratios GY arc useful for cal- 
culating organ doses for exposure modes other than immersion in contaminated 
air. 

Example 8.3. In Sect. 8.3.1.1, the doserate factor in air for 85Kr, which 
emits a single photon of energy 514 keV, was calculated as 0.0094 Gy/y per 
Bq/cm3. We can then use the correction factor for air-ground interface effects 
given in Sect. 8.3.1.3 and the ratios of organ dosc to dost in air given in Fig. 
8.7, for example, to estimate the doserate factor for ovaries for an individual 
standing at the boundary of a semi-infinite atmospheric cloud. The organdose 
to airdosc ratio from the calculations of Eckerman et al. is seen to be about 
0.5 for ovaries at the energy of interest; hence, the doserate factor is 
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Figure 8.7. Ratios of dose to ovaries to dose in air for an infinite. uniformly contami- 
nated atmospheric cloud vs emitted photon energy. The results of Poston and Snyder 
(1974) arc compared with calculations of Eckerman et al. (1980). 

DRF, (ovaries) - 1/2 (0.0094 Gy/y per Bq/cm’Xl Sv/GyXO.S) - 0.0024 Sv/y per Bq/cm3 . 
This is the value given in Table 8.1 (see Sect. 8.3.3). [End of example] 

Ogor dose-nu foetors for electwas. Because of the relative impenetra- 
bility of body tissues to electrons, only organs near the body surface need to be 
considered. The potentially important organs include the skin, the lens of the 
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RED MARR(WI 

0 ECKERMAN 
A POSTON AND SNYOER 

g 
a 

- 
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o.ooo1 0.1 I 10 
i I I ' l 1 l l '  

0.a 
EMITTED PHOTON ENERCY (W)  

Figure 8.8. Ratios of dose to red marrow to dosc in air for an infinite. uniformly 
contaminated atmospheric cloud vs emitted photon energy. The rtsults of Poston and 
Snyder (1974) am compared with calculations of Eckerman et al. (1980). 

eye, and the testes In this chapter, we discuss only elcctron dose-rate factors 
for radiosensitive tissues of the skin, but the methods discussad arc directly 
applicable to other organs of interest by taking into account the different 
depths of the organs below the body surface. Historically, the calculation of 
dose as a function of depth in tissue to estimate the dost to skin (or to other 
organs near the body surface) has been based on the empirical Locvinger equa- 
tion (Fitzgerald et al. 1967). and the use of this equation remains widespread 
today (Healy and Baker 1968; Healy 1982). even though the equation does not 

. . .  
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Tabk 8.1. Dosc-rnte factors for lmwrsloa La eOat.miarted ah 

(Values are in Sv/y per Bq/cm') 

Skin Breast Lungs Red marrow Ovaries Skeleton Testes Total body 
Nuclide (eIectrons) (photons) (photons) (photons) (photons) (photons) (photons) (photons) 

0.0 
5.9E-3 
4.IE-1 
4.2E-1 

4.6M 
2.9E-1 
2.0EO 
I.1E-1 
6.9E-3 
5.4E-2 
0.0 
3.IM 
3.5E-3 
2.6E-1 
7.6E-1 
1.1E-l 
8.282 
2.5E-I 
5.4E-I 

2.3E-l 

6.6E- I 

2.3E-1 

1.3E-1 
3.7E-1 

0.0 0.0 
0.0 0.0 
3.3E-3 2.68-3 
2.7E-I 1.8E-1 
3.3Eo 2.7EO 
1 . O M  8.6E-1 
0.0 0.0 
0.0 0.0 
1.IEO 9.1E-1 
1.IM 9.5E-I 
9.887 5.7E-7 
0.0 0.0 
3.IE-1 2.5E-l 
2.4E-2 5.6E-3 
5.8E-I 4.4E- I 
8.9E-I 7.3E-I 
2.1E-2 7.1E-3 
7.1E-2 3.5E-2 
5SE-2 3. I E-2 
4.0E- 1 2.8E-1 
2.3M 1.9EO 
0.0 0.0 
8.8E-1 7.3E-1 
1.9EO I .6EO 

0.0 
0.0 
2.7E-3 
1.8E-1 
2.8EO 
8.8E-1 
0.0 
0.0 
9.2E-1 
9.6E-1 
4. I E-7 
0.0 
2.5E-I 
2.1 E-3 
4.6E-I 
7.4E- I 
4.8E-3 
2.38-2 
2.9E-2 
2.9E-1 
1.9EO 
0.0 
7.4E-I 
1.6EO 

0.0 
0.0 
2.4E-3 
1.93-1 
2.4EO 
7.6E-1 
0.0 
0.0 
8.3E-1 
8.6E-1 
4.357 
0.0 
2.2E-I 
4.OE-3 
3.9E-I 

5.4E-3 

2.5E-2 
2.4E-1 
1.7EO 
0.0 
6.6E-1 
1.4EO 

6.5E-1 

2.6E-2 

0.0 
0.0 
3, I E-3 
2.7E-1 
2.9EO 
9.IE-1 
0.0 
0.0 
1 .OEO 
l . l M  
9.9E-7 
0.0 
2.9E-I 
9.8E-3 
5.sE-1 
8.3E-I 
1.IE-2 
6.28-2 
4.4E-2 
3.8E-I 
2.1Eo 
0.0 
8.2E- I 
1.7EO 

0.0 0.0 
0.0 0.0 
H E - 3  2.8E-3 
2SE-l 2.oE-1 
3.6EO 2.9EO 
I.IE0 9.1E-I 
0.0 0.0 
0.0 0.0 
1.2EO 9.7E-1 
1.3EO 1 .om 
8 3 - 7  632-7 
0.0 0.0 
3.3E-1 2.7E-1 
1.6E-2 I.OE-2 
6.OE-1 4.8E-1 
9.7E-1 7.8E-1 
1.552 LIE-2 
5.7E-2 4.2E-2 
4.8E-2 3.7E-2 
3.9E-1 3.1E-1 
2.5M 2.0M 
0.0 0.0 
9.781 7.8E-1 
2.1 EO 1.7Eo 
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Table 8.1 (continued) 

(Values are in Sv/y per Bq/cm') 

Lungs Red marrow Ovaries Skeleton Testes Total body 
(electrons) (photons) (photons) (photons) (photons) (photons) (photons) (photons) 

Skin Breast 

0.0 
4.2E-1 
7.1E-1 
1.3EO 
0.0 
0.0 
3.2E-7 
0.0 
4.68-2 
7.9E-3 
I .7EO 
3.4E-5 
5.OE-3 
1.9E-5 
1.3E-5 
0.0 
0.0 
0.0 
1.5E-5 

3.38-3 
3.9E-1 
0.0 
2.3 EO 
1.3E-5 
5.78-4 
I.2E-2 
9.1 E-4 
2.5E-2 
1.5E-2 
1.7E-2 
5.58-4 
2.6E- I 
4.88-4 
4.28-4 
4.9E-4 
4.78-4 
0.0 
4.OE-2 

I.1E-3 
2.9E- 1 
0.0 
2.OEO 
I.IE-5 
4.68-4 
7.6E-3 
3.8E-4 
1.2E-2 
8.1 E-3 
I .4E-2 
1.1E-4 
1.7E-1 
8.1E-5 
6.88-5 
3.28-5 
3.38-5 
0.0 
1.9E-2 

5.2E-4 
2.9E- I 
0.0 
2.OEO 
1.1E-5 
4.78-4 
7.3E-3 
2.88-4 
8.38-3 
5.7E-3 
1.4E-2 
7.58-5 
I .6E- 1 
4.78-5 
3.8E-5 
1.4E-5 
1.5E-5 
0.0 
1 .OE-2 

8.3E-4 
2.4E-1 
0.0 
1.7EO 
9.6E-6 
4.1 E-4 
6.1 E-3 
2.98-4 
8.8E-3 
6. I E-2 
1.3E-2 
8.28-5 
1.4E-1 
5.8E-5 
4.98-5 
2.1 E-5 
2.28-5 
0.0 
1.4E-2 

2.1 E-3 
3.7E-1 
0.0 
2.1 EO 
1.2E-6 
5.48-4 
I.IE-2 
6.58-4 
2.OE-2 
1.4E-2 
1.6E-2 
1.9E-4 
2.5E-1 
1SE-4 
1.2E-4 
5.78-5 
5.8E-5 
0.0 
3.4E-2 

2..3E-3 
3.9E-1 
0.0 
2.6EO 
1.4E-5 
6.2E-4 
1.IE-2 
6.OE-4 
1.8E-2 
I .2E-2 
1.9E-2 
2.2E-4 
2.4E-1 
1.7E-4 
1.5E-4 
1.IE-4 
l.lE-4 
0.0 
3. I E-2 

1.6E-3 
3.1E-1 
0.0 
2.IM 
1.lE-5 
4.913-4 
8.3E-3 
4.78-4 
1.4E-2 
9.353 
I.5E-2 
1.8E-4 
1.9E-1 
1.4E-4 
1.2E-4 
1.1E-4 
1.1E-4 
0.0 
2.3E-2 
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apply to discrete Auger and internal conversion electrons and, in some cases, is 
only a crude approximation for tbc continuops spectra of electrons from beta 
decay. 

Much more appropriate to tbe Calculatioa of electron doac-rate factors for 
rkia are the depth-dosc distriitions cnlculatd by Bergcr (1974) for tissue 
immersed in a semi-infiiite ndioactne cload; these are basad on specific 
ahsorbed fractions for electrons in thuequivalent material (Berger 1973). 
Table 1 of Berger (1974) and Table 7 of Berger (1973) directly give values of 
G,(E) as a function of depth in tissue for immersion in contaminated water EO 
that the results for usc in Eq. 8.21 can be obtained for the desired depth by 
interpolation with energy and depth and by applying comction factors dis- 
cussed by Berger (1974) to give values appmpriate for immersion in contam- 
inated air. The user should note that Beger's values of G already include the 
factor of 1/2 in our equation, which acoounts for self-shielding by body tissues, 
and that the values of G are given as a function of the ratio of depth in tissue 
to the electron range in water for emitted energy E, rather than as a function 
of depth in tissue alone. Berger (1974) also presents calculated depthdose dis- 
tributions for air immersion for selected radionuclides of importance in radie 
logical assessments, and more extensive calculations for three different expo- 
sure modes based on these methods have been @en by Kocher (1981b) and 
Kocher and Eckerman (1981). Traditionally, the dose-rate factor for skin is 
taken to be the value at the single depth of 7 mg/cm2 in tissue. Dose-rate fac- 
tors in tissue averaged over the depth of the radiosensitive portion of the skin 
have also been calculated by Kocher (1981b) and Kocher and Eckeman 
(1981). 

For electrons, the ratio of skin dose to the dose at the body surface 
obtained for immersion in an infinite and uniformly contaminated source region 
is not useful in estimating dose-rate factors for skin for other exposure modes, 
such as ground-surface exposure or exposure to arbitrary distributions of 
sources, primarily because of the fmitc range of electrons in matter. A method 
for estimating skin dose-rate factors for other exposure modes is described in 
Sect. 8.3.2.4. 

* 

cri*...rcu+-*=- 

.e 

. .  . .  . .  

1. 

~ ~ b 8 C O d 8 d M t d C l o c m d ~ 8 ~  

We now consider the determination of photon and electron doserate fac- 
tors for exposun to an infinite, mooth, and uniformly contaminated ground 
surface Contrary to the calculations for immersion in contaminated air 
preseated in Sect. 8.3.1, explicit UEC of the specific absorbed fractions for pho- 
tons and electrons is required for this exposure mode. 

83.2.1 Dose-Ilrtc F~ctom in Air 
As indicated in Fig. 8.9, the dose-rate factors in air are to be calculated at 

the point P located at a height z above the contaminated ground surface u. 

.. 
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ORNL-DWG 82C-13786 

v I 

Figure 8.9. Coordinate system for calculation of external dosc rate from 
contaminated ground surface. 

From Eqs. 8.4, 8.6, and 8.8, the dose-rate factors in air for photons and elec- 
trons arc given by 

(8.22) 

(8.23) 

The dose-rate factors are in units of Gy/s per Bq/cm2 if r and z are in cm. 
The dependence of the dose-rate factors on the height z occurs implicitly in 
the integral of the specific absorbed fraction over the ground surface. 

hse-rate factor for photons. For photons, the specific absorbed fraction 
in air is given by (Berger 1968) 

@('*E,)  = ( ~ / p ) . r B O , ( ~ . r ) ~ X P ( - - . r )  1 9 (8.24) 
47rr 

. .  . . . .  . .  . .  
. . . . . . . .  . . .  . , . . : . , 
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Where 

( 4 P ) a  = mass eaergy-absorptioa coefficient in air in cm2/g, 

B", = energy-absorph buildup factor in air, 

pa - linear attenuation ooeZficient in air in c m - I .  

The term 1/4rr2 gives the radial dispersion of dose due only to the distance 
from a point source, exp(-fiar) dcscr i i  the reduction in the number of pho- 
tons as a function of distance from the source due to scattering in air, ( ~ , J P ) ~  
describes energy absorption at the receptor position, and the buildup factor, 
which has a value greater than unity, accounts for the scattered photons which 
rescatter back to the receptor position. 

From Eqs. 8.22 and 8.24, the dose-rate factor in air bccomes 

(8.25) 

Various analytical approximations are available for the buildup factor (Trubey 
1966). An approximation that often leads to an easily integrable equation for 
the general form of the photon dose rate in Eq. 8.4 is the Berger form of the 
buildup factor (Trubcy 1966) given by 

Bo,(~ar) = 1 + Ca WexdDapar) 9 (8.26) 

where the coefficients C, and D, arc functions of the photon energy, and Da 
must be lcss than one. These coefficients arc obtained from linear least-squares 
fits of Eq. 8.26 to published buildup factors in air. The photon dost-rate factor 
in air is then given by 

where &,,I) is the well known frrstorder exponential integral 

(8.27) 

(8.28) 

The dosGrate factor is normally evaluated at the single height I = 1 m, 
which is assumed toebe the average height above ground of body organs for an 

\ 

. . .  . . . .  . : 
. L  

. .  
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individual standing on the ground. At this height, the second term in Eq. 8.27, 
accounting for photon buildup in air, is a correction of only about 5% or less to 
the term given by the exponential integral. 

Dose-rate fuctor /or electrons. For electrons, an analytical equation for 
the specific absorbed fraction, analogous to Eq. 8.24 for photons, has not been 
developed. However, Berger (1973; 1974) has used Monte Carlo methods to 
calculate specific absorbed fractions in water for particular values of distance 
and energy. These values can be modified to give the specific absorbed frac- 
tions in air (Berger 1974). and the results can then be used to evaluate the 
dose-rate factor in Eq. 8.23 by numerical methods (Kocher 1979; Kocher 
1980a; Kocher 198 1 b). 

As we discussed in connection with Eq. 8.21 for the electron dose-rate fac- 
tor for skin for immersion in contaminated air, we must remember that elec- 
trons have a finite range in air so that not all electrons emitted from the 
ground surface will reach the height z above ground. Thus, we cannot replace 
the integral over energy for electrons from beta decay in the second term in Eq. 
8.23 by the average energy. 

In order to minimize the dependence of the specific absorbed fraction on 
electron energy and, thus, to facilitate interpolation of tabulated values, Berger 
(1973; 1974) has introduced the dimensionless scaled point kernel, denoted by 
Ff(r/rbEf),  which is defined by the equation 

F,(r/ro. E , )  d(r/ro) = 4 w  *Ar, E , )  r2 dr . (8.29) 

where ro is the mean electron range at energy E, in the medium of density p. 
The scaling is accomplished by expressing distances in units of the electron 
range. 

Using Eq. 8.29 for the scaled point kernel, the dose-rate factor in air for 
electrons can be written in  the form (Kocher 1979; Kocher 1980a; Kocher 
1981b) 

(8.30) 

where Q(z,E) is the integral over the ground surface of the  scaled point kernel 
for energy E given by 

(8.3 1 ) 
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and the dimensionless ucakd distaace x is defined as 

(8.32) x - r / rdE) .  

Given the electron scakd point lrerael in air as a function of energy and 
scald distance x, OMaiOad as describad by Berger (1973; 1974). and the energy 
distribution NdE) for amtinuous electrons given by the Fermi theory of beta 
decay (Evans 1953; Wu and Moekows~ 1966), the dose-rate factor in air in 
Eq. 8.30 can be evaluated by numerical integration over energy and scaled dis- 
tance (Kocher 1979; Kocher 198Oa; Kocher 1981b; Kocher and Eckerman 
1981). In practice, since electrons have a finite range in air, the upper limit of 
integration over the scaled distance in Eq. 8.31 is approximately 1.25. 

We note again that the empirical Loevinger equation, which has often been 
used to calculate electron dose-rate factors from a contaminated ground surface 
(Trubcy and Kaye 1973; Hcaly and Baker 1968; Healy 1982), does not apply 
to discrete electrons and is a teasonably accurate approximation for continuous 
electrons from beta decay only if the endpoint energy has a range in air consid- 
erably greater than the height z. Therefore, although the Loevinger equation is 
attractive because of its relatively simple form compared with the equations 
developed here, it should be uscd with considerable caution. 

83.22 Dose-hte F8ctors for npsoC Embedded i0 Air 

Exactly as with immersion in contaminated air in Sect. 8.3.1.2, the dose- 
rate factors for a small pi- of tissue at the height z can be obtained from the 
dose-rate factors in air by application of the factors R,, and R,, in Eqs. 8.13 
and 8.14, which give the ratios of m a s  energy-absorption coefficients and mass 
stopping powers in tissue and air respectively. Thus, for photons and electrons, 

1 DRF:(z) yk ~ J i & [ ( d ~ ) t I t  1 

A reasonable approximation of R,, and R,, for ground-surface exposure is 
obtained by evaluating the ratios at the emitted energy (see Figs. 8.3 and 8.5) 
because the values calculated by Dillman (1974) and Berger (1968) to account a 
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for scattering and absorption in air for immersion in contaminated air do not 
strictly apply to any other exposure mode. 

83.23 D d t e  Factors for the Body Surface of an Exposed Individual 

The doserate factors for the body surface of an individual standing on the 
ground can be obtained from the values for a small piece of tissue by account- 
ing for the self-shielding by body tissues. As in Sect. 8.3.1.3. we assume no 
sclf-shielding for photons but a reduction in dose rate by a factor of two for 
electrons. Thus, the dose-rate factors for the body surface are taken to be 

DRFt(z) = DRF;(z), (8.35 

(8.36 1 
2 

DRF:(z) = -DRi.;'(z). 

8.3.2.4 Dose-Rate Factors for Body Organs 

Calculations of organ doses for exposure to an infinite, uniformly contam- 
inated ground surface using Monte Carlo techniques are not available in the 
literature. Therefore, approximations must be used to obtain organ dose-rate 
factors for this exposure mode. 

Organ dose-rate factors for photons. For photons, we assume that the 
ratio of absorbed dose rate for organ rn to the absorbed dose rate at the body 
surface for energy EiT, defined in Eq. 8.19 as Cy(€,,),  is the same for irradia- 
tion from a contaminated ground surface as it is for immersion in contam- 
inated air. Because air is the medium between the source and receptor for both 
exposure modes, this is the same as assuming that the ratio of organ dose to 
dose in air is the same for ground-surface exposure and air immersion. Thus, 
the organ dose-rate factors for air immersion obtained from the calculations of 
Poston and Snyder (1974) or OBrien and Sanna (1976) and OBrien (1980), as 
described in Sect. 8.3.1.4. can be used for ground-surface exposure. The photon 
dose-rate factor for organ m is then assumed to be 

..4* ..I-.-\ -. :,& -..:< t *.. .'* *.s- 

. .- ._.  . . . . . . 

The accuracy of the organ dose-rate factors obtained from Eq. 8.37 is not 
known. While the anghlar distribution of photons at the body surface is rea- 
sonably isotropic for immersion in contaminated air, the angular distribution at 

r? 
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a height of 1 m above a contaminated ground surface is quite h t m p i c ,  with 
most of the photons coming from angles just below t k  direction of the horizon- 
tal (Beck and de Planque 1968). This rcsult is illustrated h Fig. 8.10. Further- 
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Figure 8.10. Angular distribution of the radiation field at a height of I m due to 
photons emitted from a smooth. infinite. uniformly contaminated ground surface 
for two different photon energies. An angle of 0" corresponds to the vertically 
downward direction. The portion of the angular distribution betwoen 80' and 90" 
has been omitted 

more, the energy distribution at a height of 1 m for rnonokgetic photons 
emitted from the ground surface ( F h k  and de Planque 1968) is somewhat 
different than the energy distribution for monoenergetic photons from an 
atmospheric cloud (Dillman 1974). Therefore, the ratio of organ dose to dose at 
the body surface is not likely to be the same for air immersion and ground- 
surface exposure. However, the possible errors in this assumption are not likely 
tp be more than a few tens of percent for photon energies above about 0.1 MeV 
(Kocher 1981b). 
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Organ dose-rare factors for electroas. As with immersion in contaminated 
air, we consider only electron dose-rate factors for skim, but the methods are 
also applicable to other organs near the body surface. In Sect. 8.3.1.4, the 
values of the ratio of dose rate in skin to dost rate at the body surface for 
immersion in contaminated air were obtained directly from the G-factors as a 
function of energy and deptb in tissue calculated by krger  (1973; 1974). 
However, these results are not directly applicabk to the calculation of dose 
rates to skin from a contaminated ground surface because they do not properly 
account, for the energy loss of electrons due to scattering in air betwecn the 
ground and the body surface. 

Electron dose-rate factors for skin are normally calculated for the single 
height z = 1 m above ground rather than averaging over the height of the 
body surface above ground. Conceptually, we should calculate the electron 
dose-rate factor for skin by accounting for transport of the radiations in air 
between the ground surface and the body surface at a height of 1 m followed 
by transport through the thickness of tissue between the body surface and the 
radiosensitive tissues of the skin. However, the problem of calculating specific 
absorbed fractions for propagation of electrons through two different media 
has not, to our knowledge, been treated in the literature. Therefore, we assume 
instead that it is a reasonable approximation to replace the desired thickness of 
tissue with an equivalent thickness in air, add this thickness to the assumed 
I-m height of the body surface above ground, and calculate the dose-rate fac- 
tor in tissue from Eqs. 8.34 and 8.36. Thus. in effect, we reduce the problem of 
transmission through two media to a problem involving only one medium for 
which the specific absorbed fraction is known. If z is the height of the body 
surface above ground, then we calculate the dose-rate factor for skin by assum- 
ing a height z' above ground given by 

(8.38) 

where x is the distance from the body surface to the skin (equivalent to a 
depth of 7 mg/cm2 in tissue), p, and p,, are the densities of tissue and air 
respectively, and the factor 1.14 approximates the ratio of energy absorption in 
tissue to air (see Sect. 8.3.1.2). This method has recently been implemented by 
Kocher (1981b) and Kocher and Eckerman (1981). As described in Sect. 
8.3.1.4, this method can  also be used to obtain the dose-rate factor for skin by 
averaging calculated values over the thickness of the radiosensitive portions of 
the skin (Kocher 1981 b; Kocher and Eckerman 1981). 

Because the energy loss for electrons between the ground and the body 
surface depends on the height of the body surface above ground, it is obviously 
a crude approximation to calculate the electron dose-rate factor for skin for the 
single value z = 1 m. More properly, the dose-rate factor should be obtained 
by averaging over the height of the exposed individual; but this has not yet 
been attempted. The dose-rate factor for skin at a height of 1 rn gives a rea- 
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sonabk approximation to the average of values over the height above ground of 
the body surface only for electron energies of about 1 MeV and above. At 
lower ~nersieS, the dosaratc factor at 1 m - thevalueavcragd 
over height, particularly for energies below about 0.4 MeV where the calculated 
dosante factor iS zcro (Kochcr and Eckermaa 1981 ). 

W e  note !hat the method embodied in Eq. 8.38 for x e p k h g  the distance 
from tbe body surface to the skin by an quivalat distanct in air is appropri- 
ate for calculating skin doses for arbitrary distributions of aourccs and for cal- 
culating doses to other body organs. 

Compilations of external dose-rate factors for phosaps and electrons arc 
availabk in the literature for those who are interested only in applying the 
results to the calculation of radiological impacts without being concerned with 
the details of how they are obtained. 

For photons, external dose-rate factors have been pubbhed for 22 body 
organs for immersion in contaminated air, immersion in contaminated water, 
and exposure to a contaminated ground surface for cacb of 240 radionuclides 
of potential importance in routine reltases from the nuclear fuel cycle (Kocher 
1979; Kocher 198Oa). In this compilation, only the dose-rate factors for the 
body surface are given for electrons. A more recent compilation of dose-rate 
factors has become available (Kocher 1981b) that considers approximately 500 
radionuclides and includes electron dose-rate factors for skin for each of the 
three exposure modes. Electron dosc-rate factors for skin for immersion in con- 
taminated air can also be obtained for a few radionuclides from the depth-dose 
distributions given by Berger (1974). 

An abbreviated tabulation of dose-rate factors for air immersion and 
ground-surface exposure is given in Tables 8.1 and 8.2 (Kocher 1981b). The 
photon results are based on the calculations of Eckennan et al. (1980) 
described in Sea. 8.3.1.4. The radionuclides selected are those of primary 
importance in routine releases from the nuclear fuel cycle. The values for skin 
are for a single depth in tissue of 7 mg/cm2, and the values for ground-surface 
wtposure assume a single height of 1 m. The values for air immersion assume 
a density of air of 1.189 X 10'' g/m3 at 2OoC and 750 mm pressure. 
In using these results, it is important to bear in mind that the values for a 
given radionuclide do not include any poaiile contributions from radioactive 
daughter products. Rather, the tabulations give separate entries for all such 
daughters. Thus, for example, the dose-rate factors for "'Cs and the short- 
lived daughter l r r n ~  are given scparatdy. In this particular CIISC, it is almost 
always reasonable to assume that lnnBa will be in equilibrium with 13'Cs so 
that the doserate factors for the daughter can be multiplied by the known 
decay branching fraction of 0.946 (Kocher 1981a) and added to the values for 
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Table 8,2. Dose-rate factors for ground-surface exposure 

(Values are in Sv/y per Bq/cm2) 

Lungs Red marrow Ovaries Skeleton Testes Total body 
Nuctide (electrons) (photons) (photons) (photons) (photons) (photons) (photons) (photons) 

Skin Breast 

0.0 
0.0 
2.68-4 
3.6E-4 
7.78-4 
5.1 E-3 
4.48-5 
3.4E-3 
6.9E-6 
4.9E-6 
0.0 
0.0 
4.4B3 
0.0 

1.2E-3 
0.0 
0.0 
0.0 
5.6E-4 
1 .OE-4 
7.4E-5 
2.98-4 
4.OE-4 

5.aE-s 

0.0 
0.0 
6.78-7 
6.OE-5 
5.1E-4 
1.6E-4 
0.0 
0.0 
2.1 E-4 
2.2E-4 
2.3 E- 10 
0.0 
6.1 E-5 
1.3E-5 

1.8E-4 
1.2E-4 

1 .OE-5 
2.28-5 
1.8E-5 
8.6E-5 
4.5E-4 
0.0 
1.8E-4 
3.58-4 

0.0 . 
0.0 
5.48-7 
4.OE-5 
4.3E-4 
1.48-4 
0.0 
0.0 
1.88-4 
1.9E-4 
1.38- 10 
0.0 
5.08-5 
2.9E-6 
9.48-5 
1.58-4 
2.78-6 
9.68-6 
7.98-6 
6.1 E-5 
3.8E-4 
0.0 
1.5E-4 
2.98-4 

0.0 
0.0 
5.6E-7 
3.8E-5 
4.3E-4 
1.4E-4 
0.0 
0.0 
1.8E-4 
1.9E-4 
9.8E-I 1 
0.0 
5.1 E-5 
1.18-6 
9.68-5 
1.58-4 
1.58-6 
6.08-6 
6.88-6 
6.38-5 
3.88-4 
0.0 
1.5E-4 
2.98-4 

0.0 
0.0 
4.9E-7 
3.2E-5 
3.7E-4 
1.2E-4 
0.0 
0.0 
1.6E-4 
1.7E-4 
I.0E-10 
0.0 
4.58-5 
2.1 E-6 
8.28-5 
1.3E-4 
2.OE-6 
7.28-6 
6.38-6 
5.1 8-5 
3.48-4 
0.0 
1.3E-4 
2.68-4 

0.0 
0.0 
6.35-7 
5.9E-5 
4.58.4 
1SE-4 
0.0 
0.0 
2.08-4 
2.1 E-4 
2.3E-IO 
0.0 
5.7E-5 
5.1 E-6 
1.2E-4 
1.7E-4 
4.58-6 
1.7E-5 
1.28-5 
8.285 
4.28-4 
0.0 
I .6E-4 
3.28-4 

0.0 
0.0 
7.35-7 
5.5E-5 
5.5E-4 
1.8E-4 
0.0 
0.0 
2.48-4 
2.5E-4 
2.08- 10 
0.0 
6.68-5 

1.3E-4 
2.08-4 
6.75-6 
1.78-5 
1.48-5 
8.48-5 
5.08-4 
0.0 
I .98-4 
3.88-4 

8.48-6 

0.0 
0.0 
S.8E-7 
4.4E-5 
4.5E-4 
1.5E-4 
0.0 
0.0 
1.9E-4 
2.OE-4 
1.55-10 
0.0 
5.3E-5 
5.X-6 
1 .OE-4 
1.6E-4 
4.58-6 
1.2E-5 
1 .OE-S 
6.6E-5 
4.OE-4 
0.0 
1.68-4 
3.1 E-4 
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(Values are in Sv/y per Bq/cm2) 
~~ ~ 

Skill Breast Lungs Redmarrow Ovaries Skeleton Testes Totalbody 
( e l m n g )  (photons) (photons) (photons) (photons) (photons) (pbotond (Photons) 

0.0 2.3E-6 
1.9W 8.4E-5 

2.1E-3 4.OE-4 
l.lE-3 0.0 

0.0 2.5E-9 
0.0 1.2E-7 

0.0 8.2E-7 
0.0 1.2E-5 
0.0 4.4E-6 
3.OE-3 3.3E-6 
0.0 9.7E-7 
0.0 5.9E-5 
0.0 9.1 E-7 
0.0 8.OE-7 
0.0 l.lE-6 
0.0 l.lE-6 
0.0 0.0 
0.0 1.5E-5 

0.0 2.6E-6 

~~ 

3.9E-7 
6.1 E-5 
0.0 
3.4E-4 
2.1 E-9 
9.5E-8 
1.7E-6 
1 .OE-7 
3.OE-6 
2.OE-6 
2.786 

: 4.78-8 
3.8E-5 
3.88-8 
3.38-8 
3.3E-8 
3.2E-8 
0.0 
5.48-6 

1.7E-7 
6.283 
0.0 
3.4E-4 
2.1 E-9 
9.7E-8 
1.6E-6 
7.OE-8 
2.1 E-6 
1.4E-6 
2.7E-6 

3.6E-5 
I .8E-8 
1 SE-8 
1.2E-8 
1.2E-8 
0.0 
2.98-6 

2.5E-8 

2.8E-7 
5.2E5 
0.0 
3.OE-4 
1.9E-9 
8.5E-8 
1.3E-6 

2.286 
1.5E-6 
2.4E-6 

7.6E-8 

3.1E-8 
3.OE-5 
2.458 
2.1E-8 
1.98-8 
1.9E-8 
0.0 
4.OE6 

7.1E-7 
8.OE-5 
0.0 
3.6E-4 
2.38-9 
1.1E-7 
2.513-6 
1.8E-7 
5.28-6 
3.5E-6 
3.OE-6 
8.OE-8 
5.6E-5 
6.5E-8 
5.78-8 
5.5E-8 
5.4E-8 
0.0 
1 .OE-5 

8.6E-7 
8.4E-5 
0.0 
4.4E-4 
2.78-9 

2.38-6 

5.7E-6 
3.1 E-6 
3.68-6 

1.3E-7 

2.3E-7 

1.9E-7 
5.2E-5 
1.7E-7 
1.5E-7 
2.OE-7 
2.OE-7 
0.0 
9.6E-6 

6.9E-7 
6.6E-5 
0.0 
3.6E-4 
2.2E-9 
1.OE-7 
1.8E-6 
2.lE-7 

2.4E-6 
2.9E-6 
1.9E-7 
4.1E-5 

1SE-7 
2. I E-7 
2.OE-7 
0.0 
7.2E-6 

4.68-6 

1.7E-7 
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the parent. A similar situation applies to the '06Ru-'06Rh decay chain. For 
many radioactive decay chains, however, it is not reasonable to assume equilib- 
rium between a parent radionuclide and its radioactive daughters. In these cases 
(e&. 88Kr-88Rb, 95Zr-95Nb, and the complex actinide decay chains), the dose- 
rate factors can be combined only after due consideration of the laws describing 
production and decay of radioactive daughters with time #(Evans 1955) and 
differences in environmental behavior between the parent and its daughters. 

We emphasize again the usefulness of external dose-rate factors. For a par- 
ticular exposure mode, the value gives the dose rate to a particular body organ 
per unit Concentration of a radionuclide in the environment. 

. .  
. .  

83.4 Adequacy of Idealized Dose-Rate Factors 

Any user of published external dose-rate factors based on the calculations 
described in Sects. 8.3.1 and 8.3.2 should bear in mind that the results are 
strictly applicable only to idealized exposure conditions. In particular, the con- 
taminated atmospheric cloud or ground surface is assumed to be infinite in 
extent; and the radionuclide concentration is assumed to be uniform throughout 
the source region. The question naturally arises as to the extent to which these 
conditions are ever realized for actual releases of radionuclides to the environ- 
ment and subsequent exposures of the population. 

Since electrons have a finite range in air, the infinite-source, uniform- 
concentration approximation is a good one, provided the actual concentration in 
an atmospheric cloud or on the ground surface does not vary significantly over 
a distance from the receptor position equal to the electron range. The maximum 
electron energy emitted by any radionuclide of potential importance in radiolog- 
ical assessments is about IO MeV (Kocher 1981a), and, as shown in Fig. 8.1 1, 
the corresponding range in air is less than 40 m (National Academy of Sciences 
1964). For most radionuclides. in fact. the maximum electron energy is less -- 
than 4 MeV, and the corresponding range in air is less than 20 m. Thus, the 
idealized dose-rate factors for electrons are appropriate for actual exposures of 
the population if the radionuclide concentration is approximately uniform over 
distances of only a few tens of meters from the receptor position. It seems likely 
that such conditions are reasonably achieved for sources that are widely 
dispersed in the environment. Only for unusual exposure conditions, such as the 
receptor position being located close to a point release near ground level, for 
example, would the idealized dose-rate factors not appear to be appropriate for 
electrons. 

As opposed to electrons, photons do not have a finite range in air, as can 
be seen from the specific absorbed fraction in Eq. 8.24. However, the specific 
absorbed fraction decreases rapidly with distance from the source. Thus, as 
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0.t 4 40 
soot 

0.01 
ENERGY (MeV) 

Fwre 8.1 1. Electron range in air vs energy. 

shown in Fig. 8.12, for an infinite, uniformly contaminated atmospheric cloud, 
about 85% of the dose at tbc receptor position is due to photons emitted within 
a distance of three mean-frse-path9 The photon mean-frecpath in air shown 
in Fig. 8.13 is less than 40 m for energies less than 50 keV but increases to 
about 250 m at 4 MeV and nearly 400 m at 10 MeV. Therefore, if the 
radionuclides emit sigdkant numbers of high-energy photons, then the sources 
would have to be widely dispersed and the concentration would have to be 
approximately uniform ova distances approaching 1 km from the receptor 
position in order for the infiitc-soum, uniform-concentmtion assumption to 
be appropriate. It is clear from this result that the use of photon dosbrate fac- 
tors may result in considerable error in the estimated dose for many realistic 
exposure situations such as exposure to acute releases to the atmosphere or at 
locations close to the point of release. Unfortunately, however, more realistic 
calculations arc considerably more difficult, as we shall discuss in Sect. 8.4.1. 
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Figure 8.12 Ratio of photon d o e  at the center of a finite spherical atmospheric 
cloud with uniform source concentration to the dose in an infinite atmospheric 
cloud vs radius of the finite cloud in photon mean-frecpaths. 
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%igurc 8.13. Photon mean-frecpath in air vs energy. 
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Therefore, the idealid dose-rate factors arc used quite d v e l y  even for 
exposure situations for which they arc not strictly applicable, particularly if the 
dosarate factors arc expected to provide conservative overestimates of the 
actual dose. The greatest care must be exercised in those cases where the 
dosarate factors m y  seriously uodcmtimatc actual dose rates. An important 
example is dimused at the beginning of Sea. 8.4. 

We also note that the dosc.ratc factors described here assume that all 
exposed individuals are standing outdoors on a smooth ground surface. Correc- 
tions to the doserate factors to account for effects such as building shielding 
during indoor residence, ground roughness and terrain irregularities, and pene- 
tration of radionuclides into the ground arc considered in Sect. 8.4.2. 

8.4 REALISTIC (DIFFICULT) CALCULATIONS 
The use of d e r a t e  conversion factors to calculate the external dose to an 

exposed individual or population is idealistic because the calculations assume 
that the source region is effectively infmitc in extent with uniform radionuclide 
concentration. It is obvious that such conditions are not necessarily approxi- 
mated in actual exposure situations. In addition, the d e r a t e  factors for air 
immersion and ground-surface exposure assume that the exposed population 
spends 100% of the time outdoors on a smooth infinite ground surface. Thus, 
thesc dose-rate factors do not account for effects such as ground roughness and 
shielding by building walls during indoor residence. 

In many exposure situations, the use of external dose-rate factors results in 
conservative overestimates of actual radiological impacts on the population. An 
example is provided by the case of exposure at locations along the centerline of 
a finite plume in the atmosphere following a release at ground level. There are, 
however, important cases for which dose-rate factors do not result in overesti- 
mates of dose. Consider, for example, exposure to an elevated cloud of photon- 
emitting radionuclides. S i n e  the dosc rate at ground level from the cloud is 
obtained by multiplying the dose-rate factor for immersion in contaminated air 
by the concentration in air at the receptor position, the predicted dose would be 
zero. This could be a severe underestimate of the actual dose from the elevated 
cloud. 

In this section, we fvst give a brief discussion of the calculation of exter- 
nal dose for sources of fink extent with nonuniform radionuclide concentra- 
tions and then discuss the c o d o n  factors that account for the fact that man 
does not spend all of his time standing outdoors on a smooth ground surface. 

&cause electrons have relatively short ranges in air, it seems reasonable 
in most cases to assume that the electron dose rate from immersion in contam- 
inated air or exposure to a catamhated ground surface is adequately approxi- 
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mated by the external dose-rate factor multiplied by the radionuclide concen- 
tration in the air or on the ground at  the location of the exposed individual. 
Therefore, we consider the calculation of external dasc from fmite sources with 
nonuniform concentrations for photons only. 

8.4.1.1 Pbotoo Dose Rate in Air 

We first consider the calculation of absorbed dose rate in air at the loca- 
tion of the exposcd individual since that is the initial step in obtaining esti- 
mates of organ dose rates. In general, such a calculation for a source of arbi- 
trary spatial distribution requires recourse to the fundamental equation 
developed in Stet. 8.2, namely, 

(8.39) 

where x(Er ) is the radionuclide concentration, +: is the specific absorbed frac- 
tion in air given in Eq. 8.24 as 

and the integral extends over the source region u. As in Sect. 8.3.1.2, the dose 
rate at the body surface for photons can be estimated by multiplying each term 
in the summation in Eq. 8.39 by the ratio of the mass energy-absorption coeffi- 
cient in tissue to air evaluated at the i th  emitted energy. 

Since the specific absorbed fraction is a function possessing spherical sym- 
metry, it is evident that Eq. 8.39 is integrable in closed form or expressible in 
terms of the lirstsrder exponential integral in Eq. 8.28 only if the radionuclide 
concentration x possesses spherical or cylindrical symmetry about the receptor 
position or if x can be expressed in terms of sums or differences of distributions 
possessing such symmetries. Otherwise, numerical integration is required to 
evaluate the dose rate. 

For either acute or chronic releases of radionuclides to the atmosphere, 
the concentrations in the atmosphere and on the ground as a function of loca- 
tion and time are commonly estimated by use of the Gaussian plume model 
(Gifford 1968). which has been described in Chapter 2. It is not our purpose to 
discuss in detail the calculation of external dose from a Gaussian plume but 
rather to point out that the distributions of radionuclides in the air and on the 
ground obtained from this model are not amenable to closed-form solutions of 
Eq. 8.39. However, since the Gaussian plume model is so widely used, numeri- 
cal and graphical solutions of Eq. 8.39 for such distributions have received con- 
siderable attention. 

e 
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For expome to a radmctivc cloud, a wnsidcra& number of computer 
codes haw barn developad that predict the absorbed dose rate in air by numeri- 
cal integration over a source region described by the Gaussiao plume model 
(Strcngc et aL 1976; Hoffman et aL 1977). Of particular intenst to calcula- 
tions for amstant. chronic releases to the atmosphere is a mticatly finite, 
sector-averaged Gaussian plume model recommended by the US. Nuclear 
Regulatoy Commissioa (1977) for release heigats above 80 m. The estimation 
of the dose rate in air for this model is described by Healy and Baker (1968) 
and Healy (1982). 

Tabulations of dosc rates from Gaussian plume atmospheric clouds as a 
fun& of release height, downwind distance, and stability class have recently 
become availabk (Brenk 1978; Rohloff et aL 1979; Lahti et al. 1981). The 
work of Brenk (1978) and Rohloff et al. (1979) has been described in Chapter 
2. The available calculations are strictly applicable only to atmospheric radionu- 
clides that do not deposit on the ground surface (i.e., noble gases). The calcula- 
tions of Brenk are useful in that they estimate dose rates in all sectors, not just 
the sector in which plume travel occurs (Brenk 1978; Rohloff et al. 1979). The 
calculations of Lahti et al. (1981) consider dose rates only along the centerline 
of the plume, but the calculations arc useful in radiological assessments because 
tabulated results are given for specific noble gas radionuclides. 

Briggs (1974) has proposed a simplification of the Gaussian plume model 
in which the cross section of the plume perpendicular to the direction of motion 
is assumed to be rectangular and the radionuclide concentration in a given cross 
section is assumed to be uniform. This approximation is potentially useful in 
estimating dose rates from the plume because the dosc rate from rectangular 
sources with uniform concentration can be evaluated (Hubbcll et al. 1960; 
Dicbn and Ken 1975). 

Calculation of the dosc rate from a ground surface contaminated via the 
deposition of a finite Gaussian plume has received less attention than calcula- 
tions for a finite atmospheric cloud. The usual procedure (U.S. Nuclear Regu- 
latory Commission 1977) has been to incorporate plume depletion into the 
Gaussian plume model for atmospheric transport to estimate the concentration 
of activity on the ground at any location, but the dose rate at a given location is 
then obtained by multiplying the concentration at that position by the dose-rate 
factor for an infinite, uniformly contaminated ground surface developed in Sect. 
8.3.21 and given by 4. 8.27. Only the W A C  codes (Hoffman et al. 1977) 
calculate the da# rate abow ground by performing a numerical integration 
over the Gaussian distribution of activity deposited on the ground. A graphical 
technique for estimating dosc rates from a ground surface contaminated by a 
depositing Gaussian plume has been given by Hcaly and Baker (1968) and 
Healy (1982). 

It is evident that there are a variety of methods available for estimating 
dose rates from distributions of radionuclides described by the Gaussian plume 
model. A user of any of the available computer d e s ,  graphical techniques, or 
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tabulated results must be certain that the methods and assumptions employed 
therein are appropriate for the specific conditions to which they are being 
applied. 

In general. it is obvious that Eq. 8.39 can more easily be evaluated if the 
source region can be divided into subregions in which the radionuclide concen- 
tration x can be regarded as uniform. The source geometries for which Eq. 
8.39 has been evaluated in a usable form if the radionuclide concentration is 
uniform include a line, disk, rectangle. cylindrical surface, semi-infinite volume, 
infinite slab, cylindrical volume, truncated right-circular cone, and spherical vol- 
ume (Blizzard et al. 1968). In particular, division of the source region into a 
series of infinite slabs with uniform concentration parallel to the ground surface 
is a useful approximation for estimating the dose rate from an elevated Gaus- 
sian plume or a plume with low lid height during a chronic release to the 
atmosphere. The dose rate in air from an infinite slab with uniform concentra- 
lion is easily obtained by integrating Eq. 8.27 for an infinite plane surface over 
the thickness of the slab. This method may also be useful in estimating the dose 
rate above ground from radionuclides uniformly dispersed into soil. 

The discussion in this section is intended primarily to emphasize that the 
calculation of external dose rates for photons from finite sources with nonuni- 
form concentrations is, in general, quite a difficult problem. Only in a few spe- 
cial cases can a result be obtained without recourse to numerical integrations 
involving extensive computer calculations. Such efforts are probably 
worthwhile only if the radionuclide concentration varies significantly over a 
distance of about three photon mean-free-paths from the receptor position 
compared with the concentration at the receptor position itself and if the use of 
idealized dose-rate factors would seriously underestimate expected dose rates. 
Otherwise, the use of the dose-rate conversion factors as developed in Sect. 8.3 
is entirely reasonable. 

8.4.1.2 Photon Dose Rates for Body Organs 

As we have discussed in Sects. 8.3.1.4 and 8.3.2.4, organ dose rates for 
photons calculated by Monte Carlo techniques are available in the literature 
only for exposure via immersion in an infinite, uniformly contaminated source 
region. Therefore, approximations must be used to estimate organ doses for 
arbitrary exposure conditions involving finite sources and nonuniform radionu- 
clide concentrations. The most commonly used approximations are based on the 
calculated dose at the body surface. 

In Sect. 8.3.2.4. we calculated organ dose-rate factors for exposure to an 
infinite, uniformly contaminated ground surface by assuming that the ratio of 
organ dose to dose at the body surface for a given photon energy is equal to 
the ratio obtained for immersion in an infinite, uniform radioactive cloud. This 
approximation is used even though the energy and angular distributions of pho- 
tons incident on the body surface are not the same for the two exposure modes. 
This is also a useful method for estimating .organ doses for arbitrary exposure 
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~WOIIS. Whik the organ doses obtained in this way am undoubtedly subject 
to error. depending on the photon energy aad tbe size and location of the 
organ, it is expected that errors will be no mom than a few tens of percent for 
most body organs for energies above 0.1 MeV. 

Traditionally, the dose rate to total body has bee0 the most annmonly 
used measure of radiological impact on an individual or population from exter- 
nal exposure to radionuclides dispersed in the cnvimnmeat. The U.S. Nuclear 
Regulatory Commission (1977) has recommended that the dose to total body rb 
be calculated from the dose at the body surface s by applying a comction fac- 
tor which accounts for the penetration of the photons through 5 cm of tissue. 
The ratio of dosc rate to total body to the dosc rate at the body surface for the 
ith photon is assumed to be given by 

(8.41) 

where 

k, = linear attenuation coefficient for ith photon in tissue r in cm”. 

That is, the penetration of photons through 5 cm of tissue is estimated by 
means of a simplified linear buildup factor multiplied by an exponential attenu- 
ation factor. The result in Eq. 8.41 is approximately correct for the dose rate to 
total body for immersion in contaminated air given in Table 8.1 [e&, ste 
Strenge et al. (1980)] and is assumed by the NRC to be applicable to any 
exposure condition. It has also been noted (Strenge et al. 1975) that except for 
loweaergy photons, Eq. 8.41 gives the approximate dost rate for other organs 
of primary interest for immersion in contaminated air because many of the cal- 
culated organ dose rates do not vary by more than about 30% (e.&, see Table 
8.1). By using an appropriate value for the thickness of tissue, Eq. 8.41 has also 
been used to estimate dose rates in organs which lie close to the body surface, 
such as the skin, eyes, and testes (Strenge et al. 1975). We again caution that 
the estimation of organ dose embodied in Eq. 8.41 is only approximate and, for 
a given exposure condition, may be particularly inappropriate for small, d tep  
lying body organs. 

8A2 conretiolrp to Dose-hte Factors 
l h e  dose-rate factors for immersion in contaminated air and exposure to a 

contaminated ground surface developed in Sect. 8.3 assume that man spends 
100% of the time outdoors standing on a smooth infinite plane. In this section, 
we briefly consider corrections to these idealized dose-rate factors to account 
for dfects such as shielding by buildings during indoor residence, ground 
roughness and terrain irregularities, and penetration of radionuclides into the 
ground. We again consider these effects for photons only. 

The corrections for the various effects described above arc applied as mul- 
tiplicative factors to the idealized dose-rate factors calculated in Sect. 8.3 or to 
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the more sophisticated calculations described in Sect. 8.4.1. The dose correc- 
tion factors are usually less than one. Therefore, if they are excluded from 
external dose calculations, the resulting dose estimates should provide conser- 
vative overestimates of actual doses. 

. . .  . . . . . . . . . . . . . .  . . .  . .  . .  . . . .  
. .  
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8.421 BaiMiogShieUbgEffects 

Man's residence time inside buildings will normally result in a reduction in 
the external dose rate compared with no shielding in an outdoor environment. 
Analyses of building shielding effects for environmental dose assessments have 
been presented by several authors (Healy and Baker 1968; Healy 1982; Burson 
and Profio 1977; Kocher 1980b). Building shielding is specified by a quantity 
called the dose reduction factor, which is defined as the ratio of the dose rate 
inside a building to the corresponding dose rate outdoors. The dose reduction 
factor is thus usually less than one. 

Immersion in  contaminated air. In  general, the dose reduction factor for 
immersion in contaminated air depends primarily on the photon energy and the 
wall thickness of the building structure. For typical family dwellings, the 
predicted dose reduction factors are usually within a factor of two of the value 
0.5 recommended by the U.S. Nuclear Regulatory Commission (1977) for 
generic population dose assessments, provided that significant numbers of pho- 
tons are emitted with energies above a few hundred keV (Kocher 1980b). Thus, 
the NRC default value is probably an adequate approximation for many 
releases of radioactivity to the atmosphere. We note one example to the con- 
trary, however, which k of current interest. The primary radionuclide released 
during the Three Mile Island accident is believed to be '33Xe (Battist et al. 
1979). for which the emitted photon energies are 81 keV or less (Kocher 
1981a). In this case, the estimated dose reduction factor for a typical family 
dwelling may be as low as 0.06, which is an order of magnitude less than the 
value recommended by the NRC (Kocher 1980b). 

Example 8.4. In Sect. 8.3.1, we performed the various steps in a calcula- 
tion of an organ dose-rate factor for exposure to an atmospheric cloud of 85Kr. 
For ovaries, the result was 0.0024 Sv/y per Bq/cm3. For a receptor position 
indoors, application of the generic dose reduction factor of 0.5 recommended by 
the US. Nuclear Regulatory Commission (1977) gives a dose-rate factor of 
(0.0024 X 0.5) = 0.0012 Sv/y per Bq/cm3. If we assume, for example, that an 
exposed individual spends 90% of the time indoors, the appropriate dose-rate 
factor is (0.0024 X 0.1) + (0.0012 X 0.9) = 0.0013 Sv/y per Bq/cm3. [End 
of example J 

Burson and Profio (1977) have given representative dose reduction factors 
for a cloud source for different types of structures. Values range from 1.0 for 
transportation vchiclwto less than 0.2 for large office or industrial buildings at 
locations away from doors and windows. A user of these results should be 
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aarare, however, that they u ~ t  obtaiacd for 8 particular photon 
spcctrum-namely, the spectrum wbich would d t  from 'a bypotbetical 
nuclear reactor accident involving o~lt meltdown and wntainment rupture. 
Tbcrefore, as we noted above, these dose duction factors may not be applica- 
ble to cloud murces which primarily emit photons at energies leas than a few 
hundred keV. Methods for calculating do# reduction factors for arbitrary 
8ourcc spectra, basad on specific absorbed fractions, arc discuapad by Kocher 
(1980b). 

Expure  to a ~ ~ t a m i a a t e d  p a d  smrface The study of building shield- 
ing etftcts for radionuclides deposited on the ground has been of interest for 
many years because of its civil defense applications. A detailed computational 
methodology called the engineering manual method has been developed to 
predict building shielding provided by any type of structure against surface- 
deposited fallout from a nuclear weapon detonation (Spencer 1962 U.S. Office 
of Civil Defense 1964). Burson and Profio (1977) have recently applied the 
engineering manual method to the calculation of shielding effects for transpor- 
tation vehicles and a variety of buildiag structuns for fallout from a nuclear 
reactor accident. Representative dose reduction factors range from about 0.7 for 
automobiles to as low as 0.005 for the basement of large, multistory structures 
at locations away from doors and windows. 

The engineering manual method can be difficult to apply routinely to 
radiological assessments involving arbitrary sources of radionuclides deposited 
on thc ground and on inside and outside building surfaces. As an alternative, 
methods for estimating building shielding effects for deposited sources b d  on 
the photon speciftc absorbed fraction have recently been developed (Kocher 
198Ob). The calculations account for the shielding from activity deposited on 
the ground outside and on outside surfaces of the building and activity dcpos- 
ited on inside building surfaces. The resulting dost reduction factors for ground 
souras arc usually comparable in magnitude to values for a radioactive cloud 
for tbe same photon spectrum. We note again that calculations based on the 
concept of the specific absorbed fraction have the advantage that results for any 
given photon spectrum arc relatively easily obtained (Kocher 1980b). 

Otkr CoIuideratioms. Dose reduction factors from building shielding usu- 
ally assume that the exposed individual hdmrs is standing at the center of the 
building on the ground floor. According b Burson and profo (1977), the dose 
reduction factor for ground surface exposure is reduced further by approxi- 
matcly a factor of two-thirds for a locntion in the comer of a building. For 
exposure to a cloud source, Healy and Baker (1968) and Haly (1982) report 
that the dosc reduction factor at the wall of a hemispherical building of a given 
radius is onehalf of the value at tbe center of a building of twice the radius. 
For many singlestory buildings, the roof provides very little shielding compared 
with the walls. Thus, for immehion in,contaminated air, the overall dose reduc- 
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tion factor can be estimated as a weighted average by considering the fraction 
of the solid angle from the center of the building subtended by the roof and 
walls and applying the appropriate dose reduction factor to each part (Healy 
and Baker 1968; Hcaly 1982). 

For populations in urban environments, a potentially important reduction 
in external dose is provided by the mutual shielding of buildings in close prox- 
imity to one another. Mutual shielding of buildings has not been considered in 
detail in the literature. In a recent calculation (Auxier et al. 1979), the simple 
assumption is made that neighboring building provide complete shielding from 
an atmospheric cloud and that the field of view inside a building is reduced by 
about one-half by the neighboring buildings. Thus, the presence of nearby 
buildings is assumed to further reduce the external dose rate by a factor of two. 

8.43.2 Terrain Roughness and Ground Penetration Effects 

The calculation of dose-rate factors from a contaminated ground surface 
given in Sect. 8.3.2 assumes that the ground is a smooth impenetrable surface. 
Realistic dost-rate estimates should account for ground roughness and terrain 
irregularities and for the penetration of deposited radionuclides into the 
ground. 

Ground roughness and terrain irregularities provide a kind of natural 
shielding against external exposure from a contaminated ground surface. 
Estimated dose reduction factors for a variety of surfaces are given by Burson 
and Profio (1977). The values range from 1.0 for paved areas to as low as 0.5 
for a deeply plowed field. 

Example 8.5. Suppose a ground surface is uniformly contaminated with 
"'I with a concentration of I pCi/cm2. From Table 8.2, the photon dose rate to 
total body, assuming a smooth ground surface, is (1.0 X IO-' S v / y  per 
Bq/cm2)(0.037 Bq/pCi) = 3.7 p!Sv/y. If the ground surface is a deeply 
plowed field, then the dose reduction factor is about 0.5 and the dose rate to 
total body is (3.7 X 0.5) = 1.9 pSv/y. If we also assume that the exposed indi- 
vidual is indoors and that the dose reduction factor is 0.5 from building shield- 
ing, the dose rate to total body is (3.7 X 0.5 X 0.5) = 0.9 pSv/y. [End of 
example] 

Penetration of radionuclides into the ground d u c e s  the external dose rate 
above ground because of the additional shielding provided by the soil. A proper 
treatment of these effects is quite difficult because the penetration of radionu- 
clides into the ground depends on many factors, such as the element and its 
chemical form, the amount of rainfall, and the properties of the soil. In  
addition, the amount of shielding provided by a given depth of soil depends on 
the  photon-energy. Based on available data for a few radionuclides, the Reactor 

e Safety Study (US. Nuclear Regulatory Commission 1975) recommends that 



I the dose rate above ground is reduced with time oomparcd with the dose rate 
from an impenetrable surface according to the weathering function 

JW(r ) = 0.63exp( - 1 .131) + 0.37exp( - 0.00751) , (8.42) 

where the time r is given in years. This arrredion factor is applied to the dose- 
rate factor for ground surface exposure given in Eq. 8.27. If the radionuclides 
can be regarded as uniformly mixed into the soil to a certain depth (defined, for 
example, by the depth of a plowed field), then the source can be treated as an 
infinite, uniformly contaminated slab and the known doserate factor for this 
configuration can be applied ( B l d  et al. 1968). 

- .  
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8.5 SUMMARY 
The major emphasis of this presentation has been directed toward the 

concept of a dose-rate conversion factor for external exposure to photons and 
electrons and its application to the estimation of individual or population dose 
following routine or accidental releases of radionuclides to the atmosphere. 
DosGrate conversion factors arc very useful for exposure situations in which 
the radionuclide concentration can be regarded as uniform within a certain dis- 
tance of the exposod individuals. This distance is approximately qual  to the 
electron range or to three photon mean-free-paths for the medium through 
which the radiations are transmitted, which is usually air. If this approxima- 
tion is valid. the external dose rate is simply obtained by multiplying the 
kaown radionuclide concentration in the environment (e&, in the atmosphere 
or on the ground) by the dose-rate factors for the organs of interest for the 
particular radionuclides. Thee dose-rate factors areavailable in published com- 
pilations. 

A brief discussion has been &en of calculations of external dose for pho- 
tons for exposure situations in which the radionuclide concentration cannot be 
regarded as uniform and infinite in extent. Such calculations are based on the 
concept of the point-isotropic spocifc absorbed fraction. As a general rule, cal- 
culations for particular exposure situations of interest require large computers 
and sophisticated techniques of numerical integration. Although computer 
codes are generally availabk for this purpose, thcse situations may require spe- 
cial treatment on a case-by-casc basis. 

Finally, we have briefly dhusscd correction factors to calculated external 
dose rates to account for building shielding during indoor residence, ground 
roughness and terrain irregularities, and penetration of radionuclides into the 
ground. These effects may result in significant reductions in external dose for 
realistic population dose assessments. 

In considering the need for relatively sophisticated external dose calcula- 
tions (e.g., using the Gaussian plume model), rather than the easily used dosc- 
rate factors described here, it is often worth bearing in mind that for many 
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exposure situations the uncertainty in estimated doses may be dominated by 
the uncertainty io the assumed radionuclide concentrations in the environment, 
rather than by the potential uncertainties resulting from application of the 
dose-rate factors themselves. 

1. 
2. 

3. 
4. 

5. 
6. 

7. 
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8.6 PROBLEMS 
Derive Eqs 8.9 and 8.10. 
The d-rate factors in air in Eqs. 8.9 and 8.10 are inversely proportional 
to the density of air. What happens as the density approaches zero? Using 
the definition of absorbed dose, convince yourself that this is a reasonable 
result for an infinite, uniformly contaminated source region. 
Derive Eqs. 8.25 and 8.27. 
Using data available in the Rodiologicol Health Handbook (U.S. Depart- 
ment of Health, Education, and Welfare 1970), plot the photon specific 
absorbed fraction in Eq. 8.24 as a function of distance from a point source 
in an infinite water medium for a few photon energies between 10 keV and 
10 MeV. (Be careful with units.) What is the approximate functional 
dependena of the specific absorbed fraction with distance? Try to verify 
the normalization condition in Eq. 8.3, either by crude numerical integra- 
tion of your plots or by using Eq. 8.26 for the buildup factor and values of 
C, and 0, obtained from least-squares fits to the data. 
Derive Eqs. 8.30 and 8.3 1. 
Using data available in the literature [ e.g., National Academy of Sciences 
(1964)], what is the minimum electron energy emitted in an atmospheric 
cloud that can deliver a dose to radiosensitive tissues of the skin? What is 
the minimum electron energy which can reach a height of 1 m above a 
contaminated ground surface? What is the minimum electron energy which 
can irradiate the radiosensitive tissues of the skin at a height of 1 m above 
a contaminated ground surface? You may assume that the radiosensitive 
tissues of the skin lie at a depth of 7 mg/cm2 below the body surface and 
that tissue has the same mass stopping power as water. Assume a density 
of air of 1.2 X g/cm3 and a density of tissue of 1.12 g/cm3. 
(Answers: 0.067 MeV, 0.35 MeV, 0.37 MeV.) 
(a). Beginning at time zero, a nuclear facility releases "'I and '33Xe such 
that a constant air concentration of 0.01 pCi/cm3 for each radionuclide is 
maintained. Using data in Table 8.1, estimate the photon dose rate for 
total body and electron dose rate for skin from each nuclide received by an 
individual standing on the ground surface in the cloud. (Answers: 0.18 
mSv/y and 0.10 mSv/y for I3'I; 0.016 mSv/y and 0.030 mSv/y for '"Xt.) 
(b). If the deposition velocity of 13'1 is 1 cm/s; plot the photon dose rate 
for total body from the contaminated ground surface as a function of time 
for a period of one year using data in Table 8.2 and calculate the total 
dose received over that time. [Solution to part (b): Let x,, and xr denote 
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air and surface anmatrations of I3lI. respectively. The activity on the 
ground d a c e  increpscS with time due to deposition, but decreases with 
time due to radioactive decay. Thus obeys the diifcrcntial equation 

deposition rate. A' is tbc radhctivc decay constant (In ZITH, whm TH is 
the half-life), and A'% is the removal rate of activity fran the surface due 
to radioactive decay. For the given initial surface concentration [&(r - 0 )  - 01, solve this Cquatioo and show that x, as a function of time is given 
by & ( f )  - (x,,vd/XrHI - exp(--X'f)]. The dose over a given 
time interval is proportional to the time-integral of x, over that period, 
which is called the exposure. Using the '"I half-life of 8.04 d, show that 
the exposure over the f i t  year is 9.7 X IO3 pCi-y/cm2. Application of the 
dose-rate factor in Table 8.2 then gives a dose for one year's exposure of 
36 mSv.) 

8. Try to derive the equation for the photon dose-rate factor in air at the 
ground surface for an infinite, uniformly contaminated slab of air of thick- 
ness x and height t above ground for the lower boundary of the slab. For 
simplicity, assume tbat only a single photon of energy E, is emitted. [Hint: 
Derivatives of exponential integrals obey the equation d&(u)/du = 
-En-, ( u )  for I > 1.1 By ignoring the terms depending on the photon 
buildup factor in air. chack your equation against the result given by Bliz- 
zard et al. ( 1968). 

9. Consider a unit activity of I3'I (TH = 8.04 d) on the ground surface at 
time zero. Construct a plot showing the decrease in activity with time, 
assuming first that radioactive decay is the only loss mechanism, then 
assuming no radioactive decay but assuming the weathering function given 
by Eq. 8.42, and finally assuming both decay and weathering. Which of 
the .two processts is more effective in reducing the surface activity with 
time? Why? Repeat the analysis for a unit concentration of I3'Cs 

10. In problem 7 above, we derived an equation for the ground surface conccn- 
tration of a radionuclide as a function of time, given a constant air concen- 
tration and deposition velocity and assuming that radioactive decay was the 
only mechanism for removal of activity. Try to derive a similar equation 
assuming removal of activity accordiig to the weathering function in Eq. 
8.42 as well as radioactive decay. (Tbis is not an easy problem. The correct 
answer is not the equation for the surface concentration assuming radioac- 
tive decay only multiplied by the weathering function. Also, because the 
weathering function is a two-component exponential function, the surface 
concentration x, is not described by a single differential equation. Rather, 

has two components that are additive, and each component obeys a dif- 
ferential equation containing a single rate constant for one term in the 
weathering function.) [Answer: x , ( f )  = h v d  {(0.63/(1.13 + X')][l - 

d&/df - &Vd - A'&. W h a e  Vd b tbe deposition MQ, &Vd h the 

. (TH 30.17 y). 

. . . .  . .  . .  
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exp(--1.13 - h')r J + [0.37/(0.0075 i- h')](l - exp(-O.0075 - 

11. Try to derive the surface concentrations in problems 7 and 10 above by 
means of an integral equation. (Hint At any time r after the beginning of 
the release, the surface concentration due to the activity deposited at a 
previous time r' is the amount of activity deposited over an incremental 
time interval Af  ' at that time modified by the function describing loss due 
to radioactive decay only or to decay and weathering over the time interval 
I - r ' .  The surface concentration at time r is then the sum of the 
contributions over all previous times r'.) 

h" 11.1 
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9 Models for SpeciaCCase 
Radionuclides 

By J. E. TILL+ 

9.1 INTRODUCTION 
Certain radionuclides, because of their ubiquitous nature and persistence 

in the environment, are given special consideration in radiological assessment. 
These radionuclides are 'H, "C, 85Kr, and 1291. Each of these isotopes is 
transported beyond the region normally considered in the assessment of 
individual or population dose; however, their environmental half-lives are long, 
thus presenting the potential for very low exposures to large regional or global 
populations. Special models called global cycling models are used to evaluate 
this exposure. 

For routine assessments of individual and population dose near the point 
of release, 85Kr and 1291 are evaluated using the models described in earlier 
chapters; however, environmental radiological assessment of 'H and I4C is 
performed using methods different from those described in earlier chapters. 
This chapter discusses the special methods used to estimate the dose from 'H 
and "C and the global cycling models used to evaluate the long-term impact 
of 3H, "C, "Kr. and IBI. 

9.2 SPECIFIC ACTIVITY MODELS 
Because of their ubiquitous character after being released to the 

environment, 'H and "C arc evaluated using specific activity methodology 
once tbcir concentration in the atmosphere is known. Both undergo rapid and 
nearly uniform mixing among their stable element counterparts in nature. 

*Radiological Assessments Corporation, Neescs. South Carolina. 
0 
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. .  
Tritium is assumed to be t r a n s f e d  in environmeatal media and incorporated 
into the body through its association with water IS 3HOH (tritiated water). 
Carbon-14 follows the conversion of CQ, bacoming f d  in vegetation and 
reaching man primarily through the ingesth pathway. 

The spccifk activity methodology for calcrrt.ting dose from 'H and I4C 
assumes that an equilibrium state wrists behvam their concentrations in the 
atmasphere (or water), food products, and body tissues, for a specified 
location. Because of the minimum oumber of parameters used in this approach 
(since transfer coefficients arc eliminated), there is less uncertainty introduced 
into the dose calculations If it is assumed that the individual permanently 
resides at the point where the atmospheric amcentration is highest, an upper 
estimate of dose is established. However, if no account is taken of possible 
dilution of 'H and "C in tissue due to ingestion of food products grown in 
arcas where the atmospheric concentration is less, an unrealistically high 
prediction of dosc may result. Thus, spc&c activity models need sufficient 
flexibility to permit insertion of site-sptcific data. Both 'H and I4C are 
important contributors to the total dose equivalent resulting from routine 
releases from certain types of reactors and fuel reprocessing facilities. 
Therefore, they arc given individual consideration in this chapter. 

9.3 TRITIUM 

9.3.1 Evans' Specific Activity Model 
Numerous methodologies have bccn proposed to calculate the dose from 

tritium released to the environment. Most of thcsc methodologies are variations 
of an original specific activity approach fmt proposed by Evans (1969) 
following analyses for tritium in deer. Long-term exposure to tritium results in 
significant incorporation of tritium in organic molecules in body tissues, in 
addition to mixing of 3HOH in body water. Bascd upon his experimental data, 
Evans calculated an upper limit of the dose that individuals could receive from 
chronic exposure to tritium assuming body hydrogen is uniformly labeled. A 
reference man of 70 lcg contains 7 kg of hydrogen, approximately 4.8 kg of 
which is in body water and 2.2 kg in organic molecules (ICRP 1975). If the 
concmtration in body water is known and it is assumed that organic molecules 
in the body arc labeled to the same extent as body water, a body burden can 
be calculated. 

Exumpfe 9.2. Calculate the dose rate to a reference (70-kg) man from 
tritium, assuming uniform labeling of body water and organic molecules and 
assuming a body water concentration of 1 pCi/L 

1 pCi 1 L H,O 18 kg H,O 7.0 kg 'H 63 pci. (9.1) 
LH,O @ H 2 0  2kg'H referenceman 

. . . . .  . . . .  . .  . . . . .  
. .  . .  ' . .  
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Assuming a quality factor of 1.0 for beta particles from tritium, this body 
burden results in an annual dose rate of 

63 pCi 3.7XIo'dis 3.2XIO's 0.006 MeV 
7 X l e g  s . pCi Y dis 

X = 102 mrem/y. 1.6X 10'6etgs 
MeV 100 ergs/g 

[End of Example 9.1 1 
Evans reported' further that his data indicated a labcling fraction in 

organic molecules to be between 0.62 and 1.0 in deer tissue, depending upon 
the specific organ to be considered, with a weighted average fraction of 0.85 to 
1 .O extrapolated to reference man. (A labcling fraction of 1 .O indicates that the 
'H to 'H ratios are qua l  when comparing body water and organic 
components.) Assuming that tritium in body water is uniformly distributed and 
assuming a labeling fraction of 0.85 for organically bound hydrogen in the 
body, one calculates a body burden of 

which results in an annuaf dose of 

6o 63 pci pCi x 102 mrem = 97 mrem . 

(9.3) 

(9.4) 

This annual dose of 97 mrem resulting from chronic exposure to a tritium 
concentration of 1 pCi/L in body water can be used to estimate the dose 
resulting from long-term exposures in the environment. Assuming an 
atmospheric concentration of tritium of 1 pCi/m3, a moisture content of 6 g 
H20/m3 of air, and a concentration of tritium in an individual qual'  to that in 
the atmosphere, the following annual dose is calculated: 

If it is assumed that the concentrations of tritium in the atmosphere, water, all 
biota, and humans arc equal at the site being evaluated, then this method of 
calculating dose is called the sptcific activity approach. 

Unfortunately, it is not realistic to assume that the concentrations of 
tritium in body tissue and environmental media are q u a l  for a given location 
because of contributions to the total water content of the body from sites 
where the specific activity of tritium may be lower (or higher) than the point 
of interest. Thsrefore, the specific activity approach described above must be 
modified to account for this important influence. 

. .  . .  
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933 NCRP Modd 

The National Council on Radiation Protection and Measurements (NCRP 
1979) proposed a model for calculating dose from tritium when the 
concentration of tritium is known in the water. food products, and air to which 
the individual is exposed. This tcchaique for estimating dose applies to M 
equilibrium situation only and is not rcunnmcodcd for evaluating exposures 
resulting from pulse releases of tritium. The NCRP methodology assumes that 
the dost from tritium via the various pathways of exposure depends upon the 
relative contributions to the total water intake of a reference individual (Table 
9. I ). 

Fraction 

Drinking water 

Food products’ 

Oxidation of f d d  

Inhalation‘ 
Skin absorption 

Total 

1.22 0.4 1 

1.27 0.42 

0.29 0.10 

0.13 0.04 

0.03 0.09 

3.00 1 .OO 

- - 

. .  

. . . . .  . .  . . . . . . . . . . . . .  . . . . .  . . . . . . . . . .  . .  
. . . . . . . . .  . . .  . . . . .  . . . . .  . .  

. >  
. .  . .  . .  

... I .  

. : 

‘Values taken from National Council on Radiation Protection and 
Measurements 1979. Tritium m the Environment, NCRP Report No. 62, 
Washington, D.C. 

‘In food 0.72 L/& in milk 0.53 L/& in juice 0.02 L/d. Values taken 
from NCRP Report No. 62. 

‘Oxidation of food 0.25 L/& oxidation of milk 0.04 L/d; oxidation of 
juice 0.002 L/d Values taka from NCRP Report No. 62. 

‘This represents tritium entering the body as organically bound hydm 
gen which is oxidized to ’HOH during metabolism. 

‘Asmming an absolute humidity of 6 g Hfl/rn’ in air. 

The annual dose per unit concentration for 3.0-L/d water intake is 
described by the following expression: 

\ 

. . .  
. . . . .  . . . . .  . .  

. .  . .  
. . .  ~. . .  . ._  . .  . .  

. .  
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where 

D = annual dose (mrem), 

C, = concentration of tritium in drinking water (pCi/L), 
.Cj, - concentration of tritium in water in food (pCi/L), 

C' = concentration of tritium oxidized to water u p  

C, 

DRF = dosc rate factor (mrcm/y per pCi/L). 

The dosc rate factor (DRF) used by the NCRP is 95 X 

metabolism of food (pCi/L), 

concentration of tritium in atmospheric water 
(pCi/L), 

(mrem-L)/(pCi.y). The dose rate factor reported here is defined as the 
committed dose per integrated intake, or the equilibrium dose rate in millirems 
per year per constant intake concentration (pCi/L). 

In order to calculate the dose from a chronic exposure to I pCi/m3 of 
tritium in the atmosphere using the methodology proposed by the NCRP, 
several assumptions are needed. First, it is assumed that the atmospheric 
humidity is 6 g H20/m3. The second assumption is that the concentrations of 
tritium in drinking water, food, and air are equal and as given by 

a 

= 1.7X lo-' pCi/g H 2 0  1 p c i X  m3 
m3 6 g H 2 0  

= 1.7 X IO'' pCi/mL H 2 0  . (9.7) 

Then, from Eq. 9.6, the dose is given by 

[ (1.22+ 1.27+0.29+0.22)(1.7X lo-' pCi/mL H,O)] X 3.0 X 
1 

6e - 1.6X10-2mrem/y. (9.8) 
Pci/L 

x Id& x 9 5  x 10- 
L 

This result is identical to the value calculated using the specific activity 
approach of Evans. The primary reason that the two results are q u a l  is that in 
this example, it is assumed that the activity concentration of tritium in the 
water content of air is the same as that in drinking water and foodstuffs. This 
assumption is not always valid for chronic exposure conditions. One example 
occurs when the source of drinking water is relatively uncontaminated (for 
example, coming from a deep well), and thus the concentration of tritium in 
water, C,, is significantly less than that in air, C,,. Another example is the 
case in which food products are grown away from the point being evaluated 
where the concentration of tritium in the air is lower. 

. .  . . .  . .  . . .  
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Example 9.2 Calculate the annual dose rate to an individual who resides 
at a point where the atmospheric concentration of tritium is 1 pCi/m’, the 
concentration in drinking water is 1% of that in air, and the average 
concentration of tritium in d food products is 5096 of that in air. Assume a 
specific humidity of 6.0 g H@/m’. Using Eq. 9.6 and adjusting the 
concentration factors to meet the p d b e d  conditions gives 

[ 1.22(1.7 X 10”) + 1.27(8.5 X 0.29(8.5 X 

6 ,mrem/y (9.9) x 9 s  + 10- 
Pci/L 

+ 0.22(1.7 x 10-91 x 103 x 

- 5 5 ~  io-’ mrem/y . 
The effect of incorporating Simulated Site-sptCiftc data is to reduce the dosc to 
approximately one-third in this example. This illustrates the need to have 
sufficient flexibility in a model for tritium assessment to aliow for 
incorporation of site-spacific data. [End of Example 9.2) 

933 Modified NCRP Model 

A primary advantage of tbe models proposcd by Evans (1969) and the 
NCRP (1979) is simplicity. Other models for evaluating exposures from 
tritium that arc more complex have been proposed (Moore et al. 1979; 
USNRC 1977); however. it has been demonstrated that the increased 
complexity dots not necessarily improve the relative accuracy (Till et al. 
1981). 

Two minor modifications of the NCRP methodology would maintain its 
simplicity and would allow for incorporation of the dose from food products 
grown elsewhere. First, because cumnt data concerning oxidized vs 
nonoxidizcd tritium components in food products are not well documented 
(Table 9.1), the two values (1.27 and 0.29) are combined to give 1.56. 
Second, the concentration of tritium in food products is broken into two parts: 
( 1 )  that fraction grown at the point where the dose is being calculated and (2) 
that fraction grown at another location where the concentration of tritium in 
air is different than at the point of interest. The model is described by the 
foliowing equation, a modifcation of Eq. 9.6: 

D - [ 1.22C,+ 156 2 C’,J,,] + 0.22Ca $ XDRF , (9-10) I n=lrU- 1 
which simplifies to 

. . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  .. . . . . . . . . . . .  . . . . . . .  ::: . . . . . . . .  . . . . . . . . .  .: ..... : . . . . . . .  . .  . .  
. . . . . .  . .  . . _  

. . .  . .  . . . .  . . .  . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . .  . . . . . . .  ..... ~ . . .  :: . . .  . .’ : . . .  
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I 

where 
" 

D - annualdosc(mrem), 

C, = concentration of tritium in drinking water (pCi/L), 

Cy,, = concentration of tritium in water of food products 
grown at location n (pCi/L), 

6, = fraction of food products grown at 
location n, 

C, - concentration of tritium in air (pCi/L), 

DRF = dosc rate factor [(mrtm-L)/(pCi.y)] (see Chapter 7). 

9.3.4 Default Values for Tritium 

9.3.4.1 chemical Form 

The two primary forms of tritium released to the environment from man- 
made sources are tritiated water vapor ('HOH) and tritium-hydrogen gas 
('"1. Small amounts of tritium also exist as tritium gas ('H'H) and as 
tritiated methane ('HCH). The chemical forms have different sources, 
distributions, and environmental sinks and proceed toward conversion to 
tritiated water vapor. Milham and Boni (1976) estimate that 16% of releases 
to the atmosphere from a major nuclear production complex are in the form of 
hydrogen gas and essentially all of the remaining in the form of tritiated water 
vapor. Little data are available regarding the rate of conversion of the gas to 
tritiated water vapor. For the purposes of radiological assessments, it is 
recommended that the chemical form of tritium released to the atmosphere be 
assumed to be 3H20. One should recognize, however, that the effect of 
including chemical forms other than 'H2O would be to reduce the dose to 
individuals near the point of release. 

- 

,wzJI--z;.r+.*.*-,M* 

..:.. L.:r,:.-- . .  - --.l'j~.:;-;-.4,1-Absolute Humidity . . .. .. - . - -  
In the example problems given previously, a value of 6.0 g H20/m3 has 

been used for the absolute humidity. Since the amount of tritium in air is 
inversely proportional to the absolute humidity, under- or overestimation of 
this parameter will significantly affect the results of the assessment. Because of 
the wide variability in atmospheric humidity from one location to another 
within the United States, it is advisable to select a value for absolute humidity 
based upon geographic location. Etnier (1980) estimated absolute humidity for 
218 points within the 48 conterminous states of the United States and 
developed a cross-sectional map to use in dose calculations (Fig. 9.1). It is 
recommended that data from this map be used to evaluate exposures to the 
public from tritium unless site-specific values are available. 

. .. .. .. . .  

0 
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ABSOLUTE HUMIDITY BY GEOGRAPHICAL REGION 

MEAN ABSOLUTE RANGE OF 

mmm 4.9 3.5 - 5.5 - 6.6 5.6- 7.5 
LZ%%$% 8.4 7.6- 9.5 
mw lo.? 9.6 - 11.5 
$&.??S 13.8 11.6 - 16.2 

HUMIDITY t9/m3) VALUES (9/m3) 

Figure 9.1. Absolute humidity by geographical region. Source: Etnier, E. L. 1980. 
'Regional and Site-Specific Absolute Humidity Data for Use in Tritium Dosc 
Calculations," Heulfh Phys. 39(2), 318-20. Reprinted with permission of the Health 
Physia society. 

9.3.43 C,".d c, 
If the concentrations of tritium in food products at location n ( C J ~ )  and in 

drinking water (C,,,) are not known, it is recommended that the concentration 
in food be assumed to .be equal to that in air at location n and the 
concentration in drinking water be assumed to be 1% of that in air at location 
n. The assumption that tritium in food products is equal to that in air for 
location n may provide a conservative (high) estimate of dose. The U.S. 
Nuclear Regulatory Commission (USNRC 1977) suggests a value of 50% for 
food products based upon a model published by Anspaugh et al. (1972); 
however, more recent data by Murphy and Pendergast (1979) and Murphy et 
al. (1982) indicate that tritium concentration in vegetation rapidly approaches 

. .  

0 
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that in air once a source term has been injected. The value for Cym is one 
important area where additional research could be significantly beneficial. The 
assumption that the tritium concentration in drinking water, C,, is 1% of that 
in air is strictly an ‘educated guess” to account for tritium that migrates from 
the atmosphere into drinking water supplies. Although there is no scientific 
basis for this number, it has been accepted as a default value in radiological 
assessments. If a drinking water supply is known to be contaminated by 
rtlcascs of tritium to the aquatic environment, then this assumption is no 
longtr valid, and a separate calculation must be made to determine the 
concentration of tritium in the water. 

9.4 CARBON-14 
9.4.1 Killougb’s Specific Activity Model 

The model for calculating the dose from environmental releases of “C 
assumes a stcady-state relationship between carbon isotopes from the point of 
photosynthetic fixation through the food chain to man. Details of such a model 
were proposed by Killaugh and Rohwer (1978). 

Carbon-I4 is released in various chemical forms by nuclear facilities, the 
particular form depending on the type of facility; however, only the COZ-bound 
component enters man’s food chain. I t  is assumed that the radioactive C02 in 
the effluent plume mixes with the nonradioactive C02 that is present in the 
atmosphere in its ambient concentration. The ambient concentration of COz 
varies considerably in diurnal and seasonal cycles and is locally influenced by 
industrial COz sources. In fact, the specific activity of “C in the atmosphere 
can be reduced by the injection of nonradioactive carbon. This phenomenon is 
known as the Suess effect (Suess 1955). 

If it is assumed that ambient air contains 330 ppm COz/m3 (Baes et al. 
1976), then the mass of carbon would be 0.18 g/m3. The ground-level 
concentration of “C in air at location n, x,,, is calculated using an atmospheric 
transport model as described in Chapter 2 for a given release rate Q (Ci/s). 
Then the specific activity for location n is expresSe&ils---- 

$i/m3 
gc/m3 A$ - d(0 .18 )  (9.12) 

Carbon-14 reaches man via direct consumption of plant matter or meat or 
dairy products from animals that have fed on such plant matter. The 
fractionation effect in the assimilation of carbon by man and higher animals is 
insignificant in comparison with photosynthetic fractionation. Moreover, nearly 
all of the carbon in the body (all but about 0.01%) is sustained by dietary 
intake of carbon as opposed to inhalation (Fowler et al. 1976). Therefore, if 
animals feed on plant matter of specific activity we assume for the 
steady-state model that the carbon in food products derived from these animals 
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has the same spa3ic activity, which in turn equals A?. It is emphasized that 
the applicability of such a model is limited to the case of release at a constant 
rate, where the exchange of 14C between plants and aoimals and their exposure 
envinrament exists in astate of equilibrium. 

To calculate the dose rate to man due to ingestion of l'C under the above 
conditions, the following equation is used: 

(9.13) N 

a i l  
big (DRFlig 2 (G,,/G)AF, 

where 

Big - annual dose rate to organ i (mrem/y) 
due to ingestion of "C, 

(DRF),, = dose rate factor for organ i (mttm/y per 
pCi/g C) (see Chapter 7). 

(g C/y) derived from the ntb location, 
G - total annual average intake of dietary carbon 

A,." - estimated average daytime specific activity of 
ambient airborne carbon during the 
growing sc8son at location n. 

G, = annual average intake of dietary carbon 

(B C/Yh 

The report on Reference Man by the International Commission on 
Radiological Protection (ICRP 1975) recommends a value of G - 300 g C/d 
(1.1 X I d  g C/y) for 8 male adult. Estimation of the dosc rate to an 
individual due to ingestion of 14C rquires an assumption about the distribution 
of sources of the individual's food throughout the area near the point of 
release. Table 9.2 is provided to assist in computing G, ona  these assumptions 
arc made. Inhalation is ordinarily a minor exposure pathway for 14C, with dose 
rate factors that arc about 1% of those for ingestion. For completeness, 
however, the equation for the inhalation dose rate is given below: 

du - (DRF)J$ , (9.14) 

where 

Da = annual dose rate to organ i (mrem/y) 
due to inhalation of 14C, 

(DRF)u = dose rate factor for organ i (mrem/y 
per PCi/g C) (= Chapter 7). 

. .  . .  

. .  , . .  . .  . . .  . . .  . .  
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SOUrCe 
Intake rate 
of carbon 

(g/d) 

Meat, fish, poultry 270 67 

Vegetables, fruits, grain 

Milk 
Dairy products 

534 

261 

347 

56 

18 

114 

40 - 72 - Fats, oils, sugars 

Total daily intake 1484 300 

'Thest data assume that carbon intake through inhalation and drinking fluids other 
than milk is negligible. Actually, the carbon intake via this pathway can be estimated 
using a concentration of carbon in air of 0.18 g/m? an inhalation rate of 2.2 X IO' 
m 3 / d  (ICRP 1975). and assuming that 75% of inhaled air is retained in the body to 
give an intake rate of 3.96 g C/d. 

Source: National COuDciI 011 Radiation Proteaion and Measurements 1983. 
Radiological Assessment: Predicting the Transport, Bioaccumulation, and Intake by 
Man of Radionuclides Released to the Environwunt, Report of Task Group 2 and 3 of 
Committee 64, to be published in 1983. Used with permksbn. 

A? = annual average specific activity of 
airborne carbon (pCi/g C) where the exposed 
individual lives and works. 

Since this exposure pathway is not limited by the operation of photosynthesis, 
A: should be estimated on the basis of meteorological data sampled day and 
night through all seasons. 

9.4.2 Default Vdws for cubw-14 

9.4.2.1 CbemidFonn 

For the purposes of routine radiological assessments, it is recommended 
that the chemical form of release of 14C be assumed to be C02. Other 
chemical species, such as methane, ethane, and other hydrocarbons, are known 
to appear, in these forms, 14C is unavailable for photosynthetic uptake in mads 
food chain until oxidation to COz OCCUR. For methane, Ehalt (1973) gives 
estimates of atmospheric mean residence times that range from 0.7 to 6 y. 

a 
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9- M e t d o g i d  Data 

Although it is recommended that annual avcnpd meteorological data be 
used for routine assessments, it is noted that calculations have determined that 
mphchg annual averaged meteorological data with 8n average taken during 
daylight hours for the growing sc8son may increase the maximum individual 
dose by a factor of 2 for certain locations (KUough et aL 1976). This increase 
occurs because of the higher frequency of daytime Class A (unstable) 
co13ditiolls at that time. This characteristic should be borne in mind, 
partidrly when 14C is a major contributor to total dose. 

9.5 GLOBAL CYCLING MODELS FOR W, W, *sKr, and IBI 
arc transported beyond the 

range normally considered for radiological assessments and become mixed in 
the biosphere. Thus, they arc potential sources of low-level exposure to large 
populations over long periods of time. Evaluation of the global impact of these 
radionuclides is not normally considered in the routioe assessment for nuclear 
facility operation; however, it is important to have an understanding of their 
long-term behavior in the environment in order to predict their buildup and 
potential impact on future generations and to devclop meaningful cost-benefit 
analyses of effluent treatment techniques. This d o n  gives examples of 
global cycling models that have been proposed for each of these radionuclides. 
It concludes with an important precautionary note on the utility of such 
models. 

As indicated earlier, 3H, I4C, "Kr, and 

95.1 Tritium Globd Cycling Model 

Because of the ubiquitous nature of tritium as "OH, estimates of global 
population doses due to specific tritium sources have received considerable 
attention. Estimates of annual global dosc commitments arising from a 1-Ci/y 
releast to the atmosphere are found to range from 4 X man-rem/y 
(USEPA 1973) to 2.2 X 

The basic assumption of global tritium models is that tritium follows the 
hydrologic cycle without discrimination. The standard approach to describing 
tritium distribution is to consider the primary water pools as compartments 
and to describe equilibrium concentrations in each compartment. The simplest 
modcl is a onacompartment model in which tritium is instantly and completely 
mined with the Circulating waters of the world. The volume of surface ocean 
water provides the primary contribution to compartment size. Activity is 
diminifihcd only by radioactive decay. Two- and thret-compartment models 
have also been proposed (USEPA 1973; NCRP 1979). 

Tbe difficulty with these simple models is that the compartments are very 
large and tritium concentrations are assumed to be uniform within each 

man-rem/y (Soldat and Baker 1979). 

.. 
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compartment. In nature, tritium concentrations vary considerably, even in the 
equilibrium state, between numerous aqueous pools and geographical locations. 

The most reasonable model, in terms of accountiog for distinct 
accumulation pools, is of the type proposed by Easterly and Jacobs (1975) with 
seven compartments. This model is shown in Fig. 9.2 For this more refined 

I 1 

Figure 9.2. Sevencompartment model for global tritium cycling. Source: Easterly, C. 
E., and Jacobs, D. G. 1975. "Tritium Release Strategy for a Global System," in 
Pmceedings of an International Conference on Radiation Eflects and Tritium 
Technology for Fusion Reactors, Vol. 111, ed. J. S. Watson and F. W. Wiffen, CONF- 
750989. US. Energy Rcscarch and Development Administration, Washington, D.C. 

. .  

model, equilibrium assumptions are inappropriate; instead, transfer coefficients 
between compartments are estimated and the system is simulated until it 
reaches a pseudo-equilibrium state. This permits comparison of projections 
with different initial conditions and transfer coefficients. The mean residence 
times of water in the various compartments are 1 1  d in the atmosphere, 200 d 
in surface soil. 4.1 y in freshwater lakes, 13.8 y in the surface ocean, 210 y in 
saline lakes, 330 y in the deep ground, and 810 y in the deep ocean. 

Figure 9.3 illustrates the concentrations resulting from a 1-MCi release of 
tritium to the 30-50"N latitude band as a function of time using the seven- 
compartment model. In order to estimate the collective dose commitment from 
3H to the world population due to a globally dispersed release of tritium, one 

**:e*-+*:*,-* 

must use the quation 
. . .  . 

H, - ~ ~ + ~ N ( t > a t > d t  man-rem , (9.15) 

Y 

where 

N(r) - world population at time r ,  
at) = dose rate to an average individual 

at time t (rem/y), 

to = the year of the beginning of the release. 
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Figure 9.3. Concentrations resulting from a single atmospheric release of tritium ( I  
MCi) to the 3&50°N latitude band. Source: Adapted from National Council on 
Radiation Protection and Measurements 1979. Tririum in the Environment, NCRP 
Report 62. Washington, D.C. Reprinted with permission. 
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Estimation of the individual dose rate d(r)  is made as follows: 

b ( r )  = (DRF)-F,-C,(r) rem/y , (9.16) 

where 

DRF - dose equivalent rate factor described earlier 
(rcm/y per g 'H/m') (see Chapter 7). 

F, = average fraction of body tissue that is 
water [0.75 (ICRP 1975)], 

in the body water of an average member of 
the population at time r (g 'H/m3). 

C,(r) = an estimate of the concentration of tritium 

The factor C,(r) is estimated from a dynamic simulation of 
concentrations of released tritium in the water of several reservoirs of the 
global hydrologic cycle in proportion as the water from these sources is taken 
in by humans. Using assumptions suggested by the NCRP (1979), the 
partition of C, may be written as follows: 

0.99 C&+ -c,,,+ I .99 - 0.02 
3.0 3.0 '-* c, = - 

3.0 
(9.17) 

where the variables on the right indicate the concentrations of tritium (g/m3) 
in the media denoted by the subscripts. The first term is assumed to contribute 
to the concentration in body water by inhalation (0.13 L/d), absorption 
through the skin (0.09 L/d), and one-half of the concentration in water taken 
in food (0.77 L/d). The second term expresses the assumed contribution of the 
land waters through the remaining half of the water content in food and 
through drinking water (0.77 and 1.22 L/d). In the third term, a small contri- 
bution due to eating fish is taken into account. The total water intake is 3.0 
L/d, as stated earlier. 

Solutions to the seven-compartment model are carried out with a 
computer once the source terms have been established. The development of 
these source terms may include an estimate of tritium from all potential 
sources of release, such as nuclear facilities, consumer products, weapons 

Till et al. (1980). and the results are shown in Table 9.3. This table displays 
collective dose commitments from a hypothetical nuclear power scenario 
between the years 1975 to 2020 plus another 100 y to allow for tritium decay 
after 2020. The release of tritium from weapons testing occurred between 1940 
and 1975, but the integration was also carried an additional 100 y. Natural 
background tritium was integrated over the same period as the nuclear power 
scenario. 

3 ..---- -r:+&+--&*x>,;m 

........... ........ : :..:$;:.. .::.-: . . .  -.; .:' c: . ................... .:-: ... 
I.'. :.:.- ...__& .,:: -. 
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T8bk 9.3. Global componeats of collective dosc commitmeat to t k  world 
pojmhtioa from w a d e  .ad natural soarca of 'H 

Global collective dose commitment (man-rem) 
from 'H released by 

Nuclear power industry and Natural 'H 
consumer products Nuclear weapons produced between 
released between testing 1975 and 2020 

Exposure medium 

1975 and 2020 

Atmosphere ' 6.3 x 10' 4.8 X IO' 9.1 x io4 
Deep groundwatd 1.3 x 10' 1.1 x 10' 1.9 x 10' 

Freshwater lakes 
and streamsb 

1.6 X IO' 5.2 x 10' 9.9 x io4 

O a a n  surface 3.9 x Id 1 . 1  x lo3 2.1 x 102 

1.9 X 10' Total 1.7 X IO' 1.0 x IO6 

'Contributes 20% of drinking water. 
'Contributes 80% of drinking water. 
Source: Till, J. E, et al. 1980. Tritium--An Analysis of Key Environmenral ond Doslmerric Questloq 

ORNL/TM-6990, Oak Ridge National Laboratory, Oak Ridge, Tenn. 
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Such comparisons of collective dosc commitments must be made with 
caution, since satisfactory estimates of the first-pass and regional dose could 
account for a significant fraction of total collective dose commitment. This 
area of tritium global modeling needs considerable attention in the future. 

95.2 cuboo-14 Global Cycling Model 

be estimated using a simple specific activity approach as follows: 
The dose rate from I4C to an average member of the world population can 

(9.18) b - (DRF)(SpA) rem/y , 

where 

b = annualdose. 

DRF = dose rate factor for a given body organ 
(rem/y per pCi/g C) (see Chapter 7). 

SPA = specific activity in the exposure 
environment (pCi/g C). 

The term SPA is defined as 

SPA - 4.46[X/(X+ Y)] Ci/gC , (9.19) 

where X and Y arc grams of released 14C and total nonradioactive carbon, 
respectively, in the atmosphere and 4.46 Ci/g is the specific activity of pure 
“C. The atmospheric levels of X and Y are dynamic variables whose time 
histories are obtained from computer simulations of the dynamic nonlinear 
compartment described below. 

The dynamic model used as an example for global carbon cycling was 
described by Killough and Till (1978) and is shown in Fig. 9.4. Its principal 
reservoirs are the atmosphere, the ocean, and the terrestrial biota, among 
which exchanges of nonradioactive and radioactive carbon are simulated. The 
Ocean is subdivided into three layers. The terrestrial biota are represented by a 
slow- and rapid-turnover component with mean residence times of 41 and 2.2 
y, respectively. 

Exogenous inputs to the model are (1) the production rate of carbon 
dioxide from the combustion of fossil fuels, (2) the source term for I4C entry 
into the system. and (3) a function that represents world population levels in 
the past and future. The reader should consult the article by Killough and Till 
(1978) for a complete description of the model and the precautions that must 
be taken when making the integration of its equations. 

Table 9.4. taken from Fowler and Nelson (1979). lists 100-y dose 
commitment factors to the total body for 1 Ci of I4C released to the 
atmosphere as calcilated using this model. Environmental dose commitment 
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I 

FOSSIL- FUEL C02 
I 

I ._ 

I4C INPUT 

z r (m) 

1 

'M 'M 

1I 
DIFFUSIVE 

TRANS PORT 

ac az J=-K 

SLOW TURNOVER 

RAPID TURNOVER 

MIXED LAYER (75 m) 

THERMOCLINE (925 m) 

DEEP OCEAN (2800 m) 

F m  9.4. A schunatk presentation of the box diffusion model of the global carbon 
cycle-used for the environmental tranqnM calculations for 14C. Notation: Y - 
n o I u a d b a ~  n: 'IC and 13C (e); X I4C (g); C - C (2, t )  - concentration of 
carbon (s/m3) at depth z and time r. K - diffusion coefficient (m3/y). Sourot: 
Killough, G. G., and Ti4 J. E 1978. "Scenarios of I4C Releases from the World 
Nuclear Power Industry from 1975 to 2020 and Estimated Radiological Impad," Nucl. 
So/: 19(5), 602-17. 
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loo-y eaviromental 
dose annmitmeat factors 

Year of (man-ran/Ci) 
rekalu 

Total body Gonads 

1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 

25.5 
25.7 
25.9 
26.2 
26.4 
26.6 
26.8 
27.1 
27.3 
27.6 
27.8 
28.0 
28.2 
28.4 
28.6 
28.8 
29.0 
29.2 
29.4 
29.5 
29.7 
29.8 
30.0 
30.1 
30.3 

9.71 
9.79 
9.87 
9.98 

10.1 
10.1 
10.2 
10.3 
10.4 
10.5 
10.6 
10.7 
10.7 
10.8 
10.9 
11.0 
11.0 
11.1 
11.2 
11.2 
11.3 
11.4 
11.4 
11.5 
11.6 

Sour& Fowler, T. W., and Nelson, C. B. 1979. Health Impact Assessment of Car- 
bon-I4 Emissions from Normal Operotions of UTW*UM Fuel Cycle Facilities, EPA- 
520/5-8M)o4. U.S. Environmental Protection Agency. Washington. D.C. 

factors for other organs arc proportional to the ratios of the total body values 
shown in the table (set Chapter 7) .  Tabulations such as this allow one to use 
the results of the Killough model to project global impacts of I4C releases 
without installing and running the computer code. 

As in the case of 3H, it is useful to make a comparison of population dose 
from I4C produced from the nuclear power industry, natural sources, and 

0 nuclear weapons testing. The results of such a comparison arc shown in Table 
9.5. s. 

. . .  . . . .  
. .  
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I - x u *  O.S/YEAR 

Global colkctive doe  commitment (mao-rem) produd fmm I4C released by 

--- 

Npdear Nuclear N S  "C moduad 

1975 3.4 x 107 

1990 1.8 X 106 5.3 x 107 
UWH 1.1 x lob 6.9 x lo7 

2025 4.3 x IO6 9.2 x io7 

Infinite time 19 x l@ 3.2 x io9 
2075 8.9X lob 1.5 X lo8 

2 8  X lob 
9.1 x lo6 

2 2  x 107 

4.1 X IO' 
8.8 X 10s 

Source: Killougb, G. G, and T i  J. E. 1978. n!hcnarios of 14C Releases from the 
World Nuclear Power Industry from 1975 to 2020 and Estimated Radiological Impact." 
Nucf. Sa$ INS), 602-17. 

9.53 Krypton45 Global Cycling Model 
A global cycling model for *'Kr is shown in Fig. 9.5. This model is a 

simplified version of one first proposed by Kelly et al. and modified in a report 
of the Commission of the European Communities (1979). For this two- 
compartment model, instant and uniform mixing is assumed once the *'Kr is 
released to the atmosphere in either the northern or southern hemisphere. 

: .: 

c: 
OR)(L-DWC 82C-13571 

O.S/YEAR 
TROPOSPHERE TROPOSPHERE 

AIRBORNE [ 5. HEM i S P W E R E I  DISCHARGE 

. .  . . _ _ .  . . . . . .  . . . .  . . -_ .  . _  . .  . . . . .  . . . .  . . * .  , ,- . . . . . .  . .  
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Exchange taka place between the tropospheres at a rate of every 2 y. The only 
removal of 85Kr once it has been released to the atmosphere is by radioactive 
decay. 

is by external irradiation of the body. The dose to 
humans is sthated by integrating the concentration of 85Kr in the 
atmosphere and multiplying by the dose rate factor and assumed population 
scenario as followc 

4 (DRFh(&%s) * (9.20) 

Exposure from 

where 

Q = dose rate to organ i (rem/y), 

(DRF), = dose rate factor for organ i (rem/y per 
pCi/m'), 

in the northern or southern hemisphere (pCi/m3). 
x;Es - atmospheric concentration of "Kr 

The value of xmKr is estimated using the model in Fig. 9.5 once a source term 
scenario has been established. The population dosc commitment is then 
calculated using the equation 

(9.21) 

where 

N(r)  - population scenario for the northern or 

b ( r )  - dose rate at time r to an average 

southern hemisphere, 

individual (rem/y). 

The model shown in Fig. 9.5 as an example is very likely an oversimplified 
approach to evaluating global exposure from r5Kr. The NCRP (1975) states 
that there may be considerable variation in concentration of "Kr with latitude, 
especially since most of it will be released to the atmosphere in the northern 
hemisphere, between 35 and 45'N. This variation should be borne in mind 
when calculating population dose for the purposes of cost-benefit analysts. 

9.5.4 Idbe-129 Global Cychg Model 

of 'SI to the world population (Fig. 9.6). The mean residence time of 
Kocher (1981) proposed a ninecompartment model for assessing the dose 

in 
Q 

I 
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Figure 9.6. Ninecompartment model, global inventories. and fluxes for predicting "1 
transport and accumulation. Sourcc: Kocher, D. C. 1981. 'A Dynamic Model of the 
Global Iodine Cycle and Estimation of Dose to tbc World Population from Releascs of 
Iodine-129 to the Environment," Emiron fnf .  S, 15-31. Reprinted with permission. 

the atmosphere is only approximately 15 d, so that a relcase to the atmosphere 
from a point source is likely to be transported to land or the accans before 
mixing throughout the global atmosphere has occurred. Thousands of years 
may then be required for the resulting localizad distribution of lB1 on the 
earth's nuface to enter into global circulation. Therefore, it is h@ly 
speculative to attempt to model 1q global cycling, and consideration should 
frrst be given to its assessment on a regional or local scale for cost-benefit 
analyses. 

Kocher used his model to estimate dose to the world population from 
release of 1 Ci of laI to the land atmosphere in 1980. The results of his study 
are shown in Table 9.6 for integrhion to various times. The value at infinite 
time (2.8 X Id man-rem) is the complete global population dose 
commitment. 

. 
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Tabk 9.6. World pogll8tion w t o t k  mrdd from 
nk.stof lCOd i t o t b e h d a t m ~ @ a e ~  

tBclllodelsboWnhFif59di 

Time Daec 
(years after (-1 

10' 2 2  x It? 

103 

104 5.5 x 104 

106 1.0 x ld 

release) 

ld 3.1 X Id 
1.4 X 104 

io5 6.8 X 104 

I o7 1.6 X ld 
Infinity 2 8  X I d  

Source: Adapted from Kocher. D. C. 1981. 'A 
Dynamic Model of the Global Iodic Cycle and 
Estimation of Dosc to the World Population from 
Relcases of Iodine-I29 to the Environment," 
Environ. Inr. 5, IS-31. Reprinted with p e d s s i i n .  

Among the global cycling radionuclides, 'q is likely to be the most 
difficult to model with any reasonable confidence because of its very long 
physical half-life (1.6 X lo7 y). On the other hand, because of its very low 
specific activity, the 'source terms for its release to the environment are 
extremely small, and iodine is relatively easy to contain through efficient 
effluent treatment. 

93.5 Global Cy- Models: The Need for Curtiw 
The selection of an appropriate length of integration for global cycling 

radionuclides is an important and controversial issue that lacks firm guidance. 
If one accounts for the population dose during the release period only, then a 
reasonable scenario can be depicted (ordinarily less than 100 y for the 
generation of electricity by nuclear energy). However, this procedure neglects 
the residual commitment that remains in the environment after the cessation of 
the 6ourot term. On the other hand, estimating the dosc to future generations 
involves projections of population growth and source terms that clearly are 
subject to considerable uncertainty. 

In the study by Till et al. (1980) on 3H, an integration time of the release 
scenario (1975 to 2020) plus 100 y (approximately 8 half-lives of tritium) was 
assumed. For global assessment of "C, Killougb and Till (1978) used the 

. . .  . . . .  . . . . . . . . . . . .  . .  : . . . .  . . . . . .  . .  . .  
. . . . .  . .  

. .  
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release scenario (again 1975 to 2020) plus 46,OOO y (8 half-lives of “C). 
Bonh et al. ( 1979) mommend an integration time of l0,OOO y for 

The problem of integration time is ampounded when one carries the 
assessment through to estimates of health effects. Table 9.7 shows the health 
effects from “C calculated using the -Id population doses shown in Table 
9.5 and applying risk factors from ICRP Publication 26 (ICRP 1977). Note 
that when integrated to infinite lime (Le, until all of the “C has decayed), 
there arc projected to be 22,000 cases of aocer and 15,000 genetic effects 
caused by the nuclear industry. Although these figures may appear to be large, 
these health effects occur over a period of approximately 46,000 y. In reality, 
this is an insignificant number of health effects for the world population during 
such a long period of time. Also note that the bealth effects from natural l‘C 
formed during the period of the release scenario and that from nuclear 
weapons testing arc 168,000, making the health effects resulting from the 
production of nuclear energy appear to be relatively less important. 

Nuclear weapons Natural “C produced 
testing between 1975 and 2020 Nuclear power industry 

Genetic GCIlCtiC Genetic 
Cancer effects cancer effects effects 

1975 4.000 2600 

2005 130 85 8,100 5,300 1.100 700 
1990 21 14 6.300 4.100 330 216 

2025 510 330 11,000 7,100 2600 1.700 
2075 1.100 690 18.000 12.000 4,800 3,200 

Infinitetime 2zOOo 15,000 380,000 250,000 100,000 68.000 

Sours: Adapted from Killough, G. G., and Ti J. E 1978. %conria of “C Releases 
from the W d  Nuclear Power Industry from 1975 to 2020 and Estimated Radiological 
hmg Nuc~. S& 19(5), 602-17. 

Therefore, it is imperative that the length of integration be clearly 
spocificd when walqating dose from global cycling radionuclides in order that 
the calculated population dose may be put into perspective. Comparisons 

*between naturally produced ’H, “C, *%r, and lnI are often helpful and may 

. -  . . 
. .  . : . .  . .  . .  
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eventually provide a basii for international standards to limit the buildup of 
thesc radionuclides in the environment. 

As a final -note, estimating the population dosc from global cycling 
radionuclides may not be t b t  best means of assessing their impact. Instead, 
comparing dose r a t s  from r e h  of 3H, ''C, 85Kr, and may be the best 
method for assessing their long-term impact, at kast until better guidance can 
be provided by international organizations. 

9.6 PROBLEMS 
1. Use the modified NCRP technique to calculate the dose rate 

(mrem/y) from ingestion and inhalation to an individual residing 7241 m from 
a stack discharging l00,OOO Ci/y of 3H as 'HOH. Assume that x / Q  is 3.1 X 

s/m3, that the individual receives drinking water from an uncontaminated 
source, and that all food products ingested arc grown near the point of 
residence. The location of the rcleasc is in the extreme southeastern United 
States. 

2. Using the assumptions in problem 1, estimate an upper limit of dose to 
an individual exposed to an accidential pulse release to the atmosphere of lo7 
Ci of 'H as "OH in a 24-h period. Explain why this would be an upper limit. 
What precautions would you take to reduce exposure to the public in this 
case? 

3. Discuss the effect of chemical form of release of 'H to the atmosphere 
on local and global dosc. Would conversion of tritium to a chemical form other 
than 'HOH be feasible as an effluent control technique to reduce the dose to 
the public from tritium? 

4. What is the dose rate (mrcmly) to an individual chronically exposed to 
an atmospheric concentration of 1.6 X Id pCi/m3 of 3HOH? Assume that 
25% of the food ingested is grown at this location, 25% is grown where the 
atmospheric concentration is 2.3 pCi/m3, and 5096 is grown where the 
atmospheric concentration is 5.2 X I d  pCi/m3. All drinking water consumed 
by the individual comes from a well having an activity concentration of 35 
pCi/mL. Perform the calculation assuming a sptcific humidity of 3, 6, and 12 

5. Calculate the dosc rate (mrcm/y) to an individual exposed to a 
continuous rcleasc of 1 4 0 2  of 2.4 Ci/y. Assume that x / Q  is 5.3 X s/m3 
and that 50% of the food ingested by the individual is grown near his place of 
residence and 5096 is grown in an area having a x / Q  of 1.1 X lo-' s/m3. Use 
a total body dose rate factor for ingestion of 2.1 X Id rem/y per pCi/g C. 

6. Discuss the importance of photosynthetic fuation on dose from I4CO2. 
How might this process be used to control the exposure to individuals residing 
near the point of release? 

7. Would you expect to fmd a significant variation bctwccn the dose to an 
infant and that to an adult from chronic exposurc to 'H and I4C? 

g H~o/&. 

.... _ .  . .  . . .  .. . .  , .  



8. Describe the advantages and disadvantages of spacific activity models 
over the various transport models described in earlier chapters. Could spacific 
activity models be used for assessments of radionuclides other than 3H and 
“C? 

9. Explain the Suess effect h terms of global doses from “C emissions. 
10. You are given the task of cstabIishing a set of acceptable international 

standards for global cycling radionuclides. On what criteria would you base the 
standards? Should international standards be set to control the buildup of 3H, 

11. Explain why caution must be used in calculating dose commitment 
from global cycling radionuclides. What would you propose as a reasonable 
and defensible length of integration for evaluating the four global cycling 
radionuclides? 

-. “C, ”Kr, and Why? 

.. . .  

.. 
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Populations 

By R. H. CLARKE* 

10.1 INTRODUCI'ION 
When ionizing radiations were first used early in this century, the most 

pressing nced was to prevent exposure that could result in early harm to the 
health of an individual. These early effects on health occur after relatively high 
exposures to radiation. There is a 'threshold" below which they are not 
observed, above this the severity of an effect increases with increasing 
exposure. These effects. known as nonstochastic effects, can be avoided in all 
normal circumstances by restricting exposures to levels below the threshold. 

It was recognized considerably later that exposure to radiation might lead 
to delayed health effects. either in the exposed individual (somatic) or in his 
descendants (genetic). These effects are statistical in nature, occurring with a 
certain frquency in any irradiated population rather than predictably in any 
irradiated individual. These effects are known as the srochasric effects of 
radiation; and the severity of late stochastic effects, the most important of 
which are cancer and hereditary defects, is not related to the level of exposure 
(Fig. 10.1). 

It is now assumed in radiological protection that the probability of 
occurrence of late stochastic effects is proportional to radiation exposure 
received and that there is no threshold. Using this assumption, commonly 
known as the linear no-threshold hypothesis, it is impossible in principle to 
eliminate late effects other than by eliminating exposure to radiation. The aim 
has therefore been to permit controllable exposure only when it is justified 

*National Radiological Protection Bofrd, United Kingdom. 
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Figure 10.1. EfTccts of ionizing radiation. 

after account is taken of all the benefits of the practice giving rise to the 
exposurt and then to keep exposures acceptably low. 

Thus the early history of radiological protection was mainly conarned 
with limits of 'permissible doses" to individuals, which would prevent the 
occurrence of nonstochastic effects. However, the first publication of the 
International Commission on Radiological Protection (ICRP 1959) presented 
recommendations that 

all doscs be kept as low as practicable, and that any 
unnccessary exposures be avoided. 

By the time of Publication 9 (ICRP 1966) in 1966, this had evolved to the 
now famous recommendation that 

all doses be kept BS low as is readily achievable, economic 
and social considerations being taken into account. 

Further clarification of this recommendation was still required, it 
appeared in a later publication (ICRP 1973) in which the dose limits were still 
placed fust, but in addition there was a recommendation to interpret "as low 
as is readily achievable" in terms of the techniques of differential cost-benefit 

The system of dose limitation recommended by ICRP has been restated in 
Publication 26 (ICRP 1977a) with the requirements implying cost-benefit 
analysis elevated before the requirement for compliance with dose limits: 

analysis. 

. ",. 

, 
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(a) No practice shall be adopted unlcss its introduction pro- 
duces a positive net batefie (b) AU exposures be kept as 
low as reasonably achievable, eoonanic and social factors 
being taken into account (c) The dost equivalent limits to 
individuals shall not e x 4  the Limits recommended for the 
appropriate circumstances by the Commiaion. 

This chapter refers to these in abbreviated form as (a) justification, (b) 
optimization, and (c) compliance with dose limits. 

Justification requires the assessment of all the costs associated with the 
given practice and comparison with all the benefits from the practice. This 
procedure involves assessing the value of intangibles on both sides and, in any 
case, provides only one input to major decisions that usually also have strong 
political, economic, and other constraints. It is not clear that radiological 
protection considerations are a mapr input into the justification stage, and this 
chapter is restricted to the problem of carrying out the second and third 
objectives within a practice that is assumed to exist whether or not it has been 
justified overall. The inputs to optimization studies are estimates of the costs of 
health development and the costs of further reductions in health detriment. 
The main subject of this chapter is the assessment of health detriment. It 
addresses the biological bases on which the risks of the stochastic effects of 
irradiation are set and the dosimetric quantities that have been proposed by 
ICRP. The chapter later considers methods required for calculating more 
realistically the numbers of health effects in irradiated populations and 
discusses the implications for environmental modeling. The costs of health 
detriment and the application of cost-benefit analysis to optimization are 
beyond the scope of this chapter. 

10.2 THE BIOLOGICAL BASES OF 
RADIATION PROTECTION 

Evidence as to the types and total frequencies of the somatic radiation 
effects produced in human beings, that is, those produced in the exposed 
individuals themselves (e.g., cancer) rather than their descendants, by 
relatively high radiation doses has been forthcoming from a number of studies 
in which population groups have been studied over prolonged periods as long as 
20 or 30 y. Reviews of these data were published in the latest report of the 
United Nations Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR 1977) and by the’Committce on the Biological Effects of loniz- 
ing Radiation (BEIR 1980). A very readable account of risk estimates is given 
in the Lauriston S. Taylor Lecture Series No. 2 published by the National 
Committee on Radiological Protection (NCRP 1978). A summary of the popu- 
lation groupsy from which the data are available follows. 
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a. Studies of the survivors of the atomic bombing of Hiroshima and 
Nagasaki in 1945. These results include not only the immediate or early 
effects of the exposures, but also in great detail late effects, particularly 
the induction of malignant disea#. In a special group of 80,OOO survivors, 
the frequencies of different types of fatal cancer and leukemia have been 
related to the estimated radiation doses received and compared with 
normal rates. Surveys of these data and the radiation assessments that 
result from tbem are published about every two years. A new review of 
the dosimetry from neutron and gamma radiation at Hiroshima and 
Nagasaki is 'king undertaken currently, 

b. A registry of all tumors occurring in addition to those causing deaths as in 
(a) above in all Hiroshima and Nagasaki survivors. The data from the 
tumor registry have been used to investigate the incidence of a number of 
dirferent types of cancm 

c. An 'adult health study" of the frequency of the different types of illness 
in survivors of Hiroshima and Nagasaki and in their immediate offspring; 

d. Records of frequency with which malignant tumors occur, or cause death, 
in groups of patients followed for prolonged periods after receiving 
radiotherapy for different conditions, for example, for ankylosing 
spondylitis surveyed in the United Kingdom, for ringworm of scalp in the 
United States and Israel, for mastitis in the United States, for benign 
uterine conditions in several countries, for supposed thymic enlargements 
in infants in the United States, or following frequent fluoroscopic 
examinations for pneumothorax in Canada. These sources are 
characterized by information on frequency of induction of different types 
of cancer in excess of that in control series, after known times following 
irradiation at known doses; 

e. Detailed studies of the frequency of bone cancer in people who have 
incorporated radium into the body, 3.1 directly measured amounts, in the 
United States following occupational contamination or supposedly 
therapeutic administration; 

f. Records of the frquency of bone cancer in the patients to whom a short 
half-life isotope of radium had been administered in the treatment of 
ankyhing spondylitis studied in German clinics; 

g. Sweys of the frequency of liver and other malignant tumors in patients 
to whom a thorium preparation known as Thorotrast was administered at 
known dose levels as a radiospaque medium for diagnostic purposes, par- 
ticularly in Portugal, Denmark, and Germany, and 
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h Records of the frequency of lung canccr in workers in uranium mines and 
other mines involving radioactive (radon) exposures. These studies, 
conducted over prolonged periods and at  relatively accurately estimated 
levels of exposure, are from Czechoslovakia, the United States, Canada, 
and Sweden. 

10.3 CALCULATION OF THE INCIDENCE OF STOCHASTIC 
HEALTH EFFECIS IN IRRADIATED POPULATIONS 

When considering doses from routine releases of radioactivity, we may 
assume that the doscs are sufficiently low that the only health effects requiring 
consideration are the stochastic effects, that is, delayed somatic and hereditary 
effects. The most important somatic effect is the induction of cancer some time 
after the radiation exposure. This cancer may or may not have a fatal 
outcome. The total health effects may be thought of as being comprised of 
three broad categories: 

a. Cancers for which the cure rate is low and for which the period between 
diagnosis and death is usually short; these may be classified as fatal 

b. Cancers for which the fatality rates may be low but for which there can 
be either physical or psychological reasons for reduced quality of life, 
particularly cancer of the breast or certain cancers of the thyroid. These 
may be classified as nonfatal cancers, and the importance to be assigned 
to these malignancies will be different from that to be associated with 
fatal cancers. A proportion of these cancers that prove fatal is taken into 
account with the fatal cancers; and 

c. Serious transmissible disability in the descendants of irradiated parents 
that may be expressed over many generations. Again it is clear that there 
is no a priori reason why the weighting factor to be assigned to the serious 
hereditary defects is similar to that used for fatal or nonfatal cancers. 

In calculating the consequences to the population of planned or unplanned 
releases of nuclides, it will be necessary to make the estimates as realistic as 
possible. The extent to which the already defined dosimetric quantities as set 
out by ICRP can be used in the above estimation of total health detriment will 
now be considered. 

, cancers; 

*- -- -.. .e * .:e*32* *-***Q :.--k y 
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10.4 DOSIMETRIC QUANTITIES AVAILABLE 
FOR ESTIMATING HEALTH EFFECTS 

10.4.1 Dose Equivalent 

The absorbed dose from radiition (J/kg) is insufficient to predict the 
probability of harm to health. In radiation protection this problem has been 

e 
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solved by introducing the concept of dose equivalent, H, which is related to 
absorbed dose, D, by mdiying factors: 

H '= DQN , (10.1) 

where Q is the Quality Factor of the radiation and N is the product of any 
other modifying factors, such as abmbcd dose rate of fractionation. ICRP 
(1977a) has at present mxmmedd a walue of N equal to unity. The unit of 
dose quivalent is the Sievert (rem): 

The Quality Factors currently recommended by the Commission arc 
X-rays, rays, and electrons-1 

Neutrons, protons, and singly charged particles of rest mas greater 
than one atomic mas  of unknown energy-IO 

a particles and multiply charged particles (and particles of unknown 

These Q values arc to be uscd for internal and external radiation, arc intended 
for use in radiological protection, and may not be representative of relative bio- 
logical effectiveness for other than stochastic effects at relatively low doses. 
They may not apply, for example, to accidental high exposures. 

charge) of unknown energy-20 

10.4.2 Effective Dose EqPinknt 

The concept of a weighted mean whole-body exposure was introduced by 
ICRP ( 1977a) and subsequently designated Eflective Dose Equivalent, HE, 
defined as 

( 10.2) 
T 

where HT is the dose equivalent in tissue T and WT is a weighting factor (for 
each tissue) that represents the ratio of the stochastic risk from irradiation of 
tissue T to that for the whole body when irradiated uniformly. 

The calculations of HE and values for W, arc discussed in Chap. 7. The 
principle involved is that for a given level of protection, the total risk should be 
the same, whether the whole body is irradiated uniformly or whether there is 
nonuniform or selective irradiation of particular organs. 

In setting values of W ,  ICRP considered the protection of a working 
population by including the risk of fatal cancer in the exposed individual, 
together with the incidence of serious hereditary effects in the first two 

i 
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generations of descendants of the irradiated parents. The inclusion of 
hereditary effects in only the children and grandchildren of the exposed worker 
was justified on the basis that the person would be primarily concerned with 
thosc effects he would observe in his lifetime. that is, in the first two 
generations (ICRP 1977b). There is no a priori reason for adding only this or 
any other proportion of the total number of expressible hereditary effects to 
those from fatal cancers. In fact, ICRP 26 (ICRP 1977a) recommends that in 
the estimation of total health effects, the hereditary effects be included for all 
futurc generations; these effects are estimated to be twice those in the first two 
generations. 

Further, for uniform whole-body irradiation the incidence of nonfatal 
cancers, allowance for which is not included in the weighting factors derived 
for Effective Dose Equivalent, is likely to be comparable to that for fatal 
cancers (ICRP 1977b). The latest BEIR report (BEIR 1980) gives the 
incidence of malignancies as about threc times the fatal rate, the majority 
being cancers of the skin, thyroid, or female breast. 

Total incidence of malignancies may be more important in circumstances 
where nonuniform exposure of the body occurs. There will be practical 
situations in which Effective Dose Equivalent would be inappropriate for 
estimating health effects-for example, in the release to the atmosphere of a 
nuclide in such a way that the irradiation is predominantly of the skin, leading 
to a higher incidence of nonfatal skin cancers compared with that of fatal 
cancers from any wkole-body dose. 

Thus circumstances occur in which the Effective Dose Equivalent has 
limitations if used as a single quantity to express total health detriment in an 
irradiated population since it does not include nonfatal cancers or about half of 
the hereditary effects. 

10.43 'Committed Effective Dose Equivdent 

The quantity Committed Eflective Dose Equivalent, H~O.E, is defined as 
the integral over 50 y. following an intake of radioactivity, of the effective dose 
equivalent rate, HE, 

(10.3) 

where b is the time at which intake occurs. The quantity H~,-,E has been 
introduced by ICRP for the purpose of controlling the intake of radionuclides 
with long physical and biological half-lives. The use of the quantity is meant to 
ensure compliance with dose limits for occupationally exposed individuals who 
may be receiving intakes of radioactivity in the course of a 50-y working 
lifetime. 
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The committed dose amccpt may be understood with the aid of Fig. 10.2. 
Suppose there are intakes in the fvst year of a nuclide having a long physical 
and biological half-life. The nuclide delivers dosc u in the f m t  year but 
remains in the body and without further intake leads to dose b in year 2 and 
doses c and d in years 3 and 4, respectively. If exposure continues at the same 
rate, then in the second year the dose is u from intakes in the second year plus 
6, already committed from the first year. After a number of years of exposure, 
the annual dose builds up to (u + b + c + a), which is also the integrated 
dose from exposures in the fvst year. This is the committed dose concept that 
ensures that when a worker is e x p o d  at the same committed dose from 
intakes each year throughout a working lifetime, his annual dose in his last 
year will be within the dose limits. 

The Committal Effective Dose Equivalent may not be the most 
appropriate quantity to use when attempting to make realistic estimates of the 
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b 
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d 
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Figure 16.2. Illustration of committed dose concept. 
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total numbers of health effects on an irradiated population. The time over 
which the dose will be received following an intake of a radioactive material of 
long physical half-life will be a function of the age at intake, and the mean 
dosc quivalent to be received by a population of a given age distribution could 
clearly be found This is illustrated in Fe. 10.3, which shows the ratio of the 
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Figure 10.3. Ratio of committed dosc to dose received for different ages at intake for 
ingestion of americium-24 1. 

dosc actually received as a function of age at intake to the committed dose for 
a nuclide of long physical half-life. The resulting Mean Effective Dose 
Equivalent in the population would still be subject to the same criticisms as 
those for the use of Effective Dose when assessing the total number of health 
effects. 

A further problem is over the so-called latent period between the delivery 
of a dose of radiation and the development of an overt tumor. The use of the 

... 
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ICRP system of dose limitation for calculating numbers of' health effects 
assumes that the appearance of the effect is concomitant with the intake. Thus 
the committed dose is estimated and multiplied by the risk per unit dose 
equivalent to obtain the individual risk or, using collective doses (Sect. 4.3). to 
obtain the numbers of health effeck ICRP Publication 27 (ICRP 1977b) 
indicates that the ICRP Publication 26 fatal cancer coefficients aft set on the 
basis that the individual lives long enough for the risk to be expressed 
following irradiation. This procedure neglects the significant delay between 
delivery of the dose and the recognition of the cancer. It is now widely 
accepted that there can be a considerable time delay before the manifestation 
of many cancers following exposure to ionizing radiation. In fact there is no 
single latent period, but there is a probability distribution function representing 
the time of appearance of tumors in an irradiated group of individuals. 

The situation is most complex in the case of internally deposited emitters 
of long physical and biological half-life in the human body because, after 
incorporation into body tissues, irradiation of some tissues may continue over a 
prolonged period. The estimation of the number of health effects in a 
population irradiated by such nuclides requires consideration both of the time 
distribution of dost following intake at any given age and of the probability of 
cancer appearance following each increment of dose. 

10.4.4 collective Dose Equivht 

The relationship between health detriment and the distribution of dose 
quivalent in an exposed population is not simple, and no single quality can 
adequately represent the distribution. However, for many purposes ICRP 
( 1977a) has recommended collective dose equivalent, S, in a population: 

where Hi is the per capita dose equivalent either in the whole body or in 
particular organs in a population Pi of subgroup i. 

The collective dose equivalent associated with a given source of radiation 
exposure, S, , is given by 

OD 

s K - I H p ( H M H *  (10.5) 
0 

when P(H) is the number of individuals receiving dose equivalents between H 
and H + dH. The relationship between collective dosc equivalent and health 
detriment depends on the validity of the linear dose-response relationship. 
ICRP has stressed that this is a cautious assumption, the reality of which has 
not been established. 
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Example 4.1. Suppose a routine release of a radioactive effluent into the 
atmosphere gives doses of 0.01 E m  at 1 km to a population of Id, 0.001 rem 
at IO h to a population of 105, 0.oo001 rein at 100 km to a population of 
IO6. and 0.0000001 rem at IO00 km to a population of Id .  

Tkn the collective dost would be 0.01 X Id + 0.001 X Id + O.oooO1 
X 106 + 0.0000001 X IO8 = 10 + 10 + 100 + 10 = 130 man-rem. If the 
releases occurred in one year and the doses were received in the same year, the 
annual collective dose would be 130 man-rem. [End of Example 4.1.1 

10.45 Collective Dose Equivalent Commitment 

One of the purposes of an assessment of total health detriment is to use 
this in an optimization of the radiological protection of a practice giving rise to 
the detriment. The calculations and parameters used in the assessment of 
detriment should be as realistic as possible. Because optimization involves 
financial decisions, it is not correct to use conservative values of parameters 
that lead to wrong decision making and the spending of too much money, 
thereby defeating the objectives. Recognition of this principle should lead to a 
change in the selection of models and the choice of values for parameters in 
those models. According to ICRP Publication 26. the total health detriment is 
proportional to the collective dose commitment. This concept will now be 
discussed in more detail. 

The Collective Dose Equivalent Commitment, S,, is defined as the integral 
over all time of the collective dose equivalent rate S for that source: 

Q) 

S, = I S ( r ) d f .  
0 

( 10.6) 

TO perform this integration, postulations must be made about the 
existence of future generations, their spatial distribution, and their dietary 
habits. Apart from these difficulties, knowledge is also required as to the dose 
equivalent rates in all human body organs and tissues of interest as a function 
of time after intake. These data are not generally available, and a suggested 
alternative procedure involves separating external exposures (where in principle 
a simpk integration over space and time can be performed) from internal 
exposure, in connection with which we know the committed dose equivalent per 
unit intake. The following practical definition of collective dose equivalent 
commitment is suggested: 

-*h, je .>** #n *&* -. . .-;- 
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where i is the c o W v e  intake rate. The integrated intala of radioactivity into 
a population is a quantity that may conveniently be calculated by 
environmental modas Hm is tbe committed dose per unit intake. It has been 
noted that the use of oamrmttbd dose equivalent has some defects in the 
representation of total populath dose. 

Areas in whicb coUcctivc dose calculations utilizing effective dose may be 
efficient in a s s d n g  the total health detriment have been discusmi. However, 
there are other poblans in using thest quantities, for example, in the 
implication that tbe risk per unit dose is treated in exactly the same way 
whether the doses arc of the order of a few microrems or hundreds of mil- 
lirems in a year or whether they are delivered now or in a million years. It is 
not clear that the same collective dose equivalent commitment, made up either 
from extremely small dose equivalents to members of a very large population 
or of much larger doses to members of a small population, should have the 
same weight in the optimizing process. There is no formal way of expressing 
this differentiation at the present time because of the assumption of a linear 
relationship between dose and risk. However, there is much evidence for the 
existence of nonlinear dosGresponse relationships and apparent thresholds in 
response (Clarke and Mayncord 1980). In addition, the idea was recently p m  
posed that the cost associated with the collective effective dose equivalent may 
be a highly nonlinear function of individual dose (Clark and Fleishman 1980). 

There might be advantages if the collective dose equivalent commitments 
were presented not only as single numbers but, where possible, broken down as 
functions of dose equivalent rate, time. space, or population group, which may 
aid the development of the philosophy of limiting environmental releases. This 
area, however, is subject to further rcscarch. 

10.5 CALCULATIONS OF THE 
NUMBERS OF HEALTH EFFECIS 

In addition to ;he distribution of the probability of risk in time following 
an increment of dose, realistic calculations of the numbers of somatic health 
effects must take into account the risk per unit dose equivalent in the various 
human body organs or tissues for the three categories of health detriment that 
have been identifid. fatal cancers. nonfatal cancers, and serious hereditary 
defects. These points will now be considered in turn. 

ICRP in Publication 26 recommends the adoption of certain risk 
coefficients for fatal cancer in particular human organs and tissues that are 
consistent with data taken from the reviews mentioned above and represent a 
scientific consensus of cumnt evidence. 
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- 
tcl IRRADIATION AT YOUNG AGE . 

/ 
/ 
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Numerical estimates of risk may be made using either an Absolute Risk 
Model or a Relative Risk Model An Absolute Risk Model for cancer 
expresses the number of additional cases of cancer that arise per unit time per 
unit dose in a population of expod individuals, or the total number of 
expected caners  in the group. The Absolute Risk Model neglects any possible 
correlation between the incidence of the radiation-induced effects and those 
due to other carcinogens to which the population is exposed. The Relative Risk 
Model, on the other hand, defines the ratio of the risk in the irradiated 
population to the risk in a comparable nonirradiated population. Thus the risk 
of radiation may be expressed as a percentage of the natural cancer incidence 
per unit dose and per unit time. These points are illustrated in Figs. 10.4a and 
10.4b. which demonstrate the variation in the time of appearance of tumors for 
the two models. There appear to be two main criticisms of the Relative Risk 
Model. First, it necessarily predicts a very nonlinear response as a function of 
age at irradiation and there is no biological evidence in support of this effect 
for radiation damage. Figures 10.4~ and 10.4d schematically represent the 

Id1 IRRADIATION AT OLDER AGE 

. . . . . . . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  . . . . .  . . . . . . . . . . . .  . . . . .  . . .  . . .  . . .  . .  . . .  

0 
V 

ORNL-DWG 82 12338 

RADIOGENIC / LIMITED EXPRESSION TIME, RELATIVE 

U il z 

ABSOLUTE RISK 

INCIDENCE AFTER 
IRRADIATION -f I 

Ibl RELATIVE RISK 

EXPRESSION, COMPARISON OF 
I AND RELATIVE RISK MODELS 

I 

Figure 10.4. Radiation-indud cancer effect superimposed on spontaneous cancer 
incidence by age. Illustrations of various possibilities. Source: Committee on the Biologi- 
cal Effects of lonizing Radiation (BEIR) 1980. National Academy of" Sciences. 
Reprinted with permission. 
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increased incidena pndicted by the Relative Risk Model for older ages at 
irradiation. Second, the Relative Risk Mode1 predicts a higher total incidence 
than the Ablute  Model for the same initial incidence rate, and there is little 
cpidemiologid evidence to support this difference. Nevathelegp, the latest 
BEIR repat (BEIR 1980) presents results in terms of both models, although 
ICRP has amtinued to use the Absolute Risk Mqdel, and it is this model that 
is used here io the calculation of the number of health e fk t s  to be expected in 
the irradiatad population. 

10.5.2 Incidemce d Chew in Orgurp and Tissues 

It is emphasized that risk estimates for individual organs cannot be 
determined accurately. As previously discussod, they arc based on incomplete 
data and involve a large degree of uncertainty, particularly when applied to 
interpretatioo of health effacts at low doses. With thest limitations in mind, 
the risk estimates for cancer incidence and fatality given in Table 10.1 are 
applicable to an individual who will live long enough for the risk to be 
expressed, although they are derived from average cancer incidence and mor- 
tality for all ages. They represent a balanced judgement of the data expressed 
by UNSCEAR (1977) and BEIR (1980). together with other more specific 
data (Mays and Spiers 1978; Mays 1980; Dolphin 1979; Beebe et al. 1978; 
Smith and Stather 1976) and have recently been published in an NRPB report 
(Clarke and Smith 1980). The fatal cancer incidence and tissue classification 
arc identical to thost given by ICRP in Publication 26 since that document 
reprcscnts a consensus among scientists as to incidence of radiation-induced 
fatal malignancy. 

The data in Table 10.1 apply to a population composed equally of young 
adult males and females. The 'other organs" in the table arc, for example, the 
liver, the individual segments of the gastrointestinal tract, salivary glands, and 
biaddcr. The individual organ risk for these remainder tissues is low, but the 
estimate of the total risk for irradiation is obtained by a comparison of the 
total malignancies produced relative to the risk of leukemia under the same 
conditions of irradiation (ICRP 1977a). Following ICRP in Publication 26, it 
would sccm likely that no single one of the "other organs" had a fatal cancer 
risk greater than one-fith of the total risk to thesc 'other organs.". This risk 
coefficient, ten mortalities per lob rad, can reasonably be used for each of up 
to five organs or tissues receiving the highest doses from the irradiation and 
remaining after the s@kd organs in Table 10.1 have been considered. 

The total number of fatal cancers for whole-body irradiation of young 
adults, summing from Table 10.1, is 126 per IO6 rad; most of the medical 
evidence on which this number is based arose following absorbed doses of 
about 100 rad or more, and the ratio between the deaths due to leukemia and 
the sum of deaths from all other canars is about k6. Qn the basis that lower 
doses, such as 10 rad, of low-LET radiation could be less carcinogenic than 
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Assumed IO+ Incidence Mortality year su&val 

50 25 25 

100 5 95 

20 20 0 

Red bone m a w  20 20 0 

Bone surface 5 5 0 

Skin 100 1 99 

Other organs 50 50 0 

(leukemia) 

- - 
Total 345 126 

'LET - linear energy transfer. 

higher doses (greater than 100 rad) and that the ratio between leukemia and 
the other cancers remains the same, UNSCEAR (1977) suggests a tentative 
value for the incidence of all cancers averaged over all ages of about 100 per 
IO6 rad for these lower doses. The BEIR study (BEIR 1980) considered both 
acute and continuous exposure to radiation at low doses, and their conclusions 
are similar to those of UNSCEAR under both conditions. 

The total incidence of nonfatal cancers (total incidence minus total fatal) 
can be seen from Table 10.1 to be in the region of 200 per 106 rad, mainly due 
to thyroid, skin, and surviving breast cancer. These data derive mainly from 
UNSCEAR (1977) and BEIR (1980) and arc consistent also with statements 
made in ICRP Publication 27 (ICRP 1977b). Significant numbers of nonfatal 
cancers do not appear to arise in any of the other human body organs or tis- 

&maple 4.2 Assume that a collective dose calculation on a population led 
to estimates of 2 X lo6 man-rem to the thyroid, Id man-rem to the whole 
body, and 106 man-rem to the lung. The resulting numbers of fatalities 
expected would be 5 X X 2 X 106 = 10 for thyroid cancers, 126 X 

X 
lo6 = 20 for lung cancers. These cancers would appear over a period of 30 
years or so following the irradiation, and the cancers in the whole body would 
be statistically distributed over the organs and tissues in the proportions shown 

sues. 

X I d  = 12.6 for malignancies in the whole body, and 20 X 
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by the risk figures in Table 10.1. In addition, there d bt 8 total of 235 
nonfatal cancers-200 from the thyroid collectiVt dose and 35 from the 
wholebody irradiation. [End of Example 4.2) 

There is strong evidence to suggest that cancers can develop in excess of 
the expected incidence in the first IO y of life following ktadiation of the 
embryo, although this excess was not observed in the children exposed in utero 
at Hiroshima and Nagasaki. However, the dosc may have been so high that 
sekctive killing of many embryos in utero may have occurred. However, within 
the range (used for diagnosis) 0.2 to 2.2 rad of low-LET X rays, the risk esti- 
mate for fatal malignancies might be as high as 200 per 106 rad in exposed 
embryos according to UNSCEAR (1977), with about half of thesc possibly 
due to leukemia, and about onequarter to tumors of the nervous system. 
Ekcausc of the large uncertainties, this estimate is not included in the sum- 
mary table. but it should be borne in mind. 

103.4 Hereditary Effects 

It must again be emphasized that risk estimates of hereditary effects are 
based entirely upon animal studies, mainly mice, extrapolated to man. 
UNSCEAR (1977) calculates that if a population is exposed to low-LET 
radiation at the rate of 1 rem per generation, there will be 63 cases 
of serious hereditary disease per million live-born children in the first 
generation. The total genetic damage exprcsscd over all generations is 
estimated to be 185 per million live-born per rem of parental exposure. The 
latest BEIR report (BEIR 1980) quotes a range of values, emphasizing the 
uncertainties in the data; it is estimated that 1 rem of parental exposure 
throughout the general population would result in an inmase of between 5 and 
75 additional serious genetic disorders per million live-born descendants. Such 
an exposure of 1 rem received in each generation is estimated to result, at 
genetic equilibrium, in an inmase of between 60 and 1100 serious genetic 
disorders per million livbborn descendants. 

However, these latter estimates include the polygenic disorders. Thesc are 
complex mutations involving several genes and arc associated with major 
classes of disease including the phychoses and degenerative heart disease, 
which constitute the largest group of hereditary disease in Western 
populations. Mutation is thought to play a minor role in their etiology-they 
arc imgularly inherited and are believed to be maintained largely by selection 
mechanisms. Because of this fact, some geneticists do not take polygenic 
disorders into account when estimating radiation-induced disease. If these 
disorders are excluded, then the UNSCEAR and BEIR values are in general 
agreement. 
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For a population continuously exposed to low levels of different qualities 
of radiation, a value of per rem is rocommended for the risk of serious 
hereditary disease expressed withii the fmt two generations and 2 X per 
rem is m m m c n d e d  for the risk expressed Over all generations (ICRP 
Publication 26. para. 43). Taking the mean age of childbearing to be about 30 
y, the incidence of hereditary disease following a single irradiation will be 80 
per lo6 rem in all generations and half this number in the first two 
generations. 

10.6. TIME DISTRIBUTION OF RISK FOR 
CANCER AND HEREDITARY EFFECIS 

The risk coefficients for the various tissues given by ICRP in Publication 
26 assume that the irradiated individuals live long enough for the risk to be 
expressed. In ICRP Publication 27, it is stated that the mean latency for 
leukemia is in the region of 10 to 13 y and that for this form of blood cancer 
the distribution of intervals from exposure to death can now be approximately 
estimated (ICRP 1977b). The mean latency for other (solid) cancers is Iikely 
to be about twice as long, and the distribution of latencies for these cancers is 
assumed in ICRP Publication 27 to be twice as extended in time as for 
leukemia. Here the term Iufency is used to describe the period from receipt of 
a given dose of radiation to the death of the individual. On the basis of 
observations on a number of individuals, the spread in latencies can be 
interpreted to give a probability distribution of the emergence of an overt 
tumor following a given dose of radiation. 

The form of the probability distribution function for the time of 
appearance of cancers in an irradiated population cannot be uniquely defined. 
It will depend on the particular type of cancer, the organ or tissue irradiated, 
the quality of the radiation, and very probably on the dose or the dose rate. 
Clarke and Mayneord suggested that a wide range of experimental data can be 
fitted by assuming a log-normal distribution of time of appearance following 
an increment of radiation (Clarke and Mayneord 1980). The assumption made 
in ICRP Publication 27 for the time distribution of risk following a given dose 
of radiation is that for leukemia the data for the Japanese survivors is used 
(Pochin 1979). and it has been shown that this distribution can  be represented 
by a log-normal distribution (Clarke and Mayneord 1980). For solid cancers, it 
is assumed. in ICRP 27. that the probability distribution function for the time 
of appearance is the same as for leukemia, except that it is twice as extended 
in time; that is, the time scale is doubled and the shape retained (Pochin 
1979). For calculating realistic expectations of health effects in irradiated 
populations, it would be reasonabl: to adopt a log-normal distribution of inci- 
dence with time to allow for the delay between dose and effect. Two examples 
of such a distribution are hmmariztd in the following sections. 
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1oAJ d4mmDedTime~ofLeukatrhImdh6dPoplLtioas 
Ihe time distribution of the incidence of leukemia can be described by a 

Iopnonnal distribution with a median time of appearance (Le.* 509b incidence) 
of 123 y. and a standard deviation of u - 0.8. These values arc not meant to 
apply to any one set of observed data but arc representative of the evidence for 
the time incidence of leukemia. The median and standard deviation are 
oonaistent with those used in ICRP Publication 27, and it may be shown that 
the time incidence of leukemia tends to have a fairly large standard deviation 
and the median time is established as short (Clarke a d  Mayneord 1980). The 
modt (the maximum rate of appearance of cancers) for these conditions occurs 
at about 7 y. The distribution is shown in Fig. 10.5. The mean time of cancer 
appearance is 17 y, and the large standard deviation means that the incidence 
would slowly fall away from about 25 y to approach zcro at about 50 y after 
the dose of radiation. 

ORNL-DWG 82-12339 

- 
MEDIAN = 12.5 
o = 0.8 - 

- 

- 

0.08 - - 
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TIME (VI 
Figure 105. Proposed time incidence of leukemia following a single increment of 
radiation. 
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10.6.2 Assumed T i  Incidence for Solid Tumors in Irradiated Popalations 

The assumption in ICRP Publication 27 is that solid cancers have twice 
the median time of appearance as that of leukemia, that their appearance is 
twice as extended in time, and that they thus have the same large standard 
deviation as is found for leukemias. This large standard deviation leads to early 
appearance of sorne solid cancers and to a mode that occurs m e r  rather than 
later after the irradiation, at about 14 y for u - 0.8. The cumulative incidence 
of each of most of the solid tumors is lower than that for leukemia so that the 
peak rate of incidence may be difficult to observe, and data only on the total 
incidence may be seen later, particularly for those organs or tissues where the 
natural incidence is high. Although the evidence for human solid cancers is not 
sufficient to be unequivocal, it seems that the mode is likely to occur later than 
the 13 y found using the standard deviation for leukemia. Clarke and 
Mayncord (1980). in presenting evidence on the time of tumor appearance 
for human and animal population groups, concluded that the standard 
deviation for solid tumors was perhaps half or less than half of that for 
leukemia. This would lead to a later appearance of the mode in the probability 
distribution function. These results are illustrated in Fig. 10.6. where the time 
incidences are compared for the same median but for standard deviations of c 
= 0.8 (as assumed for leukemia) and for u = 0.4. The smaller standard 
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Figum 10.6. Time incidence of solid tumors following an increment of irradiation, 
demonstrating the effect of varying the standard deviation. 
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deviation gives a form that, it is felt, better reflects the features of the 
observed data in that there is a fairly long period with essentially zero risk 
followed by a gradual rise to a peak at about 20 y and a long wail" continuing 
out to beyond 50 y after the irradiation. The larger value of standard deviation 
(u - 0.8) leads to an indicated increase in probability of tumor appearance 
within a year or two of &he irradiation, and to a great increase in incidence in 
the first 10 y, which is not apparent in observations. 

For these reasons, it is likely that for solid tumors the median is 25 y and 
that these tumors appear log-normally distributed with a standard deviation 
equal to 0.4 (half the assumed value for leukemia). 

Using these results, the variation ia risk as a function of age and sex is 
similar to that shown in Fig. 10.7, whih has been taken from ICRP 
Publication 27 (ICRP 1977b). This shows that, using the risk coefficient 
derived above and the time distribution of that risk, the age-averaged risk for 
males is 0.61 of the ICRP Publication 26 (ICRP 1977a) risk figure for 
somatic plus genetic risks, while that for females is 0.85 of the complete 
expression of risk. These figures make an allowance for the dose received up to 
the mean age of childbearing for estimating genetic risks. 

The risk figures for males fall from about 1.2 times to 0.15 times the 
ICRP Publication 26 averaged values between the ages of 18 and 65, while the 
corresponding fall for females is from 1.5 to 0.35 of the ICRP 26 figures. 
Generally, the differences in risk between the sexes are not considered 
sufficient to establish different dose limits, and protection of the individual is 
sufficiently ensured by the application of a single dosc limit regardless of age. 

- :  .- 

10.7 CONCLUSIONS 
This chapter has explained how the assessment of total health detriment 

from effluents from nuclear installations may be undertaken as an input to 
optimization studies or for the assessment of the numbers of health effects 
following an unplanned relcase of radioactivity. The biological bases on which 
the numerical estimates for risks following irradiation of various human body 
organs and tissues are established have also been reviewed. In estimating this 
total health detriment, three separate categories of health effect have been 
identified; these may be described as fatal cancers, nonfatal cancers, and 
h e d i  effects. It is proposed that the numbers of health effects are 
calculated in each category in turn; however, no attempts have been made to 
assign relative weighting factors to the three categories of health detriment 
that have been identified, although this is clearly an important consideration in 
applying the results of the calculations, either in optimization studies or in the 
analysis of hypothetical accident situations. The relative weighting may well 
depend upon the absolute numbers of health effects in each category in any 
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ORNL-DWG 82-12341 

I I I I I 1 
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TIME (years) 

Figure 10.7. Variation with age and sex of risk (somatic + genetic) relative to nominal 
value of 1.65.10-4 rem-' adopted for radiation protection purposes by ICRP, this 
value being made up of 0.4. rem-' as the mean 
value between that for males (1.0.10-' rem-') and females (1.5.10-4 rem-') for a 
complete expression of carcinogenic risk. Source: International Commission on Radio- 
logical Protection (ICRP) 1977b. 'Problems Involved in Developing an Index of Harm." 
ICRP Publication 27, Annuls ojrhc ICRP l(4). Reprinted with permission. 

rem-' genetic and 1.25. 

practical assessment. Throughout this chapter a linear no-threshold, dose- 
response relationship has been assumed. 

Despite the uncertainties in many of the data and processes used, it is 
generally agreed that we arc now in a position to begin to assess, 
comprehensively, environmental discharges of radioactivity, both for the 
purpose of estimating their total health impact and for beginning the task of 
using optimization techniques for setting release limits. 
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11 Evaluation of Uncertainties 
in Radiological Assessment 
Models 

11.1 INTRODUCI'ION 
Assessment of radionuclide releases to the environment requires the use of 

mathematical models that can describe the transport of radionuclides from a 
source through the calculation of dose to humans. In these models, the values 
that quantify the relationships between numerous media, such as the transfer 
of radionuclides between air, water, land, food, and human tissues, are referred 
to as model parameters. The results of radiological assessments are used to 
assist in decisions about the acceptability of releases of radionuclides. Such 
decisions affect the licensing and design of a facility as well as the protective 
or emergency actions required to mitigate predicted consequences. 

When using these models, a key question that should come to mind is: 
What is the accuracy of the model prediction? In the past, the use of mnserva- 
tive assumption3 has led to model calculations that were expected to overesti- 
mate the actual dosc received by members of the public. These assumptions 
included the postulation of hypothetical individuals who resided at the loca- 
tions of maximum concentrations in air, water, or food and whose behavioral 
and dietary habits were such that their predicted dosc would be higher than 
the expected average. Even so, most doses calculated for releases from nuclear 
facilities were only small fractions of the regulatory standards. Thus, efforts to 
determine uncertainties associated with model predictions were motivated more 
by scientific curiosity than by regulatory needs. 

+Health and Safety Research Division, Oak Ridge National Laboratory. 
'Environmental Sciences Division, Oak Ridge National Laboratory. 
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7 / - A  ?his situation has changed. Numerical guides and regulatory limits have 
been lowered substantially during the past few years (see Chapter 12). Previ- 
ously, the maximum permissible dost to the whole body of a member of the 
g c n d  public was 500 mrem (FRC 1960). The cllrrmt d u m  fuel cycle 

able assurance that the dose to the total body of any individual does not exceed 
25 mrun (USEPA 1977). With the increasing restridiveness of radiological 
P- ' stamhh, the calculation of dose to a consenrativdy postulated 
maximally exposad individual no longer produces estimates that can be con- 
s i d d  well within dose limits (Hoffman and Kaye 1976). 

Emphasis is now being placed on removing COllSCNatiVC assumptions and 
increasing the 'realism" of model predictions. Dose calculations are being 
tailored to the actual locations of residences and to sitGspecific aspects of food 
production and consumption by individuals living near nuclear installations. 
Unfortunately, most environmental transfer coefficients and dose conversion 
factors are not determined on a site-specific basis. Yet, these are the parame 
ters which are the most variable and which exhibit the most uncertainty in 
their estimation (Hoffman and Baes, ads. 1979). For many radionuclides, 
appropriate data for parameter estimation are unavailable, and parameter 
values must be derived using scientific judgment (Hoffman et al. 1978a, 
1978b; Ng et aL 1978). Attempts to improve the realism of model predictions 
by removing conservative assumptions without accounting for remaining uncer- 
tainties wil l  increase the probability of underestimation. 

Therefore, when models using 'realistic" rather than 'conservative" 
assumptions result in dose predictions which approach a regulatory standard by 
wen an order of magnitude, the question arises: Is there a possibility that 
actual doses might exceed the standard? This question now provides increased 
incentive for evaluating the uncertainties associated with cumnt radiological 
assessment models. 

d tbe US. EnVirOnm~~tal Protaction Aseacy (EPA) q u i r e  tt88011- 

11.2 SOURCES OF UNCERTAINTY 
All envirOnmental assessment models arc inherently uncertain. At best, 

they can only approximate real-world phenomena Detailed models arc usually 
limited by the lack of data for model paramete% while simpler models, requir- 
ing much kss information, reduce physically amplw systems to a few qua- 
tiom. Errors in model predictions will therefore arise from a number of dif- 

. .  

ferent sources.+ Basically. these sources can be categorized as improper 
parameter estimation (parameter bias), improper model formulation (model 
bias), and stochastic effects due to random measurement and sampling errors 
or natural variation (parameter variability). 

Model and parameter biases arc particularly suspect when predictions are 
made for conditions distinctly different from those for which the models and 
their data bases were initially developed. Such situations arc not uncommon. 

*See Chapter 13 for additional discussion of sources of errors 'for models 
implemented with the usc of computers. 

... 
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For example, modeis composed of data bases derived from short-term observa- 
tions are often uscd to predict impacts in the distant future (Kocher 1982). 
Models developed from experiments involving flat terrain and short distances 
have been used to predict air concentrations of radionuclides over large regions 
of complex topography (Miller et al. 1981). Models that predict the uptake of 
radionuclides from soil by vegetation under a variety of field conditions are 
sometimes based on data obtained from a limited number of greenhouse exper- 
iments on a few plant specks grown in potted soil (Ng et al. 1982). 

Parameter variability as a source of uncertainty is related to the use of 
deterministic models. Deterministic models use a single value for each parame- 
ter to produce a single prediction. These models ignore the effect of imprecise 
parameter estimation and system variability. For any assessment situation, 
model parameters are best represented by a range (or distribution) of values. 
This range translates into a range (or distribution) of model predictions. 
Failure to account for this range means that the predictions of deterministic 
models will be difficult to interpret when conservative assumptions have been 
removed from the calculation. To account explicitly for the imprecision in 
parameter estimation requires modeling approaches which are stochastic (i.e., 
probabilistic) rather than deterministic. 

113 LIMITING THE SCOPE 
The first step in an uncertainty analysis is to limit the scope. This requires 

an explicit statement of the objectives of the assessment and a determination of 
relevant radionuclides, exposure pathways, and model parameters. Limiting the 
scope of an uncertainty analysis avoids exhausting financial, physical, and 
human resources on aspects of assessment models that are not significant. The 
importance of specific radionuclides, exposure pathways, and parameters may 
be determined by a simple screening process or through a more rigorous 
mathematical sensitivity analysis. 

*+e y.- -.-.A-..*..>,-.$*. .:*-*ye 

113.1 screening Procedures 
The simplest approach in screening for unimportant radionuclides and 

exposure pathways is to compare model predictions against an arbitrary limit 
or established regulatory standard. In this approach, all radionuclides and 
exposure pathways failing to contribute more than some specified fraction of a 
dose limit (DL) are omitted from further analysis. The designation of this frac- 
tion is subjective and requires some advanced knowledge about the potential 
bias and variability associated with model predictions. 

For screening purposes, large fractions of the DL can be specified for 
models known to be conservatively biased. Conversely, smaller fractions should 
be applied when models do not have a conservative bias and predictions are 
expected to be afflicted with a high degree of uncertainty. 

The use of dose limits for screening implies that uncertainties in those 
portions of the model are of little interest if they do not exceed some fraction 
of established standards. In many situations, the combined dose prediction for 

0 
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all exposure pathways and radionuclides will be of sucb a low magnitude that 
notmaltam ’ ty analysis will be required. On tbe other hand, using a fraction of 
the tdal predicted dose (effective or organ-tpSk) as a criterion for screening 
cnsurm that some radionuclides and utposan pathways will always be selectad 
for farther analysis. 

Eunrple 11.1. The current Environmental Rotcctm * Agency (EPA) limit 
for the uranium fuel cycle is 25 mrcm to the total body and any organ, with 
the exception that the limiting dose for the thyroid is 75 mrem (USEPA 
1977). A complete assessment for individuals residing aear a nuclear installa- 
tion that routinely releascs small amounts of radionuclides to the atmosphere 
and the aquatic environment results in dose predictions for 9 pathways of expo- 
sure md 35 radionuclides (Table 1 1.1). 

An uncertainty analysis for each possibk exposure pathway and for the 
entire spectrum of 35 radionuclides is not practical. However, using 5% of the 
25-mrem EPA limit for the total body and any organ (1.25 mrem) and 5% of 

Aquatic 
swimming 
Exposure to sediments 
Ingestion of fish 

0.0 I 
0.03 
0.008 
0.02 
0.8 

Total body 
Total body 
Total body 
Bone 
Total body 

T- 
Suhersion in air 
Expoaue to ground surface 
Ipecrtion of vcgetablca 
hgmtion of milk 
Ingedion of mcnt 
Inhlatioa 

Totah, dl pnthways and 
dl radionudidcs 

0.5 
0.02 
0.5 
4.4 
0.1 
0.03 

0.03 

1 .o 
4.9 
0.02 
0.5 

Skill 
Total body 
Thyroid 
Thyroid 
Total body 
Thyroid 
Total body 

Total body 
Thyroid 
Bone 
Skill 
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A sensitivity analysis, performed by increasing or decreasing each parameter 
by a fmed percent of the nominal value, would indicate that each parameter is 
equally important. However, a different conclusion will be reached by varying 

*This procedure is often referred to as 'Tomovic" sensitivity. because Tomovic first 
I 

Q 

I 

defined this quantity mathematically (Tomovic 1963). 

the 75-mrcm EPA limit for the thyroid (3.75 mrcm) as screening criteria 
d u c e s  the scope of the uncertainty analysis to only those models and parame- 
ters that influence the exposure to 1311 (the I3'I dost to the thyroid exceeds the 
SCreeniDg criterion by 309b). On the other hand, using 10% of the 1.0-mrem 
dost predicted for the total body (0.1 m m )  and 1096 of the 4.9-mrem dose 
predicted for the thyroid (0.49 mrem) as screening criteria increases the scope 
of tbc analysis to the models and parameters influencing exposure to "'Cs in 
fh and meat, and exposure to '"I in milk and vegetables. 

In these cases, it is assumed that either set of screening cnteria-5% of 
the EPA limits or 10% of the total predicted doses--would be small enough to 
preclude exclusion of a potentially important radionuclide or exposure path- 
way. [ End of Example 1 1. I ] 

113.2 Sensitivity Analysis 

Sensitivity analysis usually involves perturbing each parameter of a model 
by a small amount while leaving all other parameters at preselected nominal 
values. and quantifying the relative effect on the model prediction. The param- 
eters having the greatest influence on the model predictions are then desig- 
nated as the most sensitive parameters in the model.. However, in environ- 
mental models, large parameter uncertainty or variability may produce results 
quite different from those obtained by small parameter perturbations (Gardner 
et ai. 1982). For this reason, we recommend that sensitivity analyses be per- 
formed by varying each parameter over its entire expected range. 

Example 11.2. The simplest kind of model employed in radiological 
assessments is the multiplicative chain, where the structure of the model is 

Dose = Q.A.B-C.D, (11.1) 

where 

Q = constant release rate, p* .-..- -<- j w - - r * o ,  *h#l-+ - 

A = physical dispersion in the atmospheric 

B = transfer through food chains, 

or aquatic system, 

... .. . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . .  . . . . . . .  ..... . . . . . . .  .. . .  C = rate of food consumption, 
. .  

. :  . .  . . .  

Dj - dose conversion factor. 
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each parameter over itwexpected range. For example, if Q wen to vary by two 
orders of magnitude, A by a factor of 2, B by a factor of 10, C by a factor 
of 3, and Df by a factor of 4, tbc ranking of parameta importance would be 
Q > B > 0, > C > A, a m d t  quite different from traditional sensitivity 
analysis. [End of Example 1 1.2) 

Example 22.3. Most assessment models currently in use employ formula- 
tions similar to Eq. 11.2 for predicting the transport of radionuclides from a 
given deposition rate to a concentration in edible vegetation (see Chapter 5): 

. .: . . - . , .:. . -. 
f 
: 

where 
civ = 

d -  
r -  

P' 

.. 

. I  . .  

concentration of radionucFde i in vegetat.dn 

average depition rate [Ci/(m2-d)], 
fraction of the initial deposit intercepted by the 
edible portion of vegetation (unitless), 
standing biomass of edible vegetation (kg/m2), 
radiological decay constant (d-I), 

environmental loss constant for removal of radionuclides 
from surface of vegetation (d-I), 
length of time vegetation is exposed to contaminated 
air (4, 
ratio of concentration in soil to concentration in 
vegetation (plant/soil concentration ratio) (unitless), 

effective surface density of soil within a spacifieed m t h g  

environmental loss constant for radionuclides 
in soil (d-I), 

the time soil is exposed to contaminated air (d), 

the time between hamst and consumption (d). 

(Ci/kg)l 

depth (kg/m2), 

(1 1.2) 

For this example, preselected nominal values and ranges for nuclide 
independent ,and nuclidedependent parameters (assuming the deposition rate d 
to be a constant) q listed in Table 11.2. 
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. .  . .  . . .  
... . .  , . 1 .  . .  

. .  

Nulilc-ia&pn&at pramam 

0.05 0.2 0.5 
0.5 1 -0 2 
0.035 0.05 0.07 
30 45 60 
200 220 250 
5,500 11,OOo 18,000 
2 5 7 

Nrel ikJr lVdrr l  pmmetcrs Vor 1311) 

0.01 0.06 0.5 
I x lo-’ 1.0 x 10-3 8.22 x 10-3 

8.66 X 10” 

Note that under any specific set of conditions, the choice of nominal and 
extreme values could be substantially different from those given in this exam- 
ple. Sound judgment should always be used to evaluate the relevancy of nom- 
inal values and parameter ranges prior to conducting sensitivity analyses. 

The results of a sensitivity analysis performed on the above nominal values 
and ranges arc given in Table 11.3 and are presented for the radionuclide 1311. 
Results for i331 and lmI arc also included in Table 11.3 to compare the effect 
of radioisotopes of similar biochemical behavior but exhibiting different decay 
constants. The decay constant A,, for 1331 is 0.797 d-I. For lBI, it is 1.12 X 

d-l. In Table 11.3, sensitivity indexes arc calculated by substituting the 
minimum and maximum (from Table 11.2) for the nominal value of a parame- 
ter, while holding all other parameters at their nominal values, to produce a 
maximum and a miaimum value of the vegetation concentration (C,””, Cp). 
Each index in Table 1 1.3 cao be derived using 

Sensitivity index - 1 - (Cf”/Cb-) . (11.3) 

For example, raising the nominal value of r from 0.2 to its maximum of 0.5 
produces 

C,”l 2.37 pCi/kg vegetation 

for a constant 1311 deposition rate (d) of 1 pCi/(m2.d). Lowering the value of 
r to 0.05 produces e 

_ .  .. .. . . .  .. . . .  
. .  

. .  
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f 0.90 0.90 0.72 
Y V  . 0.7s 0.75 OS7 

h. 0.22 0.038 0.27 

1, 0.02 (0.01 0.12 

P 4.01 (0.0 1 0.083 

6 4.01 (0.0 1 <0.01 

tr 0.35 0.98 <0.01 

Bh 0.02 <o.o 1 0.38 

x, (0.01 (0.01 0.44 

*A sensitivity index of 1.0 indicates complete sensitivitx 
a sensitivity index less than 0.01 indicates that the model is 
insensitive to changes in the parameter. 

C p  = 0.239 pCi/kg. 

The 1311 sensitivity index for parameter is therefore 

Sensitivity index = 1 - (0.239/2.37) = 0.90. 

A sensitivity index of less than 0.01 indicates numerical insensitivity to 
changes in values of a parameter. The results of the analysis show the most 
important parameters for "'I to be r and Y,. The insensitivity of parameters 
te, p, tbr B,,,, and X, for I3lI permits Eq. 11.2 to be simplified to 

It is evident in Table 11.3 that for i331, uncertainties in C, will be dom- 
inated by changes in parameter t h .  The high sensitivity of rh  is attributable to 
the relatively short half-life of '=I (20.9 h). Because of the low sensitivity of 
parameter &, Eq. 11.4 for '''1 can be simplified further to 

. . . . . . . . . . . .  . . . .  . . . . . .  . . . .  . . . . . . . . . . . .  . . . . .  :,. . .  . . . .  
. .  . .  

.;. ., . . 
. .  
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For 'q (as indicated in Table I 1.3), only the parameters tb and fh  in Eq. 11.2 
are insemitive. Therefore, h. 1 1.2 for 9 transforms to 

(11.6) 

Note that tbt expressions (A, + A,,) and (A, + &,) in Eq. 1 1.2 cssentially 
equal A,,, and A,. respectively, in Eq. 11.6 because of the extremely small value 
(1.12 X 10'" d-') of A,, for '=I. [End of Example 11-31 

In the context of this chapter. sensitivity analysis is prtscnted as a useful 
tool to reduce the number of parameters and exposure pathways that must be 
consided prior to the analysis of model uncertainties. 

11.4 MODEL VALIDATION 
The best method for analyzing the uncertainties associated with model 

predictions is a process that we refer to as model validation. Although there 
are many interpretations as to what constitutes a Valid" model (Mankin et al. 
19771, lor practical purposes a model may be considered Valid" when 
sufficient testing has k e n  performed to ensure an acceptable level of model 
accuracy. The acceptability of model accuracy is a subjective determination 
and will vary on a case-by-case basis. 

Because of the deterministic nature of present radiological assessment 
models, only one prediction of dose is made for a given radionuclide release, 
exposure pathway, and target organ. Releases of radionuclides, environmental 
concentrations, and the behavior and physiology of individuals within a popula- 
tion are variable quantities. Therefore, the vaIidation of radiological assessment 
models begins with the comparison of a single predicted quantity against a dis- 
tribution of measured observations (Fig. 11.1). This comparison should be 
made for measurements representing the range of conditions for which the 
model is intended (Fig. 1 1.2). 

For each set of conditions selected for model testing, the procedure is 
expected to product different predicted and measured quantities. These results 
can be compared by dividing each prediction by the corresponding distribution 
of measured values to produce a frequency distribution of predicted- 
tosbserved ratios ( P / O )  for each set of conditions (Fig. 11.3). These P I 0  
ratios may be pooled into one general distribution representing the overall 
uncertainty associated with generic applications of the model. 

11.4.1 Application 01 P I 0  Ratios 

A distribution of P/O ratios provides a measure of uncertainty due to 
predictive bias and system variability. For example, a log-symmetrical distribu- 
tion of PYO ratios having a median value of 1.0 and a standard deviation of 
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/ PRED 1 CTEO 
W A N T  I T Y  

I I 

OBSERVED VALUES 

F-re 1 1.1. Model *.lidatioa begins with the comparison of a single predicted quantity 
against a distribution of measured observations. 
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range of oonditiom 
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0.1 1.0 
P / O  FOR CONDITION A 

t 
V z 

0.1 1.0 10 
P / O  FOR CONDITION B 

0.1 1.0 10 

P / O  FOR CONDITION C 
0.1 1.0 

P / O  FOR CONDITION 0 

Figure 11.3. Dividing each prediction by the corresponding set of observations (P/O) 
for conditions A through D produces frequency distniutions of predictad-toobserved 
ratios for each set of conditions. 

0.2 indicates no systematic bias with a 20% relative error due to system varia- 
bility. On the other hand, a log-symmetrical distribution of P/O ratios having 
a median value of 10 and a standard deviation of 0.2 indicates a strong bias 
with a tendency to overpredict by a factor of 10. In this case, only 2% relative 
error is due to system variability (Fig. 11.4). 

If a model is being applied to an aesCssment situation having characteris- 
tics similar to conditions in which validation experiments haw been performed, 
then P/O ratios can be used to calibrate model predictions to reduce systematic 
bias. The remaining uncertainty after calibration will be due to system varia- 
bility (Fig. 11.5). Distributions of the reciprocals of P/O ratios can also be 
used in this situation, to estimate the probability that dose limits or environ- 
mental standards will not be exceeded because of the uncertainties in model 
predictions (Fig. 1 1.6). 

-le 22.4. Assume that a nuclear facility is located in flat terrain 
characterized by relatively predictable weather patterns. A simple atmospheric 
dispersion model is used to predict an annual average air concentration for a 

.... 

. .  . : . .  : , .  . 
. .  . . .  . .  
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SYSTEMAT I C B I A S  

TENDENCY TO UNDERPREDICT TENDENCY TO OVERPRED I CT 
1 e 

CASE 1: x= 1.0 
NO B I A S ,  MODERATE std.  dev. = 0.2 
SYSTEM VAR I AB I L I TY 

CASE 2: 
LARGE B I A S ,  SMALL 
SYSTEM VAR I AB I L I TY 

- 
x =  10.0 

std.  dev. = 0.2 

J L 
1 I 1 

0.1 1.0 10 
RATIOS O f  PREDICTIONS ( P )  TO OBSERVATIONS ( 0 )  

Fm 11.4. Distributions of P/O ratios are useful indicators of model bias and systcm 
variability. 

location situated 70 lan from the source of releasc. For a given release of 
*%, the model predicts an annual average concentration of 38 pCi/m3. How 
uncertain is this prediction? 

tested under meteorological and topographic conditions very similar to those 
Suppose that a review of the literature shows that this model has been- 

. . . . . .  
. .  

., 
. .  . .  
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B I A S  

TENDENCY TO UNDERPRED I CT TENDENCY TO OVLRPRED I CT 
4 * 

MODEL I S  BIASED WITH 
TENDENCY TO UNOERPRED 
B Y  A FACTOR OF 10 

CT 

MODEL I S  CALIBRATED BY 
USING A M U L T l P L l C A T l V E  CORRECTION 
FACTOR OF 10 

I I I 

0.1 1.0 10 
RATIOS OF PREDICTIONS ( P )  TO OBSERVATIONS ( 0 )  

Figure 11.5. Distributions of P/O ratios can be caIibratcd to eliminate bias, but system 
variability remains constant. 

prevalent in tbe area of the site being 8SSCSSCd. The results of thcse tests pro- 
d u a  a lognormal distribution of P/O ratios. with a geometric mean (X,) of 
2.41 and a geometric standard deviation (8,) of 1.45: 

An interval (defined by X- and X-) expected to include 95% of all 
P/U ratios is calculated as 

+See Example 11.7 in Sect. 11.3.3 for further explanation of the geometric mean 
and the geometric standard deviation. 
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PROBAB I L I TY 
OF EXCEEDING 

DOSE L I M I T  

0.1 1.0 10 
RAT I OS OF OBSERVAT I ONS TO PRED I CT I ONS 

F i r e  11.6. Distribution of (P/O)-' ratios is useft when ampring a prediction from 
a given lsvrsmcnt (P') with a standard (DL). 

x,, - x,sf (1 1.7) 

and 

x,, = x,/s,z. (1  1.8) 

The geometric mean of P/O ratios indicates that the simple dispersion 
model will overpredict on the average by a factor of about 2.4. The results 
obtained by the use of the values of the geometric mean and geometric stan- 
dard deviation in Eqs. 11.7 and 11.8 indicate that the range of overprediction 
should be between a factor of 1.1 and a factor of 5.1. Systematic bias is 
reduced through calibration by dividing the model prediction by the geometric 
mean of P/O ratios. Thus, an unbiased prediction of the air concentration is 
(38 pCi/m') + (2.41) = 16 pCi/m', and the 95% interval for this calibrated 
predidion is 7.6 to 34 pCi/m'. [End of Example 1 1.41 

Earrnple 22.5. An arbitrary limit (L) of 40 pCi/m3 is assumed. What is 
tbe probability of this limit not being exceeded if the uncalibrated model in 
Example 11.3 predicts an air wncentration (P') of 38 pCi/m'? 

Using lognormal statistics, we find that 

.. 

(1 1.9) 
Q 

. .  
. . . . ' .  , _  . .  . . .  . .  . . . . .  . . .  

. .  . .  ., . . . .  . .  . x .  . .  . . .  

i 



. . .  . . : . . . .  

where 

Thus, 

. . . . . . . . . . . . . . .  . .  . . . . . .  . . . . .  . . . . ~  ,.,_ . . . . .  . . . . . . . . . .  .< - : .  . . .  . . . .  
. .  . . . .  . .  . . . . .  . . . . . . . .  . . . . . . . . . . .  . . . .  . 1 .  . .  . .  _ .  

Uncertainties in Assessment Models 1 1-1 5 

X . , m  - the geometric mean of P/O ratios, 2.41 , 
SI,* - the geometric standard deviation of P/O ratios, 1.45, 
I - the number of standard deviations in a standard normal 

distribution corresponding to a spccific level of cumulative 
probability (Table 1 lA.1 in Appendix 1 IA, at the end of 
this chapter). 

ln(40.0)-ln(38.0/2.41) = 2.51 . 
z -  In( 1.45) 

This z value of 2.51 corresponds to the 0.9940 cumulative probability in Table 
1 IA.l. Thus, we would conclude that there is greater than a 99% chance that 
uncertainties in the predicted value P' would not result in actual air concentra- 
tions e x d i n g  the limit L Conversely, we conclude that there is less than a 
I% chance that the limit L would be exceeded. Note that we draw these con- 
clusions assuming that the distributions of P/O ratios are directly relevant to 
the conditions for which the predicted quantity P' has been p rodud ,  and that 
thcsc distributions are obtained from a sufficiently large number of observa- 
tions. This assumption will always be subject to question. [End of Example 
11.51 

11.4.2 Application of Correlation Analyses 

Another measure of model performance is obtained by comparing model 
predictions with observations over a range of environmental conditions and 
testing for correlations between predictions and observations. 

Strong correlations indicate that differences among observations can be 
explained by the model. Weak correlations indicate that differences among 
observations arc controlled by factors unaccounted for by the model. Weak 
correlations can be the consequence of a number of factors, including a poor 
model structure, poor parametcrization of the model, or high system variabil- ' 

ity. 
It is possible for a model to be a poor predictor, yet exhibit a strong corre- 

lation between predictions and Observations (Fig. 11.7). In these cases, predic- 
tions tend to differ from observations by a proportional quantity. Because of 
the strong correlation, all that is required to improve the performance of the 
model is calibration of model predictions by a constant factor. 

€xumpfe 22.6. In an attempt to test the atmospheric dispersion model 
contained within the AIRDOS-EPA computer code (Moore et al. 1979). a 
correlation analysis was made between predicted annual average air concentra- 
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OBSERVAT I ONS = E PREDICTIONS f 10 

0.1 1 .O 
OBSERVAT IONS 

Figure 11.7. A regression of model predictions and observations reveals strong comla- 
tions but a consistent tendency for the model to overpredict. Calibrating by lo-' 
improves model performance. 
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tions of 85Kr released from a nuclear fuel reprocessing facility and measured 
air concentrations obtained from 13 sampling locations averaged for a period 
of one year (Fields et al. 1981). The results of this analysis am reproduced in 
Fu. 11.8. 

The points plotted in Fig. 11.8 arc the relationships between the predicted 
values and measured values of "Kr sir wnccntrations for the 13 monitoring 
stations. The position of each point is determined by the location of the 
predicted value on the y axis of the f m  and the location of observed values 
on the x axis. The solid line indicates the relationship where predictions are 
qual to observations. 

Note that the solid line intercepts none of the plotted points. Upon initial 
inspection, it seems as if the atmospheric dispersion model is a relatively poor 

. .  . . . .  .... . . . .  . . . .  .... . . . . . .  . : . .  . .  . . .  . . . . . .  . .  .._. . ........... ..... 
.I. .. . .  
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Figure 11.8. Comptuison of predicted and observed annual average "I(r ground-level 
air concatrations (adapted from Fields et al. 1981). 

predictor of the observed values. However, the linear correlation coefficient ( r )  
is 0.93, indicating a strong correlation between predictions and observations. 
Thus, although the model provides a poor fit to the observed points, most of 
the dilftrenoes among observations are explained by the model. The accuracy 
of the model is improved by calibrating model predictions using a correction 
factor to improve the fit to the plotted points. The result of model calibration 
is depicted by the dashed line in Fig. 1 1.8, whereby model predictions have 
been divided by a factor of 2. 

The correlation analysis presented in Fig. 11.8 is typical of situations 
where model predictions are biased, but the amount of system variability unex- 
plained by the model is small in comparison with the range of predictions and 
Observations. In this case, model bias is conservative; is., predictions tend to 
overestimate observations. The cause of this bias has been attributed to 
underestimation of the average mixing height of the atmosphere (Fields et al. 
1981; Buckner 1981). [End of Example 11.61 

11.43 Wtatioms of Model Vplidntion 

Model validation requires testing over the full range of conditions for 
which predictions are intended. This demands a substantial investment in time 
and financial resources. Most validation studies have been restricted to com- 



1 1 - 18 Radiological Assessmtot 

ponents of assessment modds and limited to relatively short time periods and 
few locations Often, it is M i t  to distinguish between s c x d e d  ”validation” 
tests, in which model predictions have been pnfittcd to the observed data, and 
true comparisons between model prcdictoas and independent sets of observa- 
tions. In other cases, validation is nearly impossible due to the extremely low 
levels of predicted concentrations and doses or to the extensive time periods 
considered by the model (Iindackms and Bonnenberg 1980). 

One source of information for model validation could be data acquired 
from c u m n t  monitoring programs at nuclear installations. H o m e r ,  these pro- 
grams arc seldom adquate to permit a reliable comparison between model 
predictions and reported data (Eichholz 1978; USNRC 1982). Most monitor- 
ing programs are designed sptcifically to demonstrate compliance with esta- 
blished limits or technical sptcifications, and changes in the experimental or 
sampling design and improvements in detection limits must be made before 
data obtained from these programs are suitable for testing assessment models. 

11.5 PARAMETER UNCERTAINTY ANALYSES 
What can be done when validation information is not readily available or 

sufficiently complete to quantify model uncertainties? If the structure of a 
model is relatively unbiased (i.e., it adequately represents the actual situation 
being assessed), then we can  make use of parameter uncertainty analyses. to 
estimate the uncertainty in model predictions. Parameter uncertainty analysis 
uses an estimated frequency distribution of values for each model parameter to 
produce a frequency distribution of model predictions (Fig. 11.9). The 
distribution of model predictions can be compared with the deterministic 
prediction of an assessment model or with established limits to estimate 
potential bias and the possibility of e x d i n g  established limits (Fig. 11.10). 

Parameter uncertainty analysis is also useful for determining the 
contribution of each parameter to the total uncertainty in the model prediction. 
This information provides guidance for further research to improve parameter 
estimation and reduce uncertainty. 

@Numerous synonyms for pramdcr uncertainty analysis exist in tbe literature. Io 
the past, we have used the terms imprecision analysis (Schwarz and Hoffman 1981). 
statistical sensitivity analysis (Shaeffer 1980). and error analysis (Gardner et al. 1980). 
Others refer to the prooess described by patameter uncertaioty analysis as crror propa- 
gation (Couee et al. 1980). In Chaptcr’l3, it is classified as probabilistic modeling. Io 
this chapter, we use the te,nn parameter uncertainty analysis because we believe it to be 
more descriptive of the process. , 

. .  . .  . .  . _ . . ,  . . . .  . .  . . .  . .  . . . . .  . .  . .  . .  . .  
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1. ESTIMATE OlSTRl6UTlOMS OF VALUES 
FOR PARAMETERS x,  y, AND z 

\ I /  
2. INPUT DISTRIBUTIONS INTO MODEL 

loose = g ( x . r * z ) l  

3. PRODUCE DISTRIBUTION OF MODEL PREDICTIONS 

i w  - 0 

.L 

VALUES Of DOSE - 
Figure 11.9. The concept of parameter uncertainty analysis: Distributions of parameter 
values are used as model input to produce output in the form of a distribution of 
predicted values. 

115.1 Ediuuting Parameter uocertrinty 

The fvst step in a parameter uncertainty analysis is to determine the 
potential spread of values d a t e d  with each input parameter. The general 
conditions normally encountered and procedures for estimating parameter 
uncertainty arc outlined in Table 11.4. Ideally. pameter values should be 
derived from sitc-spccific research. When adequate data exist, the appropriate 
statistical distribution and its moments, ag., mean and variance (Hahn and 
Shapiro 1967; Johnson and Kotz 1970). can be determined for each parameter. 
In practice, adequate site-specific data arc seldom available. Many parameters 
employed in radiological assessment models can only be estimated indirectly 
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1. PRODUCE A DISTRIBUTION OF MODEL PREDICTIONS. 

* I  

DOSE - 
2. COMPARE WITH ASSESSMENT PREDICT I ON. 

DETERMINISTIC DOSE 

0 w 
E 
LL 

DOSE - 
Y = PROBABILITY OF DETERMINISTIC 

DOSE PREDICTION BEING EXCEEDED 

3. COMPARE WITH DOSE LIMITS. 

w 5 NQ L I M I T  

0 u 
E 
LL 

DOSE - 
Q = PROBABILITY OF DOSE 

LIMIT BEING EXCEEDED 

4. PR I OR I T  I ZE IMPORTANT PATHWAYS AND PARAMETERS. 

F i i  11.10. Ob- of patameser uncertainty analysis. 
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Sitaspodic data nailable 
Sitaspecifk data sot available, 

but data availabk for other nits  

Available data b limited to 
radionuclides of related 
chemical elements of 
dficxing envirwmental 
conditions 

Analyze data statistically 
statistically analyze only 

those data relevant to 
conditions comparable to those 
prevailing at the specific site 

expected range of parameter 
values based on environmental, 
chemical, and physical 
similarities 

Use judgment to eaimatc 

from similar values reported in the literature. Thus, a major effort must be 
invested in the starch for relevant data. Often judgments must be exercised 
and manipulations performar! on data obtained from the literature before 
estimates of parameter values can be made that are consistent with specific 
assessment conditions (Ng et al. 1978, 1982; Shaeffer 1981; Bennett 1981; 
Hoffman et al. 1982). 

When estimating parameter uncertainty through a review of literature, 
large ranges of values arc expected. Table 11.5 lists the results of a team effort 
at Oak Ridge National Laboratory that estimated parameter variability from 
values reported in the literature. These values were considered relevant to 
parameters defined in the Nuclear Regulatory Commission’s (NRC) 
Regulatory Guide 1.109 (USNRC 1977). All parameter values in Table 11.5 
conformed to a lognormal distribution and are listed according to their first 
percentile, mode, median, mean, and 99th percentile. 

Large variability is expected for parameters that have been derived from 
individual observations taken over relatively short time periods and/or a range 
of environmental conditions. Much less variability is expected in parameters 
estimated from site-specific data averaged over long time periods, large areas, 
and large populations. More parameter variability is expcctcd for assessments 
of doscs to individual members of critical population groups than is expected 
for collective dose assessments for large populations. 

Extmplc ZZ.7. The milk transfer coefficient (F,) relates the steady-state 
concentration of a radionuclide per liter of milk to a daily intake of the 
radionuclide by a dairy cow. For radiological assessments of ~”CS, a generic 
default value for F,,, of 0.012 d/L is given in Regulatory Guide 1.109 
(USNRC 1977). What is the uncertainty associated with this generic default 
value? Assume that site-specific data onghe F,,, for 137Cs arc not available. To 

. .  . .  . - ,_;.. 
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~ r ~ l b - l ~  r i  -* 
fwta. s, ( L / W  

ladiac 1.8 23 13 0 I* IS 

Suodium 0.11 0.43 II 56 130 30 

1- le00 ))(I) mo ca*s 110 640 

(0.01) (0.21) (0.50) (0.62) (0.99) (0.10) 

(0.01) (0.00 (0.SO) (0.82) (0.99) (0.71) 

(0.01) (0.19) (0.50) (0.61) (0.99) (0.68) 

(0.01) (0.42) (0.50) (0.54) (0.99) (0.69) 
AIlnmd amum@mdmik by duu. *(L/Y) 190 281 299 305 416 330 

answer this question, we analyze data reported in the literature, including only 
those data that arc relevant to the site for which the assessment is intended. 
Upon a careful evaluation of the literature, the following values arc considered 
rCleVant. 

Values of F,,, for l3’CS obtained from 
tbe literature ( a b )  

6.4 x 10-3 4.9 x 10-3 4.5 x 10-3 
1.3 x 10-2 9.8 x 10-3 3.5 x 10-3 
1.5 x 10-2 8.9 x 10-3 4.1 x 10-3 
1.5 x 10-2 4.1 x 10-3 2.5 x 10-3 
1.6 x 2.5 x io-’ 4.6 x io4 
9.2 x 10-3 7.5 x 10-3 4.8 x 10-3 

9.6 x 10-~ 8.7 x 10’) 9.9 x 10-3 
1.4 X lo-’ 3.6 X 10” 1.2 X lo-’ 

7.1 X IO-’ 4.8 X 1.5 X IO-’ 

. .  . .  . . .  . . . . . .  . -  .. . .  
. . .  . .  . .  . .  . .  . .  . . ’  
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There are 27 observations, with a mean value (X) of 8.2 X lo” d/L and a 
standard deviation of 4.3 X lo-’ d/L (coefficient of variation = 52%). 
Graphing the data on lognormal probability paper demonstrates that the data 
can be approximated by a straight line (Fig. 11.1 1) and thus can be assumed 
to conform to a lognormal distribution. The data plotted in Fig. 11.11 are 
arranged according to the expression [(i  - 0.375)/(n + 0.25)). where i is the 
rank d e r  of observations and n is the total number of observations. 

The logarithmic transformation of tbc values of F,, i.e.. 

h 

-I 
\ 
-0 

E 
L 

v 

10 -1 

10-2 

ln(6.4 X lo-’) = -5.05, 

In(l.3 x = -4.34, 
ln(1.5 X = -420, 

ln(9.2 X lo-’) = -4.69, 
ctc., 

. 
ORNL-DWG 83-1 1053 

I I I I I I I 1 I I I 

0.14 0.62 2.3 6.7 16 31 50 69 84 93 97.7 99.4 99.9 
CUMULATIVE PROBABILITY ( Z )  

Figure 11.1 1. Lognormal probability plot of the milk transfer coefficient F, for cesium 
in dairy cows. 

Q 
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produces a mean G) and a standard deviation (a) of the log-transformed 
values of -4.95 and 0.572, respectively.* 

The gaometric mean (X,) and geometric staadard deviation (s,) are anti- 
@of p and u and are estimated as 

X, - e@ (11.10) 

and 

s, - e'. (11.11) 

The geometric mean is equivalent to the median, or 50th percentile, of a 
lognoxmal distribution. The geometric standard deviation is a multiplicative 
error estimator, where X#r and xI/"I. describe an interval about X, encom- 
passing 68% of the log-normal distnbution. 

For the example of F, using the above values of p and u, 

7.1 X lo'' d/L , X, e# = e-4-95 e 

and 

1.77 . a e o  e eo-512 a I 
SI 

The penxntile associated with the NRC generic value (0 )  of L e  F, for "'Cs 
is obtained from 

ln(o)-ln(X,) 
W , )  

z -  

s= ln(1.2X10-2d/L)-1n(7.1 XlO-'d/L) (11.12) 
In( 1.77) 

= 0.92 . 

In Table 11A.1 in Appendix 11A (at the end of this chapter), the cumulative 
probability is 0.82 (or the 82nd percentile) for z = 0.92. 

Thus, if the estimates of parameter variability are relevant, the generic 
value employed by the NRC is conservatively biased. However, there is still a 
18% chance of the NRC default value being exceeded by values within our 
estimated distribution of F,, even though the NRC value is greater than the 

*Throughout this chapter the symbols p and u will be used to denote the mean and 
standard deviation. rrspectively. &log-transfonncd values. 

. .  ., . : . . . .  . . .  
. .  

. . .  . .  . . . .: . .. . . 
. .  . 
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geometric mean by almost a factor of 2. Ultimately, our estimated distribution 
of F, should be combined with distributions of other model parameters before 
evaluating the final effect in the dost prediction. [End of Example 1 I .7] 

115.2 combining P8mlK!& u.ccrt.inty 

11.5.2.1 SimpkAdyticdApprolCbes 

Simple analytical approaches have been used on a variety of radiological 
assessment models (Schubert et al. 1967; Shaeffer and Hoffman 1979; Hoff- 
man and Bats 1979; Garten 1980). The approaches discussed in the following 
sections relate to models that can be reduced or modified into additive or 
multiplicative chains. 

Additive models. The simplest approach to estimate the uncertainty in 
model predictions from the combined uncertainty of the parameters is to 
reduce model structure to an expression of additive terms of the form 

y = o + b + c +  * * - + n  9 (1 1.13) 

In an additive model, y will be normally distributed if the parameters u, 6, c, 

distribution of y may therefore be estimated by determining the value of xy 
and s:. 

means and variances of all parameters: 

... n are also normally distributed and statistically independent. The 

For an additive model, Xy and sj are simply obtained by the sums of 

+ xn (11.14) 

and 

s; = s:+sj+s:+ . +s:. (11.15) 

If the variances of the parameters are comparable or if the number of parame- 
ters is sufficiently large, the distribution of y will tend to approximate a nor- 
mal distribution with a mean value xy and a variance $. even when parameter 
distributions a n  not normal (Bendat and Piersol 1966; Feller 1971). This is in 
accordance with the central limit theorem in statistics. 

This approach is limited to those assessment models which can be reduced 
to an additive equation. Two cases that come to mind are: 

1. The collective dose quivalent (S) for a given population (ICRP 1977), 

n 

i l l  
s = 2 H i p i ,  (1 1.16) 

. .  
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where S is the sum of the per capita d- equivalent (Hl) in the whole body or 
any spcdkd organ or tissue for the number of persons (PI) in a given popula- 
tion subgroup (I), and the summation is paformed over all population sub- 
groups in the exposed population. For S to be normally distributed, the product 
H,Pt must be a random variable and the number of population subgroups ( i )  
must be large and exposed from independent souras. 

2 Cost-benefit analyses (ICRP 1977). which can be e x p d  additively 
as 

B 5 v - ( ( P + X + Y ) ,  (11.17) 

where tbe net benefit ( B )  of a product involving radiation is qua l  to the 
diffetence between its gross benefit (V) and the sum of the basic cost of pro- 
duction (P), the cost of achieving a certain level of radiation protection (X),  
and the cost of total societal and enviromncntal detriment (Y) involved in p re  
duction, operation, use, and disposal of the product. 

Mvltiplicatioc models. Many assessment models arc composed of, or can 
be expressed as, simple multiplicative chains of parameters of the form 

Multiplicative cbaias can be readily converted to additive chains through log- 
transformation. Thus, Eq. 11.18 btcomcs 

lnO,) - ln(a)+In(b)+ln(c)+ - - - + ln(n) . (11.19) 

Since Eq. 11-19 is an additive model, h(y) will tend to be normally distri- 
buted. Thw, the distribution of y will approximate a lognormal distribution. If 
the parameters u through n are lognormally distributed, the distribution of y 
will be lognormal. If the parameters arc statistically independent, the mean 
and variance of lnb) will be the sums of the mean and variances of log- 
transformed values of all model parameters. 

Often, y k lognormally distributed even when there are relatively few 
parameters in the model. This is due to the multiplicative nature of the model 
and to the fact that parameters with large relative error are often the product 
of multiplicative processes and thus arc themselves lognormally distributed 
(May 1976; Aitchison and Brown 1969). 

Examples of multiplicative models are numerous: 
1. The water-fd-man exposure pathway (USNRC 1977), 

where the dose (R) to organ or tissue j from ingestion of a radionuclide i is the 
product of the concentration in water (CJ, the water-to-fsh steady-state bioac- 

. .. . 
, .. ..' 

. .  
, .  

. . .  . .  
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cumulation factor Ut,), the annual rate of consumption of fsh (V,) and the 
ingestion dose conversion factor (D,,). 

2 The "C specific activity model (Killough and Rohwer 19781, 

R-1- A - ( 1  -j) - 0,. ( 1  1.21) 

w h m  thc total body dose rate ( A )  is a product of the specific activity of I4C 
in air (A), the fraction of total carbon in the body derived from relatively 
uncontaminated sources w, and the steady-state dose rate factor (D,). 

3. The dose equivalent (ICRP 1977). 

H - D - Q . N ,  ( I  1.22) 

where tbc dose equivalent ( H )  is a product of the absorbed dose ( D ) ,  the qual- 
ity factor (Q), and the product of all other modifying factors (N). 

4. The radiological health detriment to a population (ICRP 1977). 

Gi = p-z-ri. ( 1  1.23) 

where the number of health effects (G,) is a product of the estimated number 
of persons in the population (P). the estimated average per capita dose 
quivalent (IT), and the estimated average per capita risk (6) of suffering a 
health effect (i). 

Purumerer importunce. If the importance of a parameter is indicated by 
its contribution to the total model uncertainty, then in additive models, param- 
eter importance will be a direct function of s2. Thus, 

i, = s:/s;, ( 1 1.24) 

where I ,  is the importance index, s,' is the variance of parameter i, and s j  is 
the variance of the values predicted by the model. For a multiplicative model, 
the variances are of the log-transformed values. 

Exurnpie 11.8. Suppose that land previously contaminated with radionu- 
clides is being considered for conversion to pasture, and that the feasibility of 
this action is best determined by an assessment model. Further suppose that, 
although much general information exists, site-specific parameter values are 
not available. 

Screening approaches and sensitivity analyses indicate that the primary 
radionuclide of concern is I3'Cs and the model structure can be simplified to a 
multiplicative chain of the form 

..-... . ..'& -, ,.>...&*.$...\*-..a .'i 
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where l?(w soar) is the committed dose for 8 one-yeru intake of In& C, is 
the soil concentration, B, is the plant/soil concentration ratio, Q,,, is the daily 

milk transfer coefficient, Um is &be annual consumption of milk by a human 
tecepsor, and Or is the dose equivalent oonvcrsion factor for the total body 
resulting from an annual intake of '"CS 

For a given soil concentration, the assessment model is determinitic and 
employs the following single values for each parameter: 

amout Of pasture vegetation 00ap~med by 8 graZing dairy h d ,  Fm iS the 

Multiplication of these values results in a predicted dose of 5.56 X 
mrem/y per pCi-kg" soil, or approximately 0.056 mrem/y per pCi.g-' soil. 
Assuming a mean soil concentration of 33 pCi.g-', the predicted dose is 
approximately 1.9 mrem from one year's consumption of milk produced by 
cows grazing on this pasture. 

Let us suppose that an evaluation of relevant literature data results in the 
following estimates of the geometric mean (X,) and the geometric standard 
deviation (s~).  which are derived from the mean of log-transformed data ( p )  
and the variance of log-transformed data (2) for the above parameters: 

PUUIWttt X# $8 P a2 
BV 5.5 x Id 1.4 -5.20 0.113 

11.0 Lg/d 1.26 2.4 0.0534 
6.7 x I O - ~ ~ / L  1.77 -5.01 0.326 

en 
Fln 
Uln 95 L/Y 2.23 4.55 0.643 
Df 3.7 X 10''mrem/pCi 1.32 -10.2 0.077 

The effect of parameter uncertainty is analyzed by substituting p for 5 and c? 
for s'in Eqs. 11.14 and 11.15. Thus, 

c(~r ln(3.3X 104 pCi/kg) + (-5.2) + 2.4 + (-5.01) + 4.55 + (- 10.2) 

* -3.06 

and 

UL = 0.1 13 + 0.0534 + 0.326 i- 0.643 + 0.077 - 1.21 . 

. .  ...:. . . . .  
. .  

. .  . . . .  . .  
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The geometric mean (X,) and m e t r i c  standard deviation (s,) of the dose 
prediction arc 

Xg .= e" e up(-3.06) 0.047mrem 

(sec Eq. 11.10) and 

(see Fiq. 11.11). ' 

The deterministic prediction of Eq. 11.25 (e.g., the prediction with all 
parameters set at  their nominal values) is 1.9 mrem, which is approximately a 
factor of 40 higher than the estimated geometric mean value of 4.7 X 
mrem. 

timating the actual dost is determined according to Eq. 1 1.12: 
The probability of parameter uncertainty resulting in a prediction underes- 

I - [In( 1.9 mrem)-ln(0.047 mrem)]/ln( 3.0) 

. . . .  . . . . .  . . . .  . .  = 3.37. :.. .. ~ . . . . . . . . . . . . . .  ._:. .,.::.:. .,.:;::;.>. . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . .  ... . . . . . . . . . . . . . . . .  . . . . . . .  . . . .  . .  . . . .  ... . . . .  . . . . . . . .  . . .  The z value of 3.37 is associated with a cumulative probability of 0.9996 
. .  

(Table 1 lA.l in Appendix 11 A, at the end of this chapter). Thus, there is less 
than a 0.1% probability of the deterministic assessment prediction of 1.9 mrem 
resulting in an underestimate, and greater than a 99.9% chance of an overesti- 
mate. We would conclude that the assessment prediction is conservatively 
biased. [End of Example 11.81 

Example 11.9. What is the order of importance of the parameters in Eq. 
11.25? What is the relative contribution of their uncertainty to the total 
predictive uncertainty of the model? 

Parameter importance for simple multiplicative chains can be determined 
by substituting t~: and 4 for s: and s2 in E.q. 11.24; u: is the variance of the 
logarithms for each parameter, and dis the variance of the logarithms of the 
predicted dost. The parameter importance rank and relative contribution of 
parameter uncertainty are as follows: 

. ..= - ...--?%a >- w 

I 
: ,.:.,::,>:. .:.... .:.. . .  .................... :...: .... ;. ............................................. ................. . . . . . .  . . . . . . . . . .  \- . 

. . . . .  
. .  . .  

(0.643/1.21) - 0.531 
(0.326/1.21) = 0.269 
(0.113/1.21) - 0.093 
(0.077/1.21) = 0.064 
(0.053/1.21) - 0.044 

The most important parameter is the annual milk consumption (Urn),  which 
contributes more than 50% to the total uncertainty in the dose prediction. 
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Improwd cstimata of V, will &reatty raiucc the uncertainty in the dost 
prediction, but little wiIl be gained by efforts to improve values of uf for Q,,, or 
Dp [End Of Exam* 11.9) 

Exuapfe 22.20. After scmning out negligible pathways of cxposure and 
associated radionuclides, m f i i  that the most pronounced radiological hipact 
from future low-probability d e n t a l  releases from light-water reactors is the 
inhalation of airborne 1311. ~gsin, the model can be reduced to a simp~e multi- 
plicative chain: 

R Q*(VQHJr.Df * (1 1.26) 

where Q is the total release of "'I in rCi (Z/Q) is the short-term atmospheric 
dispersion factor in s/m3, which dates a short-term release (Q) in pCi to a 
time-integrated air concentration (a) in rCi.s/m3, VI is the inhalation rate in 
m3/q and 0, is the inhalath dose equivalent conversion factor for the thyroid 
of members of the general public in rcm/pCi inhaled. 

Assume that an in-depth analysis of the variability of each parameter 
either has not been, or can& be, performed. In this case, only approximate 
judgments of minimum and maximum values can be made. Estimates of 
minimum and maximum values are as follows: 

P8nmetu ~ e s t h t t M a x i m l m a t i m 8 t e  
Q ha) 1 x 107 1 x lop 
j ~ / ~ ( s / m S )  3 x IO-' 8 X lo-' 
(II (m3/s) 3 x lo-' 6 X lo-' 
Dl (rem/pCi) 0.5 30 

Combining minimum values with each other produces a Iower-limit dose 
prediction of 0.45 mrem. Combining maximum values produces an upper-limit 
estimate of 1.4 X 10' rem. This is a range that spans almost six orders of 
magnitude! At the lower end, the predicted dose is insignificant. At the upper 
end, serious thyroid damage would be expected. Unless there are strong posi- 
tive correlations between the parameters, extreme limits are associated with 
very low probabilities. Thus, simple combination of ranges in this manner pro- 
duces d t s  that am meaningless. 

Our objective in this example should be to correctly assess the 
uncertainties by combining means (p) and variances (2) of the logarithms for 
each parameter. In this example, we approximate p and d by applying 
judgment and assuming a log-uniform distribution for each panimeter: 

P = [h(min)+h(max)D, (1 1.27) 

and 

2 - e[ ln(max/min) 12/12 . (1  1.28) 
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These equations are derived from those given for the mean and variance of a 
continuous uniform distribution (Neter et al. 1978). A log-uniform distribution 
is simply a uniform distribution of logarithms. 

Using Eqs 1127 and 11.28, the following values of pi and tr: are calcu- 
latak 

Parameter y( 0: 
Q 18.4 1.77 
VQ -11.1 0.90 
VI -8.92 0.75 
4 1.35 1.40 

Using Eqs 11.14 and 11.15, and substituting p and b for 
tively, permits an estimation of lR and u& 

and 2, respec- 

and 

The geometric mean (X,) of the predicted dose is 

X, = exp(pR) = 0.76 rem. 

The geometric standard deviation (s,) of the predicted dose is 

st CXP(&) 9.0.  

In this example, model predictions will approximate a lognormal distribution 
because of the multiplicative combination of parameters whose values of 2 are 
of the same order of magnitude. A dose prediction having a 95% chance of not 
being exceeded can therefore be roughly approximated using lognormal statis- 
tics: 

Xgs = exp(p+l.65@) Xg~i *65  = 0.76(9.0)'*a - 29rem. ( 1  1.29) 

At this levcl of exposurc there would be no immediate thyroid damage, but 
evacuation or the distribution of potassium iodide tablets might be considered 
for critical population groups. Note that the 95th percentile dose estimate is 
almost a factor of 50 less than the extreme maximum value calculated by com- 
bining upper-limit parameter values. The cumulative probability associated 
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with the wrtranc csthnate of 1.4 X I d  rem is calculated using Eq. 11.12 and 
Table A1 1.1 (in the appendix of this chapter): 

2 - [ WL) - Wt-J MdSJ - (ln(1.4 X I d )  - ln(0.76)]/ln(9.0) - 3.42 ; 

in Table AlI.1, a t d u e  of 3.42 equals a cumulative probability of 0.9997. 
Thus we cao conclude that the extreme estimate of 1.4 X I d  rem exceeds the 
0.9995 cumulative probability of a lognormal distribution. [End of Example 
11.101 

ExMplr 11.11. A thyroid dose estimate on the order of 30 rem is suffi- 
ciently large to warrant reevaluation of the estimates of parameter uncertainty 
presented in Example 11.10. 

Let us assume that reinspection of the model represented by Eq. 11.29 
reveals a possible negative correlation between the inhalation rate (VI) and the 
inhalation dase equivalent conversion factor (01). This possibility exists 
because VI is partially related to the size of an individual, Dl is inversely 
related to individual size, and retention of particulates by the respiratory tract 
is inversely proportional to VI at high rates of respiration. 

So far, we have discusstd only the combination of parameter uncertainties 
for statistically independent variables. For correlated parameters, additional 
terms arc required. In the case where two additive parameters (u and b )  are 
correlated, tbe term to be added to or subtracted from Eq. 11.15 is 

+zs* - 2rS& - (11.30) 

In Eq. 11.30. r is the linear correlation coefficient, sd is the covariance term, 
and s, and Sb are the standard deviations of parameters u and b, respectively 
(Snodccor aad Cocbran 1967). For multiplicative models, the standard devia- 
tions, U, and ub of the log-transformed values of the parameters can be substi- 
tuted for s, and 8,. Note that the sign of sd iS determined by the sign of the 
correlation ooeffcient f. 

Suppose. for the sake of our example, that parameters In(Ul) and ln(Dj) 
exhiit a strong negative correlation, corresponding to an I of -0.80. 

The values of u for In(V1) and In(D,) are 0.87 and 1.18, respectively. 
Thcdozq tbe 8dditiOnal term, expressad by Eq. 11.30, to account for parame- 
ter oorrelah is 

>UU,UD, 2(-0.8)(0.87)(1.18) = -1.64. 

In Enample 11.10 the total variance of the log-transformed model prediction 
(4) was 4.82 Accounting for the correlation between In((/l) and ln(Df) 
reduces this total variance to 

.. 

I .  

. . .  . . .  . .  ; -. . . . ' L _'. 
, .  . . . . . . . _.. . . .  . .  

. .  . .  

! 



. .  . .  . . . . . . .  
Unccrtaintics in Assessment Models 11-33 

The revised estimate of the geometric scaadard deviation is 

5 5.9. 

Thus, the revisedetimatc of the 95th percentile dosc prediction, using Eq. 
1 1.29, is 

X,, = X#j-a = 0.76(5.9)’.65 - 14 rem. 

The negative cornlation bctwccn V, and Df caused, in this example, a 5096 
reduction in the 95th percentile dose of 29 rem, calculated by assuming no 
correlations bctwccn model parameters. Of course, we would expect even 
further changes in the distributbn of predicted doses with improved estimates 
of parameter uncertainty. [End of Example 1 1.1 1 ] 

11.5.2.2 Complex Analytical Approaches 

Some situations may arise where the model cannot be reduced to an addi- 
tive or multiplicative structure and the distributions of input values and model 
output are complex. Analytical approaches to address these situations may be 
developed, but will bc very complex. For a detailed discussion of analytical 
solutions to parameter uncertainty analyses of selected model formulations, see 
Ku (1966). Additional formulas for the propagation of parameter uncertainties 
as a function of structural differences in models are given in Table 11A.2 in 
Appendix IIA, at the end of this chapter. These formulas provide an 
approximate estimate of the variance of model predictions given relative errors 
for input variables. Generally, for complex situations, we find it more 
convenient to use a computer to numerically propagate parameter 
uncertainties. 

115.23 Numerical Apprmcbes 

Development of computerized methods to numerically solve the combined 
effect of parameter uncertainty on model predictions has been an area of rapid 
growth, with many techniques undergoing revision even as published documen- 
tation becomes available. The most widely used methods arc related to 8 

Monte Carlo approach, which randomly samples values for model parameters 
from a preselected probability distribution (Rubcnstein 1981; Gardner et al. 
1982; Gardner et al. 1980; Matthits et al. 1981; O”eU et al. 1981; Gardner 
and O’Neill 1982; Dunning and S c h w a  1981; Schwarz and Hoffman 1981; 
Henrion 1979; McKay et al. 1979; lman et al. 1980; Carney et al. 1981). 

* 
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Monte cario metbods produce a single predicted value, or model solution, 
frum a single set of randomly dcctcd paramdm ralucg The results of 
numerous (500 to 10,000) iterations of model solutiom arc then statistically 
rummanzad * Tbeadv8ntagCOfthisprooedureis thattbe~ - ty in model 
p d i c t h s  can be based on any number of dif€wt tbaontrcal or empirical 
distributions specifid for model parameters. Statistical designs applied to the 
madan sampling prooess, such as Latin hypercube sampling, provide an - in efficiency and reduced costs (Cranwsll and Hdtoa 1982; Iman et 
aL 1980; McKay et al. 1979). 

Parameta importance is determined by corrclatiq randomly selected 
prvameter values with the resultant model p d -  'Thus, the relationship 
betwoen parameter variability and model predictions can be measured with the 
simple correlation coefficient ( r )  (Snedanr and cochran 1967). Values of I 
may range f m  -1.0 to 1.0. If r 0, no relationship exists between the vari- 
ability of a parameter and model predictions. If r is either 1 or - 1. there is a 
perfect positive or negative relationship between parameter variability and 
model p d i  In this latter case, an r of 1 would indicate that all of the 
uncertainty in the model prediction is explained by the uncertainty of a single 
parameter. The percent of the variability in model predictions contributed by 
variability in a parameter is expressed by the squared value of the correlation 
coeffint  (9), referred to as the coefficient of determination. Thus, a rcgrcs- 
sion analysis between model predictions and a given parameter producing an r 
of -0.5 indicates that the parameter is negatively correlated with 25% of the 
uncertainty in the model output due to parameter variability. and with small 
values of the parameter producing large predicted values. 

In a recent application of Monte Carlo computer techniques, regressions 
of rank-transformed values of parameters and predictions have produced more 
reliable results than regressions of the actual values (Helton et al. 1981). Rank 
transformation involves replacing the values selected for model parameters and 
the resulting predictions produced through Monte Carlo techniques by their 
corresponding ranks (i.e., the smallest value is given rank 1, the next smallest 
value is given rank 2, and so on up to the largest value, which is given a rank 
corresponding to the number of computer iterations used to produce a distribu- 
tion of parameter values and model predictions). Rank transformations arc 
useful for representing a variety of relationships between parameter values and 
model predictions and for minimizing the effects of extreme values (Iman and 
Conaver 1979). Thus, correlation coefficients (r) calculated from ranks of 
parameter values and model predictions em a better indicator of parameter 
importance than are simple correlation coefficients produced from regression 
performed on actual values. 

Ercurrple 11.12. A simple demonstration of a Monte Carlo parameter 
uncertainty analysis can be made with the following model, composed of addi- 
tive, multiplicative, and exponential components: 
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R = Dj(b.c + d.e)exp(-X-r) , ( 1  1.31) 

I where R is the estimated dose, Dj is the dose conversion factor, b and d are 
consumption rates for two kinds of contaminated foods, and c and e are the 
concentrations of radioisotopes in those two foods. The exponentiated terms X 
and t represent, reJpectively, the decay constant for a spc.icific isotope and the 
time delay before consumption of the contaminated food, Thii model is 
intended to predict the radiation dose (R) from consumption of contaminated 
foods from two independent pathways. 

Now, suppost that the values of these parameters have not been directly 
measured for the site in question and, with the exception of the physical con- 
stant A, are unknown. Because direct measurements have not been made, 
means, variances, and distributional characteristics of model parameters are 
unknown. The best we can do is establish upper and lower limits for each 
parameter and assume that the probability of observing values between these 
limits is equal. This defines a uniform distribution and establishes, for this 
analysis, a very conservative assumption. That is, improvement in the informa- 
tion base for each parameter will very likely result in an improvement in the 
uncertainties associated with predictions of R. 

Therefore, assume that lower and upper limits are: 0, [ 1.51; b t0.1, 0.31; c 
[0.03, 0.061; d [IO, 301; e (0.004, 0.0091; and r [4, 12). The decay constant X 
is fixed at 0.5. This provides the minimum information necessary for an initial 
uncertainty analysis. Monte Carlo iterations are performed by random selec- 
tion of parameter values from each uniform distribution specified by the above 
limits. This process is repeated a large number of times (500 in the examples 
to follow), and the results are statistically summarized. The Monte Carlo itera- 
tions form a large data set from which the uncertainties in R and relationship 
to individual parameters can be obtained. 

The frequency distribution of R (Fig. 11.12) is skewed, typical of models 
dominated by multiplicative interactions and exponential terms. Rank order 
correlations of the parameters with R indicates that t is the most important 
parameter, accounting for 81% of the variability in R Of the remaining 
parameters, 0, is the most important (9.9%) and b is the least important 
(<0.1%). Together, the remaining parameters account for 19% of the uncer- 
tainty in R. Obviously, uncertainties associatad with r will dominate uncertain- 
ties in R That is, significant improvements in estimates of all parameters other 
than r will account for less than 19% improvement in model predictions. 

Let US assume that the bounds for t (4 to 12 d) are realistic; i.e., the 
extremes have actually been observed. Have we then approached the limits of 
predictability for this model? Suppose some additional information becomes 
available concerning r ,  so that the expected value, or mode, of 8 d is known. 
This information, along with the upper and lower limits, describes a triangular 
frequency distribution in values of 1. Repeating the Monte Carlo simulations 
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30 1 1  I I 1 I I I 

0 0.02 0.04 0.06 0.08 0.12 0.16 0.20 
VALUES OF R 

F i i  11.12 Frequency plot of R generated tfta 500 oomputer iterations using 
Monte Carlo techniques to randomly 8ample from miform distributions praicribcd for 
six parameters in a dose assessment model 

with this information results (Casc 11, Table 11.6) in a 24% demasc in the 
expected value of R and 36% and 27% derreas# in the 95th and 99th percen- 
tiles, rcspcctively. 

Another form of information which can affect the uncertainties associated 
with model improvements is correlations between parameters. For instance, in 
this model Dl might be correlated with d, indicating that the dose conversion 
factor and the consumption rate of food from a particular pathway are related. 

T.bk 11.6. Merrrq dmiatiom, and 95th and 99th percentiles of 
pnaMioos from 500 Monte cuk Itentiom d tk d (Ep. 1131) 

deviation perceatile percentile 
M a  Sundud 95th 99th 

I 1.4 1.8 5.1 9.7 
II 1.1 1.2 3.2 7.0 
111 1 .o 1 .o 3.0 6.1 

'Case I uimulationa were performad with parameter values drawn 
from the d o r m  distribution; Case 11. with values of r drawn from a 
triangular distribution; and CascJII. with the addition (to the triangu- 
lar distribution) of a comlation between !land d of -0.5. 
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Case I11 (Table 11.6) investigates the possible effect of such a relationship 
with a correlation between 0, and d equal to -0.5. Thus, without new 
experiments and with very little reanalysis of the data, information involving 
the frequency distribution of I and a relationship between Df and d have been 
added to the simple limits of possible parameter values for the Monte Carlo 
simulations. Inspection of Table 11.6 indicates that these improvements result 
in a 28% decrease in the mean, a 43% decrease in the standard deviation, and 
41 and 37% decreases in the 95th and 99th percentiles, respectively. [End of 
Example 1 1-12] 

Example J I .  13. Figure 1 I. I3 is a frequency distribution of discrete inter- 
vals produced by Monte Carlo proctdum. Five hundred computer iterations 
were used to sample parameter values from triangular, normal, and lognormal 
distributions estimated from literature data and investigator judgment (Hoff- 
man et al. 1982). The model is similar in structure to the complex suite of 
algorithms in NRC Regulatory Guide 1.109 (USNRC 1977) describing terres- 
trial food chain transport and internal dosimetry. The following exposure path- 
ways were considered for a given deposition rate of %r. 

Deposition-leafy vegetables-human receptor, 
Deposition-nonleafy vegetables-human receptor, 
Deposition-pasture-dairy cows-milk-human receptor, and . Deposition-pasture-beef cattle-meat-human receptor. 

U I 1111111111 

,/' 
0 0.5 1.2 1.8 2.8 5.2 8.3 

INGESTION DOSE [mrem per pCi/(rn2.d)]  

Figure 11.13. A frequency distribution of the predicted 'OSr ingestion dose to bone sur- 
face via terrestrial food pathways subsequent to a continuous rate of deposition of 1 
pCi/(rn'.d) for I5 years; Xnr X. XU, Xp5, and XW are the median, mean, 84th, 95th, 
and 99th percentiles of the distribution, ,respectively (from Hoffman, Gardner, and Eck- 
crman 1982). 
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The predicted values constitute a SO-y anumittcd dose equivalent to the endm 
teal region of the bone. Rank amlation of parameter values and model prc- 
dictions revealed that 50% of the total un- d d  be attributed to the 
uncertainty associated with the deposition-dm vegetables-human pathway. 
The most important single parameter was the rate constant for 'Osr fcmoval 
from the root zone of the soil, which contriiutcd 18% to the total uncertainty. 
The 'Osr dose conversion factor was the scamd most important parameter, con- 

"tributing 10% although its variability was low (+ - 1.4). The importance of 
the dotic factor was the result of this parameter being common to all four 
exposure pathways. 

The analysis indicated greater variabfity for single exposure pathways (sI 
3 3.0) than for combined exposure to all pathways (sI = 2.4). This effect was 
the result of the additive nature of multiple exposure pathways. Nevertheless, 
multiplicative components of the d e l  and lognormally distributed parameter 
values predominated, producing an approximately lognormal distribution of 
model predictions (Fig. 1 1.1 3). 

Comparing the deterministic prediction of the NRC Regulatory Guide to 
the distribution of %r bone surface doses predicted with Monte Carlo pro- 
cedures indicated a large degree of conservatism in the NRC prediction. The 
NRC-predicted dose was approximately a factor of 10 greater than the 
geometric mean of the distribution and exceeded the 99th percentile, due 
mainly to assumptions about human dietary habits and the dose conversion 
factor. In thii case, the NRC Regulatory Guide model employed a dose 
conversion factor for the total bone rather than for the endosteal region of the 
bone (Hoffman et al. 1982). If Regulatory Guide 1.109 had employed a com- 
parable dose factor for the endosteal region of the bone, the determinitic 
model prediction would have approximated the 80th percentile of Fig. 1 1.13. 
[End of Example 11.13) 

Most detednistic models arc not designed to estimate the effects of 
parameter variability or parameter uncertainty, and little attention has been 
placed on specifying possible correlations and interactions between model 
parameters. These correlations can have a pronounced influence on the results 
of parametn u n d t y  analp& (Schwan and Dunning 1982; Gardner et al. 
198% Lindackers and Bornenberg, ab 1980). comlations between parame- 
ters may either incna# or dacrtase the effects of parameter uncertainty from 
the case where parameters are statistically independent, depending on the 
structure of the mod& the functional role of the parameter, and whether the 
codations arc positive or negative. 

Perhaps the most important limitation of parameter uncertainty analysis is 
unforeseen bias in the model formulation and bias in the estimated range (or 
distribution) of model parameters. Model and parameter bias will cause the 
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results of the analysis to differ substantially from the actual range of events 
occurring under a specific set of conditions. However, if the extent of parame- 
ter uncertainty has been conservatively estimated to account for possible errors 
in model formulation, then estimation of the 95% or 99% range of model pre- 
dictions should encompass the outcome of the real system (Fig. 11.14). This 
expectation must be based on judgment until confirmed by experimental field 
validation. Accounting for unforeseen bias is essential in order for the results 
of parameter uncertainty analysis to be useful in decision making. 

ORNL -D W G 82C-20805R 
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ACTUAL D ISTR I B UT IO N I 

PREDICTED DISTRIBUTION WITH 
RVATIVE ESTIMATES 

Figure 1 1.14. Model and parameter bias will cause the results of parameter uncertainty 
analysis to differ from the real system, but conservative estimation of parameter varia- 
bility should produce results that encompass the actual range. 

1 1.6 MODEL COMPARISON 
In the past, the method most frquently used to indicate uncertainty was 

comparison of the results of different models or computer codes. Extreme cau- 
tion must be used in analyzing the results of model comparisons, because many 
radiological assessment models have a similar derivation in mathematical form 
and sources of data. Thus, comparison among models will not usually involve 

a 
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the evaluation of truly independent resulk We believe that the greatest value 
of model comparison is identification of obvious discrepancies among models. 

When models are compared, care must be taken to identify 

.* Differences in model structure, 
Differences in underlying assumptions, and 
Differences in sources of data for estimating parameters. 

Ease of model implementation is also relevant, as the 'best" model for a given 
assessment may often be the model that is easiest to use, yet produces results 
that are within an "acCcpt8ble* margin of error. In this case, the degree of 
error is determined by field validation tests or parameter uncertainty analyses. 
Again, the degree of 'acceptable" error is a subjective judgment which should 
be made on a case-by-casc basis. 

Example 11.24. In an attempt to evaluate the uncertainty in a given 
model, an invwigator decides to compare the predictions of the model against 
those of various other models. Here is the result of the comparison: 

1 (initial model) 23 
2 21 
3 19 
4 75 
5 20 
6 22 

The prediction of Model I appears to be in agreement with all but Model 4. 
The tendency would be to discard Model 4 as an outlier and take an average 
of the predictions of the remaining five models. Assuming a limit of 25 mrem, 
we might conclude that our initial model demonstrates general compliance. 
This conclusion may be misleading. Examining the differences in model struc- 
ture, underlying assumptions, and data bases among the various models could 
easily warrant different conclusions. For instance, if Models 1, 2, 3, 5,  and 6 
all have common parameter values derived from a Iimited survey of the litera- 
ture, but Model 4 includes a reexamination of available data in which only 
relevant, sitespecific conditions wcrc included, then Model 4 may provide the 
most reliable prediction. Furthermore, parameter uncertainty analysis may 
show that the variability about the predictions of Models 1, 2, 3, 5, and 6 
encompasses a full order of magnitude, whereas the variability about the p d -  
ictions of Model 4 is only a factor of 3. In this case, parameter uncertainty 
analysis would indicate a high likelihood for exceeding the dose limit of 25 
mrem, no matter which of the six models is employed. [End of Example 1 1.14) 
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ExMlple 11.15. A variety of documented computer codes and regulatory 
models can be used to evaluate the terrestrial food chain transport of radionu- 
clides and the subsequent dose to members of critical population groups. 
Table 11.7 presents a comparisoll of the results of three such models with the 
geometric mean and 95% range estimated using parameter uncertainty anal- 
yses. The predicted values arc %year committed dosc equivalents to the bone 
surface of a reference adult resulting from a 30-year deposition of 'OSr onto 
agricultural land at a continuous rate of 1 pCi/( ma. d). 

The comparison of the result produced by the three models (IAEA 1982). 
AIRDOS/EPA (Moore et aL 1979). NRC 1.109 (USNRC 1977) indicates 
that the predicted quantities are relatively good agreement. However, the 
geometric mean (X,) produced by parameter uncertainty analysis for the 
nonleafy vegetable pathway differs from these results by more than one order 
of magnitude, and the 95% range produced for the individual exposure 
pathways varies over two orders of magnitude. This range encompasses almost 

T a b  11.7. A coapuisocl of predWOaS. off boac d a c e  dosc from the coatiallous wh d'osr 00 mhld had 4 a T u k ( y  Oft- 
food~b.apportmblnieb 

Selected models 

lAEAb AIRDOS/EPA NRC l . l o s '  
Pathway XEc 95% rangec 

mrcm per pCi/(m'.d) for 30-y deposition 

Leafy vegetables 1-05 0.20 0.26 0.27 0.030-2.4 

Nonleafy vegetables 5.29 2.62 2.09 0.34 0.0254.7 

(0.89y (0.39) (0.51) (0.50) 

(0.98) (0.94) (0.92) (0.50) 

Milk 

Meat 

0.20 0.28 0.102 0.15 0.011-2.1 

0.045 0.029 0.03 1 0.055 0.003-0.97 

(0.58) (0.68) (0.34) (0.50) 

(0.44) (0.33) (0.31) (0.50) 

Combmd pathways 6.59 3.12 2.46 1.20 0.21-6.9 
(0.97) (0.86) (0.79) (0.50) 

Valuer in pucotbaa am cumulative pmcntih prodwed by comparing the model 
predictions of UEA. AIRDos/EPA, and NRC 1.109 witb a distribution of prcdictd 
d-@=-~bYpurmeter- . ty lollyrca The values in parentbaa indicate the 
probability that the dore prodictioo will be o o ~ t i v c  (Le., tend to overprsdia). 

'Mod& adapted for pllc with ICRP 30 bone surface dosc factom (ICRP 1980). 
echometric mean (X,) usd 95% range (from Hoffman et al. 1982) estimated from 

parameter uncertainty a n a l p  on a model afo similar structure to the IAEA, 
AIRDOS/EPA. and NRC 1.109 models. i 

... 
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all of the predictions of each of the three models. A careful analysis of these 
models meals  close similarities in both the mathematical formulation and the 
data bases from which parameter values were derived. Thus, the initial 
impression given by model comparison is misleading. as more agreement 
betwccn deterministic predictions of these models is shown than is warranted 
by the large variability identified through uncertainty analysis. [End of 
Example 11.15) 

Exam&? 11.16. Model comparison is most useful when one of the models 
has been f#ld tested (subjected to validatioo), or when one of the models is 
associated with a known level of accuracy. For example. complete-equilibrium 
specific-activity models for 3H and “C generally give maximum upper-limit 
dose estimates for population groups residing near the source of release of 
these radionuclides (Hoffman et al. 1982). Therefore, comparison of 
complete-equilibrium specific-activity models with other ‘more realistic” types 
of models will show how far the estimates of these ‘realistic” models are from 
a maximum upper limit. 

Such a comparison is illustrated in Table 11.8. The results indicate that 
the ’H and “C pathway models used in NRC Regulatory Guide 1.109 
(USNRC 1977) are about a factor of 3 less than the maximum upper-limit 
estimate provided by the complete-equilibrium model. 

T~bk 11%. A ~mpriso~ khrm NRC R e g u l . t ~ ~ y  GuiL 1.109 lad ~pecific-activity 
Elkul.tiaas of mud dosc equivalent to 8 m a x h d y  exposed individual 

for given concentrations d ’H and “C 

Annual dose quivalent’ 

” ‘4C 
Calculational approach Path way 

Reg. Guide 1.109 Air-vegetables-man 2.9 X IO-’ 2.3 X IO-’ 

Reg. Guide 1.109 Air-vegetation-milk-man 7.7 x 10-4 7.3 x 10-2 

Reg. Guide 1.109 Air-vegetation-mcat-man 3.3 x 10-4 6.7 x 10-2 

Reg. Guide 1.109 Air-all terrestrial pathways-man 4.0 X lo-’ 3.7 X IO-’ 
spacifi activity, All pathways 1.2 X IO-’ 1.3 

.Annual dosc equivalent (mrcm/y) resulting from 1 pCi/m’ in aboveground air. 
‘Assuming complete equilibrium of specific activity between the atmosphere and 

the human body; dose equivalents therefore represent maximum upper-limit estimates. 
Source: Variability in h s e  Estimates Associated with the Food Chain Transport 

and Ingestion o/ Selected Radionuclides, NUREG/CR-2612. F. 0. Hoffman, R. H. 
Gardncr. and K. F. Eckennan, U.S. Nuclear Regulatory Commission, 1982. 

0 
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For “C, subsequent investigation to explain thesc discrepancies revealed 
that the transfer factors in the Regulatory Guide model have k e n  derived 
directly from the assumption of complete equilibrium of I4C specific activity 
between the atmosphere and terratrial food products. Therefore, no difference 
between the two mod& should be expected. Upon closer inspection, however, 
we found that the carbon fraction of vegetation is substantially underestimated 
in the Regulatory Guide. [End of Example 1 1.161 

11.7 IMPROVING CONFIDENCE IN MODEL PREDICTIONS 
Confidence in model predictions will depend upon the degree to which 

validation studies have been s u d u l l y  performed and the ability to reduce 
the variability associated with model parameters. With increascd model valida- 
tion, confidence in model predictions will improve as discrepancies between 
predictions and observations are defined and subsequently reduced. The 
reduction of parameter variability is best approached through quantification of 
correlations with readily measurable environmental variables usually not 
formally included in the model structure, such as climate, soil pH, suspended 
sediment content of water, and plant and animal taxa. Correlating parameters 
with measurable physical, chemical, or ecological variables should permit a 
better fit to conditions prevailing at a given site without the need for expensive 
site-specific experiments to empirically obtain relevant parameter values. At 
the present time, such correlations exist for only a few radionuclides and a few 
environmental media. Much remains to be done to address this important area 
of research. 

11.8 PROBLEMS 
1. After screening for critical exposure pathways and important radionu- 

clides, a sensitivity analysis reveals that a given assessment situation can be 
evaluated using a simple multiplicative chain model of the form 

Dosc Q-A-B-C-D.  

Given that Q through Dl arc statistically variable and lognormally distributed, 
what is the geometric mean (X,) of the predicted dose and the geometric stan- 
dard deviation (s,) when Xr and sI for each independent parameter are 

PuBmttu X I  t 
100 4.0 
I X IO-‘ 1.4 

B b’/J-) 3000 1.6 
c (L/Y) 100 1.6 

Q W/Y) 
A ( s / d  

Dl(rem/pCi) 11 1.5 
a 

(Be sure to make the units consistent.) 
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2 What is your estimate from the first problem above of a dose predic- 

3. How much of the total uncertainty in the predided daae Lp contributed 

-4. You ut a regulator in charge of ass@ng default values to a generic 
asscsmmt model Would your choice of the default values be closer to the 
mode, median, mean, or Mth, 95th. or 99th percentile of the distribution of 
valua for parameter. Why? 

5. Ib 8 cumcquena of your choice of a default value h the above prob- 
Icm, what perantile would be associated with your pdctcd do# (assuming 
that wartam - ties about the predicted dose are approximated by a lognormal 
distribution)? 

6. In a model that is basically multiplicative, wil l  the percent error associ- 
ated with its prediction tend to increase or decrease with additional parame- 
ters? (Assume that the new parameters have uncer&inties that are no larger 
than tbe most uncertain parameter presently in the model) What will happen 
with a model that is basically a summation of parameters? 

7. congrcsS has just appropriated funds to validate assessment models. 
Design an experiment for validating the models used to 8sscss the dose 
equivalent resulting from a release of "'Cs to the aquatic environment. How 
would you propose to distinguish between error due to structural bias of the 
model and error due to parameter variability? 

8. If a model has not been validated, what measures could you take to 
improve confidence in its use? 

9. Under what situations will a simple model be more realistic than a 
more sophisticated, complex model? 

10. Assume that it is required to asscss the dosc to a specific individual 
resulting from a future planned release of radioactivity. In this particular case, 
sitc-specifk infomation for model parameters, including information on the 
physiological and metabolic parameters of the individual, arc known. What are 
the remaining aourcts of uncertainty? 

- 11. When evaluating uncertainties, how would you propose combining 
validation data and parameter uncertainty analyses? Assume that validation 
data exists only for atmospheric dispersion and that only estimates of 
parameter uncertainties are possible for the remaining components of the 
assessment model. 

12. How would you use an evaluation of uncertainties to prioritize future 
restarch n d ?  

tiaa that Wopkl have a 99% probability of mot being e x d ?  

by pglameter Q? 

. .  . . _  . . .  . . .  . . . . . . . . . . .  . .  . . .  . .  . . . .  . . .  . . . . . .  . .  
. .  .. , . 
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APPENDIX 11A 

CUMULATIVE PROBABILITY DETERMINATION, ERROR 

‘POPULATION STATETICS AND SAMPLE STATISTICS 
PROPAGATION FORMULAS, AND RELATIONSHIP BETWEEN 

DETERMINATION OF CUMUJLATIVE PROBABILITIES 

In a standard normal distribution, 

z = the number of standard deviatiolns by which a given value X departs 
from the mean of the distribution. 

The cumulative probabilities in Table llA.l correspond to the area 1 - a 
under the standard normal cum from -00 to z(1 - a). Thus, these 
cumulative probabilities indicate the probability of a given value X not being 
exceeded by other values in the distribution. In an example where X - 100, 
the standard deviation of the distribution s = 30, and the mean value X = 
90, 

X - X  
t = -  

S 

E 100-90 (A1 1.1) 
30 

= 0.33 * 

and the cumulative probability is 0.6293. Because of the approximate nature of 
assessment models, we interpret this cumulative probability as approximately 
the 63rd percentile. 

For the normal distribution: 

the 50th percentile - the mean X * 

the 84th percentile = the mean X + the standard deviation s , 
the 95th percentile = X + 1.65s , 
the 99th percentile - X + 233s , 

Y 

. . . . .  . . . . . .  .._. . .  
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For the lognormal distribution: 

the 50th ptrceatik = exp(p) , 

the 

the 84th percentile - ap(p + u) 

the 95th percentile = exp(p + 1.65~) 

the 99th percentile = ap(p + 2.330) 

whert p is the mean of the log-transformed data; 

whue b is tbe variance of log-transformed data 
= wp(r + (2/2)l 9 

NOTE: In thcsc examples we assume the estjmatcs of X, s, g, 
and u to be derived from a sufficiently large number. 

ERROR PROPAGATION FORMULAS 
Table 11A.2 presents some additional error propagation formulas 

dependent on various functional forms of mathematical equations. Note that 
Eqs. 1 1.14 and I 1.15 in the text have been derived from the first example 
given in Table 1 lA.Z 

For lognormally distributed model solutions, estimates of the mean of the 
log-transformed solution p and its variance t# can be obtained from estimates 
of the untransformed mean X and variance s2 by the following equations 
(Dunning and Schwa- 1978): 

(AI  1.2) 

2 - l n ( 1  +(s/%'J ( A I  1.3) 

RELATIONSHIP BETWEEN POPULATION STATISTICS 
AND SAMPLE STATISTICS 

The relationship between population statistics and sample statistics is 
given in Table llA.3 (also taken from Collee et al.. 1981). In this chapter, all 
estimates of parameter and model uncertainties are calculated using sample 
statistics. 

i 
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X'aufbv 

x=auv 

au 
X I -  

V 

. .  . .  

X'Ul 

x - J ; ;  

x=In u 

x=a In(i6u) 

2 
5. 

s- ki 
2 

SY 
5 a2 32 

A, 

*Where a, b and c are constants; u and v arc independent 
variables whicb are assumed to be statistidy independens and the 
value of x is finite and real [e.g.. v # 0 for ratios with v as 
denominator, u > 0 for &and In u, and ( i 6 u )  > 0 for In(*bu)]. 

Table A2 has been takeo from Collec et al. (1981). In the 
equations for error propagation, s2 is the variance and s, is the 
awpriance lum. 
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Table 11A.3. Tbc rclatiowbip between poplllrtion statistlu 
and sample statisties 

Population parametersQ Sample statistics' 
(Estimators of parameters) 

M, (mean - first moment) = - I N  XI 

V, (variance - second an t ra l  moment) - - I N  2 (X ,  - X)* 
f - - i x l  1 

s: - - I $ (XI - X)Z 
N 1-1 n 1-1 

N 1-1 n - l  I - I  

S, (standard deviation of x about the population mean MI) sa - JZ 
Sf(standard error of the mean, or standard deviation of the average) sr = - 1 

J;; sa 

S, - S,(covariance) 8, - 8,s = - ~ ( x l - x ) ( Y l - F )  1 "  
n - l  I - I  

S 
M - (100) (coefficient of variation, or relative standard 0 s  +( too)  .. 

deviation, expressed in percent) 

'Where N is the total number within a population. 
'Where n is the size of the sample. 
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12 . Regulatory Standards for 
Environmental Releases 
of Radion &'des* 

By J. W. N. HlCKEYt and J. NEHEMIAs~  

12.1 INTRODUCTION 
Regulation of the use of radioactive materials by the U.S. nuclear 

industry is determined by Federal laws as described below. Federal agencies 
implement the laws through development of regulations, guides, and other 
appropriate standards. Further standards are developed through the 
recommendations of national and international advisory bodies, such as the 
National Council on Radiation Protection and Measurements and the 
International Commission on Radiological Protection. This chapter discusses 
the general nature of laws, regulations, and other standards as they relate to 
control of environmental releases of radioactive materials. Parts of this chapter 
are based on a more comprehensive description of all aspects of regulation of 
the nuclear industry, prepared by Peterson and Mattson (1978). 

LAlthough the authors are employed by the U.S. Nuclear Regulatory Commission. 
the opinions exprcsscd in this chapter arc thosc of the authors and do not necessarily 
represent views of the Commission. The material in this chapter should not be used for 
determining compliance with Federal regulations. 

toftice of Nuclear Material Safety and Safeguards, U.S. Nuclear Regulatory 
Commission, Washington, D.C. 

$Office of Nuclear Reactor Regulation, U.S. Nuclear Regulatory Commission, 
Washington, D.C. 

. .  
. .  
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12-2 Radiological Assessment 

12.2 HISTORICAL PJmsPEcrIvE 
Early uses of ionizing radiations were based principally upon two 

spectacular scientific observations at the turn of the cnntury: in January of 
1896, Roentgen first announced his discopay of X r a s  in November of the 
same year, Becquerel announced his disccrvery of radiations emanating from 
d m  

Widespread interest in these two new phenomena led to many studies of 
the properties of these newfound radiations and to early discovery of their 
potential for practical use in creating images of tissues and organs by 
dficrcntial absorption. Before the end of 1896, a number of medical 
researchers had reported successful uses of therapeutic radiation doscs in the 
treatment of cancer patients. Unfortunately, also before the end of 1896, 
unexpected injuries to the hands and skin occumd as a result of high radiation 
expo~ures. Roentgen himself sustained severe, painful injury to the back of his 
left hand. 

These early injuries resulted from short-term exposures at high radiation 
levels and provided ample evidence that such doses could cause serious, acute 
injuries. Over the next several decades, data began to accumulate indicating 
that long-term effects, principally leukemia and cancer, could also result from 
high radiation levels, but might not be manifested until 20 or more years after 
the original exposure. A dramatic example of this phenomenon was the case of 
the women who were hired to paint radium luminescent paint on wristwatch 
dials. It was common practice among these women to point their brushes with 
their tongues, and many of them subsquently developed cancer as a result of 
radium being deposited in their bones. 

Concern about these matters in the scientific community led to the 
development of organizations interested in both the beneficial and hazardous 
aspects of radiation. By the early 192Os, the British Roentgen Society had been 
formed in England and the Roentgen Ray Society in the United States. 

These societies, in conjunction with other national bodies, held the First 
International Congress of Radiology in London in 1925. The Second 
International Congress was held in Stockholm in 1928. At the second meeting, 
the International Committee on X-ray and Radium Protection was formed and 
soon thereafter began the process of developing radiation protection 
recommendations. After a number of organizational and name changes, this 
committee has come to be the present International Commission on 
Radiological Protection (ICRP). 

In the United States, a similar development process took place. Beginning 
in 1929, discussions among the officers of the American Roentgen Ray 
society, the Radiological Society of North America, and the Radium Society 
resulted in the consolidation of their radiation protection activities into a single 
commjttee, which was called Advisory Committee on X-ray and Radium 

\ 
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Protection. Following a number of organizational and name changes, this 
committee has come to be the present National Council on Radiation 
Protedion and Measurements (NCRP). 

Beginning in the 1920s. researchers began developing methods for the 
quantifying of radiation measurements. They also sought to define a 'tolerance 
dose" (a dose that could be 'tolerated" without serious harm) and the 
precursor of current dose limits for workers. In 1934, based on these studies, 
the NCRP adopted an occupational tolerance exposure rate of 0.1 R/d; the 
ICRP adopted the value of 0.2 R/d. At that time, most of the individuals 
involved believed that no harmful effects would occur at these levels. 

Over a period of time, these advisory bodies moved away from the concept 
of a 'tolerance dose." During the 1950s. they adopted the conservative position 
that there probably is no radiation dose threshold below which no harm could 
occur. They concluded that, for the purposes of establishing radiation 
protection standards, the assumption should be made that there is some 
radiation risk associated with any  radiation dose. however small, and that the 
risk decreases with decreasing dose. Given the assumption that lower dose 
means lower risk at any dose level. they concluded that, as a matter of policy, 
exposures to individuals and to human populations should be kept 'as low as 
practicable," a term subsequently changed to 'as low as is reasonably 
achievable" ( ALARA). 

During this period, these advisory bodies developed the concept of a 
'maximum permissible dose" (MPD). In 1958 the ICRP defined the MPD as 
'that dose, accumulated over a long period of time or resulting from a single 
exposure. which, in the light of present knowledge, carries a negligible 
probability of severe somatic or genetic injuries; futhermore, it is such a dose 
that any effects that ensue more frequently are limited to those of a minor 
nature that would not be considered unacceptable by the exposed individual 
and by competent medical authorities" (ICRP 1959a). 

In the late 1950s. the ICRP and the NCRP adopted amendments and 
additions to their recommendations on radiation protection, including 
recommendations on permissible doses to body organs from radioactive 
materials deposited in the body, and on control of exposures to members of the 
public residing near controlled areas. 

In 1959, the U.S. Federal Radiation Council was formed to provide a 
Federal policy on human radiation exposure and to advise the President with 
respect to radiation matters. This body and its successor agency, the U.S. 
Environmental Protection Agency, have developed radiation protection 
guidance for all Federal agencies. Specific details as to the form and content of 
this guidance, and its application by Federal agencies, are presented and 
discussed in the following sections of this chapter. 
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12-4 Radiological Assessment 

12.3 LEGISLATIVE BACKGROUND 
Cumnt Federal regulation of environmental releases of radioactive 

materials is based primarily on the Atomic Energy Act of 1954, the Energy 
-Reorganization Act of 1974, and the Clean Air Act Amendments of 1977. 

Prior to 1954, the US. Government essentially controlled atomic energy 
facilities. The Atomic Energy Act of 1954 created a framework for Federal 
control of civilian industrial use of radioactive materials by private industry, to 
be regulated by the US. Atomic Energy Commission (AEC). The Presidential 
Reorganization Plan No. 3 of 1970 (not a law) transferred AEC functions 
related to establishment of generally applicable environmental standards to the 
U.S. Environmental Protection Agency (EPA). The AEC was thereby made 
responsible for limiting environmental releases in such a manner that EPA's 
generally applicable environmental standards would be met. The Atomic 
Energy Act also authorized the AEC to enter into agreements with any State 
or group of States to perform inspections or other functions on a cooperative 
basis, as the Commission deemed appropriate. 

The Federal Radiation Council (FRC) was formed in 1959 (Public Law 
86-373) to provide a Federal policy on human radiation exposure. A major 
function of the Council was to 'advise the President with regard to radiation 
matters, directly or indirectly d a t i n g  health including guidance for all 
Federal agencies." 

The Energy Reorganization Act of 1974 abolished the AEC. The principal 
regulatory elements of the AEC were reestablished as the U.S. Nuclear 
Regulatory Commission (NRC), and the remaining elements were established 
as the Energy Rescarch and Development Administration (later incorporated 
into the U.S. Department of Energy). The Department of Energy retains 
regulatory authority over most of its own operations. 

The Clean Air Act Amendments of 1977 give the EPA authority to 
establish air quality criteria and to define acceptable control techniques. This 
legislation extended the EPA's authority, previously limited (by Presidential 
Reorganization Plan No. 3 of 1970) to the setting of generally applicable 
environmental standards, to include the setting of limits on doses to 
nonworkers from the entire nuclear industry and on total released quantities of 
certain radionuclides. 

12.4 ORGANIZATIONS WITH RADIATION 
PROTECTION RESPONSIBILITIES 

12.4.1 Federal Radiation Couad (FRC) 

The FRC's principal function, as stated previously, was to provide 
guidance to all Federal agencies on radiation protection matte@. In the course 
of implementing this authority, the FRC developed and published eight reports 
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addressing various general and specific aspects of radiation protection. 
Presidental Reorganization Plan No. 3 of 1970 abolished the FRC and 
transferred its functions to the EPA 

12.4.2 U S  Eavironmemtd prdccbaa * AfP=Y(EPA) 

environmental releases: 
The EPA has three independent functions related to radioactive 

1. Dewclop and promulgate radiation protection guidance to Federal 
agencies. This function was transferred from the abolished FRC. 

2. Establish generally applicable environmental radiation standards pursuant 
to the Atomic Energy Act. This function was transferred from the AEC. 

3. Establish air quality criteria and control techniques based on the Clean 
Air Act Amendments of 1977. 

12.43 US. Nuclear Reguhtory Cwnmission (NRC) 

The NRC regulates the nuclear industry pursuant to the Atomic Energy 
Act. The NRC regulations arc included in Title 10 of the Code of Federal 
Regulations (1982) and have the force of law. In addition, the NRC publishes 
Regulatory Guides, which describe acceptable methods for compliance with 
specific regulations, and other documents that provide additional information 
relevant to these regulations and the Regulatory Guides. Regulatory Guides 
do not, of themselves, define all acceptable methods; compliance with the 
guides is not required if satisfactory alternative methods are developed to 
provide a comparable level of protection for radiation workers or for the 
public. 

12.4.4 US. Departmeat off Defense (DOD) 
As provided by the Atomic Energy Act, the DOD regulates most of its 

own activities involving nuclear weapons and nuclear-powered vessels. How- 
ever, most other DOD activities involving radioactive material are regulated by 
the NRC. 

12.45 US. Department of Energy W E )  
DOE facilities and contractor-operatcd national laboratories are not 

subject to NRC regulation, but follow the DOE manual (USDOE 1978), 
which is generally consistent with the NRC regulations and with FRC and 
EPA radiation protection guidance to Federal agencies. 
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124.6 AEC/NRC Aptemat States 

In accordance with the Atomic Energy Act as amended, the AEC/NRC 
has established agreements with 26 States. Within each of these Agreement 
States, the State is solely respomik for lioensing and direct regulation of the 
use of by-product materials and small quantities of source or special nuclear 
materials. Agreement States, however, must dcvelop and implement radiation 
protection regulations that am compatible with NRC regulations. 
12.4.7 R.di.(ion Rotectioo Advisory Bodks 

The National Council on Radiation Protection and Measurements 
(NCRP) and the International Commission on Radiological Protection 
(ICRP), respectively, arc the national and international radiation protection 
advisory bodies, whose recommendations provide the scientific basis for U.S. 
standards. Thest bodies are made up of national and international experts in 
biology, medicine, genetics, health physics, and other related scientific 
disciplines. These agencies publish, from time to time, specific 
recornmendations on radiation protection matters. Their recommendations have 
been widely adopted and form the basis for radiation protection standards 
throughout the world. 

12.5 REGULATORY STANDARDS 

12.5.1 Methodology 

The application of a standard depends upon its qualitative and 
quantitative aspects. Some standards are merely advisory; others have the force 
of law. Some limit doses to the general public; others limit concentrations or 
quantities of radioactive materials released. Some apply to maximum or 
average doses, others to specific whole-body or organ doses or to individual or 
population doses. Relevant background information must be understood to 
ensure effective implementation of the standard. 

6 

e 

lU.2 EPAsbnduds 

125.2.1 Federal R.&b Pmtectm -GoM.acc 
The EPA is responsible for preparing radiation protection guidance for 

issuance by the Presideat to Federal agencies. This function was formerly 
carried out by the Federal Radiation Council (FRC), which was abolished 
wben the EPA was established. The guidance is advisory and does not have the 
force of law. However, Federal regulations have generally been consistent with 
FRC and EPA guidance. 
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Table 12 1 summarizes existing Federal radiation protection guidance 
applicable to members of the public affected by radioactive releases from 
normal operations involving peacetime applications of radiation or radioactive 
materials Guidance is provided for doses to individuals in the environment, 
with a lower value given for a 'suitable sample" of the most highly exposed 

.sector of the population. In typical situations involving rtlcapes of radioactive 
materials to the environment, doses to individuals arc not known. In such 
cases, guidanot for the suitable population sample is the appropriate standard. 

T 8 k  12.1. Federal mdiatim protection guides for 
population exposures lnw aonnnl operatioas 

T Y ~ C  or exposurt Limit 

lndividual whole-body dosc 0.5 rem/y 
Average gonad dose 
Individual thyroid dose 1.5 rem/y 
Average thyroid dose 0.5 rem/y 
Individual bone marrow dosc 0.5 rem/y 
Average bone marrow dost 0.17 rem/y 
Individual bone dose 1.5 rem/y, or 

0.003 p g  =Ra 
body burden or 
biological equivalent 

0.001 fig UbRa 
body burden or 
biological quivalent 

5 rem over 30 y 

Average bone dose 0.5 rem/y, or 

Sources: ( I )  Federal Radiation Council, 'Report 1, 
Background Material for the Development of Radiation 
Protection Standards," Fed. Regist., May 18. 1960. (2) 
Federal Radiation Council. 'Report 2, Background 
Material for the Development of Radiation Protection 
Standards." Fed. Regist.. Scpt. 26, 1961. 

Table 12.2 summarizes graded scales of action for regulatory officials 
appropriate for different levels of population exposure resulting from such 
normal operations. Generally, if doses to the population are projected to be less 
than 10% of those given in Table 12.1 (range I), only periodic confirmatory 
radiological surveillance is necessary. However, if projected doses are within 
ranges I1 or 111, additional surveillance and control measures are appropriate. 
Table 122 also specifies transient daily rates of intake for radium, iodine, and 
strontium corresponding to each range. 

e 
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Tabkl2.2FedwallrdhtioDprotcdioclsidcs 
graded lcrkr ddoo for oo110.1 operadons 

A. Action levels 
Raaee Ikse rate Action 

I Less thaa 10% of limits Periodic surveillance 

I1 109b to 100% of limits Quantitative sumillance 
and routine control 

I11 Greater than limits Control measures 

B. Ranges of inrake 

Transient daily intake ( s i )  
Radionuclide Range I Range I1 Range I11 

pdRa 0-2 2-20 20-200 

l3lI (chidten) 0-10 1 0 - 1 0 0  l00-l,OOo 
eOsr 0-20 20-200 200-2,OOo 

'%r 0-200 200-2,OOo 2,ooo-20,000 

..... 

. .  
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Sources: ( I )  Federal Radiation Council. -Report I ,  Back- 
ground Material for the Development of Radiation Protection 
Standards," Fed. Regisr., May 18, 1960. (2) Federal Radiation 
Council, 'Report 2, Background Material for the Development 
of Radiation Protection Standards," Fed. Regist.. Scpt. 26, 
1961. 

Table 12.3 summarizes guidance for accidental releases. The guidance 
allows an offcia1 to make a decision regarding appropriate protective action 
based on projected doses that could be eliminated by such action. For example, 
consider an accident that results in releases of 13'I. If projected, reducible 
doses would exceed 30 rad to the thyroid, protective action, such as 
withdrawing milk from the food supply, would be appropriate. 

Revisions of existing radiation guidance have been proposed by the EPA 
(USEPA 1981). Any fmal &ions would be published in the Federuf 
Register. 

125.2.2 Ccwtplly Applicable Environmental Standards 

In addition to the Federal radiation protection guidance provided by the 
EPA, the "only generally applicable environmental radiation standard published 

.. , 
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T 8 k  12.3. Federal protective 8ctian guides for aecideatd releases 

Projected dosc 
Exposure pathway 1311 '%r. 'OSr. and '"Cs 

1. Transmission through the 
pasture-cow-milk chain 

Individual 30 rad to the 
thyroid 

Suitable sample of 
exposed population 

2. Transmission through 
feed crops to animals 
(including dairy cattle) 
and plant crops used 
directly for human food 

Individual 

Suitable sample of 
exposed population 

3. Long-term transmission 
through soil into plants 

Individual 

Suitable sample of 
exposed population 

10 rad to the 
thyroid of a one- 
year-old child 

10 rad in the first year 
to the bone marrow or 
whole body 

to the bone marrow or 
whole body of a 
one-ycarsld child 

3 rad in the first year 

I 

5 rad in the first year 
to the bone marrow or 
whole body 

to the bone marrow or 
whole body of a 
one-year-old child 

3 rad in the first year 

0.5 rad in the first year 
to the bone marrow 
or whole body 

0.2 rad in the first year 
to the bone marrow 
or whole body of a 
one-yearsld child 

'No guidance given for '"I due to short half-life. 

Sources: ( I )  Federal Radiation Council. 'Report 5, Background Material for 
the Development of Radiation Protection Standards," Fed. Regist.. Aug. 22. 1964. 
(2) Federal Radiation Council, 'Report 7, Background Material for the Develop 
ment of Radiation Protection Standards," Fed. Regist., May 22, 1965. 

Y 
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by the EPA to date is set forth in T i e  40, code of Federal Regulations, Part 
190 (40 CFR Part 190), 'Environmental Radiation Protection Standards for 
Nuclear Power Operations" This reguiation has the force of law; NRC 
licensees and DOE facilities must oornply with it. The NRC enforces the 
application of 40 CFR Part 190 by its fuel cycle licensees. 

The proviSins of 40 CFR Part 190 arc summarized in Table 12.4. This 
regulation applies to all activities invdved io the entire uranium fuel cycle, 

. . . . .  

Table 124. Spmmuy of 40 CFR Put 190, Earirollmcllcrl hdiatim 
Protectim ! 3 tduds  for Npeku Power Operations 

1. 40 CFR 190 applies to: uranium milk, uranium hexafluoride 
production, uranium fuel fabrication, uranium-fueled light-water power 
reactors, uranium fuel reprocessing 

2. 40 CFR 190 excludes: mining, waste disposal, transportation, 
radon and radon daughters. 

3. 40 CFR 190 annual dosc limits for members of the public: . 
25 mrcm - whole body 
75 mrcm - thyroid 
25 mrem - any other organ 

4. 40 CFR 190 release limits (per gigawatt-year of electrical 
energy produced): 

'JK.r - 50,000 Ci 
IaI - 5 mCi 
u9pu and other long-lived transuranics - 0.5 mCi 

5. Effective dates: 
December 1, 1980, for uranium mills 
January 1, 1983, for %r and ' 1  
December 1, 1979, for all other cases 

. .  . .  
excluding mining, transportation, and waste disposal, and does not apply to 
radon and radon daughter products. Fuel cycle facilities must operate such 
that total annual whole-body and organ doses to individuals do not exceed 25 
m m  (thyroid doses must not exceed 75 mrem). Potentially overlapping 
effects must be considered when more than one nuclear facility may affect a 
particular a m .  Release limits for "Kr, *=I, and long-lived transuranic 
elements are included irr40 CFR Part 190. 

.. 



. . .  Regulatory Standards for Releases 12-1 1 

12.5.23 Clean Air Act 

The Clean Air Act Amendments of 1977 give the EPA authority to 
regulate airborne radioactive releases from all nuclear facilities. This 
regulatory process includes identifying radioactive materials as hazardous 
pollutants as well as establishing enforcement standards. In this unusual 
situation, the EPA has authority overlapping that of the NRC over its 
licensee. The Clean Air Act covers this overlap and s ~ k s  that EPA and 
NRC work together to minimize duplication of effort. 

To date. the EPA has not published any Clean Air Act standards 
applicabk to radioactive releases. 

12.53 NRCSt.nbrds 
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12.5.3.1 General Radiation Protection Standards 

Radiation protection standards applicable to NRC licensees are contained 
in Title 10, W e  of Federul Regulurions, Part 20 (10 CFR Part 20). 
'Standards for Protection Against Radiation." These regulations have the force 
of law; compliance with them is required. Tables 12.5 and 12.6 summarize the 
provisions of 10 CFR Part 20 that are applicable to releases to 'unrestricted 
areas.- Limits on annual average concentrations are specified for. releases of 
individual radionuclides and mixtures of identified radionuclides. These limits 
are generally consistent with FRC, NCRP, and ICRP recommendations. 

12.5.3.2 ALARA Requirements for Power Reactors 

In addition to limitations on releases of airborne radioactive materials to 
the environment, 10 CFR Part 20 states that releases of radioactive materials 
should be 'as low as is reasonably achievable" (ALARA). Implementation by 
regulatory authorities generally involves a qualitative approach describing 
dose-reducing considerations. However, for nuclear power reactors, the NRC 
has developed specific quantitative ALARA criteria in 10 CFR Part 50, 
'Domestic Licensing of Production and Utilization Facilities," Appendix I. 
This regulation establishes design objectives and limiting conditions for 
operation of power reactors to ensure that releases to the environment comply. 

Table 12.7 characterizes these design objectives. They are not operating 
limits; there is flexibility allowed in operation. Doses may be up to twice as 
high as the design objectives before corrective action is required. 

In addition to giving the dose objectives to be met, Appendix I specifies 
that licensees must augment their effluent control systems to reduce actual 
doses below the design objective whenever the cost-benefit ratio is favorable. A 
favorable cost-benefit ratio would be defined as a situation in which population 
doses can be reduced at a cost of $/000/man-rem or less. However, experience 
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T8bk 12.5. A wmmuy guide to rdirtioo protection requirements lor tbc public 
& 10 CFR pirt 2o--sbdudplor protcaioll lrsrJnrt R.dirtA00 

1. Wholebody dose not to c x d  0.5 mn per calendar year. 

2. Concentration of radioactive materiab h ah of water not to exceed levels in Table I1 
of Appendix B of 10 CFR Part 20. 
As per the provisions of Sen 20.106(e). the Commission may limit quantities of 
radioactive materials released in air or water if it appears that the daily intake of 
radioactivity by a suitable sample of the exposed population will exceed the daily 
intake equivalent to ooo-third of intake from continuous exposure, averaged over a 
year. to the concentrations specifid in Appendix B, Table XI. 

3. Disposal into sanitary systems: 

(a) Material must be readily soluble or dispersible in water, and 

(b) the gross quantity of licensed and other radioactive waste (excluding 
“C and tritium) released into the sewage system does not exceed 
1 Ci/y; the quantity of “C and tritium released does not exceed 
5 Ci/y; and 

(c) the quantity of any licensed or other radioactive material released in any 
one month divided by the average monthly quantity of water released 
does not exceed the limits specified in Appendix E, Table I, Column 2 or 
10 CFR Part 20. and 

(1 )  ten times the quantity specified in Appendix C of 10 CFR Part 20 or 
(2) the concentration specified in Appendix E, Table I, Column 2 of 
10 CFR Part 20 when diluted by the average daily quantity of sewage 
discharged by the licensa. 

(d) the quantity released in any one day dots not e x d  the larger of 

5. Maintaining effluents *as low as is reasonably achievable.” 
.*lq*- .‘.+;da - . - . . Saction 20.1 of 10 CFR Part 20 specifies that licensees should make every 

reasonable effort to maintain radiation exposures and releases of radioactive 
materials in effluents to unresvicted areas -as low as is reasonably achievable.” 

has shown that additional dose reductions below the design objectives are 
generally not feasible at S1000/man-rem. 

12.533 Regulatory Guides 

In most cases, regulations require specific performance criteria but do not 
go into technical background details. In addition to regulatory requirements, 
the NRC may incorporate license conditions or ’technical specifications” into 

. .  . . .  . .. . ‘‘I . .:, . . . , . . .. , 
.. . 
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Table 12.6. Sammvy guide for NRC notification requirements pertaining 
to radhtioo exposarcs or releases of radioactive materials 

1. Immediate notification: 

[Sect 20.403a) 
of 10 CFR Part 201 

[Sect 50.72 
of 10 CFR Part 501 

. . . . . . . . . . . . .  .. : .,..:_. ... : :: ............. .. :. . . . . .  . . .  . . . . .  : .. . -. . . . .  . . .  . . . .  . .  . .  . .  

2. 24-h notification: 

[Sect. 20.403( b) 
of 10 CFR Part 201 

.. .; . .. : ........ :. ;. .. : ........ ::.:. ..:: :.'.: : . . . . . .  . . . . . . .  . . . . . . . . . . . . . .  . . . . . .  . . . .  . . .  . . . . . .  

Incidents or conditions which may 
have caused or threaten to cause: 

( I )  Exposure of any individual in exccss of 

(a) 25 rem or more to the whole body, or 
(b) 150 rem or more to the skin, or 
(c) 375 rem or more to the feet, ankles, 

hands, or forearms. 
(2) Release of radioactive materials in 

concentrations which, if averaged over 
24 h, would exceed SO00 times the 
limits specified in Table 11, Appendix B 
of 10 CFR Part 20. 

unplanned, or uncontrolled radioactive 
release. 

(3) For power reactors, any accidental, 

Incidents or conditions which may have 
caused or threaten to cause: 

(1) Exposure of any individual in excess of 

(a) 5 rem or more to the whole body, or 
(b) 30 rem or more to the skin, or 
(c) 75 rem or more to the feet, ankles, 

hands, or forearms; 

(2) Release of radioactive materials in 
concentrations which, if averaged over 
24 h, would exceed 500 times the limits 
specified in Table 11, Appendix B of 10 CFR 
Part 20; or 

any facilities affected, or 
(3) Loss of one day or more of the operation of 

(4) Damage to property in excess of S 1 OOO. 

... 
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T8bk 12.6,(coatsuped) 
e 

3. 3O-d notification: 
i 

A. [Sect. 20.405 of ( I )  Each urposure of an individual to radiation /' 

i 10 CFR Part 20) or concentration of radioactive material in 
excess of any applicable limit to 10 CFR 
Part 20 or in the licensee's license; 

(2) Any incident covered by Sea. 20.403 of 
10 CFR Part 20; 

(3) Levels of radiation or concentrations of 
radioactive material (not involving 
txctssivc urposurc of any individual) in an 
unrestricted area in excess of ten times 
any applicable limit in 10 CFR Part 20 or 
in the licensee's license; 

(4) Radiation levels or releases in excess of 
thost specifred in 40 CFR Part 190. 

(1) Releases of radioactive materials in LWR 
effluents in any quarter which would result 
in calculated exposum in excess of 
onohalf the design objectives of 

B. [ 10 CFR Part 50, 
Appendix I] 

Sects I and I1 of Appendix I. 

4. Reporting effluent Section 50.36a of IO CFR Part 50 requires that 
releases: a licensee submit semiannual reports to NRC 

specifying the quantity of each of the principal 
radionuclides in liquid or gaseous effluents 
during the preceding six-month period. 

Section 40.65 of 10 CFR Part 40 requires that 
source material licensees for uranium milling or 
production of uranium hexafluoride file 
semiannual reports of the principal radio- 
nuclides released to unrestricted areas as 
liquia ot &eseou~ emueats 

Section 70.59 of 10 CFR Part 70 requires that 
speci.l nuclear material Iicensees engaged in 
pmcasirrg, fuel fabrication. scrap recovery, or 
c o n d o n  of uranium hexafluoride report 
StmiannuaIIy the quantity of the principal 
adionudida released to unrestricted areas in 
gaseous or liquid effluents. 

. .  .... . .  . .  . .  . .  .... _ ._ ....... ......... ;: I' ' . . . .  . . . . .  .. 
. . .  . . . . . . . .  
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I 12.5.5 NCRP Recommendations 

Table 127. ProriSiom of Appendix I of 10 CFR Part 50 d e f i i  numerical 
@des for *as low as is msombly achievable" levels of mdioactive 

materials in light-waterded nuclear power phot efflueats 

Design objective 

Liquid emuents 
Dose to the total body from all pathways 
Dose to any organ from all pathways 

Gammadoseinair 
Betadoseinair 
Dose to the total body of an individual 
Dose to the skin of an individual 

3 mrcm per year per reactor 
10 mrcm per year per reactor 

10 mrad per year per reactor 
20 mrad per year per reactor 
5 mrcm per year per reactor 
15 mrem per year per reactor 

G-W ernuats 

Radionuclides and particulate matter released 
to the atmosphere 
Dose to any organ from all pathways 15 mrem per year per reactor 

individual licenses. These conditions are detailed requirements, designed to 
ensure compliance with regulations. For example, short-term release limits or 
monitoring programs may be specifred. 

The NRC supplements its regulations further by issuance of Regulatory 
Guides (see *e chapter's bibliography). These guides describe acceptable 
methods for compliance with regulations at appropriate levels of detail. 
Regulatory Guides have been published on all aspects of compliance with 10 
CFR Part 50, Appendix I, as well as on monitoring of radioactive effluents 
from various facilities. 

As noted, Regulatory Guides do not have the force of law; compliance is 
not required. However, if a Regulatory Guide is not followed, alternative 
actions that provide the same degree of public protection must be taken. 

125.4 DOEStandards 

The DOE Policy Manual (USDOE 1978) includes radiation protection 
standards applicable to DOE facilities, which also apply to contractorsperated 
national laboratories. DOE standards have generally been consistent with the 
recommendations of FRC, ICRP, and NCRP and the regulations of NRC. 

NCRP recommendations (NCRP 1971) specify dose criteria for individual 
members of the public (0.5 rem/y) and for the average dose to a most highly 
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expos& group (0.17 rem/y). These recommendations do not have the force of 
law. They have, however, provided the basis for FRC radiation protection 
guidance and the NRC regulations discussod above. 

125.6 ICRP RecommenQtiolrs 

radiation protection standards in most countries of the world, although they do 
not have the force of law. 

The recommendations in ICRP Publication 26 (ICRP 1977) represent a 
new approach to assessing risks associated with multiple organ doses. Previous 
recommendations (ICRP 1959b) generally addressed doses to the whole body 
and to critical organs. The new ICRP recommendations retain the annual 
wholebody criterion of 0.5 rem. However, in Publication 26, the 'critical 
organ approach" has been replaced with a new approach, which takes into 
account evaluation and summation of the risks associated with internal doses to 
aII organs at risk. Internal organs have been assigned Weighting factors" 
(Table 12.8). Total risk incurred by an exposed individual is determined by 
summing the risks associated with the weighted doses to each exposed organ, 
as shown in Table 12.8. The result is a 'risk equivalent dose." 

Y ? - F  7 7  As mentioned above, ICRP recommendations have formed the basis for _A- . .. A. .. 

- - T  TF A- Y - I - .  

Table 12.8. ICRP Pabliatioa 26 weighting factors 

Organ Weighting factor 

Gonads 0.25 
Brtasts 0.15 
Red bone marrow 0.12 
Lung 0.12 
Thyroid 0.03 
Bone surfaces O.C.3 
Other organs' 0.06 
Total body 1 .o 

'If more than five other organs, use the five 
receiving the highest dose quivalent. 

If only one organ is exposed (an unlikely circumstance), ICRP Publication 
26 recommends that individual organ doses be obtained by dividing the annual 
whole-body dose criterion (0.5 rem) by the appropriate factor in Table 12.8. 

*. Thus, the annual dose criterion for the lung would be 0.5/0.12, or 4.2 rem. " p r y  Publication 26 includes a criterion limit of 5.0 rem to any organ, as protection i - -  - - & 

against nonstochastic or "acute" effects. 
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The impact that would result from implementation of ICRP Publication 
26 recommendations regarding control of multiple organ doses is not yet clear. 
The NRC has announced its intent to revise 10 CFR Part 20 (USNRC 1980); 
the EPA has prepared draft guidance that would adopt a modification of the 
ICRP Publication 26 model. Decisions regarding U.S. implementation have not 
yet been determined. w -- 

12.6 PROBLEMS 
1. What Federal laws form the basis for Federal regulation of radioactive 

2. What major activities involving use of radioactive material are not 

3. What Federal agencies have responsibility for regulation of radioactive 

materials in the United States? 

subject to regulation by the US. Nuclear Regulatory Commission? 

material in the United States? What Federal agency has responsibility for ? - F  1 -  providing radiation protection guidance to other Federal agencies? A- 0 - 
4. What different types of standards arc promulgated by the US. 

Nuclear Regulatory Commission? Which standards have the force of law? 
5. Describe the Agreement State program for regulating radioactive 

materials. 
6. What are the two major advisory organizations that promulgate 

radiation protection standards? Do their standards have the force of law in 
the United States? 

7. What radiation protection standards have been promulgated by the 
Federal Radiation Council and the US. Environmental Protection Agency? 

8. What authority over radioactive materials is given to the U.S. 
Environmental Protection Agency by the Clean Air Act? 

9. What standards have been promulgated applicable to environmental 
releases of radioactive materials from nuclear power reactors? 

T T T  
.lr _. d 

- ‘ ‘ T  
i - 1 -  
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13 Development of Computer 
Codes for Radiological 
Assessments 

. .  . . .  . .  ...,. . . . . . .  . _  . .  . .  . .  

By C. A. L I W *  
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13.1 INTRODUCIlON 
Virtually every field of science and engineering has found an application 

for modeling. Aeronautical engineers rely on models of wing and fuselage 
structures to design new aircraft. Hydrologists use models to predict the ability 
of aquifers to supply communities with adquate drinking water. As evidenced 
by this book, regulation of the nuclear industry has led to the increasing use of 
models to estimate radionuclide environmental transport and subsequent dose 
to humans. 

In contrast to the hand calculations that can be done within the framework 
of a given model, many models have been coded into computer language. This 
practice allows many model calculations in a short time with little or no com- 
putational error. The use of computers has become so widespread that the term 
'model" has at times come to be used interchangeably with 'computer code." 

Earliir chapters have disc& types and amounts of materials released 
from nuclear facilities and detailed the methods employed to estimate the tran- 
sport of thesc materials in the atmosphere, in surface and groundwaten, and 
through terrestrial food chains to man. Models to calculate internal and exter- 
nal radiological dose and the possible risk to humans from exposure to these 
radionuclides have also been discussed. This chapter deals with some of the 
important characteristics of computer programs designed to implement thesc 
transport, dosc, and risk models. 

. -  .Health and Safety Research Division, Oedc Ridge National Laboratory. 

.. 
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This chapter is not intended either to describe the many existing codes or 
to provide an instruction manual for developing a computer code for cnviron- 
mental assessment purposes. Rather, the purpose is to describe some of the 
important characteristics of codes uscd for environmental assessments. This 
information will be helpful to potential code users. 

' 

e 

13.2 MODELS AND COMPUTER CODES 
A model c a ~ ~  be defined as any representation of realitr, therefore, it can be 

physical (toy train, soif column in a Iaboratory) or mathematical (the diffusion 
equation). The topics considered in the previous chapters involve mathemati- 
cal models of one form or another. 

Computers and models become assoCiated when one wishes to make 
repeated calculations using a model but prefers to spend a minimum amount of 
time and effort. This gives rise to the computer model or, more precisely, the 

the computer model is not a model at all but simply a translation into com- - language of an existing mathematical model. equation, or group of equa- . .). For example, in Fig. 13.1, both hypothetical programs DISPERSE and 
BREATHE are codifications of tbe Gaussian plume model (sce Chapter 2). 

representation of the mathematical model in computer language. Therefore, *-a& ~ r u c i r S b 5  -a 

ORNL-DIG 8?.140?7 

REUTlONSHlC BETWEEN TWO ATMOSPHERIC TRANSPORT 
CODES AND THE GAUSSIAIY PLUME EQUATION 

MODEL 

GAUSSIAN PLUME EOUATION 

CODE DESIGN AND 
PROGRAMMING 

DISPERSE COOE OUTPUT BREATHE CODE OUTPUT 

X / Q  FOR EACH DISTANCE 

TOTAL POPULATION EXPOSURE 
MEAN POPULATION LXPOWRL 

0 LOCATION OF MAXIMUM AIR 

MAXIMALLY EXPOSED INDIVIDUAL 
MAXIMUM CONCENTRATION IN AIR 

AND DIRECTION CONCENTRATION 

THERE ARE MORE CODES THAN MODELS SINCE DIFFERENT 
NEEDS [OUTPUTS) OFTEN REWIRE DIFFERENT CODES 

F -e 13.1. Relationship betwecn two atmospheric transport coda (DISPERSE and 
.THE) and the G a d  Plume equation. 

.. . .  . . . .  . . .. . .  
. .  . . .  . .  . .  _ .  . _ .  . .  .. . . . ._ . .  . . . . .  
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The two codes produce different output and differ in language, machine of 
usage, and operating mode. Since the mathematics of a given model can b 
programmed in numerous ways to achieve the same result, there are likely t. 
be many more cada than models. This is certainly the case. 

One should not be confused into thinking that all computer codes are asso- 
ciated with models. Some codes arc uscd for bookkeeping (i.e., efficient storage 
and easy retrieval of large amounts of data). To avoid confusion in this 
chapter, the following definitions and descriptions will apply: a model is an 
equation or series of equations or expressions that describe some process of 
interest; a computer code. or program. is a representation in computer 
language of some model; and a computer model is synonymous with a model 
that has been coded into a useful computer package. 

13.3 IMPORTANT PROGRAM CHARACI'ERISTICS 
Whether using an existing code or devising a new one, the programmer or 

user should bear in mind several characteristics. Some of these characteristics 
a r t  so important as to preclude usability, whereas others merely facilitate use 
of a code or promote confidence in its use. As Kernighan and Plauger (1978) 
state in the preface to their excellent book The Elements of Programming 
Style: 

Good programming cannot be taught by preaching generali- 
ties. The way to learn to program well is by seeing. over 
and over. how real programs can be improved by the appli- 
cation of a few principles of good practice and a little com- 
mon sense. Practice in critical reading leads to skill in 
rewriting, which in turns leads to better writing. 

This chapter stops considerably short of teaching the reader how to program 
but examines instead some of the practices that constitute well-written pro- 
grams and some facets of coda that make them more or less usable for a given 
environmental assessment problem. No matter what type of transport is being 
modeled, it is important that the code selected suit the application. For what- 
ever reason-lack of resources, lack of alternatives, e t c . 4 e s  are often 
applied to situations for which they are not intended. In such situations, it 
should be the user. not the developer of the code/model. who bears the respon- 
sibil ity for inaccurate or misleading results. 

13.3.1 Computer Language 

The language in which a code is written is an important consideration when 
a new code is being developed or a program written elsewhere is being used. 

a 
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Obviously, a code develop# for one's own use or acquired from another site is 
constrained by the capabilities of the computer at the user's site. A code 
developed for users other than the author of the code should be written in a 
well-known language, or it may not be well accepted. 

Numerous computer languages arc available, and more arc currently being 
devised. However, among scientific personnel, including those involved in 
environmental assessments, FORTRAN, introduced in 1956, is probably the 
most commonly utilized language. Most institutions where asstssmcIlt codes 
arc used or developed have acctss to a FORTRAN compiler on their computer 
system. Other languages that are relatively familiar and powerful enough for 
use with environmental assessment codes include BASIC, PL/l, PASCAL, and 
ALGOL. Most of these language have energetic proponents and well-defined 
ranges of application. PL/I was introduced in the 19609 as an all-purpose 
language which the designers hoped would replace FORTRAN and its busi- 

popular in some circles. 

.- 

I 

ness counterpart COBOL (McCracken 1974). It has replaced neither, but it is ~ e c 4 u - - e - = m - -  

Each of these languages also has its o m  set of peculiarities and difficulties. 
SIC, for example, is greatly limited in the length of variable names. This 

-,ay seem trivial until one tries to program a problem with many variablts; 
then, the name of the variable may not connote the sense of the variable as it 
might in FORTRAN. PL/l, PASCAL, and ALGOL, 'whose control struc- 
tures encourage a natural 'topdown' description of a program" (Conway and 
Gries 1975). are higher-level languages than FORTRAN IV. In most ways, 
PL/l is less attractive than ALGOL or PASCAL, but it is also more widely 
used. However, none of the three is as commonly used as FORTRAN. 

To complicate matters, there is more than one version of some languages 
(e.g., FORTRAN IV, FORTRAN FF; PL/l, PL/C). The different varieties 
of a language have come into existence as the technology progresses. Previous 
versions of a language may not be compatible with compilers designed for a 
newer version. For instance, some of the FORTRAN implementations vary in 
such traits as permissible size of number and the presence or absence of some 
operators, such as logical IF or mixed-mode arithmetic expressions 
(McCracken 1965). Later versions of FORTRAN (FORTRAN IV) will prob- 
ably not operate on a FORTRAN I1 compiler (Hoffman et al. 1977), but it is 
less likely that problems will be encountered when a lower-order FORTRAN 
code is run on a higher-order compiler of the same language. 

No matter what language is employed, one should try to anticipate any 
possible problems with the language of the code. This is true whether one is 
acquiring a code developed elsewhen or dcvising a new code. 

... 
. .  
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13.33 Computer Typc 

Developers and users of codes should be aware of the type of machine for 
.h a code was originally produced because a code written for one type of 

. . . . .  . . . . .  . . . . . . . . .  . .  . . . . . . . .  . _._.. . .:. ,. ,,:-...;:...n'. . _::... . . .  



machine may not run on another model of the same machime or one of dif- 
ferent manufacture. For exampic, a program written for an International Busi 
ness Machines (IBM) computer may not operate on a Control Data Corpora 
tion (CDC) machine or even on another IBM system. The reasons for a m -  
puter h p a t i b i l i t y  are not within the scope of this chapter, however, some 
specific incompatibilities will be listed. 

For programs written in FORTRAN, some of the characteristks that may 
prccludc proper execution of a program are given in Table 13.1. Although the 
list is somewhat dated, it gives an idea of the range of possible differences 
between machines. Differences not listed in the table include such things as 
disparate approaches to variable initialization, dissimilar p b  control state- 
ments, diverse treatments of machine language utility programs, contrasting 
methods of transmitting literal strings, and unmatched word length 
(McCracken 1965). Various incompatibilities exist for other languages, but 
these will not be explored here. 

Table 13.1. Characteristics of FORTRAN tb.t may wry betweem 
various manufacturer's computers 

Must specification statement precede fint executable statement? 
Maximum statement identification number. 
Maximum number of continuation cards. 
lNTEGER constant. maximum digits. 
INTEGER, maximum magnitude. 
REAL constant, maximum digits. 
DOUBLE PRECISION constant, number digits. 
REAL, double precision magnitude. 
Variable name. maximum characters. 
Mixed mode arithmetic permitted? 
Assigned GO TO permitted? 
Logical IF permitted? 
DOUBLE PRECISION permitted? 
COMPLEX operations permitted? 
LOGICAL operations permitted? 
Dimensional data in PRINT statements? 
Labeled COMMON? 
Maximum array dimensions. 
Adjustable dimensions permitted? 
Zero 01 negative subscripts permitted? 
Subscripted variables allowed as subscripts? 
Multiple entry into subroutines? 
DATA statements allowed? 
Object time FORMAT permitted? 

.. 

Source: Adapted from McCracken, D. D. (1965). A Guide- 
line to FORTRAN /V Programming, Wiley, New York. 
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Any two computers arc likely to have many commonalities, and many 
differ in only a few of tht listed characteristics. Also, some of th#e differences 
arc more difficult to tccoIIcile. For instana, if a code written for a CDC 
machine has SO continuation cards for a particular FORTRAN statement 
(CDC has no limit), tben a user wishing to run that code on an IBM machine 
would need to rewrite the offending statement into at least six separate state- 
ments because IBM allows only nine continuation cards per statement. Such a 
modification, although tedious,would not p m t  the use of the code on an 
IBM machine. 

Other disparities might not be so simple to corm% For some codes a prob- 
lem may arise regarding the maximum number of digits allowed in a real con- 
stant, which may vary from as low as 7 to as high aa 20. A code Written for 
and operated successfully on a higher-capauty machine may occasionally fail 
to mn on a lower-cajmcity machine simply because of the size of the numbers. 
Except for scaling down the entire problem, little can be done to remedy such 
a situation. 

Tbe best general advice for one wishing to use a code on a machine other 
n that for which it was written is to know both machines. The characteris- 

A of the original machine and the new machine may not be radically dif- 
ferent, and the code may be easily adaptable. If not, other codes to accomplish 
the same task may be available. Section 13.5 contains information about 
obtaining codes. 

1333 Code Size and Wicieacy 
Potential users or developers of codes should also consider the size of the 

code in terms of memory storage. Codes that require memory exceeding that 
provided by a user's computer system will be of little value. Depending on the 
size of the problem being coded, it may or may not be possible to decrease the 
size of a code substantially. The number of statements is not in itself an a m -  
rate indicator of the necessary core storage. This is especially true of comment 
cards, which are ignored in the 'compile" and 'load" steps of computer pro- 
gram execution (see also Sect. 13.3.4, 'Mode of Code Operation"). 

A related quality, one more difficult to determine, is code eficiency. Com- 
puter run time is an important (but not the only) measure of efficiency, espe- 
cially in this age of relatively cheap computer time. The time spent by code 
users is another important aspect of code efficiency. Both of these are discussed 
briefly below. 

A commonly listed statistic is the Nnniag time 31 terms of central process- 
ing unit (CPU) seconds. Although not a direct indicator of efficiency, CPU 
time can be a helpful barometer when similar codes am compand When using 
a d e  designed by another person, it is d k d y  tbat one would wish to modify 
tL- statements within the code to attempt an inaeaSe in efficiency. As Ker- 

u1 and Plauger (1978) point out in their chapter on efficiency, unless the 

... .. . 
. .  . .. '._ . . .  

. .  

. . .  
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inefficiency is extreme, 'the programmer time needed to make a noticeable 
improvement in speed is certainly more valuable than a few minutes 
machine 'time.'" 

Someone wishing to modify an existing code or develop their own code 
would be well served to read Chapter 7, 'Efficiency and Instrumentation," of 
Kernighan and Plauger (1978). The authors give a number of simple rules to 
follow with regard to efficiency when programming. Among their comments 
are several that are especially important in the context of environmental assess- 
ment models and codes. First. if a code dots not work, its efficiency is unim- 
portant. All codes should be verified and, if possible, validated*(see Sect. 13.4). 
Second. in modifying existing codes, one should not sacrifice clarity and accu- 
racy for supposed efficiency, especially when human time is considered. 
Finally. before coding for special cases, the user should verify that the cases 
are really special. This last caveat may be useful in environmental assessment 
codes that attempt to include many processes within a structure of various 
scenarios of release or exposure. An example of a truly special case is the 
calculation of 'H concentration in foods by the specific activity model 
following an atmospheric release (see Chapter 9). 

As stated above, a discussion of efficiency should include not only com- 
puter efficiency. but also efficiency in the use of human time. The most 
obvious case involves the input requirements of the code. An example will help 
illustrate the importance of this point. Consider two computer programs. code 
A and code B to calculate ground-level, centerline air concentrations using the 
Gaussian plume model. 

Code A requires input of annual-average meteorological data in the form 
of a STAR (STability ARray) data set, as shown condensed (zeros removed) 
in Table 13.2. These data are easily attainable on cards or tape in the format 
shown from the Environmental Data Service of the National Climatic Center 
in Asheville, North Carolina. The full STAR data set consists of 96 cards, 
each of which has information for I of 16 compass directions and I of 6 stabil- 
ity categories. The data on each card are the frequencies for wind blowing in 6 
wind speed categories; that is, in Table 13.2. the wind in stability class A was 
from the north, and wind speed was less than 1.5 m/s only 0.038% of the year. 

Contrast code A input data with the input meteorology data set of code B 
shown in Table 13.3. T'his data set includes input of values for each of four 
variables on a total of 29 cards: DIRFRQ, the frequency the wind blows from 
each direction; RAVSPD, the reciprocal-averaged wind sped for each stability 
category and direction; TAVSPD, the true-averaged wind speed for each sta- 
bility and direction; and STBFRQ, the fraction of time that the wind blows in 
each wind specd and direction. 

A question arises: Which method of inputting the meteorological data is 
more efficient? In terms of computer time, code B is probably more efficient; 
only 304 values on 29 cards are read into the computer by code B, whereas 
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T.bk 133. R m t 8 t h  01 8 STAR d.t. sct Of 
d - t O d O g Y . r l t d b y e d c A  

3 

0 

Fraction of year wind blows in given direaion 
and stability class. by speed category (m/s) Direction Stability 

4 . 5  c3.1 <5.1 <8.2 40.8 >10.8 .. 

N 
"E 
NE 
ENE 
E 
ESE 
SE 
SSE 
S 
SSW 
3W 
wsw 
W 
WNW 
NW 
NNW 
N 
NNE 
N E  
WNW 
NW 
NNW 
N 
NNE 
N E  
ENE 
E 
ESE 
SE 
SSE 
S 
SSW 
sw 
wsw 
W 
WNW 
NW 
NNW 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
E 
E 
E 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 

0.00038 
0.00001 
0.00015 
o.oooo5 
0.00009 
0.00006 
O.ooOo7 
0.00004 
0.00013 
0.00006 
0.00006 
o.ooo02 
O.ooOo7 
0.00006 
0.00011 
0.o0O11 
0.00072 
0.00036 
0.00039 
0 
0 
0 
0.00239 
0.00184 
0.00284 
0.00198 
0.00 159 
0.001 38 
0.00181 
0.00145 
0.00524 
0.00261 
0.00178 
0.00171 
0.00134 
0.00088 
0.00088 
0.00109 

0.00021 
0.00014 
0.00017 
0 
0.00001 
o.oO01o 
O.ooOo3 
0.00007 
0.00014 
0.000 10 
o.Ooo10 
O.ooOo3 
O.ooOo3 
o.Oo0 IO 
o.Ooo10 
0.000 10 
0.00103 
0.00069 
0.00065 
0.001 30 
0.00134 
0.00 I 54 
0.00284 
0.00147 
0.00305 
0.00329 
0.00329 
0.00373 
0.00264 
0.00370 
0.0 1 576 
0.00695 
0.00490 
0.00414 
0.00486 
0.00240 
0.0027 1 
0.00253 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
o.Ooo5 I 
0.00034 
0.00058 
0.00319 

0.00202 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.00202 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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.0551-~.0289.0394.0554.029.071L05%.0625.0363.03M.04620713.6838.0914.0552 DIRFl 

1.142WI I .424 1338 I .239 1.244 I .3W I .3 14 1.237 1.3 I I 1.398 1.271 1.38S1.3621.211 I .3 I I 
1.341 1~~51.5061.4981.5UI .692 1.6681 -6301.569 1.7581.701 1.691 1.4681.521 1561 1.400 
2~~~12St9~082697267326362714282329~3.03~.0382~~~264l2404 RAVSPD 
291 l2fiO623 15235323 I7274329433.0892.8763.W63.4l73.~3.6'103.6733.4573.5 I 1 
282Pfo32.7 152678262827 1 12.9003.1 163,I603.5833.1473.0553.3313.1433.0122.929 
13181.~122012061. I53 1.23 I 1.2191.3661.41 5 1.361 1.3291.3621.34l1.3241.3731.267 
1.~1.8821.9331 .E49 I .736 1.743 I .a I31.8231.7341.8 l9l.909l.774l.897l.873l.7021.8 19 
219Pl7423842.3752.45525532.5082.46l 2433268325912609236024542.4582.228 
3.49U.~335093.4633.5893.7153.6753.6513.7513.8774.0494.1353.9993.8243.7503.575 TAVSPD 
4.4274.0903.5803.4763.3933.8984. I0%.32O4. I I74.5474.9895.5955.5 1952424.82 14.798 
299128~28412.78627102.8353.0933.35l3.3983.8003.3~3.28l3.5733.3803.23l3.130 
1.71 115261.7131.695 I .624 I .726 I .7111.877 I .925 1.8721.839l.8731.8511.834l.885 1.770 

0.0096 0.0934 0.1313 0.4246 0.1641 0.1770 
0.0150 0.1424 0.1129 0.4392 0.1424 0.1481 
0.0246 0.1411 0.1466 0.4032 0.1407 0.1438 
O.OlO9 0.1510 0.1868 0.4098 0.1115 0.1300 
0.0099 0.1170 0.1781 0.4709 0.1112 0.1130 
0.0107 0.0913 0.1606 0.5197 0.1067 0.1111 
0.0117 0.1012 0.1422 0.5578 0.0913 0.0958 

. . .  0.0104 0.0800 0.1244 0.5526 0.1068 0.1218 
0.0102 0.0917 0.1421 0.4588 0.1341 0.1632 
0.0099 0.0925 0.1559 0.4440 0.1457 0.1520 
0.020% 0.1305 0.2072 0.3884 0.1072 0.1459 
0.0089 0.0811 0.1649 0.3761 0.1211 0.2479 
0.0081 0.0688 0.1434 0.3956 0.1510 0.2330 
O.OO80 0.0654 0.1465 0.3560 0.1547 0.2694 
0.0062 0.0619 0.1428 0.3929 0.1627 0.2335 
0.0065 0.0739 0.1208 0.4447 0.1552 0.1989 

'DIRFRQ 0 wind direction frequency (I6 directions); RAVSRD = reciprocal-averaged wir 

. . . . . . . . . . . .  . . .  . . .  . . . . .  . .  
. .  

. .  
. .  

. .  

speeds (6 stability categories. 16 directions); TAVSPD = true-averaged wind specds (6 stabil 
categoria. 16 directions); !XBFRQ 0 frquencies for u c b  direction (6 stability categories. l b  
directions). 

. . .  . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . . . . . .  . .  ..:. . . . . . . . .  . . .  . .  . .  . . .  . .  
' 

STBFRQ 
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code A reads 576 values from 96 cards. Code A also must manipulate the fre- 
quencies to calculate values for variables analogous to DIRFRQ, RAVSPD, 
TAVSPD, and SIgFRQ in code B. However, in terms of human time, code A 

from a STAR data set and then input to the code; the time required to calcu- 
late the values of the four variables in Table 13.3 by hand probably approaches 
one hour. Such a practice not only wastes staff time but also tends to introduce 
error into the input data set. The amount of computer time and money saved 
by such an input structure is small compared to the costs of having someone 
modify the STAR data set outside the computer. This example demonstrates 
that because computer time is inexpensive, it should be u t i l i  whenever possi- 
ble to lessen the potential for human error in operation of computer codes. 

is much more efficient. The variables read in by code B were hand calculated I > 
# 
I 

133.4 Mode of Code Operatioa 

There are likely to be only two choices for the mode in which a code 
operates: conversational or batch. Both modes have distinct advantages. 

'onversational codes prompt the user via statements in English (or other 
I. ..an language) written by the code onto a screen. In response to these 
prompts, the user supplies some necessary instructions or data. Table 13.4 
reproducts part of a typical conversation between user and computer for a 
code calculating doses from radioactively contaminated drinking water. 

The conversation presented in Table 13.4 illustrates some of the reasons 
why conversational codes arc popular. For one thing, the code uscs readily 
understandable phrases. For relatively uninitiated users, this is comforting. 
Data input, via response to the queries, may be accompliihed by typing 
directly into a terminal, in some cases without concern for formatting the 
responses. In the illustrated conversation, the input formats for required infor- 
mation are indicated in the queries (e.g., E9.2, A5). 

Drawbacks of the conversational mode are several. First, a conversational 
code for solving a problem probably uses more core storage space; and time of 
execution is longer because of the query statements. This is clear when one con- 
siders a conversational code as a program within a program. The problem- 
solving code might be similar for either the batch or conversational mode. In 
the latter case, the problem-solving portion is augmented by the prompting por- 
tion of the code, which assists with input/output decisions This is illustrated by 
Table 13.5, which has sections from both a batch code and a conversational 
code to accomplish the same simple task. Both arc written in FORTRAN. No 
job control language is included for either. The number of statements necessary 
to achieve the same outcome (inputting X and Y and adding to calculate 2) is 
much greater with the conversational code. In more complicated problems, the 
difference in length ktwccn the two styles is even greater. 

drawback of some conversational codes is the neccsSity to repeat 
th. m e  queries for each run of the code. Well-writtea conversational codes 

-._... ... 
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ENTER RELEASE IDENTIFICATION INFORMATION (14AS) 

ENTER NUMBER (IS) OF NUCLIDES (20 MAX) 

ENTER NUCLIDE NAMES (A6 RIGHT JUSTIFIED) 

TEST CASE FOR MISSISSIPPI 

4 

H-3 
SR-90 
CS- 1 34 
PU-239 

5.6E-11 
3.SE-10 
7.4E- IO 

ENTER INDIVIDUAL NUCLIDE RELEASE RATES (E9.2). MICROCURIES/CC 

2.2E-10 
ENTER FRACTION O F  YEAR PERSON SUBMERGED IN WATER (E9.2) 

0.25 
WISH T O  MODIIT DRINKING WATER INTAKE RATE? 
ENTER Y FOR YES AND N FOR NO (AS) 

ENTER NEW DRINKING WATER INTAKE RATE (E9.2, LITER/DAY) 

FRESHWATER OR MARINE BIOACCUMULATION FACTORS? 
ENTER F OR M (AS) 

WISH TO MODIFY INGESTION RATE? 
ENTER Y FOR YES AND N FOR NO (AS) 

ENTER NEW INGESTION RATE (E9.2, G/DAY) 

ANY OTHER CHANGES? 
ENTER Y FOR YES AND N FOR NO 

READY TO MAKE CALCULATIONS 

Y 

1.5 

M 

Y 

450. 

N 

. . .  . .  
i.'. .:, . .: ......................................... ............... ............................. . . . . . . .  ........ ,::: .:.:.: ................. . . .  ............. .:.: .............. . . . . . . . .  ........... . . . . . . .  ..: . . . .  . .  . .  
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001 
002 
003 
00) 
005 
006 
007 
008 
009 
010 
01 I 
012 
013 106 
014 108 
015 110 

016 111 
017 112 
r 113 

bar  116 
020 118 
021 120 
022 124 

001 
002 
003 
00) 

005 
006 
007 108 
008 118 
009 112 
010 124 

-th.l M M  
TYPE 106 

TYPE 116 
ACCEPT II8.N 
TYPE 120 
ACCEPT IlII.(IN(I)J- 1.N) 
TYPE 110 
ACCEPT I If(CI(1)J = 1.N) 
TYPE 111 
ACCEPT I 1 2  Fy 

ACCEPT 1 0 8 ~ ~ 1 ~ 1 - 1 . 1 4 )  

TYPE 113 
ACCEpll24,AANS 
FORMAT (5X. ‘ENTER R U M S E  IDENTIFICATION INFORMATION (I4AS)’) 
FORMAT (14AS) 
FORMAT (SX, ‘ENTER INDIVIDUAL RADIONUCLIDE RELEASES (E9.2) IN . .’ 
&MICROCURIES/CM**Y) w#t+&saa.-m--i---- 
FORMAT (5X. ‘ENTER FRACTION OF YEAR SUBMERGED IN WATEll (E9.2)’) 
FORMAT (E9.2) 
FORMAT (5X. ‘WISH TO MODIFY DRINKING WATER INTAKE RATE?’./ 
&5X. ‘ENTER Y FOR YES OR N FOR NO (AS)’) 
FORMAT (5X. ‘ENTER NUMBER (IS) OF NUCLIDES (20 MAX)’) 
FORMAT (IS) 
FORMAT (SX. ‘ENTER NUCLIDE I.D. NUMBERS (IS)’) 
FORMAT (A51 

Batch Method 
READ (5,108) ( l I lL~1) ,1 - l . l 4 )  
READ (5.1 18) N 
READ (5.1 18) (IN(I).I-1.N) 
READ (5.1 12) (CI(l),I= 1.N) 
READ (5.1 12) W 
READ (5.124) M N S  
FORMAT (14AS) 
FORMAT (IS) 
FORMAT (E9.2) 
FORMAT (AS) 

. .  

.. . . .  

allow the user to request queries for only the variables that must be changed 
for that specific run. Such codes must include a default database that supplies 
the necessary data to solve the problem or must have in memory the data input 
for the previous run. 

Regardless of how many queries must be answered during cach run, the 
user of a conversational code may be r e q u i d  to wait for the final solution of 
the problem before changing conditions and running another problem. While 
this practice may not result in a large amount of wasted human t h e  for each 
code run, it may be significant if numerous runs in c o n e d  mode an 
re‘ d 
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Io some applications, codes may be run many times to estimate the relative 
importance to some output quantity by varying the values of chosen hp+ 
parameters. In such situations, a code that operates in a batch mode may 
more appropriate than a conversational onc Batch jobs may be run as often as 
the d e  can be read into the computer; thenfore, many jobs may be submit- 
ted io a relatively short time. Long computer pro%ams that are run strictly in 
the batch mode may be unwieldy. however. 'fhs is cspecialy true if the com- 
plete code source deck must be read into the Computer as cards for each run of 
the d e .  Most substantial computer systems allow storage and referencing of 
the compiled source codes on disks or tapes. This method permits quicker 
resubmittal because only the data deck and a few job control cards need be 
input for each use of the code. 

A common mode of operation at large institutions is the use of interactive 
job submittal. This method combines some of the desirable characteristics of 
both conversational and batch modes. An interactive system allows data and 
code manipulation by a computer to prepare a code to be run on the same or a 
more powerful computer. In this scheme, modifications via some editing system 
are done electronically as card images that are then forwarded to the larger 
computer for execution of the code. Such a method overcomes many of the 
drawbacks of either conversational or batch jobs but may be more intimidating 
than either mode to users unfamiliar with large computer systems. 

... 

133.5 Documentation 

Documentation is one of the most important but least appreciated aspects 
of developing and using an cnvironrnental transport d e .  It is worse than 
worthless if wrong but precious if correct. Documentation can help the user to 
operate an environmental assessment code successfully. Documentation ma' 
also prevent or hinder the use of a code. Because it is tedious and troublesom 
documentation of a code is less interesting than programming; but useful docu- 
mentation is no less a challenge than useful programming. ..-*-&.>-em -.*...-: 

This section describes some characteristics of good documentation and 
some of the forms it may take. Documentation should include a well-organized 
d e  structure, well-named variables, comments within the code, and an exter- 
nal report or user's manual. 

At the outset of any discussion of documentation, it should be said that the 
only reliable description of the code is the code itself. This may seem to be an 
obvious point, but code users often forget that the documentation of a code 
may not be accurate. Discovering this fact may be very painful and time con- 
suming. 

Feetures of the code that may be helpful in furthering understanding are a 
wellsrganized code structure and meaningful variable names. Defining a well- 
organized structure is probably as difficult as programming one. Many users 
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fmd that a so-called "modular" code is relatively easy to understand. It consists 
of a relatively short main program that calls numerous specifirr-purpose s u b  
routines. In such a scheme, all input statements arc grouped into a sin@ sub- 
routine, 8s are output statements. Particular algorithms, equations, or subrou- 
tines may be replaced or updated fairly simply. The antithesis of a modular 
code would be a program having no subroutines and with input and output 
functions widely spaced throughout the code. Not all codes, particularly short 
codes, lend themselves to modular construction; but to the extent feasible, 
grouping input, output, and format statements will help make the code easier 
to understand and use. .. 

Thoughtfully chosen variable names arc another form of documentation 
that can case the user's burden. Variable names that have some connotative 
meaning arc better than names that do not. For instance, an atmospheric 
dispersion code might calculate the value of the annual-average dispersion 
coefficient x/Q. If the statement is written 2 - Y/X, little or no information 
is conveyed except that a new variable is being defined. If, however, the state- 
ment CHIQ - CHI/Q appears, the reader not only knows that CHIQ is 
King calculated, but also that information about the use of CHIQ is conveyed 
by the name. 

One caveat: the ability of the programmer to create connotative variable 
names is limited by the length of name the language allows. Older forms of 
BASIC allow only twodigit variable names from A1 through 29. PASCAL 
allows variable names as long as 32 characters, while FORTRAN may allow 6 
or more depending on the implementation. 

Another valuable form of code documentation is internal comment cards. 
Comments are nonprogram statements within the code that allow insation of 
English wording for descriptive purposes. An example of valuable commenting 
is given in Table 13.6. The sample code is well-commented, and for many cal- 
culations the sources of the equations arc identified. Unit conversions ue also 
indicated. In this sample, the variable names are frequently connotative of the 
quantity k i n g  calculated, and they mimic the names used in the original 
model. Although this and most jnternal documentation can probably be 
improved, the sample in Table 13.6 gives several examples of good documenta- 
tion. For a more detailed discussion of comments and internal documentation, 
see Chapter 8 of Kernighan and Plaugcr (1978). 

Most code users probably associate documentation with a user's manual 
rather than with internal code comments. For many environmental assessment 
programs, the user's manual may be more important than the internal com- 
ments in understanding code operation. Although earlier comments about 
accuracy of documentation still apply, many environmental transport codes an 
large and diverse enough that they arc wry difficult to use without an external 
document to support the p r o p .  As a result, mast of the codes listed io large 
compndia of environmental transport programs such as Mosier et al. (1980) 
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~ 

c CALCULATE MLKDOSJ)=A"UAL DOSE TO ORGAN J FROM INGESTION OF 
c RADIONUCLIDES IN MILK USING EQ C-13. REG GUIDE 1.10!3-28. 
C 

IF ( I  1.NELO.AND.W lJ).NEO.) D4=FlM+F2MYMAGCON(I)/ 
1 (OCON(I,NO.NR)+RANA'GCI)) 
IF (I 1.NE.O.AND.REU I.I).NEO.) D3-FlB+F2B*(BAGCON(I)/ 

2 (GCON(I.NO.NR)+RATUA%CI)) 
MLKDOS(J)- DFIJ*UM*CIM*DI 

C 
C THE NRC MODEL GIVES DOSS IN MREM/YR. TO CONVERT TO REM/YR. 
C MULTIPLY BY 0.001 
C 

C 
C CALCULATE CIF-NUCLIDE CONCENTRATION IN MEAT USING EQ C-12, 
C REG GUIDE 1.109 
C 

C 
C CALCULATE BEFDOS(J)=ANNUAL DOSE TO ORGAN J FROM INGESTION OF 
C RADIONUCLIDE I IN MEAT. (REG GUIDE 1.109-28, EQ C-13) 
C 

MLKDOS( J)= MLKDOS(J~.WI 

CIF- FSUBFI*CIV*QSUBPD(P(-UMRRISUBS) 

BEFDOS(J)- D F I J W P C I P D 3  
BEFDoS(J)- BEFDOS(J)*.001 

C 
C CALCULATE ClVP-CONCENTRATION OF RADIONUCLIDE IN PRODUCE CONSUMED 
C BY MAN. USE PARAMETERS FOR CROP/VEGFTATlON-MAN PATHWAY, AND 
.C USE TSUBB FOR P R O D U E  
C 

TSUBE=TSUBU 
YSUBV-YSUBV2 
lSUBH=TSUBHJ 
BSUBV - BSUBV2 
DR-DDI 
MODE- I 
CALL RVALUUIFLAG.MODE.1.NO.NR.R) 
CIVP =CV( I,UMI.DEPIUT,~RU.TsUB~YSUBV.TsUBH,R 1 

and Owen et al. (1979) have not been used outside their founding institutions 
i n  many cases, this is because they were poorly documented. 

The best external documentation reports, or users's manuals, contain at leas 
the following: theory of the model(s) used within the code, description of cod( 
structure, necessary job control language, a sample problem, and a code listing 
Each of these is discussed briefly below. 

The user's manual can explain the theory of model development anc 
describe the selected equations better than internal commenting because thc 
amount of internal commenting is limited, in a practical sense, to some frac 
tion of the total code length. In contrast, the user*s manual may trace thc 
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development of each model coded and may identify spec% subroutines or code 
OectiOns ‘as solving particular models. While the derivation of each code equa- 
tion need not b2 included in the user’s manual, enough information should be 
presented so that the reader understands what assumptions were made and 
why equations are included in the program. 

The uscr*s manual should also include a description of the structure of the 
program. If the code contains numerous subroutines, a table indicating which 
subroutines call each other and what variable quantities are calculated may be 
useful. A diagram that describes flow of information throughout the program 
may serve the same purpose. A discussion of the pwpose and intended use of 
the code will be valuable to potential code USCK who are examining a prosram. 
It is also important that the structure of the input data file be clearly described 
in the user’s manual. Examples of a format for describing input data are shown 
in Tables 13.7a and 13.7b. These two tables define the necessary variables for 
code operation and describe their placement within the input data deck. The 
information may be prcsented in a single large table or several smaller ones. It 
is paramount that the necessary data and their formats be identified for the 
-wr .  

Manuals for codes developed at one institution for purposes of dissemina- 
tion should have a description of the necessary job control language (JCL) and 
characteristic operating parameters. While the same JCL may not apply at 
another institution with the same or another type of computer, a JCL listing 
and description of its purpose will assist new users to installing the d e  on 
their computer system. A tabulation of characteristic core site requirements 
and run times may caution a user attempting to install too large a program 
and subsequently spending time and money in vain. 

An extremely important part of any code manual is the sample problem. 
Briefly, a sample problem is an example run of the program, including the 
input data and the resultant output from the code. The sample problem serves 
two purposes. First, by examining the sample problem, a potential user can 
begin to grasp how the code operates and what its products may be. In the 
case of a conversational code, the sample problem may take the form of an 
example session between user and computer, complete with prompting state- 
ments and responses. Second, a d  more valuable, the sample problem functions 
as the check of code operations. If the user’s code can generate the same out- 
put after reading the same input data, the program is working correctly. Two 
caveats should be mentioned: (1) Many environmental assessment codes con- 
taia several optional methods of calculation. In such a case, it is probably not 
feasible to include sample probkms for each option. (2) As with the rest of the 
documentation, the sample problem is a potential source of error. If the author 
of the code attends to detail, the example problem can be very useful. How- 
wer, if for mme reason the example contains input or output for an incorrect -- another version of the code, the illustration wil l  be of little value. 

*- . .e*.- 
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Tabk 13.7a. Example of inpt pucwla iddtiaas 

Number 

values 
Nunc of Dezinitian UI,. 

NOL 1 
NOU 1 
NRL 1 
NRU 1 
PR 7 
XDIST 20 
LIDAI (L) 1 
RR 1 
TA 1 
TG 3 

PERD 16 

Lower grid limit (abscissa) 
Upper grid limit (8brcipa) 
L o m r  grid limit (onbate) 
Upper grid limit (ordinate) 
Specific plume rise for each P.oquin category m 
Distances from plant to be used with circular option m 
Height of lid m 
Rainfall rate in area W Y  
Avenge air temperature in area 
Vertical temperature gradient for 'K/m 
Pasquill categories E, F. and G 
Wind direction froqueacy (16 dirrctions) 

"K 

. . . . . . . . . . . . . . . . . . .  :. . . . . . .  . . . . .  . . . . . . . . . .  ...-,....: . .  . .  . . . . . . . .  . < ' . .  1'. . . .  . . . . . . . .  . . . . . .  . . . . . . . .  . . .  . .  

.. .. 

*.*)Pi:>*. ..... .-... Is .---ut -...* 

. . . . . . . . . . . . . . . . . . . . .  . :..:..-. . . . . . . . . . . . . . .  . . ; . * ; , : :  .......... . . .  . .  . -L;. . . .  '.:.:, ;;.. 

Parameters 
Number Number 

values cards 
of of Data type Format 

NOL, NOU. NRL, NRU 1 for each parameter 1 Integer 8110 
PR 7 I Fixed point 8FlC 
IDlST 20 3 Integer 8110 
LIDAl 1 1 Integer 8110 
RR. TA. TG 1 for RR 1 Fixed point 8F10.0 

1 for TA. 
3 for TG 

PERD 16 1 Fixed point 16FS.0 

Although somewhat bulky in the cast of large codes, a complete program 
lis- is often useful when placed in the user's manual. The listing may serve 
two primary purposes. First, because the code itself is the ultimate documenta- 
tion, the listing will help to resolve any discrepancies or inaccuracies in the 
program description. Second, rather than transmit the program to other users 
via tape. disk, or cards, the code may be keypunched from the listing. In the 
-*of large codes, this is not likely to be a satisfying method of transmittal 
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and will probably generate errors. Nevertheless, the listing may be of value. To 
save printing costs and paper, manuals for large assessment codes may include 
the code listing on microfiche, which arc useful but less accessible than the 
printed page. 

13.4 VERIFICATION AND VALIDATION 
Very few terms in modeling spark as much debate as validation and verifi- 

cation. Although there seems to be no commonly accepted definition of the two 
words, there is agreement that both are important. The relationships may be 
clarified by examining Fig. 13.2. 

ORNL-DWC 82.14028 

, 

'fi--Ti MODEL PROGRAMMING COMPUTER 

SOLUTION CODE OPERATION FI ;/-/ /-I 
Figure 13.2. Relationship between model validation and code verification. 

We begin with a model. The model can be uscd (solved) to generate predic- 
tions of some phenomenon of interest. If the model is reasonable and if we 
have appropriate input information, the model's predictions may adequately 
simulate reality. The process of comparing model predictions with reality is 
often considered model validation. When a model bas been shown to produce 
reasonable results, it may be termed validated. Unfortunately, the determina- 
tion of what are reasonable results variu from person to person and from on; 
situation to another. 

Particularly with environmental tansport models, validation is probably a 
continuous process because of the variety of applications. For instance, results 
of the Gaussian plume model have been compared with field observations of 
several well-instrumented, flat situ with relatively simple meteorology. These 
comparisons indicate that the model often predicts the correct air concentra- 
'om within a factor of 2. For many us- such a result means that the Gaus- 

\ 
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sian plume model has been validated. Howcver, for other cases. the model ma) 
not be considered to be either useful or validated. 

Validation should not be confused with calibration, which may alsc, 
known as 'tuning" of the model. When calibrating a model, the researcher will 
make predictions and compare them with field data, then adjust the model and 
again compare the predictions with field data. This is a useful process for a 
model that will be used repeatedly for the same site or situation, but beyond 
the first model run, calibration may not provide useful information for other 
sites or applications. 

But how docs validation relate to verification? Refemng back to Fig. 13.2. 
we sce that a model may be translated into a computer code. The resulting 
d e ,  when exccutcd, should provide prediaions that are similar to the model 
predictions. A code may be seen to k verifd if, given the same inputs as the 
model, it produces the same predictions. Verification, then, simply indicates 
whether or not the code mimics the model, but has nothing to do with compar- 
ison to the real world. Therefore, verification and validation are not necessarily 
related. If a code is verified and the model on which it is based is validated, 
then the code should make reasonable predictions of reality. Lack of either val- 
idation or verification may render a code uscless. 

Verification may seem at first glance to be a relatively simple process. For 
some codes, especially thosc which are deterministic and analytic in nature, 
verification is merely a matter of time and effort. Using a hand calculator, one 
makes all the calculations that are made by the code. If the hand calculation 
gives the same results for the same inputs as the code. the code would be veri- 
fied. 

There are complicating factors, however. First, most hand calculators carry 
only about IO decimal places, while many computers carry 16 or more. Ir 
calculation, this difference in capability may noticeably affect the result of 
hand calculation. It  may help, when performing a verifying hand calculation, 
to use inputs that will result, if possible, in simple solutions. 

The process of verifying that a code reproduces a model is more difficult 
when dealing with a model that is probabilistic or numerical. Probabilistic (or 

-..mu . **.:-*XI -.- . -** 

stochastic) codes arc thost that make choiccs of paths to follow or results to be 
calculated b a d  on random choices within some statistical distribution, such as 
the normal distribution. Figure 13.3 compares the operation of a deterministic 
code with that of a probabilistic code and is based on the simple model z = x 
+ Y-  

When using the deterministic code. one simply chooses values of x and y, 
and the code calculates a single output value of P. In a probabilistic code, the 
user chooses control parameters that specify the distribution of each variable 
(e.g., mean value and variance). The code then 'samples" the distribution (of x 
and y) n times to generate a distribution of z. Using a calculator, the user can 

- *  . . (  
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" ORNL-DWG 82-14026 

DETERMINISTIC CODE PROBABILI~TIC CODE 

SINGLE VALUE OF EACH 
INPUT PARAMETER x, y ... 

OPERATION 

OUTPUT 

SINGLE VALUE OF 
EACH OUTPUT 

QUANTITY 
z - x + y  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

VALUES TO DEFINE 
PARAMETER 

DISTRIBUTION f 
INPUT 1 

CODE OPERATION 
PARAMETER x 

OUTPUT 

v 
DISTRIBUTION OF VALUES 

O F z = y + x  

Figure 13.3. Comparison of a detnminirtic axle and a m b h t i c  code. 
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verify that a deterministic code operates c o d y ,  but it is difficult for 
hand calculation to reproduce the choices that a probabilistic code r 
malrc. Therefore, such a d e  might be verified in separate parts, with a. 
thc analytic sections reproduced by hand calculation. Tbe probabilistic a s p  
of the code could then be assumed to be v e r i f i i  this is a reasonable assum] 
tioS especially if the probabilistic subroutines or algorithms arc from soxr 
reputable program library. 

When a code contains numeric, as opposed to analytic, algorithms, verific; 
tion must procecd much as for a stochastic d e .  codes often contain a fe 
special-purposc numeric sections, such as solving ao integral, but may remai 
.largely analytic. Verification of each part of the code could then prooet 
scparately, with the numeric portions being verified by the original author c 
assumed verified after examination. 

As one might expect, verification, though time consuming and tedious, i 
still more achievable than validation because validation deals with the modc 
and verification deals with the code. While the code may be verified by corn 
paring its predictions with those produced by the model. the model may on1 
be validated by comparing its predictions with reality. This means one mus 
either design and perform experiments to estimate a predictable quantity, o 
usc the results of previous experiments for validation. Such experimental dati 
are few in number, particularly for environmental transport models. Havinj 
found such suitable data and compared them with model output, one must stil 
be aware that the model is not validated for other applications. Only afte 
repeated validating exercises in various circumstances should a model br 
termed validated. 

13.5 SOURCES OF CODES 
There are two ways to obtain a computer code for a particular applicatic. 

First. one can write it, in which case one may be more or less interested i r  
some of the previous topics. In particular, the author of a code will need t( 
decide which of the many available models is best suited to the problem. Ques 
tions of documentation, verification, and validation will need to be addressed 
as well as appropriate tailoring of the output. 

The second alternative is to use a code designed and published by somtonc 
ek. There are hundreds of such codes designed for various environmenta 
assessment applications. This section briefly describes the sources of informa. 
tion about environmental transport and sources of the codes themselves. 

Information about the numerous environmental transport codes can be 
found in several documents published in recent years. Reports by Owen et al. 
(1979) and Mosier et al. (1980) are examples of compendia published with 
particular goals in mind (i.e., environmental impact and low-level radioactive 
waste management respectively). The report by Owen et al. lists information i n  
up to 31 different categories for each of 821 models. Information categorie: 
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include the model title and acronym; the name, address, organization, and tele- 
i phone number of the contact person; and selected information about computer- 

izatim. A complete list of information categories listed by Owen et al. (1979) 
is shown in Table 13.8. Owen et al. also include indices for contact persons, 
titles, model acronyms, and keywords to assist their readers to locate suitable 
codes. Additionally, the models are grouped into 15 categories of subjects, 
including atmospheric transport, aquatic transport. soil transport, and food 
chains. 

The report by Mosier et al. (1980) is, in some respects, similar to that by 
Owen et al. but includes far fewer codes and less information for each code. 
Many of the programs listed by Mosier et al. are also included in the report by 
Owen et al., but a few arc not. Information fields given for each code arc the 
model name or acronym, its purpose, a short description, a contact person, and 

Tabk 13.R Data li& med by Owen et d. (1979) 
to d d k  en*itoowot.l impact apoddc 

<CONT> 
(TITLE> 
<ACRO> 
<ADDR> 
<CITY> 
<STATE> 
<ZIP> 
<COUNTRY> 
<PHONE, 
<SOURCE> 
<Doc, 
<SUB> 
<AB- 
<GEO> 
( I I M D  
<STATUS> 
<MEDIA7 
<SIZE> 
<COMP> 
<CONFIG> 
CLANG> 
<CHAR> 
<ALGO> 
<CLAS> 
<APPL> 
<USERS> 
<SMD> 
<MVAL> 
<COM> 
CUPDATE, 

Contact person for questions conarning model 
Name of model or title of model documentation 
Acronym of model 
Contact person's mailing address and organizational aftiliation 
City where organization is located 
State where organization is located 
Zip code of organization 
Country where organization is iocoted 
Telephone number of contact person 
Name of person or institution from which documcnution is available 
Bibliographic citation of documentation or ref- dating to model 
Brief statement of,pnerai subject awerage d model 
Brief description of model 
Geographical area to which model applies 
Time span of data utilized 
Status of model 
Type of media employed 
indication of size of model 
Abbreviation of computer manufacturer 
Minimum hardware configuration necessary to execute model 
Software language oi data basc management r y n ~ m  utilized by the model 
Character set used by model 
Gama1 statement of algorithms, computatiod -hods, or lheories used 
Descriptive model classifications 
G m d  problem area to which model u11 k applicd 
Organizations using model ( 1979) 
s W r a ( s )  of data u t i l i  by model 
Model validation methods, sensitivity analysis, or Osha related procedures 
Additional comments not stated a h  
~ I C  information was input last enteral 
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references for the d e .  Codes arc listed in the following categories: groundwa- 
ter transport, soil transport, surfaa water transport, and other low-level wa: 
models. 

Several other published reports either compile, review, or tabulate codes 
designed for a particular pllrpost. Winton (1969, 1971, and 1974) compiled 
d e s  for d d i g  with analyses of nuclear accidents; howmr, very few of the 
programs compiled by Winton include environmental transport or dosimetry of 
radionuclides 

Strengc, Watson, and Droppo (1976) published a more detailed review of 
32 dosimetry and environmental transport codes, most of which were designed 
for atmospheric rtlease simulations. For each code surveyed, the language, 
computer of origin, pathways of transport, and exposure modes were tabulated. 
Further, operating experienCe for each acquired code was described briefly, 
with special notation for potential problem areas. 

Hoffman et aL (1977) published a compilation of 83 computer codes for 
assessment of radiological consequences of discharge from nuclear facilities. 
This compendium listed models of atmospheric transport, surface water tran- 
sport, and food chain transfer. Computer characteristics and an evaluation of 
the status of code documentation were included for each program listed. The 
processes for which calculations were made were also listed for each code. 

Onishi et al. (1981) authored a critical review of about 70 surface water 
transport codes. The models they reviewed included processes for dissolved pol- 
lutant transport, sediment transport, water quality, and radionuclide 
adsorption/desorption processes. The level of detail of this work is much 
greater than that found in the other reviews mentioned above. The report 
investigates not only the models, but also the information necessary to support 
and establish the parameters for the codes; in particular, data that influcnc 
the estimation of adsorption/desorption mechanisms and the distribution coet. 
ficient &,+are reviewed in detail. 

Other reviews and compilations of transport models have also been pub- 
lished. A bibliography of such reports is included in Appendix A of this 
chapter. 

In addition to published sources of information about existing codes, there 
are several formalized, institutional sources of codes, code documentation, or 
code descriptions. The International Clearinghouse for Groundwater Models, 
which is housed at the Holmxnb Research Institute on the campus of Butler 
University. Indianapolis, Indiana, provides facilities for holding seminars and 
workshops, furnishes consulting Services, and maintains a Model Annotation 
Retrieval Service (MARS). The MARS system indexes nearly 400 groundwa- 
ter models by such characteristics as aquifer conditions, fluid conditions, model 
processes, solution technique, geometry, etc. Output from MARS to a reques- 
tor includes a description of all models that meet the requestor's needs and the 
address of a custodian of the code. A full address of the clearinghouse is 
included in Appendix B of this chapter. 

. .  
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Two other excellent murccs of both codes and documentation are the 
National Energy Software Center (NESC) located at Argonne National 
Laboratory, Argonne, Illinois, and the Radiation Shielding Information Center 
(RSIC), located at Oak Ridge National Laboratory, Oak Ridge, Tennessee. In 
contrast to the information provided by MARS, both NESC and RSIC provide 
not only information on available codes but also full documentation and copies 
of the code murce deck or code tapes. 

The RSIC was established in 1962 by the US. Atomic Energy Cammission 
to collect and maintain radiation shielding codes. The NESC was established 
to handle all other types of codes, including environmental transport code. In 
recent years, RSIC, supported by the U.S. Department of Energy (DOE), US. 
Defense Nuclear Agency, and the US. Nuclear Regulatory commission 
(NRC), has expanded its scope to include environmental transport, resulting in 
an overlap between tbe code inventories of the two centers. 

users. A potential user should contact the centers listed in Appendix B of this 
chapter for detailed information about using their services. The potential user 
can request a listing of the available codes and hopefully find a code that 
meets his/her needs. If a suitable code is found, the software package can be 
requested that includes all the elements nccess~~y to usc the software or to 
implement the code on a computer. The software package includes both docu- 
mentation and the source code on some computer medium such as cards or 
tape. An important difference between NESC and RSIC is that the latter will 
provide codes to virtually any user, private or public, for DO fee. although a 
requestor is asked to provide a tape on which the code can be written. NESC 
charges a subscription fee for nongovernment agencies and for writing the 
tapes and preparing the package, with costs varying from paJFagc to package. 

Services provided by RSIC include: ( 1 ) a monthly newslum, (2) packaging 
and distribution of digital computer coda; (3) packaging and distribution of 
computer-readable data libraries useful for radiation transport calculations; (4) 
specific literature searches of the RSIC information retrieval system; (5) publi- 
cation of reports on &a1 topics; and ( 6 )  sponsorship of seminars or 
workshops related to computer coda or other topics. 

NESC, supported by both DOE and NRC, provides many of the same ser- 
vices as RSIC, but the scope of software dealt with by NESC is larger than 
that handled by RSIC. Both centers check their code packages before distribu- 
tion to make oertain that they operate as described by the documentation. 
NESC may ako summarize existing software not included in their collcctior~ or 
may assist a user in obtaining a needed code from wmmcrcial murcc~ More 
detailed information on both centers may be obtained by contacting thest 
mnters (SCC ~ppendu B of this chapter for addresses). 

$dL%MP>- -e In general, NESC and RSIC work in the same manner to supply codes to 6- 
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13.6 PATHWAYS OR PROCESSES MODELED BY 
SELEmED CODES 

Four major types of d e s  may be found in the environmental assessment 
Literature: atmospheric transport d e s ,  surface water ttansport codes, ground- 
water codts. and food chain codes. In existing programs, there are numerous 
combmations of thest four types of coda Additionally, a few d e s  include all 
of thcsc pathways of transport to humans Tbt following four sections will 
examine the types of pathways one might expect to find in each of thesc four 
types of codes. Examples of each type are given so that interested readers may 
acquire and examine the programs. This listing is neither exhaustive nor an 
endorsemeot of the tabulated d e s  but merely stntes as an example of the 
variety of codes and pathway combinations available. 

13.6.1 Atmospheric Transport 

Published codes for atmospheric transport calculations usually are imple- 
mentations of one of three types of dispersion models: Gaussian plume model, 
trajectory model, or particle-in-cell model. Of the three, the Gaussian plume 
model is by far the most common bccausc of its simplicity, relative ease of 
implementation, and relatively small input data requirements. Each of these 
three is implemented by a t  least one code listed in Table 13.9. 

Regardless of the model used to estimate transport of materials in air from 
a source to some receptor, there are proccsscs besides dispersion that may be of 
importance in given situations to which the programs are applied. If particulate 
materials are contained in the effluent releases (source term), the effect of 
deposition may be accounted for in the code. Deposition refers to the 
accelerated accumulation of suspended materials onto receptor surfaces as 
result of gravity, etc; and it is often accounted for by using a deposition velo 
city or fractional rate. Deposition may be either wet or dry, and separate com- 
putational schemes are used for each type. 

O n e  material has been deposited onto a receptor surface such as the 
ground, it may be resuspended by turbulent air and be redeposited further 
downwiod. Although this may be an important mode of transport, particularly 
of materials that attach to soil particles in arid climates, few atmospheric tran- 
sport codes include resuspension computations. This is not surprising given the 
high sitespecificity of the proccss and empirical nature of most of the existing 
models of resuspension (Anspaugh et al. 1975; Healy 1980; Hcaly 198 1). 

Two other attributes to consider in programs of atmospheric transport are 
the type of grid and the downwind range. Either a Cartesian or a polar grid is 
employed in codes of atmospheric dispersion; both may be available, and the 
choice of which grid to employ is left to the code user. The range of downwind 
distancc may also influence which code is used for a given application. Many 
codes arc intended for use at distances of 100 km or less, although-the dis- 
tances may be changed by the user. Codes of the Gaussian plume modcl prob- 
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Table 13.9. A listing of atmospheric transport codes and their charactaistia 
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FORTRAN 
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CDC 
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ably fall into this category. Codes that incorporate other models, such as a 
long-term trajectory or partide-in-all models, would be more suitable tc 
regional applications. 

Some atmospheric coda include external dosimetry calculations from 
immersion in contaminated air or exposure to contaminated surfaces. For air 
exposures to beta radiation. vittually all existing codes consider the contam- 
inant cloud to be infmite or semi-infiniae; many codes assume the doud to be 
finite for photon doses. coda that include ground exposure calculations usu- 
ally assume the contaminated surfact to be a flat plane of infinite extent. 

Some existing atmospheric transport codes include some calculations of 
radionuclide transport through terrestrial food chains following direct deposi- 
tion onto plant surfacts or deposition onto soil surfaces and subsequent uptake 
into plant roots and upward. Some of these codes may include information 
about human dietary and behavioral factors to calculate internal doses from 
radionuclides received through the food chain. Internal doses from inhalation 
of the contaminated plume by a human receptor may be calculated with an 
atmospheric transport code. Existing codes generally use dost conversion 
factors for both inhalation and ingestion that derive from recommendations 
made by the International Commission on Radiological Protection (ICRP 
1959; ICRP 1966; ICRP 1968; ICRP 1971). 

13.6.2 %d8W W8tW TmnspOrt 

The complexity of methods of calculating a concentration of radionuclides in a 
stream or river some distance downstream from a release point ranges from a 
simple dilution factor to solving the convection/dispersion equation. The latter 
case may be for one, two, or three dimensions. Two-dimensional transport 
models may be either longitudinal-transverse or longitudinal-vertical dependinr 
on the application. Table 13.10 lists some of the many available surface watt 
codes with some of their characteristics. 

Some existing surface water codes have provisions for the calculation of 
particulate transport, which may include sediment transport, particulate pollu- 
tant transport, and contaminated sediment transport. These phenomena are 
more complex than solute transport, the movement of dissolved materials in 
flowing water. In most of the codes, the solute is considered to be conservative 
(ix., nonreactive); but some codes may calculate chemical reactions that occur 
between the materials and the water as they flow downstream. 

Again, the problem to which a surface water code is to be applied should 
be the prime determining factor in the number of dimensions and complexity 
of the code. The more dimensions, the more data that are needed to drive the 
code. Particulate transport requires specification of particle sizes and associ- 
ated functions that are not necessary for solute transport alone. 
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As with atmospheric transport codcs, a surface water code may include cal- 
culations of radiological dose via the human food chain. It may inc1ur'- 
appropriate bioaccumulation of radioactivity in fsh eaten by humans or m 
allow contaminated irrigation water to be ingested by humans or to enter the 
terrestrial food chain. External doses to humans, which may occur during 
swimming in contaminated water or by exposure to shorelines contaminated by 
such water, may also be included in a sufacz water d e .  

In the case of more complex surfacz water axles (e.g., two-dimensional 
transport simulation), there is no simple analytical solution to the partial dif- 
ferential equations that represent convection and dispersion. In such cases, the 
solution must be approximated by some numcrical method within the code. 
The two most common numerical methods for surfaa water flow problems arc 
the finitedifference (FD) and the finiteclement (FE) methods. The FD 
method is relatively easy to program because FD spatial grids arc rectangular 
and often regularly spaced. Such codes arc usually relatively short in length. 
The FE method is more difficult to program because the spatial grid that 
represents the flow field is composed of irregularly shaped boxes of three or 
more sides. In terms important to a code user. the FD method is easier to 
input, probably more efficient to run on the computer, but not as accurate for 
transport problems. When compared with the FD method, the FE method has 
the added advantage of having more flexible boundary conditions. Neverthe- 
less. both methods are suitable for many applications. 

. .  

13.6.3 Groundwater Transport 

Several programs that address transport of materials through an aquifer 
are listed in Table 13.1 1. Methods of simulating now of water and transport of 
pollutants through aquifers may range from very simplistic to very complex. I 
the simplest approach to groundwater transport, the modeler assumes (1  ) th6 
no dispersion occurs as the materials arc transported from their point of entry 
into the aquifer and (2) that the transport velocity is known and constant. 
More complex approaches may assume net convection (transport) in one direc- 
tion but dispersion in all three dimensions. Further, the dispersion or velocity 
of transport may vary through both time and spaa. Many existing groundwa- 
ter codes are designed only for estimating flows for the purpose of calculating 
aquifer usage. Fewer codes arc designed to predict the transport of pollutants 
away from some source, and most of these codes assume the pollutant is non- 
rcactivc 

In the above paragraph and in Table 13.11, the transport medium being 
considered was constantly saturated with water. However, saturated conditions 
may be an unrealistic assumption for some modeling applications (e.g., shallow 
land disposal of low-level radioactive waste at an arid site with a deep aquifer). 
For this reason, a few codes have been developed to model flow and subsquent 
transport through s d  zones variably saturated with moisture. Modeling water 
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behavior in thest regions is 5 very difficult mathematical problem" (Larson 
and Reeves 1976) that must be confined to a smdacale, physics-basd 
approach limited by both the core storage and time capacity of the computer. 

Only the simpler groundwater now codes are amenable to analytic solutions 
of the equations. Most two-dimensional traasport and flow systems arc not 
suited to analytical solutions and must be approximated numerically. The 
most common numerical method in groundwater codes seems to be the FE and 
FD methods. 

In certain applications (cg.. burial of radioactive waste), the groundwater 
code may include provisions for calculating entry of radionuclides into the food 
chain via irrigation or drinking water from a well in the aquifer. Such formula- 
tions, with some d i c a t i o n ,  may be useful for assessments of areas arount 
waste repositories or even chemical dumps. 

Input data requirements incrcase with code complexity. In some simpler 
codes, an important flow parameter is water velocity (length/time). This con- 
stant value may be input once and used in anjunction with the length of the 
path to calculate the time it takes for buried radionuclides to reach a potable 
well. In contrast, tbe important aquifer parameters for a more complex code 
may include the hydraulic conductivity (length/time), depth to the aquifer, 
storage coefficient, and specific yield for each node in the FD or FE grid. 
Before acquiring a large code, a user should examine the documentation to 
determine whether or not the required data will be available for the specific 
application in question. 

13.6.4 Food Chain Transfer 

Most existing food chain codes are programmed in conjunction with codes 
of some specific pathway of transport (e.g., atmospheric transport, surface 
water transport); that is. few stand-alone food chain codes exist. Most terres- 
trial food chain codes are programmed in conjunction with atmospheric tran- 
sport codes. Historically, this is so because atmospheric releases from nuclear 
facilities were s u n  as the most likely source of radionuclide entry of into the 
terrestrial food chain. Hence, many atmospheric dispersion codes have provi- 
sions for calculating radionuclide concentrations in foodstuffs following their 
transport downwind. Similarly, there arc few aquatic food chain codes that are 
not associated with some program of aquatic dispersion or transport. Some 
existing codes include provisions for calculating food chain transfers associated 
with irrigation with contaminated water. 

Many existing terrestrial food chain codes arc based on the assumption that 
the transfers between compartments (the transfer coefficients), such as from 
soil to plants, are constant through time (see Chapter 5).  These are sometimes 
known as steady-state or equilibrium models and arc intended for chronic 
release situations, not accidents. One such model is presented in the NRC 

Q Regulatory Guide 1.109 (USNRC 1977). Recently, several codes have been 
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developed that supposedly are more dynamic than steady-state, constant- 
deposition food chain codes (e.g., Simmonds, Linsley, and Jones 1979; 
Pleasant, McDowell-Boyer, and Killough 19814.- These codes, and perhaps 
others, allow the inclusion of timGdependent, rather than constant, transfer 
coeficients. This distinction equips these codes for use in acute-release, or 
accident, scenarios if the appropriate deposition pulses arc available. 

13.7 PROBLEMS 
1. Discuss additional advantages or disadvantages between batch and conver- 

sational codes. 

2. Design a verification exercise for any atmospheric dspersion code. 

3. Design a validation experiment for an environmental transport code. 
4. Compare the input fdc structures of ISCLT and AIRDOS-EPA (Table 

13.9). Which is simpler and more efficient? 

5. Repeat problem 4 using two food chain codes or surface water dispersion 
coda. 

6. Discuss additional reasons why so many codes exist in the literature. 
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Appendix 13B 

Sources of Codes or Code Information 

H d w  Materials Information Center 
Oak Ridge National Laboratory 
P.O. Box X, Building 2029 
Oak Ridge, TCMCSSCC 37830 

International Clearinghouse for Groundwater Models 
Model Annotation Retrieval System 
Holcomb Researcb Institute 
Butler University 
Indianapolis, Indiana 46208 

National Energy Software Center 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, IllhoiS 60439 

Radiation Sheilding Information Center 
Oak Ridge National Laboratory 
P.O. Box X, Building 6025 
Oak Ridge, Tennessee 37830 
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14, Assessment of Accidental 
Releases of Radionuclides 

BY H. R. MEYER.* C. w. MILLER; A. E. DESROSIERS,~ 
G. A. STOE3ZEL.t D. L. STRENGLt und R. E. SWAJA+ 

14.1 INTRODUCTION 
Assessment of the radiological impact of accidental releases of 

radionuclides from power reactors involves the use of models and assumptions 
similar to those described in previous chapters. However, there are some 
important differences in the requirements of models that estimate releases 
under accident conditions, involving the need for the following: 

I .  Sire-specific onalysis. Local metcorological, population, crop, and 
terrain data may be required in analyses involving the real-time estimation of 
accident sequence consequences. 

2. Probabilisric unulysis. Commercial power reactors are designed with 
multiple levels of protection against failures with the potential for significant 
releases of radionuclides. Therefore, reactor design engineers estimate that 
such accidents have very low probabilities of occurring. For example, the most 
significant study to date of reactor accident probabilities and consequences, the 
Reactor Safely Study (USNRC 1975). estimates probabilities of occurrence of 
various accidents ranging from IO-' to per reactor-year, with the high- 
consequence accident sequences linked to the lowest probabilities. While 
routine release assessments arc typically based on continuous, predictable 
releases. accident assessments must account for the extremely low probabilities 
of highansequence releases in order to fairly compare risks both within 
nuclear systems and between alternative types of energy-producing systems. 

*Oak Ridge National Laboratory. 
tPacific Northwest Laboratory. 
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14-2 Radiological Assessment 

While a large body of data and modeling techniques have evolved ovcr the 
years with respect to accident consequence analysis, the U.S. Nuclear 
Regulatory Commission (NRC) is currently evaluating probabilistic risk 
assessment procedures. The reader is referred to the following documeats for a 
detailed appraisal of current thinking on the topic. 

PRA Procedures. Guide-an NRC-sponsored guide to the performance of 
probabilistic risk assessment for nuclear power plants (USNRC 1983). 

Models Selected for Calculation of Doses, Health Effects and Eamomic 
Costs Due to Accidental Radionuclide Release fmm Nuclear P o w  Plants 
(Strenge 198Oban NRC-sponsored report describing available or desired 
models for accident conscqutllot analysis and the basis for the atmospheric 
and terrestrial transport model discussions in this chapter. 

Criteria for Preparation and Evaluation of Radiological Emergency Response 
Plant and Prepredness in Support of Nuclear Power Plants (USNRC 
198Oba summary of reactor emergency planning requirements prepared 
jointly by the NRC and the Federal Emergency Management Agency. 

This chapter provides summarized descriptions of some of the models 
available for predicting the atmospheric and terrestrial transport of accidental 
releases of radionuclides to man. For an accident releasing significant 
quantities of, for example, 131-1351, '31mTe. 13'Te, 89Sr, '"Ba, '"Cs, and 88Kr, 
the atmospheric pathway (including gamma and beta exposure from the 
passing cloud and ground deposition and internal dose from inhalation) would 
be expected to dominate short-term human health risk (USNRC 1983). 

The magnitudes of accident dose estimates are subject to considerable 
uncertainties, which were considered at a recent international workshop in the 
Federal Republic of Germany.. Key uncertainties involve reactor operator 
estimates as to radionuclide source term composition and magnitude of 
releases, errors in predictive accuracy of environmental transport codes, and 
difficulties in predicting population responses to evacuation or sheltering orders 
from local authorities These considerations arc also discussed in this chapter. 
Not discussed are uncertainties associated with age dependency in dost 
calculation, an area in which signficant research and modeling remains to be 
done. A discussjon of instrument and operator requirements to provide 
adequate monitoring data completes the chapter's discussion of d c o t  
modeling and monitoring rcquirements. 

Technica l  University of Aachen and Bonncnbcrg and Drrrcbcr 
lngicnieurgescllschaft, Fedcrrrl RepuMic of Gemany, unpublished data, 1982 
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14.2 ATMOSPHERIC AND TERRESTRIAL 
FOOD CHAIN TRANSPORT 

14.2.1 Backgroud 

The purpost of this section is to present methods for estimating air 
concentrations (at ground kvell and ground contamination concentrations at 
off-site locations as a result of accidental release of radionuclides to the 
atmosphere. Such releases can lead to exposures to man via four principal 
pathways (USNRC 1978): (1)  whde-body external cxposurts from the passing 
cloud, (2) whole-body external exposure from deposited material, (3) internal 
exposure from inhalation of radionuciides in the passing cloud, and (4) internal 
exposure from ingestion of farm products contaminated by deposited 
radionuclides. Exposures due to the first three pathways are of primary 
concern during the first several hours following the release, while exposure 
from ingestion of farm products is a longer-term concern. Not considered in 
the context of this chapter are the long-term social and economic costs 
associated with interdiction of contaminated property. For power reactors 
located near cities or productive farmlands, as is the case in much of central 
Europe. for example, these costs may dominate the overall consequence 
analysis. 

The methods presented in this section for calculating atmospheric 
dispersion and deposition are based primarily on the straight-line Gaussian 
plume atmospheric dispersion model. This model is described in Chapter 2. 
When used for routine radionuclide releases, the model employs frequency-of- 
Occurrence data for wind speed. atmospheric stability, and wind direction to 
produce annual average air concentration and deposition rates as a function 
direction and distance (USNRC 1977). Also, this model assumes that 1. 

plume continually travels in a straight line. Variations on this basic technique .. . - .-..*. ..*- c >**.*-*.y..x*.-.I+Jb( may be appropriate for performing assessments of potential accident 
consequences. However, this basic approach may not always be applicable for 
real-time, site-specific atmospheric dispersion estimates when accidental 
radioactive relcasts occur. Under these circumstances spatial and temporal 
variations in meteorological, terrain, and release conditions often must be 
taken into account. 

RadionucIides deposited on farmland can result in human radiation 
exposure through farm product pathways. These pathways are illustrated in 
Chapter 5 and include food crops (vegetables, grain, fruit, etc.) and animal 
products (meat, milk, eggs, etc.). Under accidental release situations the 
amount of activity ingested through these pathways is difficult to assess. The 
annual average parameter values and equilibrium bioaccumulation factors used 
in the chronic pathway analysis models arc not directly applicable in describing 

. -  

* radionuclide behavior during the short time periods considered in accidental 
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relcase situations, but may be more useful for initial estimation of time- 
integrated dose. More attention must be given to transient behavior during 
transport through the food chains and uptake by humans. 

14.2.2 Poknttl Accident Ammmeab 
The NRC has pubrished guidance as to the atmospheric dispersion models 

acceptable for d g  the consequences of potential accidents at nuclear 
power plants (USNRC 1977). As suggested above, this guidance uses a 
bivariate straight-line Gaussian Cxpression and Pasquill atmospheric stability 
classes. The model considers building wake effects, ambient plume meander, 
and directional dependence of disptrsion conditions. 

Regulatory Guide 1.145 (USNRC 1979a) includes diMercnt equations for 
ground-level and eieVated nleasts. At a nuclear reactor. a release is considered 
to be elevated if the point of release is more than 2-1/2 times the height of 
any structure close enough to affect the dispersion of the plume (USAEC 
1973; USAEC 1974). If the point of release is lower, it is categorized as a 
around-level release. 

In an accident situation, releases from a pressurized-water reactor (PWR) 
would be generally througb a vent or other building penetration and considered 
a ground-level release. Releases from boig-water reactors (BWRs) are 
normally elevated releases if they go thmugb the main stack and ground-level 
releases if they go through building vents The location of reactors can have a 
bearing on whether releases will go through elevated stacks (elevated release) 
or building vents (ground-level release). If the reactor is located near a highly 
populated area, elevated stacks will most likely be present to allow greater 
dispersion of any rclmar_r. Millstone 2 (a PWR located in a populated area) 
has such an elevated stack which will take advantage of the additional 
dispersion should an accidental release occur. 

14.2.2.1 Ground-Level Release Model 

Use of the ground-level-release equations will allow calculation of the 
ground-level relative concentration at tbe plume centerline for a specified 
downwind distance. The basic ground-level-release equation (USNRC 
1979a) is 

1 
riiaya, XlQ--* (14.1) 

where 
x = ground-level concentration (Ci/m3) at tbc downwind location of 

Q - release rate of material from the accident site (Ci/s), 

interest, 
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ii = wind s p e d  (m/s), 

u,, 

u, = vertical plume spread (m), a function of atmospheric stability anc 

Equation 14.1 may be modified to consider the effects of building wake 
mixing and ambient plume meander on atmospheric dispersion. The resulting 
equations (USNRC 1979a) arc 

lateral plume spread (m), a function of atmaspheric stability 
distance (set Fig. 14.1). 

distance (see Fig. 14.2). 

EXTREMELY UNSTABLE 
MODERATELY UNSTABLE 
SLIGHTLY UNSTABLE 

E SLIGHTLY STABLE 

(14.3) 

( 14.4) 

to2 2 5 103 2 5 to4 2 5 lo5 
DISTANCE FROM SOURCE (m) 

Figure 14.1. Lateral diffusion or versus downwind distance from Source for Pasquill's 
turbulence types. Source: Gifford. F. A., Jr. 1968. 'An Outline of Theories of Diffusion 
in the Lower Atmosphere." in Mereomlogy and Atomic Energy-1968. TID-24190. td 
D. Slade. Tech. Inf. Center, U.S. Department of Energy, Oak Ridge, Tenn. 
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where 

i i l o  = mean wind s p e d  at 10 m above plant grade (m/s), 

A = smallest vertical-plane cross-sectional area of the reactor building 

I;, = lateral plume spread with meander and building wake effects 
(m)--a function of atmospheric stability, wind speed ZIe and dis- 
tance. For downwind distances of 800 m or less, Cy = Muy 

greater than 800 m, Cy = (M - I)uIL+ 0,. 

(m'), 

- (where M is determined from Fig. 14.3). For downwind distances 

It is recommended (USNRC 1979a) that horizontal (lateral) plume 
meander be considered during neutral (D) or stable (E, F, or G )  atmospheric 
stability conditions when the wind speed at the l h n  level is less than 6 m/s. 
During unstable atmospheric conditions (A. B, or C) and/or I@m-level wind 
;peeds of 6 m/s or more, plume meander should not be considered, bccause 
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building wake mixing becomes more effective in dispersing effluents th: 
meander effects as the wind speed increases and atmospheric conditioi. 
become more unstable. 

For neutral or stable atmospheric conditions, Regulatory Guide 1.145 
suggests that x / Q  values be calculated using Eqs. 14.2, 14.3, and 14.4, with 
the higher of the values calculated from Eqs. 14.2 and 14.3 compared to the 
value from Eq. 14.4 and the lower of these two values selected as the 
appropriate x/Q. For unstable conditions, it is suggested that the appropriate 
x / Q  value is the higher value calculated from Eqs. 14.2 and 14.3. 

The plume meander factor M assoCiated with Eq. 14.4 is based oa NRC 
stafi analysis of results from atmospheric diffusion experiments conducted at 
the Rancho Sam nuclear power plant (Start et d. 1978). Figure 14.4 
illustrates that this NRC methodology overpredicts the values actually 
observed during the Rancho Stco tests (Miller 1981). However, the amount of 
overprediction obtained using this method is markedly less than that found 
when the standard Pasquill-Gifford (PG) values of uv and uz arc used (Eq. 
14.1). 
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14.2.2.2 Elevated Release Model 

concentration at the plume centerline for an elevated dcasc is 
The basic equation for determining 8 downwind ground-level 

( 145)  

where h - effective height of release. 
Regulatory Guide 1.145 (USNRC 197%) discusss equations for 

ionfumigation and fumigation conditions Fumigation conditions occur when a 
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temperature inversion occurs above the sta& limitiag the vertical dispersion ol 
the plume and resulting in greater gro- oo#rentratjans cl-r to +* 

stack. 
The mafumigation quation is 

whm 

i i k  = wind speed representing conditions at the .rkru. he&, 
he - effective stack height (m): he - h, - 4, 

(14.6: 

h, = physical height of tbe stack above plant grade (m), 
h, - maximum terrain height (m) a h  plant grade between the reltasc 

pint  and the point for which the calculation is made: h, can. 
not e x a d  h, 

If h, is qual to or greater than h,, then he = 0. and the nonfumigation 

The fumigation equation is 
equation becomes a ground-level releast equatioe 

(14.7) 

where 

;he E wind speed representative of the layer of depth h, (m/s), 

ur - lateral plume spread (m) [a moderately stable (F) atmosphen. 

h, - effective stack height (m). 

stability condition is usually assumed], 

This equation cannot be used when he baxrmcs small (on the order of 10 m), 

As previously mentioned, elmted releases will result in additional 
dispaEion compared to equivalent ground-lml rei- Fm 14.5 i s  a plot 
of atmqheric dispersion factors ( x / Q  values) vcrslls distance from the release 
point for ground-level and elcvatal releases, assuming a Paquill F stability 
W The basic dispersion aquatiom (Eqa 14.1 and 14.5) were used to 
calculate x / Q  values assuming a bm/s wind sped and a 75-m release height. 
This example shows the additional dilution effect of the elevated releast. Also, 
note that the maximum downwind concentration (equivalent to the highest 
x / Q  value) occufs at approximately 6 k m  As stack height increases, the 

as calculated x /Q values will become unrealrstr ' dy la rge .  

Y 
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Figure 14.5. Atmospheric dispersion factors versus downwind disuaa for Pasquill 
Class F. 
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dilution effect will be greater and maximum downwind ground concentrations 
will occur further downwind (set Fig. 14.6). 

14.2.2.3 Special CoasiderPtions 

As noted above, plume meander and building wake effect considerations 
have been included in the methodology represented by Eqa 14.2. 14.3, and 
14.4. However, a number of other considerations, discussad Wow, have not 
been included in aoy of the pnceding equations. 

Plume rise. During an accident, radioactive material may be released to 
the atmosphere at an elevated temperature and with a vertical velocity. The 
effective stack height may be higher than the physical height because of 
the combined effects of buoyancy (dependent on temperature of released 
material) and momentum (dependent on velocity of released material). Plume 
'uroyancy is a function of atmospheric stability, wind spced, so- heat 
ontent, and downwind distance. Plume momcoturn is a function of 

atmospheric stability, stack Wit velocity, and internal diameter of the stack 
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Figure 14.6. Atmospheric diffusion factors for elevated rcleascs, 0- to 8-h releasc times. 
S u r a :  US. Atomic Energy Commission 1973. Assumptions Used for Evaluating the 
Potentid Radiological Conrcquences of a Lous /-Coolant Accident for Boiling- Water 
Reactors. Regulatory Guide 1.3. 

Tmain eflects. Terrain features such as mountains can also have an effect 
on the dispersion of the plume. The effect of most elevated terrain features 
would be to limit or divert dispersion. One model to describe terrain effects ha* 
becn incorporated into Eqs. 14.6 and 14.7 (USNRC 1979a). This made. 
suggests subtracting a terrain elevation value from the physical stack height. 
As discussed by Strengc, Soldat, and Watson (1978), other methods of 
correcting for terrain effects arc available. The plume model for terrain 
correction incorporated into Eqs. 14.6 and 14.7 is often used because it is 
expected to produce conservative results (i.e., overestimate ground-level air 
concentrations). Also, more complex models may not be practical to implement 
(Strenge, Soldat, and Watson 1978). 

Deposition ond resuspnsio~~ Radioactive particles and reactive gases and 
vapors may be removal from the atmosphere and deposited on the surface of 
the earth through the proctssts of dry and wet deposition. These processes 
affect subsquent human exposure in two ways: 

1. Deposited material serves as a source of surface and/or food chain exposure 

2. Plume depletion results in a reduction in the amount of material 
'and as a source of inhalation cxplosurc via winddriven resuspcnsion. 

transported downwind. 
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Dry deposition is the prooess by which particles and tt8ctive gases are 
deposited on various surfaces (soil, grass, leaves, etc.) via impingement, 
electrostatic interactions, chemi6i.l reactions, biological uptake, and other 
mcchanifimsr hence, it is a continuous process in the atmosphffe. Tbese 
processes are often described in tenns of a dry deposition velocity v.. This 
parameter may be defined as the deposition flux to the ground surf= divided 
by the airborne concentration of the same mattrial; see, for exampk, Van der 
Hovca (1968). 

sChmel(l980) prtstoted a review of many field experiments amductcd to 
determine V, for various pnrticles and gases. He was unable to generalize 
these results even to within an order of magnitude because of experimental 
uncertainties and limited data He found that the V ,  valuai he rcvkwcd arc an 
unknown function of expetimental conditions and show a wide numerical range 
even for the same type of deposition surface. He also found that in some 
individual experiments, V. ranges ovcr at least one order of magnitude. For all 
experiments reviewed by Sehmel, the range in Vd for gases was more than four 
orders of magnitude, and the range for particles was more than three orders of 
magnitude. 

Wet deposition or precipitation washout of airborne material includes 
washout processes within the cloud or below the cloud. In the in-cloud washout 
process, the airborne m a t d  stimulates or even initiates precipitation by 
increasing condensation. The below-cloud washout process occurs when 
precipitation falling througb tbe plume impacts upon and collects tbe airborne 
material. Several good references on the subject of wet deposition arc available 
in the literature [ag., Engelmann (1968)J. In the Rcoetor Suftty S r d y  
(USNRC 1975), the C O O S C Q U C ~ ~ ~ ~  model assumes the plume amcentration to 
decrease from precipWk~~ washout accordin8 to 

exp[A(r - to) ]  , 

where ( f  - to) is the time since the onset of precipitation and A b the wet 
removal rate. The removal rate A is taken to be IO-‘/s under stable amditions 
and IO”/s under unstable conditions. Particles and gases ut treated 
identically, and noble p e s  are assumed to be insoluble and aot ttmovcd by 
precipitation. Precipitation at the time of an accident will result in a greater 
deposition at the precipitation site. At greater distances from the precipitation 
site, doscs will be d u d  

Resuspension and transport of particles by the wind is a topic omered by 
a large body of literaturc Data available ranges from erosion of agricultural 
soils to resuspension of fallout particles. Numerous models have been 
developed to estimate resuspension from various substrates the models aad 
their implementations range from simple mass loading or resuspcnsim factor 
approaches b a d  on measured ratios of surface vs air conoenttations to m a  

I 
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complex models based on theoretical considerations. Applicability of thest 
models is usually quite limited, although the extent of a specific model'? 
limitations is often not recognized by a potcatial user or emphasized by it. 
developer- Smith et al. (1982) have publishal a useful intercomparison of 
fifteen rcSusptllSion models and their computer implementations where 
appmphte. Tht interested reader is referred to that miew as an entry point 
into the literature. 

14.23 Postddcrec -ts 
The NRC has published guidance for performing post-rrltast assessments 

(USNRC 1980). This guidance calls for the we of rtol-time, site-specific 
atmospbtric transport and diffusion models when accidental airborne 
radioadivt relcasts occur. Two classes of models arc suggeJted: (1) Class A 
model, whicb must product initial transport and diffusion estimates of the 
plume exposure for an emergency planning zone (EPZ) distance of 
approximately 10 miles within IS min following the classification of an 
incidcnkand (2) Class B model, a numerical model which can represcnt the 
actual spatial and temporal variations of plume distribution and can provide 
estimates of deposition and relative concentration of radioactivity within the 
plume uposure and ingestion EPZs for the duration of the release. 

14.2.3.1 aosS A Models 

The purpose of a Class A model is to provide data that can be used for an 
immediate informed response in the event of an emergency. As a result, it has 
been recommended that the output of a Class A model bt routinely and 
automatically available at all times in a simple and easily understood form 
(USNRC 1980). Hand-calculation, nomogram, or plume-overlay methods 
should be available as backup if the automatic system should fail. 

A number of different models and computer d e s  have been identified for 
potential use to satisfy Class A modeling requirements (Bass and Smith 1981). 
It has been recommended, however, that model complexity be m i n i  
because of the many demands that arc likely to be placed on on-site personnel 
during the early stages of any emergency. For many sites an automated version 
of a simple straight-line Gaussian plume model (Eqs. 14.1 to 14.7) may be 
quite adequate for Class A requirements. For sites characterized by spatial 
variatioas in terrain and/or spatial and temporal changes in meteorology. 
however, sucb a model may not be sufficient In such cases, some kind of a 
variable trajectory model adjusted to the particular site in question may be 
required (Bass and Smith 1981; USNRC 1980). 

Any model cham for estimating atmospheric dispersion requires the input 
of various site-specirk meteorological data. The most important data required 
for Class A purposes is wind direction and wind speed (USNRC 1980). Wind 
direction changes that alter the plume's path can occur during the release, and 
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these changes must be acamted for in the ruawnment of acciden 
consequences. Wind speed determines the initial volume of air in whici 
relases arc diluted and the plume transport time to populated ucas Ix 
general, the higher the wind speed, the greater the dbpdon and the lowcr th 
off-site dosts, but the sh~m the tranl time to populated ateas. 

14.2.3.2 Class B Models 

The purpose of a Class B model is to provide estimates of plume behavior 
that arc mort rcfmcd than those provided by a Class A model. Basically, a 
Class B model should (1) dtscn'bc plume transport over distance 
corresponding to the ingestion EPZ (typically <SO miles), (2) use a dispersion 
model that is compatible with multi-station wind data or dcrived wind field 
models, and (3) provide near-field estimates that arc compatible with Class A 
model estimates (Bass and Smith 198 1 ). 

These ranged from relatively complicated E u l h  or hybrid models, %IC' 

Class B models, to simpler segmented-plume or puff models. These latter two 
types of models in wen simpler form have already been suggested for possible 
use as Class A models, too, In general, when compared to Class A models, 
Class B models (1) require more computer capacity, (2) require more 
computer time to run, (3) are more difiicult to run, (4) require more extensive 
meteorological data as input, and (5) require extensive SitcSptCiric topography 
and source geometry. 

Bass and Smith (1981) emphasize that a Class B model is no better than 
the wind field module used in the model. Extensive site-specific field tests will 
most likely be needed to verify the wind field modules, as well as the diffusion 
portions, of any Class B model chosen far a particular reactor site. In  general, 
when selecting a Class B model, me  must balance the increased versatility 
expected from the model against the time ncccsary to implement and verify 
the model at a given site and the increased meteorological data needs, as 
compared to most Class A models. 

.. 

Bass and Smith (1981) have also examined a number of claps B models. "---&la 

14333 Other Approaches 

Approaches other than tbe use of Class A and Class B models may at 
times be appropriate for estimating atmospheric dispersion during accidental 
radionuclide releases Nearly all potential Class A and Class B models su f f e r  
from inadequate validation. As a result, sitespecific field tests may be required 
before any model can be fully implemented at a given reactor location. Such 
tests will be especially oaxssary at sites dominated by complex terrain or 
meteorological conditions (cg. amtal locations). However, such field results 
can bc used not only for model verification but also for development of site 
:@IC dispersion estimation systems that do not dcpend on running the modcl 
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itself. If developed properly, such a system would be a relatively quick and 
accurate way of estimating dispersion under emergency release conditions. 

Modeling results c4n also be supplemented by releasing tracers ant 
making real-time dispersion measurements during the emergency situation. If 
an actual release is expected sometime after the occurrence of an initiating 
event, a tracer could be released even before the radionuclide emission occurs. 
Tracer balloons (tetroons tetrahedral-shaped constant-volume balloons set to 
float at a predetermined pressure height) could be released and followed by 
remote sensing to estimate potential plume trajectories. Inert gases would 
require more extensive monitoring efforts. but they would provide information 
with regard to both dimusion and dispersion of the radioactive material. 
Because of cconomic and logistical considerations, it is unlikely that such 
systems would be feasible or necessary at all operating nuclear reactors. 
However, the use of some kind of real-time dispersion estimates may be needed 
at those reactor sites dominated by complex terrain or meteorology. 

14.2.4 Terrestrial Food Chain Models 

The model presented in this section can be used to estimate the amount of 
radioactive material that will reach humans through farm product pathways. 
These models arc applicable to the period immediately following the accident 
and for about 1 y thereafter. For succeeding years, the human exposure 
resulting from residual contamination can be estimated using the chronic 
release models described in Chapter 5. 

Estimating near-term transport of radionuclides through terrestrial food 
chains following acute releases is complicated by the need to consider the 
temporal relationship of many parameters. These parameters include time of 
deposition with respect to growing season, time of planting, time of harvest, 
plant growth cycle, consumption period, and other factors affecting the 
concentration of radionuclides in the edible portions of plants. For animal 
product pathways, the parameters of interest include feeding habits, transfer to 
animal product, production period, and consumption period. Other 
considerations could also be mentioned. The long-term averaged values used 
for chronic contamination situations may not be appropriate for accidental 
releases. Equilibrium will not ncctssarily be attained in all phases of the food 
chain transport. Three models arc described in the following discussion: (1) a 
simple crop ingestion model for estimating consumption by humans over a 
prolonged period, (2) a dynamic plant growth model for describing the root 
uptake pathway, and (3) a compartmental model that attempts to describe the 
transient behavior througbout the terrestrial food chain. 

. 

~ ~ ~ , - . ~ ~ ~ ~ , . ” . * : . . ~ . ~ . ~ ~ ~ ~ ~ ~ .  

14.2.4.1 Simple Food Chain Model 

Deposition of airborne contamination onto farmland can lead to plant 
P contamination through direct deposition onto plant surfaces and through 
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deposition onto mil with subsequent uptake by roots. Root uptake is generally 
slow and relatively unimportant compared to the direct deposition pathway ' 
when deposition occurs during the growing season. The model presented here 
can be used to estimate uptake by humans for the direct deposition jmthway 
and for certain animal products where the product is formal quickly within the 
animal (such as milk and eggs). This model was dmlopal by Napier et al. 
( 1980) for the PABLM computer program. 

The direct deposition pathway is important when deposition occur8 during 
the plant growing season, prior to hamst The deposition must also be on 
edible part8 of the plant (or easily t ransfed  to edible parts). The important 
events to consider arc the times of deposition, hamst, and consumption. The 
initial concentration on the plant can be totimated as 

C(0) R*G-T/Y. (14.8) 

where 

C(0) = initial conantration of radionuclide on edible portions of the 
p l a t  (Ci/kg), 

R - fraction of initial deposition retained on the plant. 

G 
T = translocation factor for transfer from plant leaves to edible parts 

Y = crop yield (kglm'). 

ground concentration due to air deposition (Ci/m2), 

of the plant (dimensionless), 

The initial plant concentration is reduced with time by radiological decay and 
removal by weathering. These proasss arc assumed to occur continuously 
from deposition until hawesL The plant concentration at harvest is calculated 

c( Th) C(O)e~p(-~T~.86400) , (14.9) 

as 

where 

C( TI) - plant conantration at time of hamst (Ci/kg), 
X, = effective removal rate amstant (s"), 

x, = A, 4- L, 
Th 9 time bctwan deposition md hanest (a), 

A, = radiological decay co-t (s-'), 

A, = weathering removal rate amstant (s-I), 
86,400 = s/d. 

The weathering rate constant is usually based on a half-time of 14 d 

. . .  . .  .'.,: :.. . .............. . . . . . . . . . . . . . . . .  .. . -  . . . .  . .  - 
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After hamesh there is usually a delay period before consumption of the 
food product begins. During this period additional radhlogical decay may 
occur as d m i  by 

W h m  

qT,) - plant concentration at the beginning of the coasumption period 
(Ci/Lg), 

T, - time after initial deposition when consumption begins (d), 
T, time bctwecn harvest and start of consumption (d). 

For some crops, the consumption period may last for weeks or months. To 
estimate uptake during this period, it is assumed that consumption is at a 
uniform rate. The total intake is then given by a time integral over the 
consumption period 

or 

(14.11) 

I (  7'1) = U - C( T,) - [ I -exp( -A, - 7''- 86,4oO)l/( A,. 86.400). ( 14.12) 

where 

I(T1) = total activity of a radionuclide ingested over a consumption 
period T,(Ci), 

TI = length of consumption period (d), 

U = average daily intake rate of crop over the consumption period 

The radiation dosc received by a person ingesting this amount of activity can 
be found using appropriate ingestion dosc conversion factors for the given 
radionuclide. 

The model defined by Eq. 14.12 is for describing ingestion of food crops. 
To extend it for use with animal products, the animal is assumed to eat 
contaxninatcd crop and produce contaminated products continuously over the 
consumption period defined for humans. The delay time between harvest and 
consumption may be extended slightly to account for holdup within the animal. 
The animal product concentration at the time of consumption is then given by 

(kg/d). ._. . e+:..,*.- <.*CIc.., - ..*.--.U-..-'' 

C,( T,) C( T/,) .B - U * ~ X P (  -A, - T, -86,400) , (14.13) 
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Where 

c,,(T,) - con&tratio% in animal product at the start of the 

B - bioaccumulation factor for the radionuclide and animal 
consumption period (Cijkg), 

p+uct of intenst (Ci/kg per Ci/d ingested), . 
Tu - delay time in animal product production (d), 

U = ingattion rate of food crop by animal (kg/d). 

The animal product concentration is used in Eq. 14.12 to estimate the 
total radionuclide intake by an individual consuming the particular animal 
product. As mentioned above, this model can be used only for animal products 
wbereia the radionuclide concentration within the animal comes to rapid 
equilibrium, such as for milk and eggs. For meat-type animal products, the 
long-term bioaccumulation factors do not adequately reprcscnt tbe acute 
transfer of radionuclides from feed to animal product. 

14.24.2 Nutrieot-Coataminnat Plaat AtcumuLtioa M a l  

Transport of contaminants from the soil via root uptake to edible parts of 
the plant can be overestimated in some cast5 if the plant concentration is based 
strictly on equilibrium bioaccumulation factors Tbe model descn'bed in this 
section is presented as an example of a dynamic plant growth model used to 
estimate the time dependence of plant root uptakc 

Cowan et al. (1981) have developed a model based on knowm plant 
physiological procesfes to describe uptake of a contaminant through the plant 
nutrient transport system. The model was exercised using experimental data on 
plutonium uptake by soybean plants Tbc model considers four plant 
components: roots, stems, branches. lea- and reproductive parts (edible 

- portions such as seeds). Two pardel submodels are used. First, them is a 
biomass submodel that describes the growtb of each plant component during 
the growing season. The logistic growth equations (sigmoid shaped) arc based 
on data collected for soybeans grown in the split root system d d M  by 
Garland et al* The second submodel ckscribcs the nutrient transport and 
accumulation in each plant component. This submodel uses a set of h e a r  
differential equations with time invariant d & t S  

The model was exercised by Cowan et aL (1982) to study the effect of 
varying the time of contamination with ruq~~U to tbc growing season. The 
mybean matures in approximately 95 d By d g  that mil contamination 
o c c u d  at several different times. they found that the contamination l m l  in 

*Garland. T. R.. Cataldo, D. A., and Wilduog. R E 1981. Uopublishd data. 

, 
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seeds was nearly constant cxccpt when contamination occurred very late in the 
growing season. This implies that use of equilibrium bioaccumulation valur 
may be adequate, provided coatamination occurs before the beginning of s e a  
development. When contamination of soil occurs after seed development has 
begun, the contamination l d  in seeds at harvest may be significantly below 
the quilibrium value 

14.243 Compartmental Food Win Model 

An estimate of radionuclide transport to man via the terrestrial food 
chain, for processes not properly described by equilibrium models, can be made 
using transient behavior compartment models such as the TERMOD (Booth et 
al. 1971; Killough and McKay 1976) or the RAGTIME (Pleasant et al. 1980) 
computer programs. Thcse models describe the various segments of the food 
chain as compartments that exhibit exponential uptake and clearance. 

RAGTIME is written in FORTRAN IV and estimates crop, beef. and milk 
contamination from radionuclide deposition. Pathways include deposition on 
above-ground crops and pasture grass and the soil surface, with ingrowth of 
daughters also calculated. Input may be prescribed as a step function for each 
radionuclide in the chain. Deposition is specified as timedependent 
interception fractions for food crops; pasture grass or soil interception may also 
be specified as timedependent. Emergence and harvest times of crops are 
explicitly considered. Total radioactivity moving through the system is 
estimaid via discrete-variable numerical integration; the total estimates arc 
verified by solution of the Bateman equations. 

14.2.5 Example Problems 

Exumpfe 14.1. A unit of radioactivity is accidentally released from thr 
building vent of a BWR under atmospheric stability category F and a wind 
speed of 2 m/s. The cross-sectional area of the building is 2000 m2. What is 
the diffusion factor ( x / Q )  at 100 m. 500 m. and 1000 m downwind of this 
BWR? 

Solution Since this releasc is from a building vent, it is considered to be a 
ground-level release for calculational purposes (Sect. 14.2.2). Since the release 
occurs under stable conditions with a wind speed of lcss than 6 m/s, Eqs. 14.2, 
14.3, and 14.4 must be used in the calculation. For a downwind distance of 
100 m, 

ay .= 4 m (Fig. 14.1). 
az = 2.4 m (Fig. 14.2). 

u ' , ~  = 2 mJs, 
M = 4 (Fig. 14.3), 
Cy M a y =  16m, 
A - 2000m2. 
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using these value& 

1 
(2 m/s)[r(4 m)(2.4 m) + (2000 mz/2)] 

I 

= 4 . 9 ~  10“ s/m3, 

5.5 X 10‘) s/m3, 

= 4.1 X lo” s/m’. 

Comparing these values in the prescribed manner results in the selection 
of the value from Eq. 14.-/Q - 4.1 X lo’’ s/m? S i  calculations 
for 500 m and lo00 m will yield the additional values shown below. 

Downwind disrancc 
Quantity lOOm 500m 1OOOm 

. . . .  ..... . .  . . . . .  ;;-:;;,,..{ ;: ,::~ ...... ;... ............... >:.> ............. / ...... .... : .: ... . .  ; >:::’;t*.:...::: :.. :A$:.:: :-::.:.,:.::: 

u,(Fig. 14.1) 4 m 20 m 40m 
u, (Fig. 14.2) 2.4 m 8 m 14 m 

=, 16m 80m I3Om 
M (Fig. 14.3) 4 4 4 

. . .  . . . . . . . . .  .. ...._ . . . . . . . .  . . .  . .  ........... .:.. . . . . . . . .  . . -  :::. . ::.: 
1 .  
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€umple 14.2. If the release considered in Example 14.1 occurs under 

solrrior. Again, for a downwind distance of 100 m, 
stability category D instead of category F, what would be the x / Q  at 100 m? 

u, = 8 m (Fig. 14.1). 
u, = 5 m (Fig. 14.2). 

;IO = 2 m/& 
M - - 2 ,  
2, = M u y -  16m, 
A = 2000m2. 

Using these values, Eq. 14.2 = 4.4 X s/m3, Eq. 14.3 = 1.3 X 10” 
s/m3, and Eq. 14.4 = 2.0 X 10’ s/m3; selected x / Q  = 1.3 X 

Note that under these release conditions, Eq. 14.3 is uscd to calculate the 
selected value of x / Q  instead of Eq. 14.4, as was the case under the original 
release conditions 

€xample 11.3. If the release considered in Example 14.1 occurs under 
stability category A, what would be the x / Q  at 100 m? 

Solaio& Since this release now occurs under unstable conditions, J% 
14.1 is used in the calculation: 

s/m3. 

uy = 24 m (Fig. 14.1). 

ox - 17 m (Fig. 14.2), 

1L,- 1 
Q riiuyux 

1 
4 2  m/s)(24 m)(17 m) 

3.9 X 1 0 - ~  s/m3. 

. . . .  
. . . .  

. .  . .  
’ ..’ . 

. .  . -  . . .  . .  . .  
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Erpmple 24.4. A Unit of radioactivity is accidentally released from a ,  
1OO-m-tall stack of a BWR under stability category F and a wind s p e d  uf 5 
m/s. Assuming nonfumigation conditions, what is the diffusion factor ( x / Q )  , --.F . - 
3000 m downwind if tbe receptor is located 30 m above plant grade? 

Solution. Applying Eq. 14.6 to this problem, 

i& - 5 m/s, 
uy - 100 m (Fig. 14.1), 
us - 280 m (Fig. 14.2), 
h, - loom, 
h, = 30m, 
he = h,-h,=100m-30 m-70m 

1 
4 5  m/s)( 100 m)(280 m) 

.p 

.. .  

- 2 2 ~ 1 0 ’ ~ s / m ~ .  

Example 14.5. Assume that the release considered in Example 14.4 occurs 
under fumigation conditions. If a wind speed of 2 m/s is reprtsentivc of the 
fumigation depth, what is now the x / Q  at the same receptor? 

_ -  
. .  Solution Applying Eq. 14.7 to this revised problem, ... 

E, - 2m/s, 
uy = 100 m (Fig. 14.1). 
he = 70 m (from Example 14.4). 

1 
(2*) ’4&,UYh,  

x / Q  - 

= 2 8  X l 0-5 s/m3. 

Note that, 85 expected, the diffusion factor calculated here is larger than the 
value calculated in Example 14.4 for nonfumigation conditions. 

. _  . . .  - .  : . .  . . . . . . .  .... -: I’ . . . . . . .  . . .  . -. 
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143 INFORMATION NEEDS IN EMERGENCY PLANNING 
Emergency planning is intended to ensun timely and efficient response 1 

the reactor operator and governmtnt organizations to mitigate the potentia 
consequences of a rcauo: accident. To this end, the following actions must be 
taken: 

A plan outlining rcspw.sibilites. duties, and actions for the major response 

-. Each organization must fully implement the plan. 
The plan must be periodically tested, critiqued, and improved as feasible. 

The operating organization is responsible for detecting an incident with 
potential for off-site consequences, assessing or classifying its significance, 
notifying the proper authorities of the reactor's condition, analyzing potential 
or actual off-site impacts, and recommending appropriate actions. Off-site 
authorities must make decisions regarding protective actions. notification of the 
public, and implementation of protective actions and must assist in 
environmental monitoring. 

A typical progression might be as follows: Following an incident, initial 
notification to the authorities will be made by the senior reactor operator or 
supervisor. Available data will initially consist of plant status parameters and 
meteorological data. Simple dose calculations, basad on available x / Q  values, 
could be employed using actual release data or estimates of potential release 
magnitudes. A recent USNRC report (Pasciak et al. 1983) presents a set of 
dosecalZblation nomograms suitable for such application. Environmental 
survey data may or may not be initially available. 

The reactor supervisor, however, must usc the available information to 
classify the incident as having potential off-site consequences and rccomrneni 
protective action to be taken. The government authorities must make decisions 
based on this preliminary information. The following data should be 
transmitted to permit informed decision-making by off-site authorities: ( 1 ) 
description of the accident, (2) status of nlcases, (3) status of the plant and 
safety systems, (4) projected dose via air and amount of time until a protective 
action level is reached, ( 5 )  meteorological data, ( 6 )  emergency operations in 
progress, and (7) recommended protective actions. These data must be 
periodically updated and expanded to include environmental monitoring results 
when available. 

If the incident is potentially significant, the operator and the authorities 
will activate their emergency organizations. Within 2 to 3 h, a large body of 
environmental measurements, dose predictions, and engineering analyses should 
be available. This subsequent information will be used to refine the initial 
estimates and recommendations. 

It is clear that engineering data, dose projections, an$ environmental 
measurements are not substituted for each other. Rather, they constitute a 

organizations must be prepared. 

. 

. _  
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body of information +t must be analyd annpetcntly and oombined 
skillfuliy to produce the most accurate picture of the status of the reactor, the 
potential off-site impactpad the need for protective actions. Emergency 
pl8nning must emphasize the fact that protective actions require time for 
implementation and that criteria for decisions should be based on the type of 
information that will be available at the time when a decision is ncccssmy. 
Protective actions are possible only if early warnings and decisions are possible. 

Various factors contribute to uncertainties in the information pmvided by 
the operator to outside authorities and in the methodologies employed by both 

of this section, we will consider the major soufccs of uncertainty impacting the 
accident situation and recommend methods by which t h e  uncertainties may 

Two possible situations may exist at a reactor site during an emergency 

to the environment or (2) an accident sequence followed immediately (within 
minutes) by measurable release of radioactivity. 

For a category 1 sequence, tbc major source of uncertainty influencing the 
accuracy of COIlStquenCt estimates involves predicting and measuring the 
quantity and type of radionuclides to be released (if any). Due to problems in 
measuring types and quantities of radionuclides released from the core into the 
containment and in distinguishing between platedout materials vs suspended 
materials (available for release), engineering estimates of the material 
potentially capable of release may be in error by many orders of magnitude. 
Decisions to evacuate or shelter populations wouid be dominantly affected by 
these uncertainties. 

For a category 2 sequence, immediate releases can be measured both on- 
and off-site as the radioactive plume disperses. Therefore, the radionuclide 
release rate estimates will be subject to far less uncertainty than for category 1 
situations. In this case, atmaphcric dispersion modeling will moat greatly 
influence uncertainties in predicted population exposure rates. 

The above information may be employed under three very different sets of 
conditions: 
1. befort release, to forecast dost rates, time remaining until protective action 

levels would be exceeded, location of maximum dose rates and doscs, 
regions of intemt in terms of preparation for monitoring activities, et= 

2. during release, to estimate impacts on tbe public and to provide diredim 
for surveillance and cvacuatiOn/sheltCring rcspon=; 

3. after rtleasc, to defme regions of potential contamination to focus monitor- 
ing and interdiction plans 

- 

p. . . :: the operator and outside authorities to estimate consequences. In the ranaindcr 

be d u d  in practice 

condition: (1) an accident sequence with no immediate releast of radionuclides -*E -+-w 

. - .  . 
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14.4 MONITORING REQUIREMENTS 
Data concerning the characteristics of potential and actual releases 8 

radionuclides arc needed to determine emergency action levels, to mmmenL 
protective action, and to identify critical exposure modes. Although models 
used for transport predictions and dose projections can approximate some of 
this information, measured data based on environmental monitoring must also 
be considered in the overall evaluation. At  a minimum, monitoring results can  
be used to verify that a deasc has occurred, provide data for input to analytic 
models, and define affected areas. Measured data can also be uscd to calibrate 
calculated results and estimate hazards to the public. The rcquircd information 
can  be obtained by monitoring geophysical and radiological characteristics of 
the environment. 

Effective evaluation of reported information and coordination of 
monitoring activities require the establishment of a facility staffed by personnel 
capable of directing field operations and interpreting analytic and measured 
results. This facility must have reliable communications capability to primary 
and backup monitoring personnel, emergency directors, laboratory facilities, 
transportation agencies, and weather services. Required equipment includes 
computers or calculators necessary to implement analytic models, area maps 
witb coordinates corresponding to those used by field personnel, geophysical 
monitoring equipment, and technical reference data. The coordination and 
evaluation facility must be located in an area where the probability of 
evacuation is low. 

14.4.1 Geophysical Monitoring 

The most important geophysical parameters used to describe release 
characteristics are related to meteorological conditions-wind speed, win 
direction, variability, and weather conditions. Nuclear facilities should have a 
primary measurement system that records current and historical local wind 
data. This information is required to predict atmospheric dispersion properties 
of the releasc and to make field assignments for radiological monitoring teams. 
Smoke bombs or other visible tracers can also be used to follow atmospheric 
effluent transport in the atmosphere. Existing and forecast weather conditions, 
which c a n  affect radioactive material dispersion and deposition, can be 
obtained by direct observation and contact with local weather service agencies. 
These agencies could also be used to replace meteorological measurement 
systems in the event of primary instrumentation failure. 

Other geophysical parameters that require monitoring are related to 
seismic and various catastrophic events that could initiate or complicate 
accident conditions. Seismic monitoring to detect earthquakes or massive 
landslides can be performed at local university or government facilities. These 
facilities should have direct commupication capability with emergency 
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coordination and evaluation centers. Other catastrophic events that require 
monitoring arc fves or explosions. T ~ ~ I c  events may initiate radiological 
accident conditions, provide driving farces for atmospheric releases of 
radioactive emuents, or cause loss of containment integrity. 

14.4.2 R.didogialMwitolring 

Although radiological measurements arc not prerequisites for classifying 
an cmcrgeney, they arc important for verifying that a release has occumd, 
providing input for analytic models, estimating the hazards associated with 
various exposure pathways, and determrnrn * . g mitigptjng measures. Information 
concerning the releasc can be obtained by monitoring in-plant and 
environmental conditions using fmcd or portable cquipmtnt Fixed instruments 
include devices that provide continuous indication or time integral 
measurement of radiological parametm~ Portable equipment includes sampling 
devices, radiation survey instruments, and assodated analysis and power 
SyStCmS. 

14.43 b P h t  Monitoring 
Radiological conditions inside the plant can be monitored by h a d  instru- 

ments located in the containment and in the atmospheric release (stack) and 
liquid effluent relcase systems. Tbe quantity of noble gases available for 
release can be estimated using measured radiation levels obtained from 
detectors, such as ionization cbamben, inside the containment. Thest detectors 
must be positioned in such a way that the smsitivc regions arc not shielded by 

of the containment. To min imi  contributions from fission products in the 
reactor core, the detectors must be shiided from the core by the biological 
shield. The effective measurement range of the survey instruments must extend 
over about seven orders of magnitude, and the detectors must be able to with- 
stand the extremes of temperature and bumidity associated with the particular 
monitoring locations in the containment Stnrcturt. Indication of airborne con- 
tamination can be obtained using fucd monitors that continuously sample air 
inside the coniainment. Structural inlegrity can be monitored by measuring 
pressure and penetration status (isolation, relief valve position, e tc )  inside the 
building. 

In addition to radiological instrumentation iuside the containment struc- 
ture, atmospheric and liquid effluent rtkase patbways must be continuously 
monitored using fixed equipment. Continuous air monitors can be used to 
measure the levels of radioactive iodine and airborne  dates and iodines 
released through stack or other plant rents Particulate activity can be mea- 
surd  using standard air filters, while iodine duedon requires charcoal or 
;Iver-activated filters. Monitoring of liquid effluent activity requires installa- 

physical protrusions and the ensemble of instruments monitors all critical areas . .  

' .  . . . .  . . . . .  . .  
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tion of fixed radiation detectors, which must be effectively protected from 
moisture or temperature influences. 

to estimate releases and projected radiological hazards. Estimation of these 
release parameters requires the previous development, by facility personnel, of 
correlations between measured radiation levels bascd on fmed in-plant 
instrumentation and the types, quantity, and form of materials available for 
rclease. To facilitate accident characterization and protective action decisions, 
the relationships between effluent monitor readings and resulting personnel 
urposurts and contamination must also be developed for various meteorological 
conditions. Evaluation personnel must be familiar with these correlations and 
must be able to modify existing data to account for actual accident or 
geophysical characteristics. 

The data obtained from containment and effluent monitoring can be use 

14.4.4 Environmental Monitoring 

Depending on the nature of the release, both short-term and long-term 
environmental monitoring may be nectssary. Short-term measurements, which 
are performed by emergency personnel during the period of initial emergency 
response, are primarily aimed at providing input for analytic models and data 
for determining appropriate action levels and mitigating measures. Long-term 
monitoring is generally conducted by support or mnsulting personn:l after the 
release is terminated and is performed to provide detailed analysts of 
radiological hazards and accident consquencts. 

Initial environmental measurements are made by facility emergency 
response personnel using portable instruments at locations assigned by a 
antral  coordinating facility. These persons are usually organized as teams 
whose members must be capable of performing required radiological survey: 
calibrating and operating instrumentation, and transporting the portablc 
equipment. Each team must be capable of communicating with the 
coordinating facility and must have independent transportation. Teams must 
also have local maps with the same coordinates used by evaluation personnel to 
ensure proper correlation of measured data with monitoring locations. 

For airborne releases, measurements to be made by initial environmental 
monitoring teams include dose rate in air, airborne particulate activity, and 
airborne iodine activity. Dose rate can be measured using a standard radiation 
survey detector (movable window ionization detector) held at waist height. 
This measurement provides an indication of the radiological hazard resulting 
from whole-body exposure to external gamma rays from immersion in the 
plume and from ground contamination. These data can be correlated with 
atmospheric transport predictions bascd on analytic models, meteorological 
conditions. and in-plant monitoring information. Airborne particulate activity 
can be measured using high-volume, high-tfficiency filtered or impact air 

4 
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samplers. Particulate samples cun be evaluated in the field for alpha and bet,a- 
gamma activity using standard survey meters. Care must be taken to mte the 

sampled air, to evaluate the sample medium in a low-background area, and to 
ensure that the medium is not contaminated prior to evaluation. Airborne 
iodine activity should be measured using air mnplers with silver-activated 
filters as previously described. Sampling media with low affinitics for other air- 
borne radioactive elements (such as xenon) must be uscd to preclude errontous 
indications of high iodine activity. The portabk instruments used to make 

transported to ensure proper operation and to avoid mechanical shock. Field 
and facility evaluation personnel must be familiar with local background radia- 
tion. 

Fixed iDstrum ents uscd for airborne environmental monitoring include 
passive dosimeters (thennoluminesceat or film), airborne particulate filters, 
and iodine absorber cannisters, which measore the time integra! of direct 

time and plaa of sample collection, to accurately determine h e  volume of* .. 

.... these measurements must be frequently calibrated and carefully packaged and .... .... 

radiation dose or airborne activity. Passive dosimeters can be mounted at fmed 
locations around tbe facility and periodically collected to determine direct 
radiation doses accumulated over the exposure period. Continuous air and 
iodine monitors can be placed at effluent nlease locations at the facility and at 
fmed positions in the surrounding environment. Following an accidental release 
of radionuclides, the fmed monitors should be collected and returned to a 
laboratory for analysis to verify the existence of an abnormal situation and to 
estimate integral dose commitments. 

To defme the spatial extent and magnitude contours of a radiation field 
resulting from an atmospheric release, ground-kvel measurements can be 
supplemented by aerial surveys performed with a helicopter or fued-wing 
aircraft. Tbe former aimaft is p r c f d  because it can operate close to the 
ground where standard portable instruments ~ ~ l l  be used to detect effects from 
both airborne and deposited contaminants. A h  a bcight of approximately 
200 m, radiation levels from significant ground deposits may be of the same 
order of magnitude as variations in anmt rate attriiutable to different 
geological formations. Higbaensitivity ddeaoPs. such as large inorganic 
crystal scintillators, provide adequate monitoring capability for airborne sur- 
veys of ground contamination. Monitoring pasoanel must have communica- 
tions capability with coordinating facilities and maps with coordinates con- 
sistent with those used by evaluation personnel 

In the event of a liquid effluent nlusc, bydrologicpl monitoring may be 
n v  to determine activities of f i o a  products aod other beta-gamma 
emitters in rivers, lakes, or resavoirs A rapid field estimate of radionuclide 
activity can be obtained by immersing the p r o b e  of a beta-gamma sumy 
instrument into a sample of the liquid. The probe must be mapped in a very 
% waterproof covering to prevent damage or conbmination. Surveys to 
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determine plume magnitude contours and local radionuclide activity for large 
bodies of water can be taken from a boat using portable equipment. The- 
rapid field estimates must be augmented by detailed laboratory analysis 
periodic effluent samples (usually I-L samples). This analysis is particularly 
important if alpha emitters arc present among the contaminants. Fixed 
continuous monitoring equipment at liquid effluent release locations can 
provide initial indications of high beta-gamma activity. 

Long-term environmental monitoring requirements depend on the 
characteristics of the radmuclide release. For atmospheric releases, long-term 
monitoring involves measurement of activities in soil, vegetation, milk, food, 
and water samples taken periodically until no radiological hazard is indicated. 
Periodic measurements of air and ground contamination must also be 
conducted if these transport pathways arc associated with the release. 
Evaluation and performance of long-term measurements requires establishing 
sample collection points, maintaining laboratory facilities, and staffing the field 
monitoring teams for potentially long periods of time. To properly interpret 
measured data, evaluators must be familiar with the normal levels of 
background radiation for the monitoring locations prior to the release. Thus, 
routine environmental monitoring must be performed periodically to determine 
normal radioactivity levels associated with the local area. 

Laboratory facilities to analyze environmental samples should include a 
gamma ray spectrometer for identification of individual radionuclides. With 
this instrument the composite spectrum of gamma energy emission from a 
radioactive sample can be analyzed to determine contributor isotopes and 
associated activities. Portable spectrometers are also available for field analysis 
in, areas of low background radiation. 

14.4.5 Personnel Monitoring 

Monitoring of emergency personnel can provide indications of ingested 
radionuclides and estimates of resulting dose commitments. Applicable 
measurement techniques include whole-body counting and bioassay, which can 
be performed at local laboratory or hospital facilities. Emergency personnel 
must also be monitored for direct radiation exposure and transferable 
contamination. Direct exposure can be measured using passive personnel 
dosimeters such as thermoluminescent materials or film badges and direct- 
reading devices. such as ionization chambers or electronic devices. Personnel 
should be surveyed for transferable alpha and beta-gamma contarnination 
using standard monitoring methods in low-background areas that are certified 
to be free of radioactive contaminants. When performing field measurements. 
emergency personnel should take appropriate protective action such as wearing 
shoe covers, anticontamination clothing, and filtered respirators to minimize 
potential radiological hazards, where appropriate. Potassium iodide should be 
available in case of nced. 
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, 145 PROBLEMS 
7 

1. A reactor build=& 50 m high and 30 m widc An accidental release 
occufs from a stack located 70 m above plant grade on the top of the reactor 
building under stability category D with a wind speed of 3 m/a What is the 
ground-level value of x / Q  800 m downwind of this plant? 

2. Assume that the release considered in problem 1 occurs from a stack 
150 m above plant grade. What is now the x / Q  value at the same receptor 
point, assuming aonfumigation conditions? 

c 
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Glossary 

. .  

Ab iot icsdstmas Inorganic or organic, nonliving substances in the 
environment. 

Absolute tumidity Vapor content of water in air e x p d  as g/m? A key 
parameter in the calculation of dose from tritium released to the 
atmosphere. 

Absorbed dose: The energy deposited in matter by ionizing radiation per unit 
mass of irradiated material. The unit of absorbed dost is the rad [the SI unit 
is the gray (Gy). where 100 rad = 1 Gy). 

Absorbed fraction: The ratio of the energy absorbed by a target organ to the 
energy emitted by a source organ (or region) within the body. 

AcxepfmMe degree of accuracy: The amount of error or uncertainty in model 
predictions tolerated for any given assessment situation. Usually, a greater 
degree of accuracy is required for potential outcomes involving high risks a 
well as cconomic costs. 

Accprlley: As applied to environmental assessment models, accuracy implies 
agreement between the model prediction and actual events. An Yaccuraten 
model should be precise and unbiased. However, because of the stochastic 
nature of environmental processes, all deterministic models arc inherently 
inaccurate. 

Algorithm An explicit stepby-step procedure for producing a solution to a 
given problem. In a computer model, an algorithm may be any statement or 
set of statements expressing the functional operation of a model which 
cnabks a set of inputs to produce a given output. 

Aquifa: A formation (or group of formations) of water-bearing stratum that 
contains sufftcient permeable rock, sand, or gravel to yield significant 
quantities of water to wells and springs. 
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ecosystems exist. 

Buildup factor: The ratio of the intensity of X or gamma radiation (both 
primary and scattered) at a point in an absorbing medium to the intensity of 
only the primary radiation. 

Chiding: A metal encascment surrounding the fuel in a nuclear reactor. The 
purpose of cladding is to provide a structure for the fuel material, to 
efficiently conduct the heat generated during fmion away from the fuel, and 
to contain the fmioa products 

Couectire dose equimkn: The sum of per capita dose cquivalerta for a given 
organ over the number of individuals exposed. 

Committed dose equir.kn: The dose equivalent that will be accumulated by a 
sptcifk organ over a specified period (often 50 y) following intake. 

Concentration ratio: Ratio of radionuclide activity per unit mass of plant to that 
in soil, often expressed on a dry-might bash 

Coosenatire bm: intentional bias toward dose overestimation. 

C o n ~ ~ ~ d d  mode: A computer d e  which prompts the user via questions. In 
response to the prompts, the user supplies instructions or data. 

Default nlwx Parameter values that are used in radiological assessment 
models when site-specific values cannot be obtained. 

Demiwraiizer kd: A mechanical camponeat a reactor system that 
selectively removes fission and d a t i o n  products and other unwanted 
contaminants from the primary ooolant Demineralizers generally work on 
the principle of ion exchange, Using a cbcmhl resin bed to accumulate 
materials as they pass through. 

I 

.. 

, 

G-2 G l w  

As low as m y  . c h i m M e  (ALARA): A conceptual radiation exposure 
guidcline,with' the intent to encourage protection practices that are better 
than any prcsc@xd standard. This is the basic criterion for all CMCS in 
which a nonthreshold dosscffect relationship either exists or has to be 
assumed. 

Batch mode An older, traditional method of proctsSiag in which transactions 
arc collected and prepared for computer input to process as a single unit. 
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Depositioa velocity: An anpirid rate constant that relates the concentration of 
a radionuclide in air to that on ground or plant surfaces. 

Deterministic model: A model whose ou?put is fixed by the mathematical forr,. 
of its quations and t k  selection of a single value for each input parameter, 
nonstochastic model. 

Diffusion category (stability chsscs): A category which describes an atmospheric 
turbulence condition in terms of boundary layer atmospheric stability. Diffu- 
sion categories are generally grouped into six classes, ranging from class A, 
very unstable, through clas F, very stable. 

Distribution coefiicient: The quantity of radionuclide sorbed by a solid per unit 
weight of the solid. divided by the concentration of the radionuclide dissolved 
in water. 

Documentation: Description of what a computer program does and how it does 
it, its assumptions, and its possible applications. An 'owners' and operators' 
manual" for a program. 

Dose equivalent The quantity that expresses the effects of all radiations on a 
common scale for calculating the effective absorbed dosc. It is defined as the 
product of the absorbed dosc, the quality factor, and other modifying factors. 
The unit of dose equivalent is the rem [the SI unit is the sievert (Sv), where 
100 rem = 1 Sv). 

Dose equivalent commitment: The time integral of the per capita dose equivalent 
rate. 

Dose reduction factor: The ratio of the dose rate inside a building to the 
corresponding dose rate outdoors. 

Dry deposition: The process of deposition of airborne radioactive materials due 
to gravitational and surfah processes. 

Ecosystem: A basic functional unit in ecology. An area which includes living 
organisms and nonliving substances interacting to produce an exchange of 
materials and which is self-sustaining with the exception of energy. 

Effective source height: A mathematical approximation of the height at which 
the source term is released to the atmosphere, taking into account the initial 
buoyancy and momentum created by the emission of radioactive gases at 

Error propagation: The translation of input errors into estimates associated 
with assessment modeling; in this context, statistical and numerical error 
propagation techniques are the fundamental methods used to combine 
parameter uncertainties into an estimate of the overall uncertainty in model 
predictions. This process is referred to in this book as 'parameter uncirtainty 
analysis." 
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Extend doae rate Coanrssm  facto^ A factor which when multiplied by the 
radionuclide concentration in air or on a contaminated surface gives the dose 
rate from external sources to a specific organ in the body. 

Exterad dosiwtry: Deals with the calculation of absorbed dose from radiation 
that originates outside the body. 

Far field: That area where natural phenomena dominate in the groundwater 
transport of radionuclides. 

Fidm-product inveatory: Tbe quantity and type of fission products generated 
during reactor operation and contained in the core of the reactor. The 
fission-product inventory wil l  increase as fuel burnup proceeds and can be 
estimated at any point in the life of a reactor if the power history is known. 

Fracture flow: Groundwater flow through a fractured medium. The medium 
itself may be porous and permeable, but the flow would be dominated by 
fractures, cracks, or solution cavities. 

w- . .*5-9 

Gaussian plume model: Commonly used mathematical model to predict atmo- \ spheric diffusion of particulates and gases. Based on assumptions of statisti- 
cally ‘normal” or Gaussian plume dispersion, modified by empirical disper- 
sion coefficients. 

Genetic (hereditary) effects Those effects of radiation that may be transmitted 
to the progeny of exposed individuals. 

Hydraulic conductivity (permeability): The volume of water that will move per 
unit time under a unit gradient through a unit cross-sectional area 
perpendicular to the direction of flow. 

Integrating e x p u r e  pathway: A pathway in which the radionuclide 
concentration increases with continuing release of materials into the 
environment and may persist beyond the cessation of these releases. 

Internal dose rate conversion hctoc A factor which when multiplied by the 
quantity of radionuclide ingested, inhaled, or injected gives the steady-state, 
or maximum internal dose rate to a specific organ of the body. 

Btrinsic permeability: The measure of the ability of a rock or soil to transmit 
fluid under a fluid potential gradient (set bydraak co.dpcfi*ity). 

Mnximpm permissible dose: The dose which, in the light of present knowledge, 
carries a negligible probability of severe somatic or genetic injuries and such 
that any effects that occur more frequently ut limited to thosc of a minor 
nature that would be considered acceptable by the exposed individual and by 
competent medical authority. 

lodel: A physical or mathematical representation of reality. 
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Modd predictim The result or dependent variable p r o d u d  by a model 
calculation. 

Modd structpro: The conceptual design, mathematical equations, and set o. 
algorithms that control the results or predictions produced from a given set 
of input. 

Modd rrrlidatioa: Documentation of the difference betmen model predictions 
and actual events through comparison of predicted values with measured field 
data obtained over the range of conditions representing the extent of intended 
application of the model. 

Model verificatk An indication of whether or not a computer code accurately 
mimics a given model. 

Near fi. Region in which waste characteristics and repository phenomena 
dominate the transport of radionuclides in groundwater. 

Nonstochistic e f k t s  Health effects exhibiting a radiation dose threshold. 

Nucleu fud cycle: All aspects of the industry involved in the generation of el=- 
triaty from nuclear energy. from mining of raw materials for fuel to disposal 
of nuclear waste. Those steps preceding power generation constitute the front 
end of the cycle. 

Observed ratio: The ratio of the radionuclide:stable-element-ponccntration in one 
medium to the radionuclide:stable-clement-conctntration in a precursor path- 
way. 

Parameter: Any one of a set of variables in a model whose values determine 
model predictions. 

Parameter imprecision analysis: An analysis of uncertainty in deterministic 
models, using error propagation techniques to product a stochastically 
variable prediction as a function of stochastically variable parameters. 

Point isotropic specifii absorbed fraction: The fraction of the energy emitted by 
a point isotropic source that is absorbed per gram at a distance from the 

P o d @  Total porosity is expresscd as the ratio of the volume of interstices to 

Priuury coolnat: The liquid or gas that flows over the reactor core, removing 

Quality f r c t o ~  The linear-cnergy-transferdependent factor by which absorbed 

MIUfct.  

total volume. 

heat generated during the fission proctss. 

doses are multiplied to give dosc quivalent. 
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Rdacllce M.n: A hypothetical individual whose characteristics are ortea used 
'to estimate radiation dose. Reference Man is assumed to be 20-30 years of 
age, 170 cm in height, weighing 70 kg, and living in a climate with an a m -  
age temperature of from 10" to 2OOC. Reference man is a Caucasian and is 
Western European or North American in habitat and custom. 

Rehtive rislt: The ratio of risk from radiation in an irradiated population to the 
risk in a comparable nonimdiated population. 

Reaarcb Any model developed to fulfill d objectives. Usually, 
research models are developed to provide insight into explicit pmccsscs and 
mechanisms and thus are mathematically more complex than assessment 
models. 

Resspedoo:  Wind blown reintroduction to the atmosphere of material origi- 
nally deposited onto surfacts from a particular source 

Retardation coelfideat: A measure of the capability of porous media to impede 
the movement of a particular radionuclide bciig carried by the fluid. 

Saturated zoae: That portion of porous ground media in w h i  the interconnect- 
ing interstices are filled with water. 

Screening: The process of rapidly identifying potentially important radionuclides 
and exposure pathways by eliminating those of probable lesser sienificance. 

Screening models Simple models employing consemative assumptions, used to 
exclude radionuclides and exposure pathways of negligibk importance. 

Sitespecific daw Data, colltcted for use in radiological assessment models, 
applicable to the particular location for which the assessmeat is bejag per- 
formed. 

Soil-tc+pliat traosfer factor: Ratio of radionuclide activity per unit mass of 
plant tissue to activity per unit mass of soil (often utprad  on a wet-weight 
basis). 

Somatic effects: Thosc effects of radiation that are expressed during the Iifetime 
of an individual and are not passed along to future generations 

Sorptiw: In groundwater transport, interactions that c11usc radionuclides to 
migrate at a slower rate than the groundwater itself. 

Source tenw The quantity of radioactive material released to the biosphere, 
usually expressed as activity per unit time So- terms should be 
characterid by the identifkation of specific radionodides and their physical 
and chemical forms. 

specific absorbed fmction: Fraction of emitted energy E absorbed per gram of 
material at a distance from an isotropic point 
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Specific activity model: A model which estimates dosc from a radionuclide by 
assuming that the specific activity in food or water is equal to that in air for 
a given location. This approgcb bypasses the steps normally used 
radionuclide transport mode4 it is primarily applicable to radionuclides thai 
have an abundant stable ekumt Carritr in oatwe, such as tritium/water and 
carbon-l4/carbon dioxide. 

Stability d.sses: set diffusiaa abcgay. 

Stochnstic effects Those health effects for which the probability of an occur- 
rence, rather than the severity, is considered to be a function of dost without 
threshold. 

Stochstic model: A model whosc output is expressed as a range or distribution, 
Compare with deterministic model. 

Toierance dose: An early standard for radiation protection based upon the dose 
that could be Yoleratcd” without serious harm to humans. 

Transfer coefficient to m S k  The fraction of an element ingested daily by a cow 
that is secreted in milk at steady state or equilibrium. 

Transfer coefficient to other a o h d  products: The fraction of an element in- 
gested daily by a herbivore that can be measured per unit mass of animal 
product at steady state or equilibrium. 

Transitory exposure pathways: A pathway in which the radionuclide 
concentration is directly proportional to the rate of release of the 
radionuclide into the environment. 

Uosaturated zone: The portion of porous media in the ground where the 

Washout coefficient: A measure of wet deposition per unit air concentration 

Wet deposition: The deposition resulting from the scavenging of particles and 

interconnecting interstices are only partially filled with fluid. 

integrated over the entire height of the air column affected by washout. 

gases by precipitation. 
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