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ABSTRACT 

The Hanford Internal Dosimetry Program, administered by Pacific Northwest 
~aborator~(~) for the U.S. Department o f  Energy, provides routine bioassay 
monitoring for employees who are potenti a1 ly exposed to radionucl ides in the 
workplace. This report presents the technical basis for routine bioassay mon- 
itoring and the assessment of internal dose at Hanford. The radionuclides of 

58 concern include tri t i um, corrosion products ( Co, 60~o, 54~n, and 59~e), 
strontium, cesium, iodine, europium, uranium, plutonium, and americium. Sec- 
tions on each of these radionuclides discuss the sources and characteristics; 
dosimetry; bioassay measurements and monitoring; dose measurement, assessment, 
and mi tigation; and bioassay follow-up treatment. 

(a) Pacific Northwest Laboratory is operated by Battell e Memorial Institute 
for the U.S. Department of Energy under Contract DE-AC06-76RLO 1830. 
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9.29 P o t e n t i a l l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equivalent  f o r  a Single Acute In take  o f  Aged 12% Re fe~ggce  
Plutonium M ix tu re  Based on an MDA o f  0.02 dpm/day o f  Pu 

. . . . . . . . . . . . . . . . . . . . . . .  Detected i n  Ur ine  9.38 

9.30 P o t e n t i a l l y  Undetected F i rs t -Year  E f f e c t i v e  Dose Equivalent  
f o r  a S ing le  Acute In take o f  Fresh 6% R5fprence Plutonium 
M ix tu re  Based on an MDA o f  0.18 nCi o f  Am Detected by . . . . . . . . . . . . . . . . . . . . . . . . .  Lung Counting 9.43 

9.31 Potent i  a1 l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equivalent  f o r  a Sing1 e Acute In take  o f  Fresh 6% ljqference 
Plutonium M ix tu re  Based on an MDA o f  0.18 nCi o f  Am 

. . . . . . . . . . . . . . . . . . .  Detected by Lung Counting 9.43 

9.32 P o t e n t i a l l y  Undetected F i rs t -Year  E f f e c t i v e  Dose Equivalent  
f o r  a S ing le  Acute In take o f  Aged 12% R~$f rence Plutonium 
M ix tu re  Based on an MDA o f  0.18 nCi o f  Am Detected by . . . . . . . . . . . . . . . . . . . . . . . . .  Lung Counting 9.44 

9.33 Po ten t i  a1 l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equivalent  f o r  a S ing le  Acute In take  o f  Aged 12% 5qference 
Plutonium M ix tu re  Based on an MDA o f  0.18 nCi o f  Am 

. . . . . . . . . . . . . . . . . . .  Detected by Lung Counting 9.44 

9.34 In takes  f o r  Reference Plutonium Mixtures Resul t ing i n  a 
. . . . . . . .  F i r s t - Year  E f f e c t i v e  Dose Equivalent o f  100 mrem 9.55 



ACRONYMS LIST 

ALARA 
AL I 
AMAD 
ANS I 

DCF 
D&D 
DIL 
DOE 
DTPA 
D,W,Y 

EDE 
EDF 
EDTA 
E PA 

FFTF 
FPF 
FPF-RU 
F Y 

GI 

HEHF 

IAEA 
ICRP 
I G 
IVRRF 

LLI 

MDA 
MKIV 
MPBB 

N A 
N BS 
NCRP 
N-P 

P 
PNL 
PPmP 
P P ~ P  

as low as reasonably achievable 
annual 1 imit on intake 
activity median aerodynamic diameter 
American National Standards Institute 

bone surface 

dose conversion factor 
decontamination and decommissioning 
derived investigation level 
U.S. Department of Energy 
diethylene triamine penta acetate 
days, weeks, years (1 ung classes) 

effective dose equivalent 
Emergency Decontamination Facility 
ethylene di ami ne tetraacetic acid 
Environmental Protect i on Agency 

Fast Flux Test Facility 
Fuel Production Faci 1 i ty 
Fuel Producti on Faci 1 i ty recycl ed uran i um 
fiscal year 

gastrointestinal 

Hanford Environmental Health Foundation 

International Atomic Energy Agency 
International Commission on Radiological Protection 
intrinsic germanium 
In Vivo Radioassay and Research Facility 

lower 1 arge intestine 

minimum detectable activity (or amount) 
Mark IV 
maximum permi ssi bl e body burden 

not appl i cab1 e 
National Bureau of Standards 
National Counci 1 on Radiation Protection and Measurements 
nasal passage region of the respiratory tract 

pulmonary region of the 1 ung 
Pacific Northwest Laboratory 
parts per million per ... 
parts per billion per ... 



PUREX 

RM 
RPS 

SEE 
S I 

TAT 
T- B 
TG LD 

ULI 
U03 
U03 - RU 

WBC 
WESF 

Plutonium Uranium Ext ract ion ( F a c i l i t y )  

red marrow 
rad ia t i on  pro tect ion standard 

spec i f i c  e f fec t i ve  energy 
small i n t es t i ne  

threshold for  acute t o x i c i t y  
tracheal -bronchi a1 region o f  the 1 ung 
Task Group on Lung Dynamics 

upper 1 arge i n tes t i ne  
Urani um Oxide ( P l  ant) 
Urani um Oxide P I  ant recycl  ed uranium 

who1 e body counter 
Waste Encapsulation and Storage F a c i l i t y  



C(t) body water concentration of tritium at time t post intake 

ea(t) fractional excretion based on the fraction of uptake to blood 

eau(t) fractional uptake urinary excretion 

eau(t) fractional intake urinary excretion 

H ~ ,  t tissue dose equivalent in year t post intake 

H ~ ,  1 f irst-year tissue dose equivalent 

cumulative or committed tissue dose equivalent through year t 
HLT't postintake 

t effective dose equivalent in year t post intake 

"'E, 50 50-year committed effective dose equivalent 

I intake 

decision level; the level above which an analyte is determined to be 
present in a sample 

measured urinary excretion at time T (not fractional) 

the retained quantity at time t (not fractional) 

fractional uptake systemic retention at time t including 
systemically fed organs and tissues 

uptake through time t 

total uptake. Note: concerning uptake to blood, U(W) is the 
presystemic deposition 

effective dose equivalent weighting factor for tissue T 

result of a measurement 

uncertainty associated with the result Xi 

(a) The symbology used in this document generally follows that used in 
Publication 54 of the International Commission on Radiological 
Protection (1988). 





GLOSSARY 

annual effective dose equivalent, HE: the sum of the products of the annual 
tissue dose equivalent, HT, to organs and tissues of the body and the 
respective weighting factors as designated in DOE 5480.11 (DOE 1988). 

annual tissue dose equivalent, HT: unweighted dose equivalent to a specific 
organ or tissue. 

a priori: presupposed by experience. In the context of counting statistics, 
it refers to estimated or general capabilities determined prior to an 
actual sample count. 

bioassay: measurement of amount or concentration of material (usually radio- 
active material) in the body or in biological material excreted or 
removed from the body and analyzed for purposes of e timating the 
quantity of material in the body (from ANSI 1987). (a7 

burden: the instantaneous activity of a radionucl ide in a systemically fed 
organ or tissue, the lung, or in the whole body excluding the activity 
at the entry site and lymph system (lung, wound site, and/or in materi a1 
passing through the GI tract .) For nontransportable activity obtained 
by inhalation, both the body burden and the lung burden would be 
required to completely characterize the situation at a given time. 
Using ICRP 54 (1988) terminology, burden is the same as retained 
quantity. 

committed: refers to a total or time-integrated amount for 50 years post 
intake or onset of a chronic intake (or for a different period if so 
specified) . 

committed dose equivalent, HCT 50: dose equivalent to a organ or tissue 
committed for a 50-year p&riod following an acute intake or onset of 
chronic intake. It does not include contributions from external dose 
(DOE 1988). 

committed effective dose equivalent, HC 50: the effective dose equivalent 
committed for a 50-year period folTbwlng an acute intake or onset of 
chronic intake. It does not include contributions from external dose 
(DOE 1988). 

corrosion products: elements that are present in the structure of the reactor 
or the fuel rods that become activated by neutrons, as opposed to 
fission products that result from fission. 

(a) American National Standards Institute (ANSI). 1987. Performance 
Criteria for Radiobioassav. Draft ANSI Standard N13.30, New York, 
New York. 



deposition: the total input to an organ or tissue for a specified period of 
time. Deposition can also refer to material deposited at an entry site. 
See also systemic deposition. 

detection level : a general term relating to the smallest amount of material 
detectable as a function of the measurement method and instrument 
background. (The precise way that detection level has been defined has 
changed over the years.) 

detection 1 imi t: synonymous with detection 1 eve1 . 
injection: any means whereby the radioactive material is placed in direct 

contact with the blood, excluding through the lung or GI tract. 

intake: the amount of material taken into the body by inhalation, absorption 
through the skin, injection, ingestion or through wounds (from NCRP 
1987). 

in vivo: refers to measuring radioactivity directly on a 1 iving organism. In 
vivo is synonymous with the word "direct" when used in the phrase 
"direct bioassay". 

minimum detectable activity, MDA: the smallest activity of a radionuclide in 
a sample (or organ) that will be detected with a specified level of 
confidence. See Appendix C for details. 

positive level: a level of a bioassay measurement at which the Hanford 
Internal Dosimetry Program considers the analyte to be detected (as 
opposed to being detectable). 

presystemic deposition: a mathematical or schematic component (or components) 
of the deposition at the entry site that is available for translocation 
to the blood. It excludes material that is permanently retained at the 
entry site or by the lymph system. 

preview counter: a standup whole body counter consisting of 5 NaI detectors. 
It is the principal counter used for routine whole body counts and 
incident screening counts, provided good resolution of photopeaks is not 
needed. 

readily transportable: being readily transferred from the site of initial 
deposition to the blood. As applied to material in the lung, readily 
transportable material would be class D. It is generally equivalent to 
the term "soluble" as applied to human physiology, but it is not 
necessarily equivalent to chemical solubility in aqueous solutions. 

retained quantity: synonymous with burden. 

retention: the retained quantity (or burden) as a fraction of the uptake or 
intake. It can apply to an organ or to the whole body. 



specific effective energy, SEE: the energy, suitably modified for qua1 ity 
factor, imparted per gram of a target tissue as a consequence of the 
emission of a specified radiation from a transformation occurring in a 
source tissue. The units are Mev per gram-transformation (from I C R P  
1979). 

super Y: an inhalation class in which the radioactive material is more 
tenaciously retained in the pulmonary region of the lung than class Y 
material; i.e., the clearance half-time from the pulmonary region of the 
lung is greater than 500 days. For purposes of prospective analyses in 
this document, super Y was assumed to be characterized by a 10,000-day 
clearance half-time for pathways a, c, e, and i as shown in Figure D.1. 

systemic deposition: activity retained for an extended period of time in all 
systemic organs and tissue. Differs from uptake in that activity that 
stays in the transfer compartment and is ultimately excreted without 
going to systemic organs (for instance, because of chelation) is 
included in the term uptake but not in the term systemic deposition. 

time-integrated activity or cumul ative activity: the integral over time of 
the instantaneous activity in an organ or in the whole body. The units 
are activity times time, such as nanocurie-days. When multiplied by the 
SEE factor and appropriate unit conversion factors, the time-integrated 
activity provides the dose equivalent to the target organ. 

transfer compartment: a mathematical or schematic representation of the blood 
circulation system through which radioactive material is transported to 
organs, tissues, or excretion. 

uptake: quantity of a radionuclide taken up by the systemic circulation, 
e.g., by injection into the blood, by absorption from compartments in 
the respiratory or GI tracts, or by absorption through the skin or 
through wounds in the skin (from NCRP 1987), or taken up by a specified 
organ or tissue via the blood. 

xxxi 
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1.0 INTRODUCTION 

The Hanford Internal Dosimetry Program, administered by Pacific North- 
west Laboratory (PNL) for the U.S. Department of Energy (DOE), provides 
internal dosimetry support services for operations at the Hanford Site. These 
operations include the production and purification of plutonium, the fabri - 
cation of uranium fuel elements, the operation of large thermal (presently in 

standby status) and fast reactors, the processing of radioactive wastes, and 
research and devel opment . 

Nearly 8,000 of the approximately 15,000 workers employed at Hanford by 
DOE and its contractors participate in routine bioassay monitoring programs. 
Radionuclides of particular interest are the fission and activation product 
radionuclides, uranium, and plutonium. 

This report describes the technical basis for the design of the routine 
bioassay monitoring program and upon which assessment of internal dose is 
performed. The purposes of this report are to: 

provide assurance that the Hanford Internal Dosimetry Program 
derives from a sound technical base 

promote the consistency and continuity of routine program activities 

provide a historical record 

serve as a technical reference for radiation protection personnel 

aid in identifying and planning for future needs. 

Internal dosimetry at Hanford is based on the concepts of effective dose 
equivalent described in Publications 26 and 30 of the International Commis- 
sion on Radiological Protection (ICRP 1977, 1979) and modified to apply to 
annually received dose as prescribed by DOE 5480.11 (DOE 1988). The annually 
received effective dose equivalent is the basis for evaluating compliance with 
regard to the 5 rem/yr DOE Radiation Protection Standard (RPS). Fifty-year 

committed dose equivalents (both tissue and effective dose equivalents) are 
a1 so cal cul ated and reported. 



1.1 DOCUMENT DESCRIPTION 

This document consists of a number of sections and appendixes. Each 
section deals with a specific radionuclide or a related group of radio- 
nuclides. The appendixes provide information that is general to all of the 
sections. Radionuclides not specifically mentioned are rarely encountered 
in amounts of dosimetric concern. The basis for dosimetry for other radio- 
nuclides will be added to this document (as revisions) if the need arises. 

This document was first issued in April 1989. In its first 2 years, the 

document found a wide audience among the DOE offices, its contractors, and 
other organizations involved in dosimetry. It not only served well as the 

intended reference for data, but became a template for other facilities in the 
development of their own technical basis documents. 

This document is a "living" document responsive to the needs of the Han- 
ford Internal Dosimetry Program. A limited number of documents are maintained 
under controlled distribution at Hanford for the convenience of those Hanford 
staff having direct responsibilities for site internal dosimetry. Uncon- 
trolled copies are made available to other interested individuals. 

1.2 REVISIONS 

Revisions are made as needed, based on changes in the science and art 
underlying internal dose assessment, changes in the requirements of the pro- 

gram, and also to incorporate material found to be particularly useful for 
dose evaluation. These occasional revisions are made via Program Change Rec- 
ords maintained in the Hanford Radiation Protection Historical Files. 
Affected portions of the document are periodically revised and redistributed 
or the document is reissued in total as a numbered revision. 

The extensive 1991 revision of the Technical Basis document was prompted 

by the desire to have certain additional information readily available for 
routine use in dose assessment and bioassay program design. Also, some 
changes in the presentation of information were identified to make the doc- 
ument easier to use, particularly in light of proposed performance standards 
for internal dosimetry. Advance drafts of the DOE Performance Standard for 



Changes in the science and art of dosimetry are foreseeable in the 
future. Such changes might include a new lung model, improved biokinetic 
models for radionuclides in the body, new recommendations for organs of 
concern and weighting factors anticipated from ICRP, new implementing computer 
codes, and performance standards for internal dosimetry. However, at this 
time the existing "science" appears adequate for the stated purpose of the 
Hanford Internal Dosimetry Program, namely, evaluating compliance with applic- 
able DOE standards for worker radiation protection as expressed in DOE 5480.11 

(1988). 

Changes have also occurred in the Hanford mission since the document was 
originally issued. With the phasing out of plutonium production, the need for 
dosimetry for freshly processed plutonium has decreased. Likewise, with 
N Reactor now in a cold-standby condition, uranium fuel production has ceased 
and the decay of relatively short-lived fission and activation products has 
substantially reduced the need for their dosimetry. The continued operation 
of the Fast Flux Test Facility warrants maintaining well-established internal 
dosimetry programs for these nuclides, however actual experience has shown 
little need for internal dose assessments associated with that facility. I n  

addition, the potential need to review or reevaluate past cases of exposure to 
these nuclides warrants retaining the material in the Technical Basis 
document. 
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2.0 TRITIUM 

Th i s  s e c t i o n  p rov i des  i n f o r m a t i o n  on t h e  sources and b i o k i n e t i c s  o f  trit- 

ium and summarizes t h e  t e c h n i c a l  bas i s  used f o r  t h e  i n t e r n a l  dos imet ry  o f  

t r i t i u m  ( 3 ~ )  a t  Hanford. Th i s  s e c t i o n  i s  no t  in tended  t o  be an a l l  - 

encompassing t e c h n i c a l  b a s i s  f o r  any t ype  o f  t r i t i u m  exposure, b u t  r a t h e r  

t o  p r o v i d e  t h e  approach t o  be used f o r  r o u t i n e l y  encountered exposures a t  

Hanford.  For a d d i t i o n a l  i n f o rma t i on ,  models, and approaches s u i t a b l e  f o r  

t ypes  o f  t r i t i u m  exposures o t h e r  than  those addressed here, r e f e r  t o  t h e  r e f -  

erences l i s t e d  i n  Sec t ion  10.0. 

2 .1  SOURCES OF TRITIUM 

T r i t i u m  e x i s t s  as p a r t  o f  t h e  n a t u r a l  background o f  environmental  r a d i a -  

t i o n  (Na t iona l  Counci l  on Rad ia t i on  P r o t e c t i o n  and Measurements [NCRP] 1979a). 

It can be assumed t h a t  t h e  t r i t i u m  concen t ra t i on  o f  t h e  body water o f  non- 

o c c u p a t i o n a l l y  exposed persons should  be reasonably c l o s e  t o  t h a t  o f  t h e i r  

d r i n k i n g  water .  The Environmental  P r o t e c t i o n  Agency (EPA) has repo r t ed  t h a t  

background t r i t i u m  concen t ra t i ons  i n  U.S. d r i n k i n g  water  range from 100 t o  

400 pCi/L (EPA 1985), which corresponds t o  about 0.2 t o  1.0 dpm/mL. I n  add i -  

t i o n ,  t h e  EPA has promulgated a  l i m i t  f o r  t r i t i u m  i n  d r i n k i n g  water  o f  

20 nCi/L, based on 4 mrem/yr (EPA 1976), a1 though an upward r e v i s i o n  o f  t h i s  

l i m i t  seems t e c h n i c a l l y  j u s t i f i a b l e  (Moghissi and Cothern 1986). 

I t i s  a l s o  wor th  n o t i n g  t h a t  t r i t i u m  has been w i d e l y  d i s t r i b u t e d  i n  t h e  

p u b l i c  domain as a  source o f  l u m i n o s i t y  f o r  va r i ous  " g l ow- i n - t he - da rk "  a p p l i -  

ca t i ons ,  such as t he  faces  o f  watches, c locks ,  ins t ruments ,  and e x i t  s igns .  

Breakage o r  o t h e r  l o s s  o f  containment i n  such dev ices cou ld  r e s u l t  i n  t r i t i u m  

l e v e l s  i n  u r i n e  be ing  s u b s t a n t i a l l y  above background w i t h o u t  occupat iona l  

exposure. 

T r i t i u m  a t  Hanford . i s  encountered a t  l e v e l s  o f  p o t e n t i a l  occupat iona l  

dose concern p r i m a r i l y  i n  research  assoc ia ted w i t h  t r i t i u m  produc t ion ,  

research  assoc ia ted  w i t h  t r i t i u m  produc t ion ,  t h e  decontaminat ion and decommis- 

s i o n i n g  (D&D) o f  former t r i t i u m  p roduc t i on  f a c i l i t i e s ,  l a b o r a t o r i e s  assoc ia ted  



with such facilities, radioluminescent lights being developed by PNL, and as a 
tracer or 1 abel i ng compound for biol ogi cal research projects. 

Tritium in the human body can be routinely detected at levels well below 
those of any dosimetric concern. Therefore, in addition to its use for dosim- 

etry, tritium bioassay can be readily used as a workplace monitoring technique 
supplemental to air sampling or contamination surveys. 

2.2 BIOKINETIC BEHAVIOR OF TRITIUM 

This section describes the biokinetic models and assumptions used for the 
behavior of tritium, with the emphasis on tritium in the form of tritiated 
water. 

2.2.1 Chemical Form 

Unless otherwise specified, exposure to tritium is assumed to occur as 
exposure to tritiated water. Routine Hanford dosimetry is based on this form 
of tritium because it is the typical form encountered. Dosimetrically, trit- 
iated water is also substantially more limiting than exposure to elemental 

tritium. 

Organic compounds containing tritium can be substantially more limiting 
than tritiated water (by as much as a factor of 50). Dosimetry for exposure 
to elemental tritium or organic forms of tritium requires further knowledge of 
the nature of the material and the circumstances of exposure. Because 
elemental and organic forms are not in widespread use at Hanford, they are not 
addressed in this technical basis. If special circumstances warrant, this 
technical basis can be expanded. 

Tritium in the form of tritiated water or vapor is assumed to be instan- 
taneously and uniformly mixed with body water immediately following intake. 
Although the NCRP suggests that 2 or more hours may be required for this 
distribution and mixing to occur (NCRP 1976), from a practical standpoint the 
process is quite rapid and an approximate equilibrium condition will probably 



be reached by the time a sample can be collected. The collection of overnight 

urine samples provides reasonable assurance that an equilibrium condition in 
the body has been achieved. 

2.2.3 Metabolic Model 

The metabolic model used for tritium is described in ICRP 30 (1979). 

Tritiated water is assumed to be uniformly distributed among all soft tissues 
at any time following intake. Its retention (ras) is described as a single 

exponential with an effective clearance half-time of 10 days. Thus, the frac 

tion of tritium taken into the body as tritiated water, which is retained in 

the body at time t days 1 ater, is given by 

r:(t) = exp (-0.693/10)t - - exp-0.0693t 

This retention function has been we1 1 establ i shed and is considered appropri - 
ate for exposures to tritiated water. It can be expected that the retention 

of tritiated water in individuals will vary from this, and if sufficient data 

are available to establish an alternate model for an individual worker's 
exposure, they should be used. 

In addition to body water, ICRP 30 acknowledges the existence of two 

organically bound tritium components. However, the ICRP concludes that these 

could be ignored for radiation protection purposes, and Johnson (1982) 
estimates that these components would add approximately 10% to the committed 

dose equivalent. Unless worker data specifically indicate the existence of 
significantly longer-term components, the Hanford Internal Dosimetry Program 
will follow the ICRP recommendation of single compartment retention. 

The fraction of the initial uptake eliminated on any given day after 
intake is derived by differentiating the retention function. Thus, the el im- 
ination function based on Equation (2.1) is given by 

e(t) = 0.0693 exp -0.0693t 



where e ( t )  i s  the  f rac t ion  of uptake excreted on day t and t i s  the  elapsed 

time (days) post intake.  

I t  must be recognized t h a t  Equation (2.2) describes the  t o t a l  t r i t i um 

eliminated from the  body. This elimination occurs v ia  a number of pathways, 

notably urine,  feces ,  insensible l o s s  (exhalat ion),  and sweat. The ICRP 23 

(1974) Reference Man water balance, shown in Table 2.1, indicates  t h a t  47% o r  

approximately half  of the  water l o s s  of t he  body occurs v ia  urine. In apply- 

ing the  excretion function t o  uptake estimation based on urine sampling, the  

f rac t ion  of an i n i t i a l  uptake excreted in urine on day ( t )  post intake i s  then 

calculated t o  be 

e t ( t )  = 0.47 e ( t )  = 0.033 exp -0.0693t 

The uniform concentration of t r i t i um i n  body water and i t s  s i ng l e  compo- 

nent clearance r a t e  allow f o r  the estimation of uptake based on concentration 

r a the r  than t o t a l  da i ly  excretion. Thus ,  t he  excretion functions,  Equations 

(2.2) and (2.3), can be generally ignored, and the re tent ion function,  Equa- 

t ion  (2.1),  can be d i r e c t l y  used t o  est imate the  i n i t i a l  body water con- 

centra t ion as f o l l  ows: 

TABLE 2.1. ICRP 23 Reference Man Water Balance 

Source 

Milk 
Tap water 
Other 

Total f l u id  

Food 

Oxidation of 
food 

Total intake 

Intakes Losses 
mL/day Fraction Pathwav mL/dav Fract i on 

300 0.10 Urine 1400 0.47 

150 0.05 Feces 100 0.03 
500 0.50 Exhal a t i  on 850 0.28 

1950 0.65 Sweat 650 0.22 

700 0.23 

Total l o s s  3000 1 . O O  



C ( t )  = C(0) exp -0.0693t 

where C ( t )  i s  body water  concen t ra t i on  on day t, C(0) i s  i n i t i a l  body water  

concen t ra t ion ,  and t i s  elapsed t i m e  (days) pos t  i n t a k e .  

Once C(0) has been determined, t h e  uptake f o r  an acute exposure can be 

es t imated  by m u l t i p l y i n g  C(0) by t h e  source organ (body wate r )  mass as shown 

i n  Equat ion (2.5): 

where U(0) i s  t h e  uptake i n  u n i t s  o f  a c t i v i t y ,  C(0) i s  i n i t i a l  body wate r  

concen t ra t ion ,  and M(s) i s  t h e  source organ (body water)  mass. 

For a i r bo rne  exposures, ICRP 30 suggests t h a t  t h e  uptake r a t e  f o r  tr it- 

i a t e d  water  by i n h a l a t i o n  and s k i n  absorp t ion  pathways can be approximated by 

where U'  i s  t h e  uptake r a t e  i n  pCi/h, and C ( a i r )  i s  t h e  a i r  concen t ra t i on  i n  

pCi/cc. 

2.3 TRITIUM INTERNAL DOSIMETRY FACTORS. 

The general  approach t o  t r i t i u m  dosimetry,  i n c l u d i n g  bas ic  dose c a l c u l a -  

t i o n s  f o r  acute, ch ron ic ,  and o t h e r  exposures t o  t r i t i u m ,  i s  discussed i n  t h e  

f o l l o w i n g  subsect ions. 

2.3.1 General A ~ ~ r o a c h  

Determin ing t h e  dose f rom t r i t i u m  exposures i n v o l v e s  c a l c u l a t i n g  t h e  

dose t o  s o f t  t i s s u e  from t r i t i u m  t h a t  i s  assumed t o  be u n i f o r m l y  d i s t r i b u t e d  

throughout  t h e  body water.  The body water  concen t ra t i on  can be determined by 

t he  sampling o f  body f l u i d s  ( t y p i c a l l y  u r i n e ) ,  f o l l owed  by d i r e c t  measurement 

o f  t r i t i u m  us ing  l i q u i d  s c i n t i l l a t i o n  techniques. For  acute exposure s i t u a -  

t i o n s ,  t h e  i n i t i a l  body water  concen t ra t i on  can be es t imated  f rom t h e  r e t e n -  

t i o n  f unc t i on ,  and a t o t a l  t r i t i u m  uptake can be c a l c u l a t e d  us ing  t h e  



Reference Man body water  mass f rom ICRP 23 (1974). From t h i s  uptake, t h e  s o f t  

t i s s u e  dose equ i va len t  can be c a l c u l a t e d  f o r  any p e r t i n e n t  t ime  pe r i od .  For 

ch ron i c  exposure s i t u a t i o n s ,  an e q u i l i b r i u m  body burden o f  t r i t i u m  can be 

es t imated  f rom body water  concen t ra t ion ,  and a  dose equ i va len t  can be ca l cu-  

l a t e d  f o r  any p e r t i n e n t  t ime p e r i o d  us ing  a dose r a t e  f a c t o r .  

H i s t o r i c a l l y ,  t h e  approach t o  t r i t i u m  dos imet ry  used i n  ICRP 2, ICRP 10, 

and American Na t i ona l  Standards I n s t i t u t e  (ANSI) N13.14-1983 was t o  c a l c u l a t e  

t h e  dose t o  body water  as t h e  c r i t i c a l  organ (ICRP 1959, 1969; ANSI 1983). A  

body wate r  mass o f  42,000 g  was assumed f o r  I C R P  23 Reference Man (1974).  It 

was assumed t h a t  t h e  dose t o  body water  was e s s e n t i a l l y  t h e  same as t h e  dose 

t o  s o f t  t i s s u e .  T h i s  approach was q u i t e  conserva t i ve .  

I n  ICRP 30, a  more r e a l i s t i c  approach t o  t r i t i u m  dos imetry  i s  recom- 

mended. The body water  mass o f  ICRP 23 Reference Man (42,000 g )  i s  recog-  

n i z e d  t o  be e s s e n t i a l l y  u n i f o r m l y  d i s t r i b u t e d  throughout  t h e  body mass o f  s o f t  

t i s s u e  (63,000 g ) .  Consequently, t r i t i u m  i s  cons idered t o  be u n i f o r m l y  

d i s t r i b u t e d  throughout  s o f t  t i s s u e ,  and i t  i s  t h e  s o f t  t i s s u e  mass t h a t  i s  

i r r a d i a t e d  r a t h e r  than mere ly  t h e  body water. The n e t  e f f e c t  i s  t o  d i s t r i b u t e  

t h e  decay energy over  a  l a r g e r  mass o f  t i s s u e ,  r e s u l t i n g  i n  a  lowered t o t a l  

dose. A l though l e s s  conserva t i ve ,  t h i s  approach i s  more accurate f rom a  

b i o l o g i c a l  and t e c h n i c a l  p o i n t  o f  view and t hus  p rov ides  a  b e t t e r  t e c h n i c a l  

bas i s  f o r  t h e  Hanford I n t e r n a l  Dosimetry Program. I n t e r n a l  dos imetry  c a l c u l a -  

t i o n s  f o r  t r i t i u m  a t  Hanford w i l l  hence fo r th  use t h e  ICRP 23/30 s o f t  t i s s u e  

mass o f  63,000 g as t h e  t a r g e t  organ mass. 

As p r e v i o u s l y  noted, t h e r e  i s  evidence f o r  an o r g a n i c a l l y  bound compo- 

nen t  o f  a  t r i t i u m  ox ide  i n t a k e  t h a t  might  add as much as 10% t o  t h e  t o t a l  

dose. Th i s  f a c t o r  has been i nco rpo ra ted  i n t o  Canadian recommendations f o r  

dos imetry  (EHD 1983; Myers and Johnson 1991) bu t ,  due t o  t he  r e l a t i v e l y  low 

l e v e l  o f  doses assoc ia ted w i t h  t r i t i u m  a t  Hanford, i s  n o t  being adopted, 

pending f u r t h e r  n a t i o n a l  rev iew.  I f  i n d i v i d u a l  worker mon i t o r i ng  da ta  a t  

Hanford show evidence o f  t h i s  o r g a n i c a l l y  bound component, i t  w i l l  be f a c t o r e d  

i n t o  t h e  c a l c u l a t i o n s .  

Other f a c t o r s  used f o r  t r i t i u m  dos imetry  a re  shown i n  Table 2 .2 .  



TABLE 2.2. T r i t i u m  Dosimetry Fac to rs  

Rad io l og i ca l  h a l f - 1  i f e  12.35 y r  

B i o l o g i c a l  h a l f - 1  i f e  

E f f e c t i v e  h a l f - 1  i f e  

E f f e c t i v e  energy p e r  
t r ans fo rma t i on  

SEE f a c t o r ( a )  

Qua1 i t y  f a c t o r  

Weight ing f a c t o r  

Source organ 

Source organ mass 

Targe t  organ 

Target  organ mass 

I n t a k e  dose e q u i v a l e n t  f a c t o r  

Dose equ i va len t  p e r  u n i t  
concen t ra t i on  f a c t o r  

Dose r a t e  p e r  u n i t  
concen t ra t i on  f a c t o r  

10 days 

10 days 

5.7 keV (0.0057 MeV) 

9.OE-08 MeV/g-transformat i on 

1 .o 
1 .o 
Body water  

42,000 g  

S o f t  t i s s u e  

63,000 g  

0.063 mrem/,di 

2.8 mrem pe r  pCi/L 

0.19 mrem/day per  pCi/L 

(a )  SEE = s p e c i f i c  e f f e c t i v e  energy. 

2.3.2 Dose C a l c u l a t i o n  f o r  an Acute Exposure 

The dose c a l c u l a t i o n  f o r  acu te  uptakes o f  t r i t i u m  i s  as f o l l o w s :  

H ~ , ~  = 
51.15 U(0) SEE (1-exp -0 .0693 t ) /~  -0693 

where H = t h e  s o f t  t i s s u e  dose equ i va len t  i n  rem 
T, t 

U(0) = t h e  i n i t i a l  uptake i n  m ic rocu r i es  

SEE = t h e  ICRP 30 s p e c i f i c  e f f e c t i v e  energy pe r  t r ans fo rma t i on  
(9.OE-8 MeV/dis-g) 

t = t h e  t ime  i n t e r v a l  ( i n  days) f o l l o w i n g  uptake over which 
t h e  dose i s  ca l cu la ted .  

Because t h e  we igh t i ng  f a c t o r  used f o r  t o t a l  body s o f t  t i s s u e  i s  1, t h e  s o f t  

t i s s u e  dose equ i va len t  i s  equal t o  t h e  e f f e c t i v e  dose equ iva len t ,  o r  



The 10-day effective half-life of tritium results in the total 50-year 

committed dose being delivered within about 100 days. Thus, there is no 

significant difference between the first -year dose and the 50-year committed 

dose. The 50-year committed dose equivalent from an acute tritium intake can 

be calculated by solving Equation (2.7) for a period of 18,250 days, giving 

the following: 

where HE,50 is in mrem and U(0) is in microcuries or, a1 ternatively, 

where C(0) is in pCi/L. 

Because the dose from tritium is delivered in a relatively short time 

with regard to a calendar year, it may be a reasonable practice for record- 

keeping purposes to credit the total committed dose from an acute tritium 

exposure to the year of intake. 

2.3.3 Dose Calculation for a Chronic Exposure 

For chronic exposure, or a series of continuing acute exposures, an 

equilibrium concentration in body water is assumed. The dose equivalent rate 

during the period when the concentration is maintained can be calculated by 

HI = 51.15 Q(e )  SEE (2.11) 

where H' is the dose equivalent rate in rem/day, Q(e) is the equilibrium 

activity in soft tissue (microcuries), and SEE is the specific effective 

energy. 



Because Q(e) can be calculated as the product of the body water equi- 

librium concentration, C(e), multiplied by the body water mass, M(s), Equa- 

tion (2.11) can be transformed to 

H' = 51.15 C(e) M(s) SEE (2.12) 

Substituting constants for body water mass (42,000 g) and unit conversion 
factors gives the following relationships for dose equivalent rate to body 

water concentration: 

where H' is in mrem/day and C(e) is in pCi/L; and, 

where H' is in mrem/day and C(e) is in dpm/mL (the units in which bioassay 

results are typically reported by the Hanford bioassay laboratory). 

The dose equivalent for the time period during which the equilibrium 

body water concentration is maintained can then be calculated by 

where t is duration of exposure in days. 

The total committed dose resulting from a chronic exposure interval 
consists of the dose incurred during the interval (as calculated by Equa- 
tion [2.15]) and the dose incurred following the termination of intake. This 

latter component can be calculated using the equation for an acute exposure 

(Equation [2.10]) where C(0) is equal to C(e) as follows: 

H(tota1) = (H' * t) t [2.8 C ( O ) ]  



2.3.4 Dosimetry Based on Mu1 t i ~ l e  Sam~l e Results 

When data from routine monitoring indicate that multiple acute intakes 

or combinations of acute and chronic exposure conditions may exist, dosimetry 

may be performed by integrating the body water concentration over time and 

multiplying by the dose rate per unit concentration factor listed in Table 2.2 

(as shown in Equation [2.17]). This method is particularly useful if samples 

are obtained frequently enough to provide an accurate estimate of the integral 

val ue. 

where H~~ is in mrem and C(t) is in pCi/L. 

2.3.5 Dosimetry for Other Ex~osure Conditions 

Dosimetry calculations for other exposure conditions, forms of material, 

or monitoring techniques will be addressed as specific needs arise. The 

previously cited references, Brodsky (1983), and the Canadian Environmental 

Health Directorate's Guidelines for Tritium Bioassay (1983) provide useful 

models and techniques that can supplement or be adapted to the Hanford dosim- 

etry techniques discussed previously. The NCRP has also addressed the issue 

of dosimetry for tritium-labeled organic compounds incorporated into genetic 

material in NCRP 63 (NCRP 1979b). 

2.4 BIOASSAY MONITORING 

The general approaches to routine monitoring, capabilities of bioassay 

monitoring, and optimum bioassay sampling intervals are discussed in the 

following subsections. 

2.4.1 General Approach to Bioassay Monitorinq 

Bioassay monitoring for tritiated water is relatively simple and 

involves sampling body fluid. Any body fluid can be used, but from a pract- 

ical standpoint urine is the medium of choice. Because dosimetry can be read- 

ily performed using concentration data and because the models are quite 



simple, a single voiding (spot) urine sample is sufficient to obtain an ade- 
quate volume for analysis. Only a few milliliters are actually used in the 
liquid scintillation analysis procedure. Sufficient time should pass follow- 
ing exposure to allow for uniform distribution throughout body fluids. The 
NCRP suggests that 2 or more hours may be required for this (NCRP 1976). For 
this reason, it is usually recommended that tritium samples be collected at 
home using a multiple voiding sampling protocol to obtain an average 
concentration. 

The Hanford bioassay analysis 1 aboratory's 1 iquid scintill at ion proced- 
ure involves direct mixing of a small quantity (1 mL) of the urine sample with 
the scintillation cocktail solution. The sample is then counted in a 1 iquid 
scintillation analyzer. The sensitivities of the available urine procedures 
are shown in Table 2.3. It should be noted that the sensitivities of all of 
the analytical procedures are set at levels above the natural background in 
urine. More sensitive procedures could be established, if needed. 

2.4.2 Ca~abil ity of Routine Bioassay Moni torinq for Acute Exposures 

The detection capability of a routine tritium bioassay monitoring pro- 
gram for acute exposures has been considered in terms of potentially 
undetected committed effective dose equivalent per intake and year, using an 
analytical procedure sensitivity of 10 dpm/mL. In making these calculations, 
it was assumed that an acute intake occurred on the day immediately following 
a sample; thus, the time post intake was considered equal to the length of the 
sample interval. It was also assumed that the pattern of one intake at the 

TABLE 2.3. Analytical Sensitivities for Tritium in Urine 

Detection Nominal Time for Result 
Procedure Level, dpm/mL (from recei~t at lab) 

Routine 10 

Priority 10 

Exped i t e 100 

Rapid 500 

5 working days 
3 working days 
1 working day 
1 hour 



s t a r t  o f  each i n t e r v a l  might be maintained f o r  a yea r .  The r e s u l t s  o f  t h e s e  

c a l c u l a t i o n s  a r e  l i s t e d  in  Table  2.4 and p l o t t e d  a s  t h e  acu te  i n t a k e  curve i n  

Figure 2.1. 

TABLE 2 .4 .  Detect ion Capab i l i t y  of Tr i t ium Bioassay Monitoring 
with a S e n s i t i v i t y  of  10 dpm/mL 

Sampl e Days Between In takes  P o t e n t i a l l y  Undetected Dose, mrem 
Freauency Samples p e r  Year p e r  In take  per  Year 

Annual 365 1 

Semi annual 180 2 

Q u a r t e r l y  9 0 4 

Bimonthly 6 0 6 

Monthly 30 12 

Biweekly 14 25 

Weekly 7 5 0 

t 

Chronic 

I I I I I I I 1 I 

0 10 20 30 40 50 60 70 80 90 100 
Days Between Samples 

R8812094003 51 

FIGURE 2.1.  Tr i t ium Bioassay Monitoring Program Detection Capab i l i t y  
f o r  Analy t ica l  S e n s i t i v i t y  of 10 dpm/mL 



From Figure 2.1, it is apparent that a biweekly sampling frequency is 

optimum for periodic acute intakes of tritium. If the potential exposure to 

tritium is anticipated only for a very limited interval, starting and ending 

bioassay samples might be more suitable than participation in a continuing 

monitoring program. 

2.4.3 Capability of Routine Bioassay Monitorinq for Chronic Exposures 

If the exposure condition is chronic and an equilibrium body water con- 

centration of 10 dpm/mL is assumed (equal to the sensitivity of the analyt- 

ical procedure and implying a daily intake rate of 14 nCi), then the result- 

ing committed effective dose equivalent from 365 days of intake would be 

0.3 mrem. This estimate is essentially the same as the first-year effective 

dose equivalent. Because of the assumption of chronic equilibrium condi- 

tions, this estimate is independent of sample frequency, and is thus shown as 

a flat line in Figure 2.1. 

2.4.4 Optimum Bioassay Sam~linq Intervals 

The optimum routine bioassay sampling frequency for tritium is once 

every 2 weeks, based on acute exposure conditions. Where exposure conditions 

are we1 1 -establ i shed and anticipated exposures are re1 atively small , 1 onger 

sampl ing interval s (e.g., monthly) may be suitable. However, the uncertain- 

ties with dose estimates associated with longer sampling intervals become much 

higher. Because of the 10-day effective half-life, sampling intervals greater 

than 90 days are specifically not recommended. 

Based on Table 2.4, a worker monitoring program using screening levels 

of 110 dpm/mL for biweekly samples or 80 dpm/mL for monthly samples is capable 
of detecting a 10-mrem annual dose based on a series of acute or chronic 

intakes. At these screening levels, sampling schedules should be reviewed to 

assure that workers are on an adequate routine monitoring program consistent 
with their work. If indications are that annual doses may exceed 100 mrem 

from ongoing work, then a biweekly sampling program is recommended. 

2.4.5 Special Monitorinq 

Speci a1 monitoring may be required after unpl anned or unusual exposures. 

When an unusual exposure has been suspected or reported, arrangements should 



be made to collect a urine specimen within a reasonably short period of time 
following the exposure. For potentially high exposures, this sample might 
be a single voiding sample collected at the workplace. For less serious expo- 
sures, an overnight (simul ated 12-hour) or simul ated 24- hour sampl e provides 
confidence that body equilibrium has been achieved and may be more convenient. 

Follow-up sampling should be performed to confirm the initial sample 
results. Additional follow-up samples may be warranted to verify the appl ic- 
ability of the 10-day retention half-time in the individual, or to assess a 
more suitable half-time. To adequately determine the degree of agreement 
between observed and anticipated retention may require only two or three sam- 
ples over a period of about 3 weeks, or it may involve a more extended sam- 

pling program. The evaluator must exercise judgment in determining the number 
of samples warranted. If the exposed worker is already on a routine (e.g., 
biweekly) monitoring frequency, additional special sampl ing for foll ow-up may 

not be required. 

Once an exposure has been evaluated, elevated urine samples might be 
expected for some time (several months). If the worker returns to work that 
involves potenti a1 tri ti um exposure, a more frequent sampl i ng program may be 
required until normal baselines are re-established. During this time period, 
consideration may need to be given to the possibility that additional low- 
level uptakes of tritium might occur, which could be undetectable due to trit- 
ium retained from the earlier intake. 

2.5 ASSESSMENT OF INTERNAL DOSE 

This section provides summary procedures for the assessment of occupa- 
tional internal dose. As such, it applies the concepts described in Section 
2.3 to the Hanford Internal Dosimetry Program. 

2.5.1 Simplified Dose Assessments 

Simplified dose assessments use the standard models and parameters dis- 

cussed in the previous sections to provide an estimate of committed effective 
dose equivalent. Simplified dose assessments may be most suitable when deal- 
ing with limited data (e.g., single urine sample results) or when the dose 



estimates are low with regard to  radiation protection standards o r  l imits  

(e.g. ,  100 mrem or l e s s ) .  The simplified dose assessment procedures that  

follow are based on the discussion contained in Section 2.3, and are adjusted 

t o  re f lec t  the units in which Hanford bioassay resul ts  are typically reported. 

Acute Exposure Simplified Dose Assessment 

To calculate the committed effective dose equivalent from an acute 

intake of tr i t ium based on a single urine sample resu l t ,  proceed as follows: 

1. Calculate the sample concentration, C ( t ) ,  in dpm/mL 

Reported Resul t ,  dpm 
C(t)  = Sample Volume, m~ 

2 .  Estimate the i n i t i a l  body water concentration, C(O), in dpm/mL 

C ( t  
= exp (-0.0i93 * t ) ( t  = days post intake) 

3. Calculate the committed effective dose equivalent, HE, in mrem 

Because the committed effective dose equivalent i s  delivered within a re la -  

t ively short time following the intake, the f i r s t -year  and committed dose 

equivalents are considered equal. 

Chronic Exposure Simplified Dose Assessment 

To calculate the dose equivalent resulting from a chronic exposure to  

tritium (assuming the equilibrium condition), proceed as follows: 

1. Calculate the body water equilibrium concentration, C(e),  in 
dpm/mL : 

Reported Resul t , in dpm 
C ( e )  = Sample VOI ume, in m L  

2.  Calculate the committed effective dose equivalent, H E ,  in mrem, for the 
interval of exposure ( t ,  in days): 



Dose Assessment for Periodic Routine Sam~les 

In situations where periodic routine samples are obtained, not asso- 

ciated with specifically identified intakes but rather with ongoing work prac- 

tices, an average concentration and dose associated with a sampling interval 

can be calculated. The choice of an arithmetic mean versus a logarithmic mean 

has little impact on the dose estimates for intervals of 1 month or less. The 

dose for the interval can be calculated using Equations (2.14) and (2.15) (see 

Section 2.3.3) and the total annual dose calculated by summing the interval 

doses for the year. 

Individual -S~eci fi c Dose Assessments 

Individual-specific dose assessments are made when there are significant 

deviations from the metabolic or dosimetric parameters described above. The 

assumptions or methods used for these assessments are documented as part of 

the eval uat i on. 

2.6 MITIGATION OF DOSE FROM TRITIUM 

The primary treatment for reducing internal dose from a tritium uptake 

is to accelerate the turnover of body water. This can be done by substanti- 

ally increasing the fluid intake rate of an individual through oral or 

intravenous means, and/or using diuretics (NCRP 1980; IAEA 1978). Dose- 

mitigating actions should be recommended by the Occupational Medicine Depart- 

ment of the Hanford Environmental Health Foundation (HEHF) with the 
consultation of Internal Dosimetry. 

2.7 TRITIUM MONITORING PROGRAM FOR THE 400 AREA (FFTF) 

The 400 Area of Hanford Site, which includes the Fast Flux Test Facility 

(FFTF), obtains its drinking water from groundwater wells. These wells 

contain low-levels of tritium (below the EPA drinking water standards) orig- 

inating from aquifer contamination by the past operation of 200 Area fuel 

processing and waste management facilities (Jaquish and Bryce 1989). Planned 

operations supporting fusion materials research were expected to produce large 

quantities of tritium, resulting in the need for a routine tritium bioassay 



program. In FFTF workers, the existence of potentially detectable tritium, 
which could be attributable to environmental sources rather than occupational 
exposure, warranted establishing a screening level to use as a basis for ini- 
tiating investigations and dose assessments of potential occupational 
exposure. 

A baseline bioassay monitoring program was undertaken for FFTF workers 
prior to the commencement of the tritium operations (Carbaugh, Sula, and 
McFadden 1990) . Forty-seven urine samples were col 1 ected from FFTF operations 
personnel over a five-month period in early 1989. The sample data are plotted 
in Figure 2.2. Based on the curve fit, it was estimated that the geometric 
mean was 3 dpm/mL and the tritium concentration corresponding to the 99.9 

percentile for environmental exposure at FFTF was 40 dpm/mL. This concentra- 
tion is similar to the present 20,000 pCi/L (44 dpm/mL) EPA Drinking Water 
Standard for tritium (EPA 1976). 

Percentile 
SBOOW64.2 

FIGURE 2.2. Tritium Concentration in Urine of Occupationally 
Unexposed FFTF Workers 



The potentially undetected annual (or 50-year committed) effective dose 
equivalent associated with a 40-dpm/mL tritium screening level was estimated 
to be 1.2 mrem for chronic equilibrium exposure conditions, 5 mrem for acute 
intakes with weekly to monthly sample intervals (the anticipated range of 
sampling intervals), and 100 mrem for quarterly intervals. 

Because of the low dose potentially associated with chronic exposure or 
anticipated sampling intervals, use of the 99.9 percentile is justifiable on a 
cost-benefi t basis. Thus, 40 dpm/mL was selected as a base1 ine level for 
tritium in 400 Area workers. Results below 40 dpm/mL are considered normal 
for persons working in the 400 Area. Results in excess of 40 dpm/mL indicate 
potential occupational exposure and worker data and sampling schedules should 
be reviewed in light of the criteria in Section 2.4.4. 



SECTION 3.0 
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3.0 COBALT-60 AND OTHER CORROSION PRODUCT RADIONUCLIDES 

Corrosion product radionuclides are created by neutron activation of 

reactor components such as piping or fuel element cladding. The principal 

sources of corrosion product radionuclides at Hanford are the N Reactor and 
FFTF. Corrosion product radionuclides are generally gamma-emitters; there- 

fore, bioassay monitoring can be readily accompl i shed by who1 e body counting . 
This section provides background on the sources, characteristics, and bio- 

kinetic behavior of 60~o and other corrosion product radionucl ides and summar- 

izes the technical basis used for their internal dosimetry at Hanford. 

3.1 SOURCES AND CHARACTERISTICS OF CORROSION PRODUCT RADIONUCLIDES 

In recent years, the primary source of corrosion product radionuclides at 

Hanford has been the N Reactor, and the most detailed characterization of 

these radionuclides has been performed for N Reactor facilities (Weetman and 

DeHaven 1982a, 1982b). In general, a major characteristic of these corrosion 

product radionuclides, regardless of origin, is the presence of several radio- 

nuclides within a matrix of oxidized metal with 6 0 ~ o  the predominant 

radionucl ide. 

The constituents of most corrosion product mixtures of an internal dosim- 

etry concern at Hanford have historically been 58~o, 60~o, 54~n, and 59~e. 

Other radionuclides may also be present in trace amounts, but they are gener- 

ally of little dosimetric significance. These radionuclides are all asso- 

ciated with elements found in steel and alloys used in reactor components. 

The relative abundance of the radionuclides varies from facility to facility; 
however, 60~o is generally the predominant radionuclide in terms of both 

activity and dose significance. With the shutdown of N Reactor in 1987, the 

production of corrosion product radionuclides at Hanford is currently limited 

to FFTF. Based on historical experience, 6 0 ~ o  is the best indicator of an 

intake of mixtures of corrosion product radionuclides. 

Studies at N Reactor indicate that airborne particulates containing cor- 

rosion product radionuclides can be characterized by a lognormal distribution 

with an activity median aerodynamic diameter (AMAD) ranging from 0.5 to 2.5 pin 



(Weetman and DeHaven 1982a). Unless specific information is avail able, the 
assumption of a l-pm-AMAD particulate is recommended for evaluations of 
internal exposure. 

For mixtures containing corrosion product radionuclides, the pulmonary 
retention of the individual radionuclides is probably influenced by the 
contaminant carrier matrix; thus, pulmonary retention for all of the radio- 
nuclides within a single carrier matrix will probably be similar. Oxides 
characteristically represent the least transportable form of an element in the 
lung. For purposes of a priori calculations of expected dose from intake, the 
transportability class for the oxide form of the radionuclide is assumed. 
Nevertheless, retrospective assessment of internal dose following an intake 
should be based on actual observed retention in the lung. 

3.2 BIOKINETIC BEHAVIOR OF CORROSION PRODUCT RADIONUCLIDES 

The biokinetic behavior of corrosion product radionuclides in the body is 
influenced by the physical and chemical properties of the host matrix, as well 
as the individual elements composing the matrix. Thus, the actual behavior of 
the materi a1 foll owing intake is dependent on numerous compl ex and competing 
factors. Although there have been several historical cases involving inhala- 
tion intakes of corrosion products at Hanford, the intakes involved have been 
too small to enable the specific radionuclide versus host matrix characteris- 
tics to be accurately described. The approach taken here regarding assump- 
tions for distribution and retention of corrosion product radionuclides is to 

+ 
assume that the radionuclide behaves according to the most insoluble form 
established for the element in ICRP 30 (1979) unless sufficient in vivo data 

are available and the intake is of sufficient magnitude (e.g., potentially 
above 100 mrem/yr) to warrant evaluation of individual specific retention. 

ICRP 30 establishes default inhalation classes W and Y for cobalt, and 
classes D and W for both manganese and iron. Therefore, for intakes involving 
a mixture of corrosion products, assumed inhalation classes are Y for cobalt 

and W for manganese and iron. Other radionuclides identified in the host 
matrix should be evaluated in the same manner. The GENMOD computer code 
(Johnson and Carver 1981) implements the biokinetic model prescribed in ICRP 



30 and is used to assess expected bioassay compartment quantities following 

intakes of the corrosion products. As described in Appendix A, GENMOD also 

permits modification of biokinetic parameters to provide a better agreement 

between observed and expected bioassay compartment values. 

Section 3.7 summarizes default biokinetic parameters to be used for 

assessing internal dose equivalents from intakes of corrosion product 

radi onucl ides 

3.3 INTERNAL DOSIMETRY FOR CORROSION PRODUCTS 

Section 3.7 provides radiological and dosimetric data for several cor- 

rosion product radionuclides. Tables 3.5, 3.11, and 3.15 provide estimates of 

the first-year and 50-year committed effective dose equivalents for intakes of 

the radionucl ides and Tables 3.6, 3.7, 3.12, and 3.16 give expected activities 

remaining in the lung and whole body following an intake sufficient to result 

in a first-year effective dose equivalent of 10 mrem. 

Assessments of internal dose equivalents for intakes of mixtures of cor- 

rosion product radionuclides must consider the contribution of all radio- 

nuclides present in the mixture. The variability of the relative contribution 

to internal dose equivalent by the various radionuclides precludes the estab- 

lishment of any specific relationship between effective dose equivalent and 

organ doses for a generic mixture. 

In vivo measurements permit the actual distribution and retention of the 

radionuclides in the body to be estimated. In vivo measurements are capable 

of providing estimates of activity in the lung and in the total body follow- 
ing an intake. Subtraction of lung activity from total body activity yields 
an estimate of the activity in systemic compartments of the body for measure- 

ments performed more than 1 week post intake (after clearance of any ingested 

or inhaled material from the gastrointestinal [GI] tract). Activity in the 

systemic compartments is distributed among several organs and assessment of 

the activity in these compartments is normally not feasible using standard in 

vivo measurement techniques. In lieu of specific information regarding the 

inter-systemic partitioning of the radionuclides, the organ deposition frac- 

tions and retention rates provided in ICRP 30 are used. Thus, successive 



whole body counts yield data from which lung and systemic organ cumul ative 
activities (e.g., nCi -days) can be determined. The dose conversion factors 

listed in Section 3.7 in Tables 3.4, 3.10, and 3.14 may be applied to these 
cumulative activities over the time periods of interest to assess organ and 

effective dose equivalents. 

3.4 BIOASSAY FOR CORROSION PRODUCTS 

The foll owing subsections discuss bioassay monitoring for corrosion 
product radionuclides. 

3.4.1 Bioassav Methods 

In vivo and excreta measurements comprise the bioassay methods used in 
monitoring for corrosion product radionuclides. 

In Vivo Measurements 

All of the radionuclides included in this section are gamma-emitters; 
therefore, internally deposited activities can be measured directly using in 

vivo techniques. Table 3.1 shows the detection levels for the radionuclides 
using the standard three-minute preview counter measurement (Palmer et al. 

1990) . 

TABLE 3.1. Minimum Detectable Activity in a h le Body Count 
(preview counter, 3-minute count) Ya? 

Radi onucl i de MDA, nCi 

58~0 3 
60co 3 
5 4 ~ n  3 

5 9 ~ e  6 

(a) MDA calculated as described 
by Palmer et a1 . (1990) 
and in Appendix C. 



Excreta Measurements 

Because the radionuclides are easily detectable using in vivo tech- 
niques, it is not expected that excreta measurements would be required in most 

internal exposure situations. Measurement of radionuclides in early fecal 
excretion can be used as a means for establishing the relative radio-nuclide 
distribution in a corrosion product mixture; however, analysis of a nasal or 
appropriate surface contamination smear sample is preferred if the elements 
present may exhibit different absorption characteristics in the GI tract. 

3 . 4 . 2  Routine Bioassay Monitorinq Proqram 

Routine monitoring for gamma-emitting corrosion products is best accom- 
plished by periodic whole body counting. Based on the tables in Section 3.7, 
which show the capability of periodic bioassay measurements in terms of annual 

and committed effective dose equivalent, a semiannual frequency provides for 

detection of intakes in a year resulting in either an annual or committed 
effective dose equivalent of 100 mrem for the radionuclides specifically 
covered in this section. An annual frequency would enable detection of annual 
effective doses of 100 mrem for all radionucl ides considered except 59~e. 

Because corrosion product mixtures are characterized by the dominant 
presence of 60~o, a bioassay monitoring program for identifying intakes can be 
based on the identification of 60~o. For this approach to be val id, the 
presence of other radionuclides should be considered whenever 6 0 ~ o  is 
detected. 

Because intakes of activated corrosion products usually involve several 
radionuclides, it is prudent to assume, upon initial assessment of bioassay 
measurement results, that the dose incurred from all radionuclides in the 
corrosion product mixture will exceed somewhat the dose received from 'OCO 
alone. For example, if 60~o, 58~o, 54~n, and 5 9 ~ e  Mere present at equal 
activities in a mixture, then the first-year effective dose equivalent from an 
intake of the mixture would be about 1.4 times the dose equivalent received 

from the 60~o. However, because 6 0 ~ o  generally accounts for most of the 
activity in the mixture, doses from all radionuclides in the mixture are, in 
actual experience, less than 1.4 times the dose from the 6 0 ~ o  alone. 



If 60~o or other radionuclides are detected in a routine measurement, 
follow-up measurements generally should be performed. The measurements can 
usually be most conveniently performed immediately following the initial meas- 
urement, while the subject is at the IVRRF. The use of high-resolution 
germanium detectors for follow-up measurements is preferred in order to iden- 
ti fy other radionucl ides possibly associated with the exposure. Detection 
capabilities for the germanium detectors are comparable to those obtained 
using the preview counter (Palmer et al. 1990). 

If, at very low indicated activities, a contractor wishes to waive the 
follow-up measurement, dose equivalents can still be calculated based on the 
single initial count. Although the accuracy of a single count performed using 
the preview counter is somewhat less than that obtained using germanium 

detector systems, this higher uncertainty is not of much significance at low 
doses. 

3.4.3 Bioassay Measurements Followinq an Acute Intake 

An in vivo examination should be performed following any indication of 
an intake of activated corrosion product radionuclides. However, unless the 

intake appears to be of such magnitude that medical treatment to aid removal 
of the material from the body is considered, the exam may be scheduled as 
convenient, within several days of the intake. All radionuclides potentially 
involved in the exposure should be considered during the follow-up 
investigation. 

The interpretation of in vivo measurements shortly after intake may be 
complicated by early transport of material through the lung and GI tract. 
Measurements performed after about 5 days post intake are more appropriate for 
dose eval uation. Long-term foll ow-up bioassay measurements should be consid- 
ered to monitor internal radioactivity levels and establish individual- 

specific retention characteristics. 



3.5 ASSESSMENT OF INTERNAL DOSE EQUIVALENT 

The assessment of internal dose equivalent from corrosion products is 

accomplished by evaluation of in vivo measurement results. Dose equivalents 

are assessed for any confirmed internal exposure attributed to occupational 

sources. 

Dose assessments include annual and committed dose equivalents, as we1 1 

as dose equivalents to specific organs of concern based on the criteria 

presented in the Hanford Internal Dosimetry Program Manual. (a) (See a1 so 

Appendix B). Organs receiving the most dose following intake are those listed 

in Section 3.7, Tables 3.4, 3.10, and 3.14. 

Several methods exist to evaluate in vivo results in order to assess the 

internal dose equivalent. The simplest method, and one that is recommended 

for initial evaluation of in vivo results, as well as for final evaluations 

when doses are very low, involves fitting the in vivo measurement data to the 

expected internal activity using the biokinetic model prescribed by the ICRP 

in Publication 30. This model is implemented using GENMOD. Assumptions that 

are used for this evaluation are that the material is in its most insoluble 

form, as recommended in ICRP 30; that the intake date, if unknown, is assumed 

to be the midpoint of the period during which the intake could have occurred; 

and that the intake consisted of inhalation of an aerosol with l-pm-AMAD 

particles. The resulting retention function, calculated using GENMOD, i s fit 

to the observed in vivo measurement data using techniques described in Appen- 

dix C. Table 3.3 provides a summary of total body retention, expressed as a 

fraction of a unit acute intake, for selected times post intake. The tables 

in Section 3.7 that show in vivo retention at various times post intake can be 

used to estimate internal dose from whole body counting data. 

If the intake could potentially result in an annual effective dose 

equivalent exceeding 100 mrem, then an investigation should be performed to 

determine the radionuclide composition of the involved corrosion product mix- 

ture and to assess the dose equivalent from all radionucl ides present in the 

(a) Pacific Northwest Laboratory. 1989. Hanford Internal Dosimetry Proqram 
Manual. PNL-MA-552, Rich1 and, Washington. 
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mixture. Additional in vivo measurements to confirm the assumed retention 
function, or to develop a case-specific retention function, should also be 
performed. 

For the purpose of developing an initial estimate of dose equivalent to 
determine the extent to which follow-up investigation is warranted, it should 
be assumed that the total dose received from intake of the corrosion product 
mixture is 1.4(~) times the dose contributed by 60~o. This assumption 
accounts for the fact that 6 0 ~ o  is usually part of a mixture of corrosion 
product radionuclides and not all radionuclides in the mixture may have been 
detected by the in vivo measurement. 

A simplified dose assessment procedure for use in the initial evalua- 
tion, and as a final evaluation procedure for cases in which the annual effec- 
tive dose equivalent is below 100 mrem, is as follows: 

1. Determine time of intake. Assume the midpoint of the period during 
which the exposure could have occurred, if a specific intake date 
is not known. For example, for the evaluation of measured activity 
in an annual whole body count it might be assumed that the intake 
occurred at the midpoint of the measurement period, provided the 
worker could have incurred an intake at any time during the prior 
year. 

2. As an initial evaluation of dose, evaluate the bioassay measurement 
results for each radionuclide detected using the ICRP 30 biokinetic 
model and assuming a) the 1 east soluble form of the radionucl ide 
recommended in ICRP 30, b) an acute inhalation intake, and c) an 
aerosol AMAD of 1 pm. Table 3.3 provides selected total body 
retention fractions for various times post intake. 

If 54~n and other corrosion product radionucl ides were detected by 
the initial measurement(s), then assess the total annual dose 
received from these radi onucl ides. If the calculated dose exceeds 
a 100-mrem first-year effective dose equivalent, then determine if 
other radionuclides, not detected by the in vivo measurement, were 
also present at intake. Also, consider making additional in vivo 
measurements to confirm the retention characteristics of the mate- 
rial and re-establish baseline internal activity levels. 

(a) Assumes equal intake of 60~o and 54~n. While other radionucl ides may be 
involved, experience at Hanford indicates that the first-year dose is 
contributpd most1 by these two radionuclides, and that the activity 
ratio of CO to Y4Mn is always greater than 1.0. 



4. If 60~o was the only radionucl ide detected and its annual effective 
dose equivalent multiplied by 1.4 (to account for the possible 
contribution of other radionuclides present in a mixture) exceeds 
100 mrern, then other radionuclides potentially present at intake, 
but not identified by the in vivo measurement, should be con- 
sidered in the evaluation. 

Observed in vivo retention of the corrosion product radionucl ides should 
be used in place of the ICRP biokinetic model for evaluations of internal 
doses that potentially exceed 100 rnrem/yr when sufficient in vivo data are 
available for such an analysis. This can be accomplished by either modifying 
retention/distribution parameters in GENMOD to achieve better agreement 
between the model and the observed in vivo measurement data, or by graphi- 
cally analyzing the in vivo data to identify retention components for the lung 
and for systemic organs.(a) The retention curves are then integrated to 
obtain cumulative activity for the calendar years following intake, and the 
cumul ative activity is mu1 tip1 ied by the organ and effective dose equivalent 
conversion factors in Tables 3.4, 3.10, or 3.14 to obtain annual dose equiv- 
alents. In order to provide a true assessment of the effective dose equiv- 

alent, the activity deposited in the lung, systemic organs, and tissues must 
be considered. Modifications to default model parameters must be documented 
in the internal/dose assessment report. 

3.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES 

Historically, activated corrosion product radionuclides have been the 
most common type of internal exposure at Hanford. However, exposures have 
been minor and there is no known instance in which special therapeutic meas- 
ures have been applied for mitigative purposes. Various options exist for 
treatment to remove corrosion product radionucl ides from the body and these 
generally involve measures to minimize absorption into the blood, including 
stomach lavage and administration of purgatives, emetics, or phytates. Use of 
chelating agents may also be considered in significant exposure cases. A 
primary consideration for all mitigatory actions is prompt response because 

(a) Activity in the systemic compartments of the body can be assumed to be 
represented by the activity in the total body minus the lung. 
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the effectiveness of treatment decreases rapidly with time post intake. Han- 

ford Environmental Health Foundation Occupational Medicine, should be notified 

immediately upon indication of a severe intake of corrosion product 

radionucl ides. 

3.7 DOSIMETRY DATA FOR CORROSION PRODUCT RADIONUCLIDES 

This section provides bioassay and dose assessment information for the 

principal corrosion product radionucl ides : 58~o, 60~o, 54~n, and 59~e. Other 

radionuclides may sometimes be associated with intakes of mixed corrosion 

products; however, experience to date at Hanford has shown that they are of 

negligible dosimetric significance. If radionuclides other than those 

provided in this section are encountered, dose assessment can be accomplished 

using the methods discussed in this section. 

3.7.1 Cobal t-58 and Cobal t-60 

Cobalt-60 is the primary corrosion product radionuclide. In essenti- 

ally all internal exposure cases involving corrosion products at Hanford, the 

internally deposited activity and the resulting internal dose are both dom- 

inated by 60~o. Table 3.2 provides radiological data for 5 8 ~ ~  and 60~o. 

According to ICRP 30, inhalation classes are assigned as follows: 

TABLE 3.2. Radiological, Data for 58~o and 60~o 

58~0 6 0 ~ ~  

Half -1 i fe 70.8 days 5.27 yr 

Annual limit on intake(a) 

Class W 1100 pCi 160 &i 

Class Y 

Who1 e body count MDA(~) 

(a) From ICRP 30 (1979). 
(b) MDA = minimum detectable activity (from Palmer et al. 1990). 



cl ass Y--oxides, ha1 ides, nitrates, hydroxides 

class W--all other compounds. 

As corrosion products, cobalt particulates exist in the oxide form and 

are considered to exhibit retention characteristics of class Y compounds. 
ICRP 30 considers cobalt to be relatively poorly absorbed by the GI tract and 

therefore assigns an absorption coefficient (fl) of 0.05 to both class W and Y 
compounds. 

Of the cobalt entering the blood stream, about half is excreted 
directly, with the remaining half distributed in the body. Of the amount 
distributed in the body, 10% is assumed to go to the liver and the remaining 
90% is distributed throughout the rest of the body. According to ICRP 30, the 
material deposited in body organs (other than lung) is removed from the organs 
at several rates. In the absence of retention data on a case-specific basis, 
the ICRP recommends that the following retention rates be applied to the mate- 
ri a1 in the 1 iver and rest of body: 

Fraction Retained, % Bioloqical Half-Life, days 
6 0 6 

20 60 

20 800 

Because the retention characteristics are considered to be the same for the 
liver as for the rest of the body, the relative distribution between the two 
sources can be assumed to be constant at the following percentages of total in 
the body (except 1 ung) : 

rest of body--90%. 

Table 3.3 shows 58~o and 6 0 ~ o  total body retention following an acute 
exposure to the most limiting ICRP inhalation class (class Y). Table 3.4 

provides dose conversion factors (DCFs) (in rem/nCi-day) for 58~o and 6 0 ~ o  
deposited in the lung and in systemic organs and tissues. Table 3.5 gives 

predicted first-year and 50-year committed effective dose equivalents per 



TABLE 3.3. 

Days Post 
Intake 

Total Body ~etention(~) Following an Acute 
Inhalation Exposure to l-pm-AMAD Particles 

58~0 
Class Y 

6.20E-5 

0. OOEtO 

0. OOEtO 

0. OOEtO 

0. OOEtO 

60~o 
Class Y 

54~n 
Class W 

0. OOEtO 

0. OOEtO 

0. OOEtO 

5 9 ~ e  
Class W 

0. OOEtO 

O.OOE+O 

0. OOEtO 

(a) Expressed as fraction of a unit intake. 

nanocurie of intake, and Tables 3.6 and 3.7 give the activity remaining in the 

lung and the total activity in the body at various times after an acute inhal- 
ation intake. Table 3.8 gives the detectable first-year effective dose equiv- 

alent for measurements performed at various times post intake. 

Manganese-54 (T = 312.5 days) is the principal radioactive isotope of 
1/2 

manganese at Hanford from an internal exposure standpoint. However, because 

of its relatively short effective half-life, it is usually only of minor 

importance in cases involving intakes of activation products. In essentially 

all internal exposure cases observed at Hanford that involve mixtures of 



TABLE 3.4. Dose Conversion Fac to rs  f o r  Cobalt  

S i t e  o f  Depos i t ion  Tarse t  Orqan (a )  

Lung Lung 

E f f e c t i v e  

~ o d ~  (b)  Gonad 

Breast  

Red marrow 

Lung 

L i v e r  

E f f e c t i v e  

5 8 ~ 0  DCF, 
rem/nCi-day 

6 0 ~ o  DCF, 
rem/nCi-day 

( a )  Organ doses i nc l uded  f o r  organs c o n t r i b u t i n g  more than 10% t o  t h e  
t o t a l  e f f e c t i v e  dose equ i va len t  . 

(b )  Excludes l u n g  and assumes 10% i n  l i v e r  and 90% i n  the  r e s t  o f  t h e  
body. Fac to rs  can be app l i ed  d i r e c t l y  t o  whole body count da ta  
from which t h e  c o n t r i b u t i o n  due t o  a c t i v i t y  i n  the  lung  has been 
subt racted.  

TABLE 3.5. Pred ic ted  E f f e c t i v e  Dose Equivakgnts Re l t i n g  from an 
I n h a l a t i o n  I n t a k e  o f  l-pm-AMAD Co o r  8'Co P a r t i c l e s  

F r a c t i o n  o f  
50-Yr Committed 

mrem/nC i E f f e c t i v e  Dose 
F i r s t - Y r  E f f e c t i v e  50-Yr Committed Equi va l  e n t  Recei ved 
Dose Equi v a l  e n t  Dose Euui v a l  e n t  i n  F i r s t  Year 

5 8 ~ 0  

Class W 

Class Y 

6oco 

Class W 

Class Y 



TABLE 3.6. Expected 5 8 ~ o  A c t i v i t y  Fo l l ow ing  an Acute I n t a k e  Res 1  i n g  
i n  a  F i r s t - Y e a r  E f f e c t i v e  Dose Equ iva len t  o f  10 mrem 't a f  

Days Post 
I n t a k e  

A c t i v i t v ,  nCi 
Class W Class Y 

Who1 e  Bodv Lunq Who1 e  Body 

(a )  I n t a k e  = 1500 nCi c l ass  W o r  910 nCi c l a s s  Y, assuming 
1 -pm-AMAD p a r t  i c l  es . 

(b )  N e g l i g i b l e .  

TABLE 3.7. Expected 6 0 ~ o  A c t i v i t y  Fo l low ing  an Acute I n t a k e  Res 1  i n g  
i n  a  F i r s t - Y e a r  E f f e c t i v e  Dose Equ iva len t  o f  10 mrem Yaf 

A c t i v i t y ,  nCi 
Days Post Class W Class Y 

I n t a k e  Lunq Whole Body Lunq Whole Body 

(a )  I n t a k e  = 360 nCi c l a s s  W o r  125 nCi c l ass  Y,  assuming l-.m- 
AMAD p a r t  i c l  es . 

( b )  N e g l i g i b l e .  



TABLE 3.8. gg tec tab le  Doses f o r  I n  V ivo Measurement o f  5 8 ~ o  a  d  
Co Fo l l ow ing  I n h a l a t i o n  o f  a  1-prn-AMAD Aerosol  (a9 

Days Post 
I n t a k e  

F i r s t ~ Y r  E f f e c t i v e  Dose Eauivalent,,mrem/vr 
3 0 ~ ~  P " ~ ~  

Class W Class Y Class W Class Y 

( a )  Based on an MDA o f  3  nCi .  

a c t i v a t i o n  p roduc ts  produced i n  r eac to r s ,  t h e  a c t i v a t i o n  p roduc t  6 0 ~ o  i s  t h e  

predominant r ad ionuc l  i de ,  both i n  terms o f  a c t i v i t y  and r e s u l t i n g  dose. 

Table 3.9 p rov ides  r a d i o l o g i c a l  da ta  f o r  5 4 ~ n .  

According t o  ICRP 30, compounds o f  manganese a re  assigned t h e  f o l l o w i n g  

i n h a l  a t i o n  c l  asses: 

c l a s s  W--oxides, hydrox ides,  ha l i des ,  n i t r a t e s  

c l a s s  D - - a l l  o t h e r  compounds. 

TABLE 3.9. Rad io l og i ca l  Data f o r  5 4 ~ n  

Hal f - 1  i f e  313 days 

Annual 1  i m i  t on i n t a k e ( a )  

Class D 810 pCi 

Class W 810 p C i  

Whole body count  M D A ( ~ )  3  nCi 

( a )  From ICRP 30 (1979).  
( b )  MDA = minimum d e t e c t a b l e  a c t i v i t y  ( f r om  Palmer 

e t  a l .  1990). 
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Al though t h e  t r a n s p o r t a b i l i t y  o f  manganese present  i n  a  m i x t u r e  o f  c o r r o s i o n  

p roduc ts  i s  l i k e l y  t o  be i n f l uenced  by t h e  s o l u b i l i t y ,  phys i ca l ,  and chemical 

c h a r a c t e r i s t i c s  o f  t h e  hos t  ma t r i x ,  i t  i s  app rop r i a te  t o  assume i n  a  p r i o r i  

dose c a l c u l a t i o n s ,  an i n h a l a t i o n  c l a s s  W f o r  c o r r o s i o n  p roduc t  manganese. 

ICRP 30 ass igns a  G I  t r a c t  abso rp t i on  c o e f f i c i e n t ,  fl, o f  0.1 f o r  bo th  c lasses  

o f  manganese. 

Once manganese en te r s  t h e  b l ood  stream, i t  i s  d i s t r i b u t e d  t o  t h e  bone 

sur faces,  l i v e r ,  and s o f t  t i s s u e s  o f  t h e  body. ICRP 30 suggests t h a t  65% o f  

t h e  depos i ted  m a t e r i a l  i s  r e t a i n e d  i n  s o f t  t i s sues ,  i n c l u d i n g  t h e  l i v e r ,  w i t h  

h a l f - l i v e s  o f  4  days f o r  h a l f  o f  t h e  m a t e r i a l  and 40 days f o r  t h e  o t h e r  h a l f .  

The o t h e r  35% i s  r e t a i n e d  i n  t h e  bone sur faces  w i t h  a  h a l f - l i f e  o f  40 days. 

For dos imetry  purposes t h e  40-day component i s  most s i g n i f i c a n t ;  i t s  d i s t r i b -  

u t i o n  i n  t h e  body i s  as f o l l o w s :  

bone surfaces--50% 

s o f t  t i ssue- - 30% 

Thus, t h e  above d i s t r i b u t i o n  would p e r t a i n  t o  5 4 ~ n  observed i n  t h e  body 

(exc lud ing  l ung )  about 2 weeks pos t  i n t ake .  

Tabl e  3.10 p rov ides  DCFs ( i n  rem/nCi -day) f o r  5 4 ~ n  depos i ted  i n  t h e  1  ung 

and i n  systemic organs and t i s s u e s .  Table 3.11 g i ves  t h e  p r e d i c t e d  f i r s t -  

yea r  and 50-year committed e f f e c t i v e  dose equ i va len t  pe r  nanocur ie  o f  i n t ake ,  

and Table 3.12 shows t h e  expected a c t i v i t y  remain ing i n  t h e  l u n g  and t h e  t o t a l  

a c t i v i t y  i n  t h e  body f o r  va r i ous  t imes  a f t e r  an acute i n h a l a t i o n  i n take .  

Tabl e  3.4 i n c l  udes t h e  f r a c t i o n a l  t o t a l  body r e t e n t  i o n  f o l  1  owing an acu te  

c l a s s  W i n h a l a t i o n  ( t h e  most l i m i t i n g  I C R P  30 case).  

I r on- 59  i s  a  r e l a t i v e l y  m inor  component o f  t y p i c a l  co r ros ion  p roduc t  

m i x t u r e s - - c o n t r i  bu t i ng ,  f o r  example, about 10% o f  t h e  a c t i v i t y  a t  N Reactor.  

Because o f  i t s  r e l a t i v e l y  s h o r t  h a l f - l i f e  (44.5 days),  i t s  r e l a t i v e l y  g r e a t e r  



TABLE 3.10. Dose Conversion Factors for 54~n 

Site of Targf(f, 
Deposition Orqan 

Lung Lung 

Effective 

Body ( b, Gonad 

Breast 

Red marrow 

Lung 

Liver 

Effective 

DCF, 
rem/nCi-day 

(a) Organ doses included for organs contributing 
more than 10% to the total effective dose 
equivalent . 

(b) Excludes lung and assumes a tissue distri - 
bution of 50% bones surfaces, 20% liver, 
and 30% soft tissue. 

TABLE 3.11. Predicted Effective Dose Equivalen Resulting from 
an Inhalation Intake of l-pm-AMAD '4t4n Particles 

Fraction of 
50-Yr Committed 

mrem/nCi Effective Dose 
First-Yr Effective 50-Yr Committed Equi val ent Recei ved 
Dose Equivalent Dose Equivalent in First Year 

Class D 0.0054 

Class W 0.0069 

transportability from the lung, and its general distribution throughout the 

body, it contributes less than 10% of the total effective dose equivalent in 
most corrosion product exposure cases. 

Table 3.13 lists radiological data for 59~e. 

According to ICRP 30, inhalation classes are assigned to compounds of 

iron as follows: 



TABLE 3.12. Expected 5 4 ~ n  A c t i v i t y  Fol lowing an Acute In take Res 1  i n g  
i n  a  F i r s t - Year  E f f e c t i v e  Dose Equivalent  o f  10 mrem u af 

Days Post 
I n take  

7 

14 

3  0  

60 

9 0  

180 

365 

A c t i v i t y ,  nCi 
Class D Class W 

Luns Whole Body Lunq Whole Body 

(a) I n take  = 1.8 pCi c lass  D o r  1.4 pCi c lass  W, assuming 
i n h a l a t i o n  o f  l-pm-AMAD p a r t i c l e s .  

(b )  N e g l i g i b l e .  

TABLE 3.13. Radio logical  Data f o r  5 9 ~ e  

H a l f - 1  i f e  44.5 days 

Annual 1  i m i t  on in take(a)  

Class D 270 p C i  

Class W 540 pCi 

Whole body count M D A ~ ~ )  6 nCi 

(a) From I C R P  30. 
(b) MDA = minimum detec tab le  a c t i v i t y  ( f rom 

Palmer e t  a1 . 1990). 

c lass  W--oxides, ha1 ides, hydroxides 

c lass  D - - a l l  o ther  common compounds. 

The ex ten t  o f  absorpt ion o f  i r o n  by the  G I  t r a c t  depends on a  number o f  f a c -  

t o r s ,  i n c l u d i n g  the  amount o f  i r o n  i n  t he  d i e t ,  i t s  chemical form, the  body's 

i r o n  needs, and the  presence o f  i n t e r f e r i n g  substances i n  the  d i e t .  For the  a  

p r i o r i  c a l c u l a t i o n  o f  dose from i r o n  intakes, I C R P  30 recommends an absorp t ion  

c o e f f i c i e n t  (fl) o f  0.1 t o  both c lass  D and W compounds. 



O f  i r o n  e n t e r i n g  t h e  b lood  stream, t h e  assumption o f  t h e  f o l l o w i n g  organ 

d i s t r i b u t i o n  i s  recommended: 

r e s t  o f  body--90.7%. 

Regardless o f  t h e  s i t e  o f  depos i t ion ,  i r o n  i s  assumed t o  have a b i o l o g i c a l  

h a l f - l i f e  o f  2000 days. Thus, t h e  above organ d i s t r i b u t i o n  can be assumed t o  

remain f i x e d  f o l l o w i n g  i n take .  

Table 3.14 p rov ides  DCFs ( i n  rem/nCi -day) f o r  " ~ e  depos i ted  i n  t h e  1 ung 

and i n  systemic organs and t i s sues .  Table 3.15 g i ves  t h e  p r e d i c t e d  f i r s t -  

yea r  and 50-year committed dose equ i va len t  p e r  nanocur ie  o f  in take ,  and 

Table 3.16 shows t h e  expected a c t i v i t y  remain ing i n  t h e  l ung  and t h e  t o t a l  

a c t i v i t y  i n  t h e  body f o r  va r ious  t imes a f t e r  an acute i n h a l a t i o n  i n take .  

TABLE 3.14. Dose Conversion Factors  f o r  5 9 ~ e  

S i t e  o f  Targp$) DCF, 
D e ~ o s i  t i on Orqan rem/nCi-dav 

Lung Lung 8.6 E-6 

E f f e c t  i ve 1.1 E-6 

Body( b, Gonad' 3.7 E-7 

Breast  3.5 E-7 

L i v e r  1.0 E-6 

Spleen 1.1 E-6 

E f f e c t i v e  4.6 E-7 

(a )  Organ doses i nc l uded  f o r  organs c o n t r i b u t i n g  
more than 10% t o  t h e  t o t a l  e f f e c t i v e  dose 
equ iva l  en t  . 

(b )  Excl  udes 1 ung and assumes 8% i n  1 i ver,  1.3% 
i n  spleen, and 90.7% i n  t h e  r e s t  o f  t he  body. 
Fac to rs  can be appl i e d  d i r e c t l y  t o  whole 
body count da ta  f rom which t he  c o n t r i b u t i o n  due 
t o  a c t i v i t y  i n  t h e  l u n g  has been sub t rac ted .  



TABLE 3.15. P red i c ted  E f f e c t i v e  Dose E q ~ i v a l e n f ~ R e s u l t i n g  f rom 
an I n h a l a t i o n  I n take  o f  l-pm-AMAD Fe P a r t i c l e s  

F r a c t i o n  o f  
50-Yr Committed 

mrem/nCi E f f e c t i v e  Dose 
F i r s t - Y r  E f f e c t i v e  50-Yr Committed Equ i va len t  Received 
Dose Equ i va l  e n t  Dose Eaui va l  e n t  i n  F i r s t  Year 

Class D  0.016 

Class W 0.013 

TABLE 3.16. Expected 5 9 ~ e  A c t i v i t y  Fo l l ow ing  an Acute I n t a k e  Res 1 i n g  
i n  a  F i r s t - Y e a r  E f f e c t i v e  Dose Equ iva len t  o f  10 mrem Y a f  

A c t i v i t v ,  nCi 
Days Post Class D  Class W 

I n t a k e  Lunq Whole Bodv Luns Whole Body 

(a )  I n t a k e  = 630 nCi c l a s s  D  o r  780 nCi c l a s s  W, assuming 1-pn-AMAD 
p a r t i c l e s .  

(b )  Negl i g i b l e .  



SECTION 4.0 

STRONTIUM 





4.0 STRONTIUM 

This section summarizes the technical basis and provides some historical 

perspective for the internal dosimetry of strontium at Hanford. 

Historically, Hanford internal dosimetry for strontium was based on es- 

timating the long-term systemic deposition, using urine data and Dolphin's 

excretion model (Dolphin and Eve 1963a, 1963b), and comparing it with the 

2-&i ICRP 2 maximum permi ssi bl e body burden (MPBB) (ICRP 1959). The 1 ong- 
term (formerly referred to as "permanent") deposition was defined as the 

amount remaining in the body at 1 year post intake, which was calculated to be 

15% of the initial systemic uptake. This evaluation technique was described 

in several short explanations, the most recent being Appendix G of the Hanford 
Dosimetry Evaluation Manual (PNL-MA-575). (a) Earlier versions are 1 i sted in 
Table 4.1. 

In April 1985, the practice of investigating all positive 9 0 ~ r  results 

regardless of their dose implication was discontinued, and only results poten- 

tially indicating long-term systemic depositions in excess of 1% of the above- 

described level were investigated. This change in practice was made due to 

increased sensitivity of the analytical procedure and the indication of poten- 

tial background levels in the range of the minimum detection level for the 

analytical procedure. Using the above model , derived investigation 1 eve1 s 
were calculated for various times post intake, and these were documented by 

letter to the Hanford Radiation Protection Historical Files as referenced in 

Table 4.1. 

This technical basis incorporates the ICRP 26 and 30 (1977, 1979) con- 
cepts of tissue and effective doses, the ICRP alkaline earth model (1973) as 

implemented using the GENMOD computer code (Johnson and Carver 1981; see 

Appendix A), and supersedes the previously documented techniques for assess- 
ing internal exposure to strontium at Hanford. 

(a) Pacific Northwest Laboratory. 1982. Hanford Dosimetry Evaluation 
Manual. PNL-MA-575, Rich1 and, Washington. 

4.1 



TABLE 4.1. H i s t o r i c a l  Documentation o f  t h e  Hanford S t ron t i um 
Model and Depos i t i on  Eval u a t i  on Techniques 

Date 

Pre 1966 

11-66 

08-01-68 

07-26-76 

09-17-80 

11-82 

Author T i t l e  

Var ious Depos i t i on  ~ v a l  ~ a t i o n s ( ~ )  

Not S p e c i f i e d  Appendix I - 9 0 ~ r ( a )  

R. C. Henle 'OSr Cal c u l  a t  i on ~ a c t o r s ( ~ )  

R. D. Glenn Appendix I - ' ' ~ r ( ~ )  

D. P. Hickman Appendix I - 'OSr Dose  valuation(^) 

PNL-MA-575 Appendix G - 'OSr Dose 
Eval u a t  i on 

E. H. Carbaugh Der ived  I n v e s t i g a t i o n  Level  s - 9 0 ~ r ( b )  

(a) Unpubl ished Hanford e v a l u a t i o n  procedures, guides, and eva lua t i ons .  
(b )  Carbaugh E. H., and M. J. Sula.  1985. "Der ived I n v e s t i g a t i o n  

Level  s - - ' O S ~ .  " L e t t e r  t o  t h e  Hanford Rad ia t i on  P r o t e c t i o n  
H i s t o r i c a l  F i l e s ,  A p r i l  1, 1985, P a c i f i c  Northwest Labora to ry ,  
R i  c h l  and, Washington. 

For i n c i d e n t s  i n v o l v i n g  p o t e n t i a l  i n t a k e s  o f  mixed f i s s i o n  products ,  i t  

i s  o f t e n  a common p r a c t i c e  t o  use 13'cs as an i n d i c a t o r  o f  ' O S ~ .  Th i s  can be 

a v a l i d  assumption, because bo th  n u c l i d e s  have comparable y i e l d s  f rom t h e  f i s -  

s i o n i n g  o f  2 3 5 ~  (see Table 4.2). However, i t  must be no ted  t h a t  some Hanford 

chemical processes have separated cesium f rom s t ron t i um.  Thus, c a u t i o n  must 

TABLE 4.2. F i s s i o n  Product 

F i ss i onab le  Nuc l i de  FP Mass 90, % FP Mass 137, % 

233u 6.9 6.81 

235u 5.91 6.22 

2 3 9 ~ u  2.11 6.70 

(a )  From General E l e c t r i c  Co. (1983) . 

4.2 



be exe rc i sed  because t h e  9 0 ~ r / 1 3 7 ~ s  r a t i o  i s  h i g h l y  v a r i a b l e  between and 

w i t h i n  f a c i l i t i e s .  Th i s  use o f  a  r a t i o  can be v a l i d  i f  t h e  n a t u r e  o f  f a c i l i t y  

con tamina t ion  i s  known. 

4.1 SOURCES AND CHARACTERISTICS OF STRONTIUM 

Th i s  s e c t i o n  p rov ides  genera l  i n f o r m a t i o n  on t h e  i so topes  o f  s t r o n t i u m  

and r e l a t e d  decay p roduc ts  t h a t  can be found a t  Hanford. The i n f o r m a t i o n  

compi led i n  t h i s  s e c t i o n  was taken d i r e c t l y  from, o r  c a l c u l a t e d  based on, 

i n f o r m a t i o n  i n  ICRP 30 and 38 (1979, 1983). 

The i so topes  o f  dominant concern f o r  s t r o n t i u m  i n t e r n a l  dos imetry  a re  

9 0 ~ r  and i t s  decay product  'OY. These n u c l i d e s  may be found i n  almost any 

f a c i l i t y  t h a t  dea l s  w i t h  f i s s i o n  products .  Most f a c i l i t i e s  t h a t  have s t r o n -  

t i u m  may a l s o  be expected t o  have o t h e r  f i s s i o n  p roduc ts  p resen t ,  n o t a b l y  

cesium (13'cs). However, a t  c e r t a i n  f a c i l  i t i e s ,  n o t a b l y  B-Pl an t  (221-8 B u i l d -  

i n g )  and t h e  Waste Encapsula t ion and Storage F a c i l i t y  (WESF) (225-B B u i l d i n g ) ,  

s t r o n t i u m  may be found i n  an e s s e n t i a l l y  pure form. 

I n  f a c i l i t i e s  where f r e s h l y  i r r a d i a t e d  f u e l  i s  be ing  handled o r  p roc -  

essed, 8 9 ~ r  may a l s o  be a  concern. Due t o  i t s  s h o r t  r a d i o l o g i c a l  h a l f - 1  i f e ,  

i t  i s  n o t  l i k e l y  t o  be found. A t  Hanford, N  Reactor,  f u e l  s torage bas ins,  

FFTF, and t h e  Plu ton ium Uranium E x t r a c t i o n  (PUREX) P l a n t  a re  cons idered t h e  

f a c i  1  i t i e s  most 1  i k e l y  t o  have 8 9 ~ r .  Immediately a f t e r  i r r a d i a t i o n ,  t h e r e  may 

be s u b s t a n t i a l l y  more 8 9 ~ r  than ' O S ~ ,  b u t  by 1  yea r  o f  decay t h e  r e s i d u a l  8 9 ~ r  

i s  i n s i g n i f i c a n t  compared t o  ' O S ~  f o r  i n t e r n a l  dos imet ry  purposes. Se lec ted  

decay da ta  f o r  these t h ree  nuc l i des  a re  i n  Table  4.3. 

TABLE 4.3. Decay Data f o r  S t ron t i um  Iso topes  

Parameter 'Osr 'OY 8 9 ~ r  

H a l f - 1  i f e  29.12 y r  64.0 h  50.5 days 

Decay cons tan t  6.5E-5 dayh1 0.26 day-' 1.4E-2 day-' 

Decay mode Beta Beta Beta 

(no gamma) (no gamma) (no gamma) 



For most i n t e r n a l  dos imetry  purposes, 'OSr and a re  t h e  n u c l i d e s  o f  

concern. These nuc l i des  a re  found i n  e q u i l i b r i u m  t o  each o t h e r  i n  v i r t u a l l y  

a l l  c i rcumstances under which exposure i s  l i k e l y .  Al though s t r o n t i u m  separa- 

t i o n  ope ra t i ons  have been performed i n  which pure 'OSr m igh t  be ob ta ined ,  t h e  

r a p i d  ingrowth  o f  t he  decay product  would r e s u l t  i n  t h e  s e c u l a r  e q u i l -  

i b r i u m  c o n d i t i o n  be ing achieved w i t h i n  about 2 weeks a f t e r  separa t ion .  Thus, 

even i f  an exposure t o  pure  'OSr occurred i n v o l v i n g  s i g n i f i c a n t  metabol i c  

uptake and i n t e r n a l  depos i t i on ,  w i t h i n  about 2  weeks o f  exposure t h e r e  would 

be equal q u a n t i t i e s  o f  bo th  nuc l i des  present .  

St ront ium-89 decays t o  a  s t a b l e  decay p roduc t  and, due t o  i t s  s h o r t  

(50-day) r a d i o l o g i c a l  h a l f - 1  i f e ,  i s  o n l y  a  concern i n  f a c i l  i t i e s  t h a t  handle 

f r e s h l y  i r r a d i a t e d  f u e l  o r  t h e  assoc ia ted wastes from process ing  f r e s h l y  

i r r a d i a t e d  f u e l .  The ORIGEN computer code (Hedengren 1985) i n d i c a t e s  t h a t ,  

f o r  N Reactor, 6%, Mark I V  (MKIV) f u e l  a t  discharge, t h e r e  may be about 90 

t imes as much 8 9 ~ r  as ' O S ~ .  Exposure t o  such mater i  a1 may be more 1  i m i  t i ng i n  

terms o f  i n t e r n a l  dose than  exposure t o  'OSr. Because o f  t h e  r a p i d  decay o f  

89~r ,  w i t h i n  about 6 months 'OSr becomes t h e  dominant i so tope  o f  concern. A t  

t h a t  t ime  t h e r e  may s t i l l  be seven t imes as much 8 9 ~ r  as 'Osr; however, t h e  

p o t e n t i a l  f i r s t - y e a r  dose from t h e  8 9 ~ r  i s  o n l y  about 20% o f  t h a t  f rom t h e  

'Osr. Less than  1% o f  t h e  8 9 ~ r  produced i n  f u e l  remains a t  1 yea r  a f t e r  expo- 

sure, and, f o r  p r a c t i c a l  purposes, t h a t  n u c l i d e  ceases t o  be a  d o s i m e t r i c  

concern by t h a t  t ime.  

4.2 BIOKINETIC BEHAVIOR OF STRONTIUM 

The b i o k i n e t i c  behav io r  o f  s t r on t i um i s  a  composite o f  t h e  i n t a k e  mode, 

t h e  chemical form, t h e  i n h a l a t i o n  c lass ,  t h e  i n t e r n a l  d i s t r i b u t i o n  and r e t e n -  

t i o n ,  t h e  exc re t i on ,  and t h e  r a d i o l o g i c a l  h a l f - l i f e  o f  t h e  s t r o n t i u m  iso tope .  

4.2.1 I n h a l a t i o n  Class 

A l l  i n t akes  o f  s t r on t i um a t  Hanford a re  considered t o  be i n h a l a t i o n  

c l a s s  D, i n  accordance w i t h  the  recommendations o f  I C R P  30.  I t  i s  no ted  t h a t  

s t r o n t i u m  t i t a n a t e  i s  t h e  o n l y  compound i d e n t i f i e d  by t h e  I C R P  as be long ing  t o  

i n h a l a t i o n  c l a s s  Y .  However, t h a t  compound o f  s t r on t i um i s  n o t  p resen t  a t  

Hanford. 



4.2.2 U ~ t a k e  t o  Blood 

The abso rp t i on  c o e f f i c i e n t  ( f l )  used f o r  t h e  G I  t r a c t  absorp t ion  o f  

r e a d i l y  t r a n s p o r t a b l e  ( i n h a l a t i o n  c l a s s  D) forms o f  s t r o n t i u m  i s  0.3, which i s  

c o n s i s t e n t  w i t h  t h e  recommendation o f  I C R P  30. Where eva lua t i on  o f  p o o r l y  

t r a n s p o r t a b l e  ( c l a s s  Y)  forms may be requ i red ,  t h e  ICRP 30 va lue o f  0.01 w i l l  

be used. These va lues have been incorpora ted  i n t o  t h e  GENMOD computer code 

used f o r  d e r i v a t i o n  o f  many o f  t h e  values and f a c t o r s  used i n  t h i s  t e c h n i c a l  

bas is .  

4.2.3 I n t e r n a l  D i s t r i b u t i o n  and Retent ion 

The b i o k i n e t i c  model used f o r  t h e  d i s t r i b u t i o n ,  r e t e n t i o n ,  and e x c r e t i o n  

o f  s t a b l e  s t r o n t i u m  i s  t h e  a l k a l i n e  e a r t h  model o f  t h e  ICRP (1973, 1979) as 

implemented by t h e  GENMOD computer code (see Appendix A). I t i s  assumed t h a t  

s t a b l e  s t r o n t i u m  i s  u n i f o r m l y  d i s t r i b u t e d  throughout t h e  bone volume, where i t  

i s  r e t a i n e d  and i n t e r n a l l y  r e c y c l e d  according t o  a  s e r i e s  o f  exponent ia l  terms 

modeled by Johnson and Myers (1981), which show good agreement w i t h  t h e  ICRP 

a l k a l i n e  e a r t h  model. The uptake r e t e n t i o n  f u n c t i o n  o f  GENMOD i s  shown i n  

F igure  4.1 a long w i t h  t h e  Do lph in  mode1 t h a t  has been used f o r  Hanford s t r o n -  

t i u m  eva lua t i ons  p r i o r  t o  t h i s  t echn i ca l  bas is .  

10" 
1 O0 10' 1 O2 1 o3 1 o4 1 O5 

Days Post Intake 

FIGURE 4.1. 9 0 ~ r  Retent ion Funct ions 



The use of the GENMOD code marks a departure from the past Hanford use 

of the Dolphin model described previously. This departure is made to allow 

for the adoption of tools consistent with ICRP 30 recommendations and DOE 

5480.11 radiation protection standards. Past ''sr evaluations compared the 

residual systemically retained quantity at 1 year post intake with the ICRP 2 

(1959) MPBB as a measure of compliance and assumed that this retained quantity 

was permanent. In fact, the 29-year radiological ha1 f-1 i fe for 'OSr combined 

with biological clearance results in a continuing decrease in the systemically 

retained quantity, which becomes significant with regard to the annual tissue 

and effective doses at long times post intake. The transition from the 

Dolphin to the ICRP alkaline earth model as implemented by GENMOD is noted 

here for hi storical purposes. 

For dosimetry purposes, it is assumed that the intake is the pure iso- 

tope of "sr. The dose contribution from any present at the time of 

intake due to equilibrium with the 'Osr parent makes no significant differ- 

ence in the total dose. 

4.2.4 Excretion of Strontium 

The alkaline earth excretion model assumes that the fraction of excreted 

uptake occurring by the urinary pathway and by the fecal pathway is 0.8 and 

0.2, respectively. This is consistent with past Hanford practices and repre- 

sents generally accepted excretion fractionation. 

Urine sample analysis is the easiest and most common bioassay method for 
both 8 9 ~ r  and "Sr, and therefore the urinary excretion function becomes the 
key for internal dosimetry evaluations of strontium. The GENMOD urinary 

excretion function is used in this technical basis for strontium evaluations. 

This function, expressed as the fractional excretion rate for an acute uptake 

of transportable 90~r, is plotted in Figure 4.2. Also shown is the excretion 

function derived from the Dolphin model that was formerly used for Hanford 

'OSr evaluations without correction for radio1 ogical decay. 

Despite the differences in formulation and the lack of decay correction 

in the Dolphin-based function, it can be concluded from Figure 4.2 that the 

two models will provide roughly comparable estimates of an acute uptake, when 



Days Post Intake 

FIGURE 4.2.  'Osr Exc re t i on  Func t ions  f o r  U r i na r y  
Exc re t i on  Fo l l ow ing  an Acute Uptake 

eva lua t i ons  a re  based on mu1 t i p l e  da ta  p o i n t s  spread over  many days t o  weeks 

p o s t  i n t a k e  and undue emphasis i s  n o t  g iven  t o  s i n g l e  da ta  p o i n t s .  The excre-  

t i o n  models a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  between about 150 and severa l  

thousand days p o s t  uptake, and thus, where l ong- te rm  da ta  a re  a v a i l a b l e ,  t h e  

model s  should  g i v e  comparable r e s u l t s .  For eva lua t i ons  based p r i m a r i l y  on 

da ta  f rom t imes l e s s  than  150 days pos t  uptake, t h e  uptake es t imates  based on 

GENMOD are  l i k e l y  t o  be more conse rva t i ve  than  those based on t h e  Do lph in  

model, because t h e  GENMOD code p r e d i c t s  lower  e x c r e t i o n  r a t e s  f o r  about two- 

t h i r d s  o f  t h a t  pe r iod .  For t h e  t y p i c a l  case, t h e  da ta  f i t s  f o r  t h e  two models 

should  n o t  make an app rec i ab le  d i f f e r e n c e  i n  t h e  es t imated  uptake. 

The GENMOD e x c r e t i o n  f u n c t i o n  f o r  8 9 ~ r  uses t h e  same s t a b l e  element 

r e t e n t i o n  f u n c t i o n  w i t h  c o r r e c t i o n s  based on t h e  r a d i o 1  o g i c a l  decay o f  *'~r. 

T h i s  f u n c t i o n  i s  addressed i n  t h e  nex t  sec t i on .  

4.3 STRONTIUM INTERNAL DOSIMETRY FACTORS 

The f o l  1  owing subsect ions d e t a i  1  f a c t o r s  use fu l  f o r  making i n t e r n a l  

dos imet ry  c a l c u l a t i o n s .  These f a c t o r s  a re  d e r i v e d  f rom t h e  GENMOD computer 

code. 



4.3.1 In take  Excre t ion  Functions 

The f r a c t i o n a l  i n take  exc re t i on  func t i ons  f o r  t ranspor tab le  i n j e c t i o n ,  

c lass  D  inha la t i on ,  and c lass  Y i n h a l a t i o n  in takes  o f  'OSr (as c a l c u l a t e d  by 

GENMOD) are shown i n  F igure 4.3. Selected values f o r  these func t i ons  are 

l i s t e d  i n  Table 4.4. For r e a d i l y  t ranspor tab le  i n j e c t i o n  i n takes  ( i .e . ,  

wounds), t he  t o t a l  uptake t o  blood occurs very qu ick ly .  I n  these cases, the  

ca l cu la ted  i n t a k e  and uptake are e s s e n t i a l l y  synonymous. For a  c lass  D i n h a l -  

a t ion ,  t he  on l y  s i g n i f i c a n t  d i f f e r e n c e  from a  t ranspor tab le  i n j e c t i o n  excre- 

t i o n  f u n c t i o n  i s  t h e  p o s i t i o n i n g  o f  t he  curve r e l a t i v e  t o  the  y - ax i s .  The 

d i f f e r e n c e  i s  due simply t o  the  r a t i o  o f  t o t a l  uptake t o  t o t a l  i n t a k e  (0.48 

f o r  l-pm, c lass  D p a r t i c l e s ) ,  where t o t a l  uptake inc ludes t h e  c o n t r i b u t i o n s  

from both the  r e s p i r a t o r y  and G I  t r a c t s .  For c lass  Y ma te r i a l ,  t he  uptake t o  

b lood occurs over  a  long period, nominal ly  character ized by t h e  clearance r a t e  

from the  lung. As i s  apparent i n  F igure  4 .3 ,  u r i n a r y  exc re t i on  f o l l o w i n g  an 

acute c lass  Y i n t a k e  can be expected t o  be r e l a t i v e l y  constant  from about 50 

t o  1000 days pos t  in take.  

o O lo1 1 0  * lo4 
Days Post Intake R8902055 001 51 

FIGURE 4.3. 'OSr In take Excre t ion  Functions f o r  t he  Ur ina ry  Excre t ion  
Pathway (Johnson and Car te r  1981). I = t ranspor tab le  
i n j e c t i o n ,  D = c lass  D i nha la t i on ,  Y = c lass  Y i n h a l a t i o n .  



TABLE 4.4. Selected 9 0 ~ r  Urinary Excretion Fractions 
(expressed as fraction of intake) 

Days Post Transportabl e Class D Class Y 
Intake Injection Inhalation Inhalation 

Values of the intake excretion functions for days other than those indi- 

cated in Table 4.4 can be obtained directly from running the GENMOD code, or 
can be reasonably approximated by linear interpolation between the data points 

of Table 4.4. 

Table 4.5 provides similar values for the 89~r urinary excretion 

function. 

4.3.2 Source-to-Tarqet-Orqan Dose Conversion Factors 

The DCFs used by the GENMOD computer code to calculate dose equivalent 
to a target organ from radioactive decay in a source organ are shown in 
Table 4.6. These factors agree with those of ICRP 30 to within a few per- 

cent, which is consistent with the expected rounding error. 



TABLE 4 .5 .  Selected 89~r Urinary Excretion Fractions 
(expressed as fraction of intake) 

Days Post Transportable Class D Class Y 
Intake Injection Inhal at i on Inhalation 

TABLE 4.6. Dose Conversion Factors for Strontium Dosimetry 

Orqan of Concern Dose Conversion  actor(^) 
Tarqet Source 'Osr 90~r + 89~r 

Lung 
Gut 
s1 (b) 
ULI(~) 
LLI (d) 
BS(~) 
B S 

Lung 
Gut 
s I 
ULI 
LLI 
Trabecul ar bone 
Cortical bone 
Bone surface 
Trabecul ar bone 
Bone surface 

(a) Units of rem(target)/nCi-day(source). 
(b) SI = small intestine. 
(c) ULI = upper large intestine. 
(d) LLI = lower large intestine. 
(e) BS = bone surface. 
(f) RM = red marrow. 



4.3.3 Intake Dose Equivalent Factors 

Intake dose equivalent factors express the dose t o  an organ from a unit 

intake of radioactivity. Because of the mathematical formulation of the 

strontium retention function, with i t s  incorporation of bone-to-blood recy- 

cling, these factors are d i f f i cu l t  to  derive by hand calculation, b u t  they can 

be readily obtained from the GENMOD computer code. Tables 4 .7  and 4.8 provide 

f i r s t -year  and 50-year committed organ and effective dose equivalent factors 

for  transportable injection, and inhalations of l-pm-AMAD class D and class  Y 

par t ic les .  Intake dose equivalent factors for any year post intake can be 

obtained from the GENMOD code. For 'Osr cases, i t  was assumed that  the intake 

was pure 'Osr with rapidly growing to equilibrium. If the intake con- 

s is ted of 'Osr and 'OY in equilibrium a t  the time of intake, the resulting 

factors would not be noticeably different.  

4.3.4 Cumulative Dose Equivalents 

The cumulative dose equivalent from an intake through various times post 

intake i s  frequently of interest  with regard t o  tenaciously retained radio- 

nuclides. The most commonly referenced cumulative dose i s  the committed dose 

equivalent through a 50-year period foll  owing an intake. For 8 9 ~ r ,  virtual 1 y 

a l l  of th i s  dose i s  received during the f i r s t  year a f te r  intake, and the com- 

mitted dose i s  essentially the same as the f i r s t -year  dose. The dose from a 

'Osr intake i s  delivered over a much longer period of time, due to  i t s  1 ong 

radio1 ogical and biological ha1 f-1 ives. 

The cumul a t  ive effective dose equival ents (expressed as a percentage of 

the 50-year committed effective dose equivalent) through various times post 
intake are shown in Table 4.9 for transportable injection, class D inhala- 
t ion, and class Y inhalation intakes. These values were derived from the 

GENMOD computer code. 

The I C R P  30 annual l imits on intakes (ALIs) for 'Osr are 19,000 n C i  and 

2700 nCi for class D and class Y inhalations, respectively. These intakes 

correspond to  a 50-year committed effective dose equivalent of 5 rem. 



TABLE 4.7. + Intake Dose Equivalent ~ a c t o r s ( ~ )  
f o r  F i rs t-Year  and 50-Year Committed Doses 

Transportabl  e  (b) 
I n j e c t i o n  

Class  D(') 
Inha la t ion  

CI  a s s  Y(') 
Inha la t ion  Tissue  

Ef fec t ive  
F i r s t  -year  
50-year 

Bone Surface 
F i r s t  -year  
50-year 

Red Marrow 
F i r s t - y e a r  
50-year 

Lung 
F i r s t  -year  
50-year 

G u t  
F i r s t  -year  
50-year 

Small I n t e s t i n e  
Fi r s t - y e a r  
50-year 

Upper Large I n t e s t i n e  
Fi r s t - y e a r  
50 -year  

Lower Large I n t e s t i n e  
Fi r s t - y e a r  
50-year 

Other 
Fi r s t - y e a r  
50-year 

( a )  Units a r e  rem/nCi of acute  i n t ake .  
(b )  Assumes a l l  s t ront ium and y t t r i um i s  r e a d i l y  t r anspor t ab le .  
( c )  Assumes l-pm-AMAD p a r t i c l e  s i z e .  
(d) Not appl i  cab1 e .  



TABLE 4.8. 8 9 ~ r  I n t a k e  Dose Equ i va len t  ~ a c t o r s ( ~ )  f o r  
F i r s t - Y e a r  and 50-Year Committed Doses 

Transpor tab le  (b) c l a s s  D(') ~l ass Y(') 
T issue I n j e c t i o n  I n h a l a t i o n  I n h a l a t i o n  

E f f e c t i v e  
F i  r s t - y e a r  
50-year 

Bone Sur face 
F i  r s t  - year  
50-year 

Red Marrow 
F i r s t - y e a r  
50-year 

Lung 
F i  r s t - y e a r  
50-year 

Gut 
F i  r s t - y e a r  
50-year 

Small I n t e s t i n e  
F i  r s t - y e a r  
50-year 

Upper Large I n t e s t i n e  
F i  r s t - y e a r  N A ( ~ )  
50-year N A ( ~ )  

Lower Large I n t e s t i n e  
F i r s t  - year  N A ( ~ )  
50-year N A ( ~ )  

Other  
F  i r s  t -year  
50-year 

(a) U n i t s  a re  rem/nCi o f  acute i n t a k e .  
(b) Assumes a l l  s t r o n t i u m  i s  r e a d i l y  t r a n s p o r t a b l e .  
( c )  Assumes l-prn-AMAD p a r t i c l e  s i z e .  
(d) Not appl i cab1 e. 



TABLE 4.9. Cumul a t i v e  E f f e c t i v e  Dose ~ ~ u i v a l e n t ( ~ )  f o r  9 0 ~ r  In takes  

Cumul a t  i ve Time 
Post I n take ,  

days years  

Mode o f  I n t a k e  
Transpor tab le  Class D Class Y 

I n j e c t i o n  I nha l  a t  i on I n h a l  a t i o n  

(a)  Expressed as a percentage o f  H',-, 50. 

4.4 BIOASSAY TECHNIQUES FOR STRONTIUM 

The genera l  techniques and a p p l i c a b i l i t y  o f  bioassay f o r  s t r on t i um,  

u r i n e  and f e c a l  sample bioassay, i n  v i v o  measurement o f  ' O S ~ ,  b ioassay mon- 

i t o r i n g  program c a p a b i l i t y ,  a recommended program, and spec ia l  m o n i t o r i n g  

needs a re  d iscussed i n  t h e  f o l l o w i n g  subsect ions.  

4.4.1 General Techniques and A ~ ~ l i c a b i l i t v  

The s tandard  method o f  b ioassay f o r  s t r o n t i u m  i s  by a n a l y s i s  o f  u r i n e  

exc re ta  samples. Because s t r o n t i u m  a t  Hanford i s  a c l ass  D m a t e r i a l ,  i t s  

r a p i d  t r a n s p o r t  t o  t h e  systemic compartment makes u r i n e  sampling an accurate,  

r e l i a b l e ,  and convenient  means f o r  bioassay mon i t o r i ng .  I n  a d d i t i o n ,  t h e  l a c k  

o f  any r e a d i l y  d e t e c t a b l e  gamma emissions makes i n  v i v o  d e t e c t i o n  somewhat 

i n e f f e c t i v e ,  a l though i f  s u f f i c i e n t  s t r on t i um i s  present ,  t he  brernsstrahlung 

can be de tec ted  by i n  v i v o  count ing.  Fecal samples can a1 so be analyzed; 

however, t h e i r  c o l l e c t i o n  i s  more d i f f i c u l t ,  and ana l ys i s  o f  f e c a l  samples i s  

more c o s t l y  than  a n a l y s i s  o f  u r i n e  samples. 



4.4.2 Urine and Fecal Sample Bioassav 

Minimum de tec t ab le  a c t i v i t i e s  f o r  radiostront ium analyses  from 1980 

through 1991 a r e  shown in Table 4.10. Other procedures have been a v a i l a b l e ,  

however t h e i r  ac tua l  use has been q u i t e  l imi ted .  

P r i o r  t o  t h e  June 1990 te rmina t ion  of t h e  ana ly t i ca l  support l abo ra to ry  

c o n t r a c t ,  t h e  1 aboratory performed a s t r o n t  i  um chemical separa t ion  fo l  1  owed by 

a  t o t a l  radiostront ium (89 t90~r )  count.  I f  t h e  r e s u l t  was below 1 dpm, then 

no f u r t h e r  ana lys i s  was performed and t h e  r e s u l t  was repor ted  as  e i t h e r  t o t a l  

s t ront ium o r  depending on t h e  reques t .  For analyses  in which t h e  

f i r s t  count exceeded 1 dpm, t h e  sample preparat ion would be aged t o  a1 low 

ingrowth t o  occur.  Chemical s epa ra t ion  and measurement of  t h e  would then 

be used t o  determine t h e  p re sen t .  

Following t h e  June 1990 c o n t r a c t  te rmina t ion ,  arrangements were made f o r  

ana lyses  t o  be provided by an in te r im ana ly t i ca l  l abora tory  pending 

TABLE 4.10. Contractual Detection Level s  f o r  S t ron t i  um 

Sampl e  Detection Level , 
Media Anal vsi  s  dpm/sampl e  

Feces 

Uri ne Pre-June 1990 
Routine andgy5aori t y  'Osr 

( 89+985?) 
Emergency ( 

Post -June 4ago Routine 
E x ~ e d i  te ( 89+98;?) 
Emergency ( 

Pre-June 199g0 
P r i o r i t y  (8g$g00r-) 89t 
E x ~ e d i  te ( 89+98sr3 
Emergency ( 

Post-June 198Q+90 
E x ~ e d i  te ( 89+985!) 
Emergency ( 

( a )  Resul ts  g r e a t e r  than t h e  c r i t i c a l  l eve l  (LC) of 15 dpm a r e  
considered t o  be p o s i t i v e  de t ec t ion  and a r e  i nves t iga t ed .  

4.15 



complet ion o f  t h e  b i dd ing  process f o r  a  permanent replacement l a b o r a t o r y .  As 

o f  t h i s  w r i t i n g  (June 1991) these arrangements a re  con t i nu ing .  The i n t e r i m  

l a b o r a t o r y  p rov ides  a  minimum d e t e c t i o n  l e v e l  o f  30 dpm, and any r e s u l t s  

g r e a t e r  than  t h e  15 dpm c r i t i c a l  l e v e l  (LC) a re  i nves t i ga ted .  

4.4.3 I n  V ivo  Measurement o f  'Osr 

D i r e c t  i n  v i v o  measurement o f  'Osr i n  t h e  ske le ton  i s  p o s s i b l e  by coun t -  

i n g  t h e  bremsstrah lung f rom i t s  decay. Th i s  procedure i s  sub jec t  t o  substan-  

t i a l  i n t e r f e r e n c e  by any o t h e r  gamma- and b e t a - e m i t t i n g  n u c l i d e s  t h a t  m igh t  be 

present .  I n d i c a t i o n s  a re  t h a t  a  r e t a i n e d  q u a n t i t y  i n  t h e  ske le ton  o f  about 

100 nCi m igh t  be de tec tab le  by head count ing,  however, t h e r e  i s  no c a l i b r a t i o n  

f o r  t h i s  measurement. 

I f  i s o t o p e  a c t i v i t y  r e l a t i o n s h i p s  a re  known, i n  v i v o  whole body coun t i ng  

can be an e f f e c t i v e  i n d i c a t o r  f o r  t h e  p o t e n t i a l  presence o f  s t r on t i um.  

Cesium-137 i s  t h e  n u c l i d e  f r e q u e n t l y  used as t h e  i n d i c a t o r ,  because i t s  f i s -  

s i o n  p roduc t  y i e l d  i s  comparable t o  t h a t  o f  'Osr. For some circumstances, i t  

can be assumed t h a t  'Osr i s  p resen t  a t  i n t a k e  i n  amounts equal t o  13'cs. 

However, t h i s  method i s  n o t  conc lus i ve  and cau t i on  must be exe rc i sed  i n  i t s  

use as a  ru le -o f - thumb,  because t h e r e  a re  processes a t  Hanford where s t r o n t i u m  

and cesium undergo chemical separa t ion  f rom each o the r .  Use o f  1 3 7 ~ s  as an 

i n d i c a t o r  o f  i s  more f u l l y  descr ibed  i n  Sect ion 5.0. 

It i s  g e n e r a l l y  recommended t h a t  i n  v i v o  measurements be used o n l y  as 

i n d i c a t o r s  o f  t h e  p o t e n t i a l  f o r  s t r o n t i u m  being present ,  and t h a t  e v a l u a t i o n s  

o f  any s t r o n t i u m  uptake be based on u r i n e  samples. 

4.4.4 Bioassay Mon i t o r i nq  Proqram C a ~ a b i l i t y  

The c l a s s  D  and Y acute i n h a l a t i o n  i n takes  ( f o r  l-pm-AMAD p a r t i  - 

c l e s )  t h a t  a re  p o t e n t i a l l y  de tec tab le  us ing  t h e  2 dpm/sample a n a l y t i c a l  p r o -  

cedure s e n s i t i v i t y  a re  shown i n  F igu re  4.4. Th is  assumes t h a t  t h e  samples 

represen t  24-hour exc re t i on .  C a p a b i l i t i e s  f o r  se lec ted  t imes  pos t  i n t a k e  a re  

shown i n  Table 4.11, and i n c l u d e  t h e  magnitudes o f  i n t ake ,  f i r s t - y e a r  e f f e c -  

t i v e  dose equ iva len t ,  and committed e f f e c t i v e  dose equ i va len t s .  



Days Post Intake 

FIGURE 4.4. 'Osr Inhalation Intakes Detectable by Urine Sampl ing 
(D = class D inhalation, Y = class Y inhalation. 
Assumes l-pm-AMAD particles and a 2-dpmlday 
detection 1 eve1 . ) 

4.4.5 Recommended Routine Bioassay Monitorinq Proqram 

Workers potentially exposed to radiostrontium should be on an annual 

bioassay program including urine sample analysis for radiostrontium and whole 

body counting for high-energy gamma-emitting nuclides as additional indicators 

of potential intake of mixed fission products. A worker scheduled only for a 

who1 e body exam may not be recognized as having potential exposure to radio- 

strontium. 

Extrapolating Table 4.11 to the present 30-dpm urine sample analysis 

sensitivity indicate that a routine bioassay monitoring program with an annual 

urine sampling frequency will be capable of detecting an approximate 80-mrem 

committed effective dose equivalent for class D 'Osr, with the first-year 

effective dose equivalent being about 11 mrem. For class Y material, such 



TABLE 4.11. Bioassay Detection Capability for an Acute 9 0 ~ r  ~ntake(~) 
Based on a 2-dpm Urine Sample Analysis Sensitivity 

Days Post 
Intake 

Class D Inhalation 
C 

I H ~ , l *  H~,50' 
nC i mrem mrem 

Class Y Inhalation 
C 

I H ~ ,  1' H ~ ,  50' 
mrem mrem 

(a) Assumes l-pm-AMAD particle size. 

a program would only be capable of detecting a 1300-mrem committed effective 

dose equivalent and a 310-mrem first-year effective dose equivalent. A1 though 

some increase in the program capability can be achieved by more frequent Sam- 
pling, the relatively small improvements so indicated in Table 4.11 imply that 

a more sensitive analytical procedure might be more cost effective than 

changes in sampling frequency. A biennial sampling frequency for Class D 
material would be capable of detecting a 50-year committed effective dose 

equivalent of 230 mrem with a first-year dose of 27 mrem. 

If gamma-emitting nucl ides such as 13'cs are also of potential concern, 

the impact of mixtures on potentially undetected effective dose equivalent 

must also be addressed. If other means (e.g., in vivo measurements) are used 

to monitor for other nuclides, then annual urine samples should be sufficient 

to monitor the 9 0 ~ r  contribution to dose. 



4.4.6 Special Monitorinq for Suspected Exoosures 

If exposure to  'OSr has occurred o r  i s  suspected to  have occurred, one 

or more urine samples should be scheduled for  investigation purposes. Because 

of the high sens i t iv i ty  of the urine sample analysis, even slight intakes of 

'OSr resulting in small fractions of a mill irem annual or 50-year committed 

effect ive dose equivalent can be detected i f  prompt sampl i ng i s  performed. 

This also permits the use of less  sensit ive analytical procedures ( i . e . ,  rapid 

processing analyses) for  reasonably accurate dose estimates. 

Isotopic strontium analyses should be considered for  any potential expo- 

sures to  8 9 ~ r .  However, i f  more than 1 year has elapsed since the production 

of 8 9 ~ r ,  that isotope i s  unl i kely t o  be a dosimetric concern due to  i t s  short 

radiological ha1 f-1 i f e .  

I n  vivo measurements should a1 so be considered fol 1 owing potenti a1 'Osr 

exposures because generally 'OSr i s  l ikely to  be mixed with other nuclides. 

For relat ively small intakes, fecal samples for strontium are n o t  1 ikely 

to  be warranted because of the high degree of systemic uptake and the ease 

of detection by urine sampling. If major intakes are suspected, fecal samples 

combined with urine samples may provide more accurate estimates of intake, 

particularly i f  the intake i s  thought to  contain some nontransportable 

strontium. 

4.5 INTERNAL DOSE ASSESSMENT FOR STRONTIUM INTAKES 

The following subsections discuss the general approach t o  strontium 

internal dosimetry, including how t o  estimate intake based on urine excretion 

data, specification of organs of concern, and dose equivalent calculations. 

4.5.1 General Approach 

For Hanford applications, 'OSr and i t s  decay product have generally 

been the isotopes of greatest  concern for strontium dosimetry. As noted in 

the previous sections, 8 9 ~ r  may also be a concern under some conditions. This 

section outlines a general approach for any strontium dosimetry evaluation. 

Estimates of the magnitude of a strontium intake can be made using urine data 

and the excretion function. However, because of the sophistication of the 



strontium retention function, hand calculation of doses is quite complex, 

requiring the integration of simultaneous differential equations. Therefore, 

for practical purposes the organ and effective dose equivalent calculations 

are made using factors obtained from the GENMOD computer code. 

Both 89~r and 'OS~-Y are essentially pure beta-emitters; therefore, the 

dosimetry for them must generally be based on excreta sample analysis. In 

vivo measurements can be of some use if the activity relationship relative to 

a gamma-emitter, such as 137~s, is known, or if sufficient strontium activity 
is present to produce measurable bremsstrahlung radiation. 

The general protocol for strontium dosimetry proceeds as follows: 

Estimate the intake based on urine excreta analyses and the 
appropriate intake excretion function. 

Estimate annual tissue and effective doses using factors from the 
GENMOD computer code. 

When estimated intakes and associated doses are a relatively small frac- 

tion of the applicable radiation protection limit, direct application of the 

biokinetic models and dosimetry factors without modification for individual- 

specific considerations is appropriate. As intakes and doses become more 

significant, it is appropriate to give correspondingly greater attention to 

those individual-specific details. 

4.5.2 Estimatinq Intake 

The intake for strontium is estimated by fitting the urinary excretion 

data to the appropriate intake excretion function, using manual or computer- 
ized techniques. For single data points, the intake can be estimated by 
dividing the measured excretion by the value of the intake excretion function 

on the day post intake that the sample represents, as shown in Equation (4.1): 

where I is the intake, Mu(t) is the observed urinary excretion of strontium on 

day t, and elu(t) is the fractional intake excretion function (for urine) on 

day t (obtained from Figure 4.3, Table 4.4, or directly from the GENMOD 



computer code).  For m u l t i p l e  da ta  p o i n t s ,  a  leas t - squares  f i t  o f  t h e  da ta  t o  

t h e  expected e x c r e t i o n  f u n c t i o n  should be used, as descr ibed  i n  Appendix C .  

I n  a d d i t i o n  t o  t h e i r  use f o r  dose c a l c u l a t i o n s ,  c l a s s  D  o r  Y i n h a l a t i o n  

i n t a k e s  c a l c u l a t e d  by t h e  above techniques may a l s o  be compared w i t h  t h e  I C R P  

Annual L i m i t s  on I n t a k e  (ALIs)  o r  i n t a k e  est imates based on a i r  sample 

r e s u l t s .  

4.5.3 Ca lcu l  a t i n q  Orqan and E f f e c t i v e  Dose Equ iva len ts  

Dose assessments i n c l u d e  c a l c u l a t i o n  o f  annual and committed e f f e c t i v e  

dose equ i va l en t s ,  as w e l l  as dose equ i va l en t s  t o  s p e c i f i c  organs o f  concern 

based on c r i t e r i a  presented i n  t h e  Hanford I n t e r n a l  Dosimetry Program 

Manual . ( a )  (See a1 so Appendix 0.) 

Doses t o  t h e  organs o f  i n t e r e s t  can be c a l c u l a t e d  f o r  any g i ven  t ime  

p o s t  i n t a k e  by m u l t i p l y i n g  t h e  i n t a k e  by t h e  app rop r i a t e  i n t a k e  dose equ iva-  

l e n t  f a c t o r .  The i n t a k e  dose equ i va l en t  f a c t o r s  may be those i n  Tables 4 .7  o r  

4.8, o r  may be ob ta ined  d i r e c t l y  f rom t h e  GENMOD computer code. 

4.5.4 Systemic Depos i t i on  Est imate 

Wi th  t h e  advent o f  t he  new requi rements  f o r  organ and e f f e c t i v e  dose 

e q u i v a l e n t  assessment, t h e  c a l  c u l  a t i  on and r e p o r t i n g  o f  s t r o n t i  um systemic 

d e p o s i t i o n s  f o r  comparison t o  t h e  ICRP 2 (1959) MPBB i s  no l onge r  r e q u i r e d .  

By us i ng  t h e  i n t a k e  e x c r e t i o n  f u n c t i o n  technique descr ibed  i n  t h i s  sec t ion ,  

t h e  c a l c u l a t i o n  o f  systemic d e p o s i t i o n  i s  bypassed. Previous eva lua t i ons  

o f  systemic  d e p o s i t i o n  performed us i ng  t h e  p rev i ous l y  d iscussed Dolph in  tech-  

n ique  can be conver ted t o  a  r e a d i l y  t r a n s p o r t a b l e  i n j e c t i o n  i n t a k e  ( o r  t o t a l  

uptake)  by d i v i d i n g  t h e  l ong - t e rm  ( o r  permanent) systemic d e p o s i t i o n  by 0.15. 

I f  t h e  mode o f  i n t a k e  was i n h a l a t i o n ,  then t h e  t o t a l  uptake must a l s o  be 

d i v i d e d  by t h e  r a t i o  o f  t o t a l  uptake t o  c l a s s  D i n h a l a t i o n  i n t a k e  (0.48, f o r  

l-pm-AMAD p a r t i c l e s ) .  

( a )  P a c i f i c  Northwest Labora to ry .  1989. Hanford I n t e r n a l  Dosimetrv Proqram 
Manual. PNL-MA-552, Rich land,  Washington. 
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4.5.5 Simplified Dose Assessments 

Simp1 i fied dose assessments use the techniques and bi okinetic model s 

described previously and assume ICRP 23 (1974) Reference Man parameters, with- 

out correction for individual-specific characteristics. These assessments 

provide a basis for prospective bioassay program design and retrospective 

evaluation of doses that are small re1 ati ve to the occupational exposure 

limits. In addition, the excretion associated with simplified assessments can 

be used as a trigger point for more in-depth measurements or dose assessments. 

The procedure for performing a .simplified dose assessment is as follows: 

1. Normalize the result to daily excretion rate. 

2. Select the intake date (known or assumed). 

3. Estimate intake by fitting the data to excretion model. 

4 .  Calculate dose equivalents by multiplying the estimated intake by 
the appropriate intake dose equivalent factor from GENMOD. 

Intakes and the associated urinary excretions have been evaluated using 

simplified dose assessments on a prospective basis for class D and Y inhala- 
tions of 'OS~ resulting in the following doses: 

First-year effective dose equivalent of 10 mrem. Below this level 
the annual organ dose equivalents for each organ of concern are 
less than 100 mrem, and the 50-year committed effective dose equi- 
valent is also less than 100 mrem. 

First-year effective dose equivalent of 100 mrem. Doses that 
exceed this level may merit attention to the individual-specific 
circumstances of the exposure. As higher doses are evaluated, the 
importance of these individual-specific details increases. 

50-year committed effective dose equivalent of 100 mrem. Below 
this level it may be reasonable for compliance monitoring and 
record-keeping purposes to record the committed dose in the year 
of intake rather than the year in which it is actually incurred. 
Such recording is unlikely to significantly impact a worker's 
standing with regard to the stochastic and nonstochastic radiation 
protection limits. 

The intakes associated with these doses are shown in Table 4.12. These 

intakes were then multiplied by the appropriate excretion function value 



TABLE 4.12. $amp1 i f i e d  Dose Assessment I n takes  f o r  a  
S r  I n h a l a t i o n  In take ,  nCi 

Assoc ia ted Dose Equ iva len t  Class D  Class Y 

10 mrem F i r s t - Y e a r  E f f e c t i v e  310 3  1  

100 mrem F i r s t - Y e a r  E f f e c t i v e  3100 310 

100 mrem 50-Year Committed 460 7 7 

f rom Table 4.4 t o  c a l c u l a t e  t h e  expected u r i n a r y  exc re t i on .  The a n t i c i p a t e d  

u r i n a r y  exc re t i ons  r e s u l t i n g  from these i n takes  a re  shown f o r  se lec ted  t imes 

pos t  i n t a k e  i n  Tables 4.13 and 4.14. 

Based on t h e  preceding d iscuss ions,  a c t i o n  l e v e l s  f o r  t a i l o r i n g  dose 

assessments based on i n d i v i d u a l - s p e c i f i c  c h a r a c t e r i s t i c s  can be e s t a b l i s h e d  

f o r  r o u t i n e  bioassay mon i to r ing .  By assuming t h a t  an i n h a l a t i o n  i n t a k e  occurs 

immediate ly  f o l l o w i n g  a  r o u t i n e l y  scheduled sample, t he  number o f  days pos t  

i n t a k e  becomes t he  same as t h e  number o f  days between samples. 

TABLE 4.13. Exc re t i on  Assoc ia ted w i t h  9 0 ~ r  Class D  
Acute I n h a l a t i o n  o f  l-pm-AMAD P a r t i c l e s  

E f f e c t i v e  Dose Esui va l  en t  
10 mrem 100 mrern 100 mrem 

Days Post F i r s t  Year, F i r s t  Year, Committed 50-Year, 
I n take  dpm/dav dpm/dav dpm/dav 



TABLE 4.14. Exc re t i on  Assoc ia ted w i t h  9 0 ~ r  Class Y 
Acute I n h a l a t i o n  o f  l-pm-AMAD P a r t i c l e s  

Days Post 
I n t a k e  

E f f e c t i v e  Dose Equ i va len t  
10 mrem 100 mrem 100 mrem 

F i r s t  Year, F i r s t  Year, Committed 50-Year, 
dpm/day d~m/dav  dpm/day 

The c l a s s  D  i n h a l a t i o n  i s  s u i  tab1  e  f o r  mon i t o r i ng  p o t e n t i a l  t r a n s p o r t -  

a b l e  i n j e c t i o n  uptakes because t h e  e x c r e t i o n s  assoc ia ted  w i t h  i d e n t i c a l  doses 

a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

4.6 MANAGEMENT OF POTENTIAL INTERNAL CONTAMINATION CASES 

The d i a g n o s t i c  procedures,  t h e r a p e u t i c  ac t i ons ,  and l ong- te rm  m o n i t o r i n g  

o f  i n t e r n a l  d e p o s i t i o n  a re  d iscussed i n  t h e  f o l l o w i n g  subsect ions on t h e  

management o f  p o t e n t i a l  i n t e r n a l  con tamina t ion  cases. 

4.6.1 D i a q n o s t i c  Procedures 

A  worker who may have rece i ved  an i n t e r n a l  con tamina t ion  o f  s t r o n t i u m  

should  be scheduled f o r  a  whole body count and a  s i n g l e  v o i d i n g  o r  an o v e r -  

n i g h t  u r i n e  sample. These i n i t i a l  measurements can be used t o  c o n f i r m  an 

i n t a k e  and p r o v i d e  p r e l i m i n a r y  es t imates  o f  t h e  magnitude o f  p o t e n t i a l  doses. 

However, as no ted  i n  p rev ious  sec t i ons ,  t h e  i n  v i v o  measurements a re  f o r  t h e  



detection of gamma-emitting nuclides, which may or may not be indicative of 

'Osr. A potential intake of 'Osr is best indicated by the results of the 

overnight or single voiding sample. 

The evaluation of the magnitude of a 'OS~ intake should be based on two 

or more urine sampl es (representing actual or simul ated 24- hour periods) col - 

lected over several days or weeks following the intake. The sample results 

should be evaluated using the techniques of Section 4.5. 

4.6.2 Therapeutic Actions 

Therapeutic actions to prevent the uptake of strontium are based primar- 

ily on reducing GI tract absorption and accelerating the passage of material 

through the GI tract. These measures are addressed in NCRP 65 (1980) and 

require administration under medical supervision. Aluminum phosphate gel and 

sodium alginate are the drugs identified by NCRP 65 as being potentially 

effective in reducing the GI tract uptake of strontium. Accelerating the 

passage of material through the GI tract can be accomplished by use of laxa- 

tives and enemas. These measures can only be taken at the direction of HEHF 
Occupational Medicine. 

4 . 6 . 3  Lonq-Term Monitorinq of Internal Deposition 

Long- term monitoring of urinary excretion fol 1 owing a 'Osr intake may be 

required to validate the excretion model or to ensure that potential addi- 

tional intakes do not go undetected. The establishment of a sampling fre- 

quency for such monitoring is dependent upon the nature of the exposure, 

magnitude of deposition, and likelihood for additional exposure. Appropriate 
long-term follow-up monitoring should be determined as part of the exposure 
eval uat i on. 
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5.0 CESIUM 

This section provides technical information on the sources, character- 

istics, and biokinetics of radiocesium and summarizes the technical basis used 

for its internal dosimetry at Hanford. 

5.1 SOURCES AND CHARACTERISTICS OF RADIOCESIUM 

The most important radionuclides of cesium at Hanford from an internal 

exposure standpoint are 134~s and 137~s. Cesium-137 (T = 30.0 yr) , a f i s- 
1/2 

sion product, is the primary cesium isotope of interest with respect to 

internal exposure. Cesium-134 (T = 2.1 yr), produced by neutron activation 
1/2 

of 133~s (stable), is usually observed at activities on the order of less than 

5% of the 137~s activity. 

Because of its relatively high fission yield and its long half-life, 

137~s, along with "~r, is one of the most abundant radionuclides in aged 

fission product mixtures. More volatile than most of the longer-1 ived fission 

product radionuclides, cesium is more apt to escape containment or confinement 

and is commonly the most abundant radionuclide found in fission product 

releases within a facility. As discussed later, 137~s is easily detected 

using in vivo bioassay techniques and thus serves as a good indicator of 

internal exposure to fission products. 

In addition to its presence in fission product mixtures, 137~s exists 

in relatively pure form at the waste fractionation facility (B-Plant) and the 

WESF. Encapsulation programs in WESF have been terminated; however, cesium- 

bearing capsules and cesium-contaminated equipment are stored in the facility. 

Cesium has been found to be more dispersible than strontium, and there- 
fore in most internal exposure situations involving 137~s and ''~r, 137~s will 

constitute the major component of intake. In cases where it is suspected that 

'OS~ may be present along with 137~s but no radionucl ide ratio information 

exists, it is prudent to consider the 137~s/90~r activity ratio to be 1.0 and 

to determine the need for specific assessment of strontium exposure 

accordingly. 



5.2 BIOKINETIC BEHAVIOR OF RADIOCESIUM 

ICRP 30 (1979) c l a s s i f i e s  a1 1  i so topes  o f  cesium as c l a s s  D, i n d i c a t i n g  

t h a t  i n h a l e d  m a t e r i a l  w i l l  be absorbed r a p i d l y  f rom t h e  r e s p i r a t o r y  t r a c t  i n t o  

t h e  c i r c u l a t o r y  system. Th i s  i s  c o n s i s t e n t  w i t h  observa t ions  a t  Hanford.  

From t h e  blood, cesium i s  d i s t r i b u t e d  u n i f o r m l y  i n  t h e  body w i t h  no organ 

showing a  h i g h e r  concen t ra t i on  than  muscle. For dose assessment purposes, 

cesium i s  assumed t o  be comple te ly  and r a p i d l y  absorbed i n t o  systemic c i r c u l a -  

t i o n  f rom bo th  t h e  r e s p i r a t o r y  t r a c t  and t h e  G I  t r a c t .  The s o l u b l e  na tu re  o f  

cesium makes aerosol  p a r t i c l e  s i z e  o f  l i t t l e  importance f rom a  b ioassay and 

d o s i m e t r i c  s tandpo in t .  For  purposes o f  b i o k i n e t i c  model ing,  a i r b o r n e  p a r t i c -  

u l a t e s  a re  assumed t o  have an AMAD o f  1 pm. 

ICRP 30 recommends t h e  f o l l o w i n g  equat ion  f o r  t h e  r e t e n t i o n  o f  cesium 

f o l  l owing systemic uptake: 

where r:(t) i s  t h e  f r a c t i o n  o f  t h e  i n i t i a l  uptake t h a t  i s  p resen t  i n  t h e  body 

a t  t days p o s t  uptake. 

5.3 INTERNAL DOSIMETRY FOR RADIOCESIUM 

Because cesium i s  assumed t o  be d i s t r i b u t e d  evenly  throughout  s o f t  t i s -  

sues i n  t h e  body, t h e  s t o c h a s t i c  dose equ i va len t  ( e f f e c t i v e  dose e q u i v a l e n t )  

w i l l  be l i m i t i n g  f o r  compliance purposes. Dose convers ion f a c t o r s  f o r  t h e  

r a d i  oces i  urns were developed by Snyder e t  a1 . , and pub1 i shed i n  ORNL-5000 

(1975). These f a c t o r s  i n c l u d e  t h e  " t o t a l  body dose" f rom a c t i v i t y  depos i t ed  

i n  t h e  t o t a l  body. D o s i m e t r i c a l l y ,  t h i s  represen ts  t h e  most s t r a i g h t f o r w a r d  

and t e c h n i c a l l y  app rop r i a te  way t o  express t h e  t o t a l  dose equ i va len t  t o  t h e  

body when a  r a d i o n u c l i d e  i s  u n i f o r m l y  d i s t r i b u t e d .  The e f f e c t i v e  dose equ iv-  

a l e n t  i s  d e r i v e d  f rom t h e  " t o t a l  body dose" by us ing  a  we igh t i ng  f a c t o r  o f  1.0 

f o r  t h e  t o t a l  body as an organ. That i s ,  t h e  e f f e c t i v e  dose e q u i v a l e n t  i s  

equal t o  t h e  " t o t a l  body dose." The computer code GENMOD i s  used f o r  i n t e r n a l  

dose c a l c u l a t i o n s  a t  Hanford (Johnson and Carver 1981; see Appendix A) .  The 



code employs t h e  dose f a c t o r s  i n  ORNL-5000 f o r  radiocesiums and t h e  b i o k i n e t i c  

model o f  t he  ICRP. I n  c o n t r a s t ,  e f f e c t i v e  dose equ i va len t s  f o r  radiocesiums 

c a l c u l a t e d  and pub l i shed  i n  supplements t o  ICRP 30 a re  based on t h e  summing o f  

weighted doses t o  s p e c i f i c  organs meet ing t h e  ICRP c r i t e r i a  f o r  i n c l u s i o n  i n  

t h e  e f f e c t i v e  dose equ i va len t  (Watson and Ford 1980). Dose f a c t o r s  c a l c u l a t e d  

i n  t h i s  way a re  s l i g h t l y  h i g h e r  (about 10%) than those ob ta ined  us ing  GENMOD 

and t h i s  d i f f e r e n c e  i s  a t t r i b u t e d  t o  convent ions used by t h e  ICRP r a t h e r  than 

t o  t echn i ca l  m e r i t .  Thus, t h e  use o f  t o t a l  body dose f a c t o r s  i s  cons idered t o  

be more app rop r i a te  f o r  assessing e f f e c t i v e  dose equ i va len t  t o  radiocesiums. 

These dose f ac to r s ,  f rom ORNL-5000, a re  

Because cesium d i s t r i b u t e s  r e l a t i v e l y  u n i f o r m l y  i n  t h e  body, t he  dose rece i ved  

by i n d i v i d u a l  organs and t i s s u e s  i s  about t h e  same as t h e  t o t a l  body dose. 

Thus, t h e  dose rece ived  by s p e c i f i c  organs and t i s s u e s  can be assumed t o  be 

equ i va len t  t o  t h e  t o t a l  body dose equ i va len t .  

I n t e g r a t i n g  t h e  r e t e n t i o n  f u n c t i o n  (Equat ion 5.1) w i t h  respec t  t o  t ime  

y i e l d s  t he  cumulated i n t e r n a l  a c t i v i t y  i n  a c t i v i t y - d a y s ,  and m u l t i p l y i n g  t h i s  

t imes t he  DCF and t h e  i n i t i a l  uptake (Uo) y i e l d s  t h e  e f f e c t i v e  dose equ i va len t  

over  t he  t ime p e r i o d  o f  i n t e r e s t :  

C HE,t(rem) = Uo DCF + 0.9 

where t = days pos t  i n i t i a l  d e p o s i t i o n  

' e f f l  (134) = 0.35/day 

' e f f l  (137) = 0.35/day 

'e f f2  (134) = 0.0072/day 

'e f f2  (137) = 0.0064/day 



The x~~~ values provided above are based on ICRP recommendations. However, 
for retrospective dose assessments, x~~~ values may be empirically determined 
from whole body counts as described in Section 5.4. 

Equations 5.1 and 5.2 are specifically for the calculation of internal 
dose equivalent following acute uptakes of 134~s or 137~s. In actuality, most 
uptakes occur following inhalation of airborne contamination and deposition in 

the lung precedes systemic uptake. Nevertheless, for exposures to readily 
transportable forms of cesium (class D) the dose received by the lung is neg- 
ligible in comparison to the total body dose and can generally be ignored for 

dose assessment purposes. The exception to this is in cases where actual 
retention in the respiratory tract exceeds a few days. In these situations, 
and as a general appl ication, the computer code GENMOD includes the 1 ung in 
the effective dose equivalent. 

Table 5.1 gives the first-year and 50-year committed effective dose 
equivalents following an intake or uptake of radiocesium calculated using 
Equation 5.2. About 90% of the 50-year committed effective dose equivalent is 
received within the first year after intake. 

Table 5.2 gives the activity of 134~s and 13'Cs in the body following an 
uptake sufficient to result in a first-year effective dose equivalent of 
10 mrem. The table a1 so gives the internal activity of 137~s following an 

intake of equal activities of 137~s and 90~r resulting in a first-year 

TABLE 5.1. Predicted ff tive Dose Equivalent Resulting from an 
Inhal at ion fa7'S0r Uptake of Radiocesium, mrem/nCi 

First-Year Effective 50-Year Committed 
Dose Eaui val ent Dose Eaui val ent 

Inhalation Inhal ation 
Nucl i de Intake Uptake Intake Uptake 

(a) Assuming an inhalation of class D, l-pm-AMAD aerosol. 
(b) Organ dose equivalents are assunied to be the same as the 

effective dose equivalent. 

5.4 



TABLE 5.2. Total Body Activity Following an Acute Uptake or Class D 
Inhalation Intake Resulting in a First-Year Effective 
Dose Equivalent of 10 mrem 

Days Post Uptake 

Activity in Body, nCi 
134Cs(a) 137CS (b) 137CS + 90sr(c) 

(a) Inhalation intake = 230 nCi 134~s. 
(b) Inhalafjyn Intake = 390 nCi 137~s. 
(C 1 Cs in b y following an inhalation intake of 170 nCi "'e: + 170 nCi "Sr . 

effective dose equivalent of 10 mrem. This information is presented graphic- 

ally in Figure 5.1. Because fission product mixtures may include 'Osr, as 

well as 137~s, the detection of the presence of 137~s in the body should be 

regarded as an indication of a potential exposure to 9 0 ~ r  as we1 1 . Thus, if 

internal levels exceed those for cesium/strontium in Table 5.2, bioassay meas- 

urement and assessment for as described in Section 4.0 is recommended. 

Consideration should be given to the individual's routine bioassay monitoring 
schedule for 9 0 ~ r  when deciding action to be taken regarding ' O S ~  bioassay 

following detection of 137~s in the body. 

The ICRP 30 annual 1 imi ts on intake (ALIs) for class D 137~s and 134~s 
are 200 pCi and 100 respectively. 
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FIGURE 5.1. A c t i v i t y  i n  Body Fo l l ow ing  an Uptake R e s u l t i n g  i n  a  
F i r s t - Y e a r  E f f e c t i v e  Dose Equ iva len t  o f  100 mrem 

5.4 BIOASSAY FOR RADIOCESIUM 

The b ioassay techniques, t h e  recommended r o u t i n e  program, and t h e  meas- 

urements r e q u i r e d  f o r  mon i t o r i ng  rad ioces ium a f t e r  an acute i n take ,  a re  

d iscussed  i n  t h e  f o l l o w i n g  subsect ions. 

5.4.1 Bioassay Methods 

The presence o f  rad ioces ium i s  de tec ted  by i n  v i v o  measurements and i n  

some cases exc re ta  ana l ys i s .  

I n  V i vo  Measurements 

Whole body coun t i ng  us ing  t h e  5-NaI d e t e c t o r  prev iew coun te r  f o r  a  

3-minute count w i l l  d e t e c t  t he  presence o f  3 nCi o f  13'cs i n  t h e  body o f  a  

ma1 e s u b j e c t  o f  average s i z e  (Palmer e t  a1 . 1990). 

Table 5.3 summarizes t h e  c a p a b i l i t y  o f  a  s tandard whole body count f o r  

va r i ous  t imes  a f t e r  a  s i n g l e  acute i n take .  From t h e  t ab le ,  i t  i s  ev iden t  t h a t  

an annual i n  v i v o  measurement w i t h  a  d e t e c t i o n  l e v e l  o f  3  nCi f o r  1 3 4 ~ s  o r  

1 3 7 ~ s  would be capable o f  d e t e c t i n g  an i n t a k e  r e s u l t i n g  i n  an annual o r  a  com- 

m i t t e d  e f f e c t i v e  dose equ i va len t  of l e s s  than 4 mrem. S i m i l a r l y ,  an i n t a k e  



TABLE 5.3. Biof34ay Detp$fiopafapability for an Acute Intake 
of Cs or Cs 

First-Year and Fiftv-Year Committed Effective Dose Eq., mrem 

1 3 4 ~ ~  1 3 7 ~ ~  137Cs+90Sr (b) 
Days Post 
Intake "E-J HF, 50 H ~ .  1 "i. 50 H ~ .  1 HE, 50 

(a) Detectable dose for a single intake of class D, l-pm-AMAD particles 
based on an MDA of 3 nCi. 

(b) Assuming equal intakes of 137~s and 'Osr. 

involving a 1:l mixture of 137~s and 'Osr would be detectable at the 13-mrem 

committed effective dose equivalent level. 

Excreta Anal vsi s 

Urine measurements may be used to detect internal cesium; however, 

because of the sensitivity of in vivo detection methods, there are no likely 

circumstances where urine sampling will improve the sensitivity or accuracy of 

internal dose assessment. Urine sampling for 9 0 ~ r  should be considered if 

there is reason to suspect its presence along with cesium. 

5.4.2 Routine Bioassay Monitorinq Proqram 

Annual in vivo measurements are recommended for periodic retrospective 

bioassay monitoring of workers potentially exposed to mixtures of radio- 
nuclides containing radiocesium. Even though in vivo measurement capabil- 
ities are sufficiently sensitive for a biennial frequency (see Table 5.3), the 

longer time between measurements makes investigation of potential exposures 

more difficult, and thus a minimum annual frequency is recommended. 

If radiocesium is detected through a routine measurement, then follow- 

up measurements to confirm the initial indication should generally be 

performed. Follow-up measurements can usually be most conveniently performed 



immediately following the initial measurement, while the subject is at the 
IVRRF. Follow-up measurements should be performed as promptly as practical 
following an indication of an intake in order to facilitate any health physics 
investigation associated with the potential exposures. However, because of 

the high sensitivity of the in vivo measurement, confirmatory measurements are 
technically capable of detecting a 100-mrem first-year effective dose equiva- 
lent for up to 3 years following the intake. 

Follow-up in vivo measurements using high-resolution germanium detectors 
are preferred in order to identify other radionuclides possibly associated 

with the exposure and because the germanium detectors are considered to 
provide a more precise and accurate measurement. Detection capabilities for 
the germanium detectors are comparable to those obtained using the preview 
counter (Palmer et al. 1990). In addition to follow-up in vivo measurements, 
urinalysis for 9 0 ~ r  should be considered if internal levels of 1 3 7 ~ s  exceed 
those shown for the cesium/strontium mixture in Table 5.2. 

5.4.3 Bioassav Measurements Followinq an Acute Intake 

An in vivo examination should be performed following any indication of 
an intake of radiocesium. Unless the exposure appears to be of such magni- 
tude that medical treatment to aid removal is considered, the exam may be 
scheduled as convenient within several days of the intake. All radionuclides 
potentially involved in the exposure should be considered in the follow-up 

investigation. Urinalysis for 90~r should a1 so be considered. 

The interpretation of in vivo measurements performed shortly after 
intake may be complicated by early transport of material through the lung and 
GI tract. Measurements performed after about 5 days post intake are more 
appropriate for dose evaluation. For intakes potentially above 100 mrem/yr 
(considering all radionuclides contributing), long-term follow-up bioassay 
measurements should be considered to monitor internal radioactivity levels and 

establish individual retention characteristics. 

For the purposes of determining the dose from a radiocesium intake, 

excreta analysis is generally not necessary. 



5.5 ASSESSMENT OF INTERNAL DOSE EQUIVALENT 

The assessment o f  t h e  i n t e r n a l  dose equ i va len t  f rom 1 3 7 ~ s  i s  accom- 

p l i s h e d  by eva lua t i on  o f  i n  v i v o  measurement r e s u l t s .  Dose equ i va len t s  a re  

assessed f o r  any conf i rmed i n t e r n a l  exposure n o t  a t t r i b u t e d  t o  environmental  

o r  o t h e r  non-occupat ional  sources. 

Table 5.2 p rov ides  whole body count l e v e l s  f o r  severa l  r o u t i n e  i n  v i v o  

mon i t o r i ng  f requencies t h a t  cou ld  be expected f o l l o w i n g  an i n h a l a t i o n  i n t a k e  

r e s u l t i n g  i n  a  f i r s t - y e a r  e f f e c t i v e  dose equ i va len t  o f  100 mrem. The va lues 

i n  t h e  t a b l e  were c a l c u l a t e d  assuming a  s i n g l e  acute i n h a l a t i o n  i n t a k e .  The 

t a b l e  p rov ides  values f o r  1 3 4 ~ s ,  1 3 7 ~ s ,  and a  m i x t u r e  o f  1 3 7 ~ s  and 'OSr; and 

i t  was assumed t h a t  t h e  i nha led  aerosol  cons i s ted  e n t i r e l y  o f  c l a s s  D  p a r t i c -  

u l a t e  w i t h  an AMAD o f  1 pm. Because 1 3 7 ~ s  i s  o f t e n  assoc ia ted w i t h  m ix tu res  

o f  f i s s i o n  product  rad ionuc l ides ,  i t  i s  prudent,  upon t h e  i n i t i a l  rev iew o f  

bioassay measurement r e s u l t s ,  t o  assume t h a t  t h e  i n t a k e  cons i s ted  o f  a  m i x t u r e  

o f  1 3 7 ~ s  and 'OSr w i t h  an a c t i v i t y  r a t i o  o f  1 .O. Assessment o f  i n t e r n a l  depo- 

s i t i o n  o f  'OSr us ing  u r i n a l y s i s  i s  recommended when 1 3 7 ~ s  l e v e l s  are above 

those shown i n  F igure  5.1 f o r  i n t akes  o f  ces ium/st ront ium mix tu res .  Th is  

conserva t i ve  approach i s  n o t  necessary when i t  i s  known t h a t  o n l y  13'cs i s  

a v a i l a b l e  f o r  i n t a k e  o r  when ac tua l  'OSr u r i n a l y s i s  r e s u l t s  a re  a v a i l a b l e .  

Equations 5.3a and 5.3b g i v e  t h e  50-year committed e f f e c t i v e  dose equ iv -  

a l en t ,  H ~ ~ , ~ ~  f o r  1 3 4 ~ s  and 1 3 7 ~ s  as a  f u n c t i o n  o f  t o t a l  body a c t i v i t y ,  Q ( t ) ,  

a t  t ime  t pos t  i n t ake .  

( 1 3 4 ~ s )  = 0 . 0 7 3 * ~ ( t ) / r t ( t )  mrem H ~ ,  50 

( 1 3 7 ~ s )  = 0 . 0 4 5 * ~ ( t ) / r t ( t )  mrem "E, 50 (5.3b) 

where r a
s ( t )  i s  t h e  r e t e n t i o n  f u n c t i o n  g i ven  by Equat ion 5.1. 

The equat ion i s  appropr ia te  f o r  use t o  assess i n t e r n a l  dose equ i va len t s  

f o r  radiocesium i n takes  t h a t  do n o t  exceed 100 mrem/yr. I t i s  a l s o  app rop r i -  

a t e  f o r  t h e  assessment t o  assume, i n  t h e  absence o f  a  known da te  o f  i n t ake ,  

t h a t  t h e  i n t a k e  was an acute i n h a l a t i o n  o c c u r r i n g  a t  t he  midpo in t  o f  t h e  



period during which an intake is considered to be possible. Thus, for an 

annual routine in vivo measurement, a positive 13'cs result would be assessed 

assuming the intake occurred 6 months prior to the measurement. For assess- 
ments involving intake times not shown in the table, doses may be calculated 

using the GENMOD code. 

Assessments of internal dose equivalent that potentially exceed an 

annual effective dose equivalent of 100 mrem/yr should be based on observed 

retention to the extent practicable. The ICRP 30 model for uptake and reten- 

tion of cesium has been described previously. The rapidly clearing compart- 

ment has little effect on the total dose equivalent received from an intake 

and can be ignored in retrospective dose assessments based on observed in vivo 

retention. Cumulated activity, obtained by integrating the observed retention 

curve based on repeated in vivo measurements, is multiplied by the DCF given 

for Equation 5.2 to obtain the effective dose equivalent for the period 

covered. As an a1 ternative approach, default biokinetic assumptions regarding 

internal deposition and retention of cesium can be modified to obtain a better 

fit between the observed retention data and the model . The modified model i s 

then used to calculate annual dose equivalents. The computer code GENMOD is 

used for this type of assessment. 

Because cesium distributes relatively uniformly in the body, the dose 

received by individual organs and tissues is about the same as the effective 

dose equivalent. To simplify the recording of doses to specific organs and 

tissues, the dose to uniformly distributed radionuclides is ascribed to a 
single organ category called "total body." That is, assessments of exposure 

to radiocesium will include the annual effective dose equivalent, which is the 

weighted composite organ dose equivalent, and the total body dose equivalent, 
which is the dose received by any organ. The total body dose equivalent is 

numerically equal to the effective dose equivalent. The "total body" designa- 

tion thus serves as a surrogate for any specific organ or tissue in the body. 

5.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES 

Although one of the most prevalent radionuclides at Hanford, historic- 

ally 13'cs has not contributed significantly to internal exposures. 



Cesium-134+137 a re  e a s i l y  de tec ted  by whole body coun t i ng  and t h e r e f o r e  e a r l y  

measurement and assessment o f  i n t e r n a l  depos i t i ons  can be made r e a d i l y .  P r i -  

mary cons ide ra t i ons  f o r  i n t e r p r e t a t i o n  o f  i n i t i a l  i n  v i v o  measurements a re  

poss ib l e  ex te rna l  contaminat ion on t h e  sub jec t  and t h e  r a p i d  t r a n s l o c a t i o n  and 

e l i m i n a t i o n  t h a t  occurs s h o r t l y  a f t e r  i n t ake .  

Being a  major  f i s s i o n  p roduc t  r a d i  onucl ide,  1 3 7 ~ s  i s  o f t e n  accompanied 

by o t h e r  f i s s i o n  product  r ad ionuc l i des .  Thus, i n v e s t i g a t i o n  o f  i n t e r n a l  expo- 

sures i n v o l v i n g  13'cs should a l s o  cons ider  t h a t  o t h e r  r ad ionuc l  i des  may be 

i nvo l  ved . 
The most e f f e c t i v e  measure f o r  removal o f  cesium f rom the  body i s  by 

o r a l  a d m i n i s t r a t i o n  o f  Pruss ian Blue. Prussian Blue i s  n o t  absorbed f rom t h e  

i n t e s t i n e  and i t  b inds  t h e  cesium i ons  t h a t  a re  e n t e r i c a l l y  cyc led  i n t o  t h e  G I  

t r a c t ,  so t h a t  t h e  cesium i s  n o t  reabsorbed. The t rea tment  can reduce t h e  

b i o l o g i c a l  h a l f - 1  i f e  t o  about o n e - t h i r d  o f  i t s  usual va lue.  The e f f e c t i v e -  

ness o f  t h e  t rea tment  i s  dependent on how soon a f t e r  exposure i t  i s  s t a r t e d  

(NCRP 1980). 

5.7 ENVIRONMENTAL LEVELS OF CESIUM 

Cesium-137 i s  p resen t  throughout  t h e  wor ld  environment as a  r e s u l t  o f  

atmospheric t e s t i n g  o f  nuc lea r  weapons and re leases  f rom t h e  1986 Chernobyl 

nuc lear  acc iden t  i n  t h e  Ukraine. E levated l e v e l s  o f  1 3 7 ~ s  i n  ca r i bou  and 

re i ndee r  have l ong  been recognized as c o n t r i b u t i n g  t o  de tec tab le  1  eve1 s  i n  

people who consume such meats, and f i s h  have a l s o  been i d e n t i f i e d  as concen- 

t r a t o r s  o f  environmental  cesium (NCRP 1977). Fo l low ing  t h e  Chernobyl 

acc ident ,  l e v e l s  o f  13'cs were w ide l y  r epo r ted  i n  t h e  1  i t e r a t u r e  ( f o r  example, 

Tar ron i  e t  a l . ,  1990; Strand, e t  a l .  1989; L loyd  1990; and Kang 1989). Gen- 

e r a l l y  these l e v e l s  were i n  t h e  range o f  a  few nanocur ies,  a l though Strand 

e t  a l .  i n d i c a t e d  m i c r o c u r i e  q u a n t i t i e s  i n  Lapps who breed re i ndee r .  

P o t e n t i a l  t r a n s f e r  o f  r a d i o a c t i v i t y  through t h e  food cha in  rece i ved  wide 

a t t e n t i o n  f o l l o w i n g  t h e  Chernobyl acc iden t .  I n  1989 t h e  j o i n t  World Hea l t h  

Organization/Food and A g r i c u l t u r e  Organ iza t ion  es tab l i shed  a  g u i d e l i n e  l e v e l  

o f  1000 Bq/kg (27 nCi/kg) f o r  cesium contaminat ion i n  foods moving i n  i n t e r -  

na t i ona l  t r a d e  (Heal th  Phvsics 1989). 



The possible existence of 13'cs at the foregoing 1 eve1 s compl i cates 
interpretation of the source of low-level cesium that might be detected in 
routine whole body examinations. An attempt should be made to ascertain 
whether the detected levels are most likely of occupational or environmental 
origin: if occupational, then dose assessment may be warranted; if environ- 
mental, then occupational dose assessment is not warranted. 

For workers who consume large wild game on a regular basis it might be 

reasonable to conclude that a few nanocuries of 13'cs may represent nonoccu- 
puational intake. This can be further investigated if samples of meat can be 

obtained for direct assessment. However, even then conclusions may be tenuous 

because only limited data are available regarding expected variation through- 
out the Pacific Northwest and these data indicate over 3 orders of magnitude 

of vari abi 1 i ty. 

Likewise, for a worker who has spent time in a location known to be 
potentially affected by elevated cesium levels (e.g., Europe, the Scandianvian 
countries, or Russia), it may also be reasonable to assume environmental expo- 

sure. Such exposure would probably result from consumption of locally 
obtained meat, dairy products, or produce. Consideration should be given to 
the location where one was exposed, length of time there, food consumption, 
and elapsed time since exposure in determining the likelihood that environ- 
mental sources were responsible for cesium intake. 

For unknown sources of intake and circumstances where occupational 
intake seems unlikely, it may be prudent to estimate a dose as a matter of 
interest for the worker but not to assign it as an occupational dose. How- 
ever, it should be emphasized that nonoccupational estimates based on meas- 
urements likely to be available through a routine occupational monitoring 
program are subject to large uncertainties regarding onset, duration, and 
nature of intake, and that standard assumptions used for occupational assess- 
ment are not necessarily applicable. Any in-depth assessment of nonoccupa- 
tional exposure is usually beyond the scope of an occupational monitoring 
program. 



SECTION 6.0 

IODINE 





6.0 IODINE 

Radioiodines generated or used at Hanford include isotopes with half- 

lives ranging from minutes to millions of years in various physical and chem- 
ical forms. Internal radiation protection is achieved through the use of 
containment, ventilation, radioactive decay, and respiratory protection. 
Thus, exposures to radioiodines should only occur as a result of accident sit- 
uations. This section provides information on the sources, characteristics 
and biokinetics of radioiodine and summarizes the technical basis used for its 

internal dosimetry at Hanford. 

6.1 SOURCES AND CHARACTERISTICS OF RADIOIODINE 

At Hanford the radioiodines of principal interest are 1311, associated 
with reactor operations, and 1 2 5 ~ ,  associated with biological experimentation. 

A1 though historically radi oiodines were generated in 1 arge quantities 

during the operation of production reactors, the FFTF is currently the only 
generator of fission product radioiodine at Hanford. Iodine-131 is consid- 
ered the most significant iodine radionuclide from an internal exposure stand- 
point. Several other radioactive isotopes of iodine are generated by the 
fission process; however, with the exception of the long-1 ived 12'1, the 
others are short-lived and of potential interest only during or within several 
days of reactor operation. Iodine-129 has, for practical purposes, an infin- 
ite half-life and is contained in irradiated fuel and associated separations 
and waste management facilities. However, unless concentrated by some means 
such as in the PUREX air treatment system, it is present in negligibly small 
quantities. 

Iodine-125 is not generated at Hanford, but it is purchased for use in 
various biological research experiments. Thus, its use is generally limited 
to biology laboratories operated by PNL. Quantities of the isotope in use at 
one time are generally limited to amounts that could not result in significant 
internal exposures. 



6.2 BIOKINETIC BEHAVIOR OF RADIOIODINE 

The distribution and retention model described in ICRP 30 (1979) and ICRP 

54 (1988) can be used to predict the uptake, retention, and resulting doses 

following an intake of a radioiodine. Using the ICRP assumptions for iodine 

intakes (class D transportability and 100% solubility in the GI tract), it is 

assumed that, for a l-pm-AMAD aerosol, 63% of the intake is taken up into the 

circulatory system. The ICRP metabolic model, essentially the same one 

described by Riggs (1952), describes the deposition and retention of iodine in 

systemic compartments of the body. Of the iodine entering the systemic 

compartment, a fraction, 0.3, is assumed to be translocated to the thyroid, 

while the remainder is assumed to go directly to excretion. Iodine in the 

thyroid is assumed to be retained with a biological half-1 ife of 80 days and 

to be lost from the thyroid in the form of organic iodine. Organic iodine is 

assumed to be uniformly distributed among all organs and tissues of the body 

other than the thyroid and to be retained there with a biological half-life of 

12 days. One-tenth of this organic iodine is assumed to go directly to fecal 

excretion and the rest is assumed to be returned to the transfer compartment 

as inorganic iodine so that the effective half-life in the thyroid is 120 

days. 

The above model was implemented using the computer code GENMOD (Johnson 

and Carver 1981; see Appendix A). Several modifications to the iodine 

"default" compartment parameters in the Iodine Model of GENMOD 3.2 were made 
to provide for better agreement w i t h  dose values in ICRP 30 and retention 

values in ICRP 54 (1988). Figure 6.1 diagrams the iodine model employed by 

GENMOD and shows the model setup parameters used for the calculations in this 

section. The GENMOD variables that are set to the model parameters are pro- 
vided in parentheses. The ICRP's lung and GI tract models are incorporated 

without change into GENMOD and, for simplicity, are represented by a single 

box in Figure 6.1. 

As shown in Figure 6.1, material leaving the inorganic compartment is 

split 30/70 between the thyroid and bladder by setting the stable iodine 

removal rates to 1.9 day-' and 0.87 day-', respectively. The material leav- 

ing the organic compartment is either recycled back to the inorganic 
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FIGURE 6.1. S t ab le  Iodine Retention Model 
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compartment o r  i t  goes d i r e c t l y  t o  t h e  f eces .  ICRP recommends a  90/10 s p l i t  

f o r  t h i s  m a t e r i a l ,  and t h i s  i s  achieved by s e t t i n g  t h e  s t a b l e  iod ine  removal 

r a t e s  i n  t h e  organic  compartment t o  0.052 day-' f o r  removal t o  t h e  inorganic 

compartment and 0.0058 day-' f o r  removal v i a  feca l  excre t ion .  The recycl i  ng 

of t h e  iod ine  back t o  t h e  thyro id ,  along with s t a b l e  iod ine ' s  fundamental 

h a l f - l i f e  of 80 days in  t h e  thy ro id ,  r e s u l t s  in  an apparent e f f e c t i v e  h a l f -  

l i f e  of 120 days in  t h e  thy ro id .  Use of GENMOD allows f o r  comparison of 

thyro id  t o  t o t a l  body iodine  a t  var ious t imes a f t e r  in take .  However, f o r  

s i m p l i c i t y ,  ICRP 54 (1988) provides a  thyro id  r e t e n t i o n  funct ion t h a t  e f f e c -  

t i  vely provides expected thy ro id  q u a n t i t i e s  fo l  1  owing uptake: 

ra ( t )  = -0.33 exp ( -0-693t /0-24)  + 0.018 exp (-0.693t/11) 
t hy  

+ 0.31 exp (-0.693t/120) 

Thyroid 
h,,=O.O0866day l 

(TCOMPS) I I 
Organic b b Bladder 



where t i s  i n  days p o s t  uptake. 

For c l a s s  D  m a t e r i a l ,  t r a n s l o c a t i o n  f rom t h e  l ung  t o  t h e  b lood  i s  r a p i d  

and t h e  above equat ion  w i l l  p rov ide  an accurate t h y r o i d  r e t e n t i o n  va lue  f o r  

t h e  model a f t e r  severa l  days a f t e r  acute i n h a l a t i o n .  

6.3 INTERNAL DOSIMETRY FOR RADIOIODINE 

The t h y r o i d  i s  t h e  p r i n c i p a l l y  exposed organ f o l l o w i n g  an i n t a k e  o f  r ad -  

i o i o d i n e  and can be cons idered t o  be t h e  o n l y  organ c o n t r i b u t i n g  t o  t h e  e f f e c -  

t i v e  dose e q u i v a l e n t  f o r  r a d i o i o d i n e s  w i t h  h a l f - l i v e s  g r e a t e r  than  a  few days. 

Because o f  t h e  low we igh t i ng  f a c t o r  f o r  t h e  t h y r o i d  ( W  = 0.03), t h e  1  i m i t i n g  . 
dose f rom a  r e g u l a t o r y  s tandpo in t  i s  t h e  nons tochas t i c  l i m i t  o f  50 rem/yr. 

Table 6.1 g i v e s  f i r s t - y e a r  and 50-year committed e f f e c t i v e  dose equiva-  

l e n t s  p e r  nanocur ie  f o r  acute i n h a l a t i o n  i n takes  o f  r a d i o i o d i n e s  ( c l a s s  D, 

l -pm AMAD). The 50-year committed e f f e c t i v e  dose equ i va len t  w i l l  be rece i ved  

w i t h i n  a  few weeks f o r  13'1, w i t h i n  a  few months f o r  12'1, and w i t h i n  a  few 

years  f o r  1 2 9 ~  as shown i n  F igure  6.2. 

Table 6.2 g i v e s  expected t h y r o i d  a c t i v i t y  f o l l o w i n g  an acu te  i n t a k e  s u f -  

f i c i e n t  t o  r e s u l t  i n  a  f i r s t - y e a r  e f f e c t i v e  dose equ i va len t  o f  100 mrem. Con- 

v e r s i o n  f rom e f f e c t i v e  dose equ i va len t  t o  t h y r o i d  dose i s  made by m u l t i p l y i n g  

t h e  e f f e c t i v e  dose equ i va len t  by 33.3. 

TABLE 6.1. F i r s t - Y e a r  and 50-Year Committed E f f e c t i v e  Dose Equ'v l e n t  
Fo l l ow ing  an Acute I n h a l a t i o n  I n take  o f  Rad io iod ine  l a ?  

mrem/nCi I n take  F r a c t i o n  
F i r s t - Y r  . EU 50 - Y r Comm 

(bFff . Received 
Nucl i de H a l f - L i f e  Dose EQ. Dose Ea. F i r s t  Year 

60 days 

8 days 

(a )  Assuming l-pm-AMAD p a r t i c l e s .  
(b) Thy ro id  dose equ i va len t  i s  33 t imes t h e  e f f e c t i v e  dose e q u i v a l e n t .  
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FIGURE 6.2. Percent o f  50-Year Committed E f f e c t i v e  Dose 
Equ i va len t  Received a t  Times A f t e r  I n t a k e  

TABLE 6.2. Expected Rad io iod ine  i n  Thy ro i d  Fo l l ow ing  an Acute 
I n h a l a t i o n  R e s u l t i n g  i n  a F i r s t - Y e a r  E f f e c t i v e  Dose 
Equ iva len t  o f  100 mrem (Class D, l-pm AMAD) 

A c t i v i t y ,  nCi 
Days Post 

I n t ake  12s1 129 I 131 I 

(a)  Much l e s s  than  1 nCi .  

6.5 



Table 6.3 gives the relationship between retained activity in the 
thyroid and effective dose equivalent. 

Although the biokinetic models described in this section can be used to 
provide initial estimates of intake and dose following an exposure, in vivo 
measurements permit the actual retention in the thyroid to be determined. 
Thus, successive thyroid counts following an internal exposure yield data from 
which cumulated thyroid activity (in nCi-days) can be calculated. The dose 
conversion factors in Table 6.3 are applied to the calculated cumulative 
activities over time periods of interest to assess thyroid and effective dose 
equivalent. 

The stochastic ALIs for class D 125~, '*'I, and l3'1 are 2E5, 3E4, and 

2E5 nCi , respectively; and the nonstochastic ALIs, based on thyroid dose, are 
5E4, 8E3, and 5E4 nCi, respectively. 

6.4 BIOASSAY 

In vivo measurements and a routine monitoring program for radioiodine 
isotopes are the main bioassay considerations. 

6.4.1 Bioassay Methods 

All radioiodine isotopes can be detected by in vivo measurements. 
Iodine-131 and the other short-lived iodine radionuclides can be detected 
readily using the NaI-detector-based preview counter (Palmer et al. 1987). 

Because of their low-energy photon emissions, 1 2 5 ~  and can only be meas- 
ured using the intrinsic germanium (IG) detector systems in the thyroid- 
counting configuration. 

TABLE 6.3. Dose from a Thyroid Burden of Radioiodine 

Dose Conversion Factor, Activity in Thyroid 
rem/nCi-day Yielding Eff. Dose Eq. 

Nucl i de Thvroi d Eff. Dose Eq. Rate of 100 mrem/yr, uCi 



In vivo measurement detection capabilities are summarized in Table 6.4. 

6.4.2 Routine Bioassay Monitorinq Proqram 

It is recommended that routine bioassay measurements be performed at 

intervals not exceeding four to five effective ha1 f-1 ives of the radionucl ide 

because of uncertainties associated with the assumed retention characteris- 

tics. In addition, a minimum annual bioassay frequency is recommended regard- 

less of the effective half-life, so that adequate documentation of the 

internal exposure status is provided. 

Thus, based on the above recommendations, the measurement frequency for 

the minimum recommended routine monitoring program for workers potentially 

exposed to 1311, lZ51, and lZ91, respectively, is monthly, semiannually, and 

annually. Because of their short physical half-lives, it is generally not 

practicable to perform routine bioassay monitoring for 132-135~. Instead, 

assessment of exposures to these nuclides is normally accomplished by facil- 

ity monitoring (e.g., air sampling). 

Table 6.5 provides estimates of the annual effective dose equivalent 

potenti a1 ly missed for several measurement frequencies. The doses are cal cu- 

lated assuming a worst-case scenario in which the individual receives an 

intake on the first day of each monitoring period that would be just below the 

TABLE 6.4. Sensjj~;itj~fIofa~; Yig; Measurements 
for , 

~i'nimum Detectable Activity. nCi (a) 
Type of Measurement 1251 131 1291 (b) 

Whole body count * 

Preview counter (C > 4. 5(d) (c) 
Thyroid count 

Germanium detectors 0.004 0.03 0.004 

3 x 3 NaI detectors (c) 0.02 ( C  > 

(a) From Palmer et a1 . (1987). (See a1 sol$gpendix C. ) 
(b) Sensitivity is about the same as for I. 
(c) Not detectable using these systems. 
(d) Using the detectors located over the chest region. 



TABLE 6.5. Detectable Annual Effective Dose Equivalent fo  
Various Routine In Vi vo Monitoring Frequenci e s  f a  

Measurement 
Frecluencv 

Weekly 

Biweekly 

Monthly 

Bimonthly 

Quar ter ly  

Semi annual 

Annual 

Detectable First-Yr and 50-Yr mitted 
Dose Equivalent, mrem 

Whole Body 
FgT 

Thyroid Count 
Count 
131, 

(usinq Ge de tec tor )  
12SI 129 I 1311 

( a )  Assumes an acute intake occurs on the  f i r s t  day of each monitoring 
period during the  year. Thus the  detectable dose i s  N times the  
dose detectable  during each monitoring period, where N i s  the  num- 
ber of monitoring periods per year.  Based on detection capabil-  
i t i e s  fo r  thyroid counts from Table 6.4.  

(b)  The 50-year committed e f fec t ive  dose equivalent i s  essyp i ia l ly  
pgyal t o  the  f i r s t - yea r  e f fec t ive  dose equivalent fo r  I and 

I and i s  a b 0 y j ~ l . 1  times the  f i r s t - y e a r  e f fec t ive  dose 
equival ent  fo r  I .  

( c )  Surveillance frequency exceeds f ive  times the  e f fec t ive  thyroid 
residence time. 

detection level of the  next routine measurement. This approach was taken 

because of the  r e l a t i ve ly  short  retention time of l3'1 in the  body and thus 

the need t o  perform routine bioassay measurements frequently during the  year.  

No c r ed i t  was taken fo r  the long-term buildup of radioiodine in the  thyroid 

t ha t  would decrease the  doses reported in the table .  Although values fo r  12gI 

were s imilar ly  calcula ted,  an annual frequency i s  possible in t ha t  case. 

From Table 6.5, i t  i s  apparent t ha t  f o r  1311 the routine whole body 

count provided by the  preview counter (MDA = 4.5  nCi) could ensure detection 

of a 100-mrem annual dose i f  performed biweekly, whereas a monthly germanium 

thyroid count could detect  as low as a 1-mrem dose. The most appropriate 



monitoring program for l3'1 would thus be a whole body count every 2 weeks (or 
a thyroid count once every month) during the potential exposure period. 

If a radioiodine isotope is detected in a routine measurement, follow- 

up measurements to confirm the intake should be performed. The measurements 
can usually be conveniently performed immediately following the initial meas- 
urement while the subject is at the whole body counting facility. The use of 
the high resolution germanium detectors for follow-up measurements is prefer- 
red in order to accurately quantify the thyroid deposition. 

6.4.3 Bioassay Measurements Followinq an Acute Intake 

Thyroid counts should be performed to assess the significance of an 
acute intake of radioiodine. The deposition of iodine in the thyroid fol- 
lowing an acute intake is not instantaneous; rather, buildup of iodine in 
the thyKoid will occur over a period of about 3 days following the intake. 
Results of thyroid counts obtained within a day or so of an intake may thus 

underestimate the maximum retained quantity that will be achieved following 
the exposure. Measurements made 2 to 3 days post intake will likely provide 
the best indication of the maximum retained quantity in the thyroid from the 
intake. 

If significant quantities of short-lived iodine isotopes are possibly 
associated with an exposure, then in vivo measurements should be performed 
within a day of the intake. The measurements should be made using a ger- 
manium detector to achieve optimum resolution. Follow-up counts, if needed, 
should be performed. Data from facility monitoring may be used to identify 
the relative activities of the various radioiodines present at the time of 
intake. Caution should be exercised when analyzing in vivo data for short- 
lived iodine isotopes, to ensure that activity within the thyroid and not 
external contamination is being measured. 

6.5 ASSESSMENT OF INTERNAL DOSE EQUIVALENT 

Radioiodines can be detected and quantified in the thyroid using in vivo 
techniques. Thyroid counts are sufficiently sensitive to enable detection 
of activity in the thyroid at levels well below that of any dosimetric 



consequence (see Table 6.5). Measurement o f  1 2 5 ~  and requ i res  t h e  use o f  

t he  low-energy germanium count ing system. 

Several methods e x i s t  t o  evaluate i n  v i v o  r e s u l t s  i n  order  t o  assess the  

i n t e r n a l  dose equ iva len t .  The s implest  method, and one t h a t  i s  recommended 

f o r  i n i t i a l  eva lua t i on  o f  i n  v i v o  r e s u l t s  as we l l  as f o r  f i n a l  eva lua t ions  

when doses are very low, invo lves  f i t t i n g  the  i n  v i v o  measurement da ta  t o  the  

expected i n t e r n a l  a c t i v i t y  us ing the  b i o k i n e t i c  model p rescr ibed i n  t h i s  sec- 

t i o n .  Th is  model i s  implemented us ing  GENMOD, and values o f  t h y r o i d  a c t i v i t y  

a t  var ious  t imes f o l l o w i n g  a  g iven i n take  are provided i n  Table 6.2. 

Assumptions t h a t  are used f o r  t h i s  eva lua t ion  are t h a t  t he  ma te r ia l  i s  

inha led  i n  c lass  D form, t h a t  t he  i n t a k e  date, i f  unknown, i s  assumed t o  be 

the  midpoint  o f  t he  pe r iod  du r ing  which the  i n take  could have occurred, and 

t h a t  t h e  i n take  consis ted o f  t he  i n h a l a t i o n  o f  an aerosol w i t h  an AMAD o f  

1 m .  The r e s u l t i n g  r e t e n t i o n  func t ion ,  ca l cu la ted  us ing GENMOD, i s  f i t  

t o  the  observed i n  v i v o  measurement da ta  us ing techniques descr ibed i n  

Appendix C. 

A  s i m p l i f i e d  dose assessment procedure f o r  use i n  cases when annual 

e f f e c t i v e  dose equ iva len ts  are below 100 mrem i s  as fo l l ows :  

1. Determine the  t ime o f  in take.  Assume the  midpoint  o f  the  pe r iod  
du r ing  which the  exposure could have occurred i f  a  s p e c i f i c  i n t a k e  
date  i s  n o t  known. For example, e,valuat ion o f  measured a c t i v i t y  i n  
an annual count might assume t h a t  the  i n take  occurred a t  the  mid- 
p o i n t  o f  t he  measurement pe r iod  provided the  worker could have 
i ncu r red  an i n take  a t  any t ime du r ing  the  p r i o r  year.  

2. Evaluate the  bioassay measurement r e s u l t  us ing the  b i o k i n e t i c  model 
descr i  bed above. 

3. I f  the  ca l cu la ted  dose exceeds a  100-mrem f i r s t - y e a r  e f f e c t i v e  dose 
equivalent ,  then consider t a k i n g  add i t i ona l  i n  v i v o  measurements 
t o  conf i rm the  r e t e n t i o n  c h a r a c t e r i s t i c s  o f  t he  ma te r ia l  and 
r e - e s t a b l i s h  basel ine i n t e r n a l  a c t i v i t y  l e v e l s .  

I f  the  i n take  could p o t e n t i a l l y  r e s u l t  i n  an annual e f f e c t i v e  dose 

equ iva len t  exceeding 100 mrem, then an i n v e s t i g a t i o n  should be performed t o  

determine whether o ther  rad ionuc l ides  were involved t o  rev iew the  v a l i d i t y  o f  

the  above assumptions and t o  develop a  case-spec i f i c  r e t e n t i o n  func t i on .  



Observed in vivo retention should be used in place of the ICRP bio- 
kinetic model for evaluations of internal doses that potentially exceed 
100 mrem/yr when sufficient in vivo data are available for such an analysis. 
This can be most easily accomplished by graphically analyzing the in vivo data 
to identify retention components. The retention curves are then integrated to 
obtain cumulative activity for calendar years following intake, and the 
cumulative activity is multiplied times the organ and effective dose equiv- 
alent conversion factors in Table 6.3 to obtain annual dose equivalents. 

6.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES 

In an accident exposure situation, iodine will likely be taken in by 
inhalation, ingestion, and absorption through the skin. If the iodine is very 
soluble, it will reach the thyroid relatively quickly; however, maximum 

thyroid activity may not occur until 2 or 3 days post intake. Thus, thyroid 
counts performed shortly after intake may underestimate the deposition. 
Also of concern for in vivo measurements made shortly after intake are con- 
tributions to the count from radioiodine located outside the body or in other 
regions of the body. However, if thyroid measurements are made with a 
collimated germanium detector, these interferences can most likely be reduced 
to negligible levels. 

The adult thyroid gland is considered to be a relatively radioresistant 
organ (weighting factor = 0.03) with respect to the risk of fatal ma1 ignan- 
cies. However, thyroid nodules, cancer, and hypothyroidism are all associated 
with radiation exposure to the thyroid. NCRP 65 (1980) recommends immediate 
administration of 300 mg KI or NaI tablets, regardless of the route of expo- 
sure, and daily administrations for 7 to 14 days (to prevent recycling back 
into the thyroid as a mitigative action following a large intake). For 
individuals receiving greater than a 100-rem dose equivalent to the thyroid, 
an estimate of residual thyroid function should be made within 2 or 3 months 
after exposure (NCRP 1980). Occupational Medicine (at HEHF) should be immedi- 

ately notified of a potentially severe intake of radioiodine. 
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7.0 EUROPIUM 

Th is  s e c t i o n  prov ides  techn ica l  i n fo rma t ion  on t h e  sources, charac ter -  

i s t i c s ,  b i o k i n e t i c s ,  and dosimetry o f  1 5 4 ~ u  and 1 5 5 ~ u - - t h e  p r i n c i p a l  europi  um 

r a d i o n u c l i d e s  o f  concern from an i n t e r n a l  exposure standpoint  a t  Hanford. 

7 .1  SOURCES AND CHARACTERISTICS OF EUROPIUM 

Europium-154 (T = 8.8 y r )  and 1 5 5 ~ u  = 4.96 y r )  have been pro-  
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duced h i s t o r i c a l l y  a t  Hanford by t h e  N Reactor through neutron a c t i v a t i o n  o f  

samarium ox ide  marbles used i n  t h e  r e a c t o r ' s  s a f e t y  system. The samarium- 

ox ide  marbles were rep laced i n  1978 w i t h  marbles made o f  boron carb ide ;  how- 

ever, a few o f  t h e  o l d  samarium-oxide marbles remained lodged i n  t h e  g r a p h i t e  

b l o c k  moderator and cont inued t o  be a c t i v a t e d  du r ing  opera t ion  o f  t h e  r e a c t o r  

u n t i l  i t s  shutdown i n  1986. 

The p r i n c i p a l  l o c a t i o n s  where exposures t o  europium rad ionuc l i des  may 

occur are t h e  100-N Area and t h e  waste management f a c i l i t i e s  i n  t he  200 Areas 

where contaminated waste from N Reactor i s  handled. 

7.2 BIOKINETIC BEHAVIOR OF EUROPIUM 

ICRP 30 (1979) recommends t h a t  a l l  compounds o f  europium ( i n c l u d i n g  

n i t r a t e s ,  ch lo r i des ,  and ox ides)  be assigned t o  i n h a l a t i o n  c lass  W .  Exper- 

ience a t  Hanford suggests t h a t  europium ox ide  may occas iona l ly  be more tena-  

c i o u s l y  r e t a i n e d  i n  t h e  l u n g  than would be expected f o r  a c lass  W mater i  a1 . 
However, a t  t h i s  t ime data  a re  i n s u f f i c i e n t  t o  e s t a b l i s h  a case f o r  c l a s s  Y 

europi  urn a t  Hanford. 

Based on numerous measurements made a t  var ious  N Reactor l o c a t i o n s  

(Weetman and DeHaven 1982a) a p a r t i c l e  s i z e  o f  0.5 p m  AMAD should be assumed, 

unless s p e c i f i c  p a r t i c l e  s i z e  da ta  are a v a i l a b l e .  According t o  t h e  Task Group 

on Lung Dynamics (TGLD 1966) model o f  t h e  r e s p i r a t o r y  t r a c t ,  an i nha led  aero- 

so l ,  lognormal ly  d i s t r i b u t e d  w i t h  an AMAD o f  0.5 pm, w i l l  be deposi ted as 

fo l l ows :  16% i n  t h e  nasal-passage (N-P) reg ion  o f  t he  r e s p i r a t o r y  t r a c t ,  8% 

i n  t h e  t r a c h e a l - b r o n c h i a l  (T-B) reg ion  o f  t h e  lung, and 33% i n  the  pulmonary 

(P) r e g i o n  o f  t h e  l u n g  (see Appendix D). 



According t o  ICRP 30, europium t h a t  en te rs  t h e  bloodstream i s  depos i ted  

and tenac ious l y  r e t a i n e d  i n  t h e  l i v e r  and on bone sur faces.  The d i s t r i b u t i o n  

o f  europium e n t e r i n g  t h e  b lood i s  g iven by ICRP 30 as fo l l ows :  

1  i ver- - 40% = 3500 days) 

bone--40% sur faces (T = 3500 days) 
1/2 

kidney--6% (T1/* = 10 days) 

unabsorbed and excre ted  d i rec t l y - - 14%.  

7.3 INTERNAL DOSIMETRY FOR EUROPIUM 

Using t h e  computer code GENMOD (Johnson and Carver 1981; see Appendix A ) ,  

an e v a l u a t i o n  o f  t h e  r e s u l t i n g  i n t e r n a l  organ doses f o l l o w i n g  an i n t a k e  o f  

europium shows t h a t  t h e  dose i n c u r r e d  by t h e  k idney i s  n e g l i g i b l e  w i t h  respec t  

t o  t h e  l i v e r  and bone sur face doses and does n o t  c o n t r i b u t e  t o  t h e  e f f e c t i v e  

dose equ iva len t .  Also, because o f  t h e  s h o r t  r e t e n t i o n  t ime  i n  t h e  kidney, 

europium observed i n  t h e  body (exc lud ing  t h e  1  ung) can be assumed t o  be 

d i s t r i b u t e d  evenly between t h e  l i v e r  and t h e  bone sur faces.  

Because o f  t h e  l o n g  r e t e n t i o n  t ime f o r  europium i n  t h e  bone and l i v e r ,  

i n t e r n a l  dose may accumulate f o r  years  f o l l o w i n g  an i n take .  I n  most exposure 

cases ( e i t h e r  c l a s s  W o r  c l a s s  Y), t h e  l ung  can be expected t o  be t h e  p r imary  

c o n t r i b u t o r  t o  t h e  e f f e c t i v e  dose equ iva len t  d u r i n g  t h e  f i r s t  yea r  f o l l o w i n g  

an i n take .  For t h e  more so lub le  forms o f  europium ( c l a s s  W), t h e  l i v e r  

e v e n t u a l l y  becomes t h e  p r i n c i p a l  c o n t r i b u t o r  t o  e f f e c t i v e  dose equ iva len t .  

Table 7.1 g i ves  f i r s t - y e a r  and t h e  50-year committed dose equ iva len t  pe r  nano- 

c u r i e  o f  i n h a l a t i o n  i n t a k e  o f  1 5 4 ~ u  and 1 5 5 ~ u ,  assuming t h e  phys i ca l  and b i o -  

k i n e t i c  c h a r a c t e r i s t i c s  discussed p rev ious l y .  Table 7.2 shows t h e  t ime  over  

which t h e  i n t e r n a l  dose f rom an i n h a l a t i o n  i n t a k e  o f  1 5 4 ~ u  o r  1 5 5 ~ u  i s  

accumulated. 

F igures  7.1 through 7.4 show the  a c t i v i t y  o f  1 5 4 ~ u  and 1 5 5 ~ u  i n  t h e  t o t a l  

body, t h e  lung, and t h e  bones o r  l i v e r  f o l l o w i n g  an acute i n h a l a t i o n  r e s u l t i n g  

i n  a  f i r s t - y e a r  e f f e c t i v e  dose equ iva len t  o f  10 mrem. From t h e  graphs, i t  i s  

apparent t h a t  from about 6 months t o  2 years  a f t e r  i n t a k e  the  t o t a l  body 

a c t i v i t i e s  f o r  c l a s s  W and c lass  Y compounds are  o f  rough ly  s i m i l a r  magnitude. 



TABLE 7.1. F i r s t - Y e a r  and Committed Dose E q u i v a l g g t  Fo l lpy$ng($p  
Acute I n h a l a t i o n  I n t a k e  o f  1 nCi o f  Eu o r  Eu 

Dose Equ iva len t ,  mrem/nCi I n t a k e  

1 5 4 ~ u  155 Eu 
Class W Class Y Class W C lass Y 

E f f e c t i v e  Dose 
E q u i v a l e n t  

1 s t - y e a r  

50- year  

Lung 

1 s t  - year  

50-year  

Bone Sur face  

1 s t  - year  

50-year  

Bone Marrow 

1 s t  - year  

50-year  

K idney 

1 s t  - year  

50 - year  

L i v e r  

1 s t - y e a r  

50 - year  

(a )  Acute i n h a l a t i o n  o f  0.5-pm-AMAD aeroso l .  

Tab le  7.3 shows f r a c t i o n a l  r e t e n t i o n  va lues  f o r  s e l e c t e d  days pos t  i n t a k e .  

Re ten t i on  f r a c t i o n s  f o r  o t h e r  organs o r  t imes  p o s t  i n t a k e  can be ob ta ined  

u s i n g  t h e  GENMOD Code. 

The ALI  f o r  c l a s s  W 1 5 4 ~ u  i s  20 pCi . The s t o c h a s t i c  AL I  f o r  c l a s s  W 

1 5 5 ~ u  i s  140 pCi, and t h e  nons tochas t i c  ALI  f o r  c l a s s  W 1 5 5 ~ u  i s  80 &i, based 

on dose t o  bone sur faces .  



TABLE 7.2. Accumulation o f  E f f e c t i v e  Dose Equ iva len t  
F o l l  owing an Acute Inha l  a t i  on o f  ~ u r o ~ i  

Percent o f  50-Year Committed 
E f f e c t i v e  Dose Eau iva len t  Received 

1 5 4 ~ u  1 5 5 ~ u  
Years Post I n take  Class W Class Y Class W Class Y 

(a)  Acute i n h a l a t i o n  o f  0.5-pm-AMAD aerosol .  

FIGURE 7.1. 1 5 4 ~ u  i n  t h e  Body Fo l lowing an I n h a l a t i o n  I n t a k e  R e s u l t i n g  i n  
a  F i r s t - Y e a r  E f f e c t i v e  Dose Equ iva len t  o f  10 mrem, Class W 
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FIGURE 7.4. 155~u in the Body Following an Inhalation Intake Resulting in 
a First-Year Effective Dose Equivalent of 10 mrem, Class Y 

7.4 BIOASSAY 

In vivo measurements and excreta analysis and their use in a routine 
bioassay monitoring program and following an acute intake are discussed in the 
following subsections. 

7.4.1 Bioassay Measurements 

Both 154~u and 155~u are readily measured by in vivo bioassay 
techniques. 

In Vivo Measurements 

Europium-154 is the predominant long-lived europium radioisotope in 
europium isotope mixtures at Hanford. During the operating lifetime of 
N Reactor, the 154~u/155~u activity ratio has generally been about 2.0. This 
ratio will increase now that europium is no longer produced due to the longer 
half-1 ife of 154~u. Because 154~u is also more easily detectable in vivo than 
155~u, it is the best indicator of an intake of europium radionuclides. 



TABLE 7.3. To ta l  Body Retent ion  Fo l lowing an Acute I n h a l a t i o n  
Exposure t o  0.5-pm AMAD P a r t i c l e s  (expressed as 
f r a c t i o n  o f  i n t a k e )  

Days 
Post 1 5 4 ~ u  1 5 5 ~ u  

I n t a k e  Class W Class Y Class W Class Y 

Europium-155 i s  more d i f f i c u l t  t o  d e t e c t  i n  v i v o  because i t s  predominant gamma 

emission f a l l s  i n  t h e  low-energy no ise  reg ion  o f  t h e  standard whole body 

count.  

Whole body count ing  f o r  1 5 4 ~ u  i s  conven ien t ly  performed us ing  t h e  

5-NaI-detec tor  preview counter  (Palmer e t  a l .  1990). The standard 3-minute 

count performed us ing  t h e  system w i l l  de tec t  t h e  presence o f  4.5 nCi i n  t he  

t o t a l  body o r  about 3.4 nCi i n  t h e  chest  reg ion .  The preview counter  prov ides 

a q u a n t i t a t i v e  i n d i c a t i o n  o f  t h e  presence o f  r a d i o a c t i v i t y  i n  t h e  body. 

Nevertheless, i t  i s  r o u t i n e  p r a c t i c e  t o  e s t a b l i s h  i n t e r n a l  depos i t i on  



q u a n t i t i e s  f o r  rad ionuc l i des  de tec ted  w i t h  t h e  prev iew counter  by us ing  t h e  

h i g h - r e s o l u t i o n  large-volume c o a x i a l  germanium d e t e c t o r  system descr ibed by 

Palmer e t  a1 . (1990). 

To ta l  body con ten t  o f  1 5 5 ~ u  cannot be d i r e c t l y  measured w i t h  t h e  Hanford 

whole body counter .  It can be es t imated by es tab l  i s h i n g  a  1 5 5 ~ u - t o - 1 5 4 ~ u  

r a t i o  us ing  ches t  o r  ske le ton  counts and then app ly ing  t h a t  r a t i o  t o  t h e  1 5 4 ~ u  

whole body count r e s u l t .  Skeleton coun t i ng  would p rov ide  more s e n s i t i v e  r a t i o  

f o r  1 5 5 ~ u  es t ima t ion .  

Specia l  measurements o f  lung,  skeleton,  o r  l i v e r  content  may be des i red  

t o  e s t a b l i s h  i n d i v i d u a l - s p e c i f i c  p a t t e r n s  o f  d i s t r i b u t i o n  and r e t e n t i o n .  

Because europium i s  a  bone-seeking rad ionuc l i de ,  ches t  counts performed more 

than several  weeks a f t e r  i n t a k e  may be d e t e c t i n g  a c t i v i t y  i n  t h e  bones o f  t h e  

chest, as w e l l  as i n  t h e  lung.  Therefore,  any q u a n t i f i c a t i o n  o f  l ung  a c t i v -  

i t y  should cons ider  t h e  c o n t r i b u t i o n  f rom t h e  bones. 

Skeleton a c t i v i t y  i s  est imated from a  head count.  A c o r r e c t i o n  f a c t o r  

can then be d e r i v e d  f o r  o b t a i n i n g  l u n g  a c t i v i t y  from a  chest  count.  These 

c a l c u l a t i o n s  a re  performed by t h e  PNL Whole Body counter  (WBC) group. 

Table 7.4 summarizes i n  v i v o  d e t e c t i o n  c a p a b i l i t i e s .  

TABLE 7.4. D e t e ~ ~ ~ o n  L e v e l ~ ~ f o y ~ j n  Vivo Measurements 
f o r  Eu and . Eu , nCi 

Length o f  
Count Type Orqan/Ti ssue 1 5 4 ~ u  1 5 5 ~ u  Count, s 

Prev i  ew Whole body 4.5 N A 200 

Coaxi a1 germani um Chest 3.4 N A 1200 

Chest Lung 0.07 0.18 2000 

Sku1 1  Skeleton 0.22 0.37 3000 

(a) From Palmer e t  a1 . (1990) . (See a1 so Appendix C.  ) 
(b )  NA = n o t  appl i c a b l e .  



Excreta Anal ysi s 

Europium intakes can be detected and assessed through collection and 
analysis of urine and fecal samples. However, because in vivo measurements 
provide a direct and sensitive method for assessing internal depositions of 
europium radionuclides, excreta measurements are generally not necessary. 

7.4.2 Routine Bioassay Monitorinq Proqram 

Routine bioassay monitoring for 154~u and 155~u is accomplished by in 
vivo measurements, principally for 154~u because of its predominance in euro- 
pium mixtures and its easy detectability. Table 7.5 shows the activity of 
154~u and 155~u in the body at various times after acute inhalation intake of 
a quantity that would result in a first-year effective dose equivalent of 
10 mrem. 

From Table 7.5, it is evident that an annual in vivo measurement 

frequency using the preview counter (MDA = 4.5 nCi for 154~u) is sufficient to 

TABLE 7.5. Expected Whole Body Count Quantitiks Following an Inhalation 
Intake Res Iti g in a First-Year Effective Dose Equivalent 
of 10 mrem Ya,bP 

Activity in the Total Body, nCi .-. . -- 
Days Post lS4Eu lssEu 
Intake Class W  Class Y Class W Class Y 

(a) The expected total body activity values were calculated 
f~quming a 0.5-pm-AMAD particle size. 

(b) Eu Intake = 140 nCi (class W )  or 69 nCi (class Y) 
155~u Intake = 740 nCi (class W )  or 390 nCi (class Y). 



detect an intake of 154~u at a 10-mrem first-year effective dose equivalent. 
A supplemental skeleton count to establish the 155~u-to-154~u ratio would . 

allow determination of the total body content of 155~u also at a level corre- 

sponding to a 10-mrem first-year effective dose equivalent. The first-year 

effective dose imp1 ied by an MDA 155~u measurement of 4.5 pCi and an MDA 
skeleton count is 6.4 mrem for the combined isotopes of 154~u and 155~u. An 

annual in vivo measurement frequency would also be capable of detecting a 50- 

year committed effective dose equivalent of 100 mrem, as can be determined 
using the ratios of first-year to 50-year effective dose equivalents from 

Table 7.1. 

Routine measurements in which a europium radionuclide is detected should 

be confirmed by follow-up in vivo measurements. The recommended protocol is 

to use high-resolution germanium detector whole body counting to confirm the 

identity and magnitude of the activity indicated by the preview counter. 
Because of the adequate sensitivity of whole body counting, supplemental chest 

and skeleton measurements are not generally warranted for intake or dose 

assessment unless unusual retention or di stri bution i s suspected. 

7.4.3 Bioassav Measurements Followinq An Acute Intake 

An in vivo whole body examination should be performed following a sus- 

pected intake. However, unless the exposure appears to be of such magnitude 
that actions to hasten the removal of the material from the body are consid- 

ered, the initial examination can be at the earliest convenient time during 
normal working hours. A measurement of the chest or skeleton is warranted to 
establ ish the 155~u-to-154~u ratio. 

Because there is much movement of inhaled material in the body during 

the first hours following an inhalation intake, early in vivo measurements 
should be considered semiquantitative. Measurements to determine total body 

retention for dose assessment purposes should not be performed until after 

about 5 days to allow for the early elimination of material via the GI tract. 

Likewise specialized measurements to estimate clearance rates from specific 

organs (i .e., chest counts and skeleton counts) should a1 so be delayed until 

early GI tract clearance is complete. 



7.5 ASSESSMENT OF INTERNAL DOSE 

Europium radionuclides of concern can be readily detected and quantified 
by in vivo measurements. Several methods exist to evaluate in vivo measure- 
ment results in order to assess internal dose equivalent. The simplest 
method, and one that is recommended for initial evaluation of in vivo results 
as well as for final evaluations when annual effective doses are 100 mrem or 
less, involves fitting the expected internal activity using the biokinetic 
model prescribed in this section to whole body measurement data. This model 
is implemented using GENMOD (see Appendix A), and Table 7.3 and Figures 7.1 
through 7.4 provide the expected retention values after an intake. 

Assumptions used for this simplified evaluation are that the material 
is inhaled in class W or Y form, that the intake date, if unknown, is assumed 
to be the midpoint of the period during which the intake could have occurred, 
and that the inhaled aerosol had an AMAD of 0.5 pm. The expected retention 
values per unit of intake are fit to the observed data using methods described 
in Appendix C to determine the intake. Intake dose equivalent factors, such 
as those in Table 7.1, may then be applied to compute dose equivalent. 

If it is determined that the intake could potentially result in an 
annual effective dose equivalent in excess of 100 mrem, then an investigation 
should be performed to determine whether other radionuclides were involved, to 
review the validity of the above-stated.assumptions, and to develop specific 
retention functions for the lung and body. 

The objective of bioassay measurements performed for the purpose of 
assessing the internal dose based on observed retention and distribution is to 
establish, on a calendar-year basis, the integrated activity (in nCi-days) for 
the lung, the bone, and the liver. Because the bones of the chest interfere 
with the assessment of the pulmonary retained quantity, a combination chest 
and head count is advisable for estimating the true activity in the lung. The 
activity in the rest of the body can be estimated from a whole body count with 
subtraction of the true lung activity, or by direct counting of the skeleton 
and the liver. 



Retention observed in vivo can be graphically analyzed to determine the 
cumulative activity by integrating under the observed retention curve. Once 
the annual integrated activity (in nCi-days) is established, the DCFs in 
Table 7.6 can be applied to derive the organ and effective dose equivalent. 
The internal effective dose equivalent is the sum of the effective dose equiv- 
alent contribution from activity in the lung and the effective dose equivalent 
contribution from activity in the bone plus liver. 

Dose assessments include annual and committed effective dose equiva- 
lents, as we1 l as dose equivalents to specific organs of concern based on the 
criteria presented in the Hanford Internal Dosimetry Program Manual . (a) (See 
also Appendix B). Dose factors for organs receiving the greatest dose equiva- 
lent are provided in Tables 7.1 and 7.5. 

7.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES 

Although, historically, there have been internal exposure cases involv- 
ing europium radionuclides at Hanford, in no case have the exposures resulted 
in significant internal doses relative to occupational exposure limits. 
Because europium radionuclides are no longer produced, the concentrations of 
europium radionuclides at Hanford are slowly diminishing. 

In vivo measurements performed following a potential intake provide an 
initial indication of the significance of an intake, although external con- 
tamination and rapid translocation of the material through the body may inter- 
fere with the accuracy of the measurement. If a significant intake is 
indicated, then various mitigative actions are possible. Purgatives or laxa- 
tives, as well as enemas or colonic irrigations, may reduce the residence time 
of the radionuclide in the GI tract, thereby reducing absorption by the blood 
(NCRP 1980). Once absorbed, diethylene triamine penta acetate (DTPA) may be 

considered (NCRP 1980). Hanford Environmental Health Foundation Occupational 
Medicine should be notified immediately upon indication of a severe intake 
potentially requiring mitigative action. 

(a) Pacific Northwest Laboratory. 1989. Hanford Internal Dosimetrv Proqrarn 
Manual. PNL-MA-552, Rich1 and, Washington. 



TABLE 7 .6 .  Dose Conversion Fac to r s  f o r  Rad io iso topes  o f  ~ u r o ~ i  

S i t e  o f  Ta rge t  
Depos i ti on Orqan 

Lungs Lungs 

E f f e c t i v e  

~ o d ~ (  b, Bone s u r f a c e  

Bone marrow 

L i v e r  

E f f e c t i v e  

Bone  surface(^) Bone s u r f a c e  

Bone marrow 

L i v e r  

E f f e c t i v e  

~ i v e r ( ~ )  Bone s u r f a c e  

Bone marrow 

L i v e r  

E f f e c t i v e  

DCF, rem/nCi-day 
i n  Source Orqan 

1 5 4 ~ u  1 5 5 ~ u  

(a )  Based on SEE f a c t o r s  i n  ICRP 30. 
(b) Excludes 1 ung and assumes 50% i n  1 i v e r  and 50% on bone 

sur faces .  Organs shown c o n t r i b u t e  10% o r  more t o  t h e  
e f f e c t i v e  dose equ i va len t ,  b u t  t h e  c a l c u l a t e d  e f f e c t i v e  
dose e q u i v a l e n t  cons iders  a1 1 organs. 

(c )  To be used when assumption (b)  does n o t  ho ld .  





SECTION 8.0 

URANIUM 





8.0 URANIUM 

This section provides technical information on uranium sources, charac- 

teri stics, biokinetics, and internal dosimetry for general appl ication at Han- 

ford. Also included are special sections that apply to exposures in specific 

facilities where uncontained uranium is routinely handled. 

Bioassay monitoring and internal dosimetry for uranium at Hanford pose 

relatively unique problems, primarily because, except for highly enriched 

uranium, total containment is not provided. Thus, low-level chronic airborne 

contamination levels are assumed to exist in facilities in which uncontained 

uranium is routinely handled. 

Additional difficulties with uranium dosimetry are caused by the rela- 

tively low sensitivity of direct (in vivo) measurement capabilities for 

depleted and low-enrichment uranium, and the presence of environmental uranium 

in urine as background interference. 

8.1 SOURCES AND CHARACTERISTICS OF URANIUM 

The sources, isotopic composition, transportability, particle size, 

environmental background, chemical toxicity, and biokinetic characteristics of 

uranium 'at Hanford are di scussed in the foll owing subsect ions. 

8.1.1 Sources 

Historically, at Hanford uranium has been used primarily as feed mate- 

rial in the plutonium production process. The uranium was received as sligh- 
tly enriched metallic uranium in the form of large billets and extruded into 
fuel elements at the 300 Area Fuel Production Facility (FPF). After irradia- 

tion in production reactors, the elements are shipped to the PUREX facility 

for processing. The final operating plutonium production reactor (N Reactor) 
and its associated fuels production facility were shut down in 1987; however, 

the extraction of plutonium and uranium from the irradiated fuels will con- 

tinue for several more years at the PUREX facility. The recovered uranium, as 

uranylni t ra te-hexahydra te ,  is shipped to the Uranium Oxide (U03) Plant in 200 

West Area for conversion to uranium trioxide. 



Uranium i s  a l so  used i n  f u e l  elements f o r  t h e  FFTF r e a c t o r .  The FFTF 

f u e l  c o n s i s t s  o f  a  m ix tu re  o f  p lu ton ium and uranium oxide, w i t h  p lu ton ium 

be ing  t h e  pr imary  concern. 

Depleted uranium metal i s  machined i n  shops i n  t h e  306-W B u i l d i n g  i n  

support  o f  a  long- term research and development program. 

Uranium iso topes are  s to red  and handled i n  several  l a b o r a t o r i e s  i n  t he  

200 and 300 Areas. 

8.1.2 I s o t o p i c  Composit ion 

Uranium handled a t  Hanford g e n e r a l l y  ranges from dep le ted  t o  s l i g h t l y  

enr iched.  Tab1 e  8.1 summarizes 2 3 5 ~  enrichment 1  eve1 s  i n  several  Hanford 

f a c i l i t i e s .  Table 8.2 g ives  r a d i o l o g i c a l  da ta  f o r  uranium iso topes.  

Uranium t h a t  i s  used i n  t h e  p lu ton ium product ion  process i s  r e c y c l e d  

uranium and i s  sub jec t  t o  t h e  ingrowth  o f  i m p u r i t i e s  d u r i n g  t h e  i r r a d i a t i o n  

phase o f  t h e  f u e l  c y c l e  (Rich e t  a l .  1988). These i m p u r i t i e s  are  n o t  

TABLE 8.1. Enrichments o f  Uranium a t  Hanford F a c i l i t i e s  

Area Faci 1  i t v  2 3 5 ~  Enrichment 

100 N Reactor f u e l  0.8 - 1.25% 235" 

200 PUREX, U03 P l  an t  0.8% 2 3 5 ~  

300 306-W B u i l d i n g  (PNL) Depleted (0.3%) 235u 

N Reactor FPF 0.95 - 1.25% 235" 

TABLE 8.2. Rad io log i ca l  C h a r a c t e r i s t i c s  o f  Uranium Isotopes 

H a l f - L i f e ,  y r  
Isotopes S ~ e c i f i c  A c t i v i t y ,  uCi /q Years Days 

23ZU 2.1Et7 7  2  2.63Et5 
233u 9.69Et3 1.59Et5 5.80Et7 
234" 6.25Et3 2.45Et5 8.94Et7 
235u 2.16 7.03Et8 2.57Et11 
236u 64.7 2.34Et7 8.54Et9 
238u 0.336 4.47Et9 1.63Et12 



comple te ly  removed d u r i n g  t h e  rep rocess ing  and p lu ton ium e x t r a c t i o n  phases o f  

t h e  p roduc t i on  c y c l e  and t hus  c o n t r i b u t e  t o  . i n t e r n a l  dose a long  w i t h  uranium. 

The i m p u r i t i e s  i n c l u d e  2 3 6 ~ 7  2 3 9 ~ u 7  "TC, 2 3 7 ~ p ,  and o the r ,  s h o r t e r - 1  i ved ,  

f i  s s i o n  p roduc ts .  

Tab le  8.3 g i v e s  t h e  i s o t o p i c  compos i t ion  o f  va r i ous  types  o f  uranium a t  

Hanford.  Recycled uran ium i s  p resen t  i n  t h e  FPF and i n  t h e  U03 P l a n t .  F i g -  

u r e  8.1 shows how t h e  s p e c i f i c  a c t i v i t y  o f  v i r g i n  ( u n i r r a d i a t e d )  uranium 

TABLE 8.3. R a d i o l o g i c a l  C h a r a c t e r i s t i c s  o f  Uranium M ix tu res  

S p e c i f i c  A c t i v i t y ,  
M i x t u r e  p C i / q  (nCi/mq) 234" 23!iU 236u 238u 

N a t u r a l  0.687 0.000054 0.0072 (a )  0.9927 

Depl e t e d  0.364 0.0000037 0.0025 (a )  0.9975 

M i x t u r e  

N a t u r a l  

Dep le ted  

U03 - RU 

FPF-RU 

M i x t u r e  

Na tu ra l  

Depl e ted  

U03 - RU 

FPF-RU 

F r a c t i o n  o f  To ta l  Uranium 
A c t i v i t y  o f  M i x t u r e  

234u 23!jU 23bU 238u 

A c t i v i t y  Per Microgram o f  M a t e r i a l ,  
d p m / ~ q  o f  M i x t u r e  

234u 235u 236u 238u U-Tota l  

( a )  Negl i g i  b l  e  
( b )  Average atom f r a c t i o n  based on range expected f o r  f a c i l i t y .  

Uranium-235 enr ichment  v a r i e s  f rom 0.95% t o  1.25%. 
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FIGURE 8.1.  Specific Activity fo r  Enriched Uranium 
(from WASH-1251 [A1 exander 19741) 

increases with 2 3 5 ~  enrichment. Table 8.3 shows tha t  the specif ic  alpha 

ac t iv i ty  of the recycled uranium exceeds tha t  of virgin uranium fo r  corre- 

sponding 2 3 5 ~  weight percentages. This increase i s  due primarily to  higher 

levels  of 2 3 4 ~  and 2 3 6 ~  in the recycled uranium. The atom ra t ios  used t o  
calculate  spec i f ic  ac t iv i ty  in Table 8.3 are  based on operational data 

obtained from f a c i l i t y  operating records and represent a reference recycled 

uranium mixture. Although the isotope r a t i o s  vary s l igh t ly  between U03 Plant 

recycled urani um (U03-RU) and F P F  recycled urani um (FPF-RU) , the to ta l  spec- 

i f i c  ac t iv i ty  fo r  the two mixtures i s  the same a t  2.0 d ~ m / ~ g  uranium. 

Other impurities in recycled uranium include plutonium, neptunium, tech- 

nicium, and other f iss ion products. Table 8.4 gives maximum allowed levels  of 

these impurities in uranium handled a t  the U03 Plant. These levels  can be 

considered to  represent the maximum impurity levels  for recycled uranium a t  

Hanford. Actual operational experience shows tha t  levels  of impurities in 

recycled uranium a t  Hanford are substant ial ly  below the maximum allowed 

1 evel s .  Default reference 1 evel s for these impurities are a1 so establ i shed in 

the tab le .  



TABLE 8.4. Impurities in Recycled Uranium at Hanford 

~aximum(~) 
Constituent A1 1 owed 

PI utoni urn 10 P P ~ P  U 

Neptuni urn NE(~) 

Thori urn 750 ppmp U 

"TC NE(~) 
103, 106Ru (20 pCi/lb-U 

9 5 ~ r ~ b  (10 Ji/lb-U 

Observed (b) 
Ranqe Reference Level (c) 

(1-2 ppbp U 0.4 nCi Pu-alpha/g-U (d) 

0.04-0.16 ppmp U 0.4 nCi 237~p/g-~(f) 

8-10 ppmp U 5 pCi 232~h/g-~(g) 

3-4 ppmp U 0.2 pCi 99~~/g-~(h) 

(6 pCi/lb-U 40 nCi 106~u/g-~(i) 

(4 ,di/l b-U 20 nCi 95~r/g-~(j) 

From U03 Plant operating specifications, OSD-U-185-0001 (Thompson 1986). 
From analysis of uranium lots 88-1, 88-2, 88-3 that were processed in 
1988. 
A reference level is chosen for determining bioassay monitoring needs 
and for use as an initial assumption in evaluating intakes. The use of 
the reference levels is expected to result in a slight overestimate of 
dose compared to levels actually observed in 1988. 
Based on 5 ppbp U and assuming plutonium is represented by aged 6% 240~u 
grade material (per Section 9.0). 
NE = not established. 
Based on 0.5 ppmp U of2::7~p. 
Based on 50 ppmp U of 99 Th. 
Based on 10 ppmp U of 
Based on 20 pCi/lb of 
Based on 10 pCi/lb of 9 5 ~ r ~ b .  

8.1.3 Environmental Backsround 

The sensitivity of urine sampling as a uranium bioassay tool is limited 

by the presence of environmental levels of uranium, which is subject to some 

uncertainty in interpretation. In ICRP 30 (1979) the average daily ingestion 

intake of natural uranium in food and water is estimated to be 1.9 pg. Assum- 

ing that the GI tract absorption of uranium at environmental levels is about 

1% (Wrenn 1985) at equilibrium, about 0.02 pg/day could be expected in the 

urine of occupationally unexposed workers. Two studies at Hanford, performed 

in 1985 and 1990, indicated that the concentrations of uranium in urine in the 

Hanford area are similar but slightly higher than the foregoing estimates 



(Carbaugh, Su la ,  and McFadden 1990).  The ICRP Reference Man Report (1974) 

l i s t s  u r i n a r y  e x c r e t i o n  from 0 .05  t o  0 .5  pg/day and f e c a l  e x c r e t i o n  from 1 . 4  

t o  1.8 pg/day, a l though the range  r e p o r t e d  i n  i t s  c i t e d  l i t e r a t u r e  i s  much 

g r e a t e r .  

Urine samples were c o l l e c t e d  i n  mid-1985 from 21 o c c u p a t i o n a l l y  unex- 

posed Hanford workers who r e s i d e d  i n  v a r i o u s  l o c a t i o n s  around Hanford, i nc lud-  

ing  Yakima, Benton C i t y ,  Kennewick, and Richland. Both municipal d r i n k i n g  

water  and ind iv idua l  well -water  systems were r ep re sen t ed  by the sampl ing .  The 

r e su l  t s  ranged from below d e t e c t a b l e  l e v e l  s (0.03 pg/day) t o  0.12 pg/day. For 

seven o f  the i n d i v i d u a l s ,  t h r e e  samples were c o l l e c t e d  over  a  2-week p e r i o d ,  

and t h e  d a i l y  e x c r e t i o n  remained f a i r l y  c o n s t a n t  f o r  each ind iv idua l  ove r  t h e  

pe r iod .  Data f o r  t h i s  group a r e  shown a s  t h e  1985 curve  i n  F igure  8 .2 .  The 

median d a i l y  uranium o u t p u t  f o r  the 1985 s tudy  group was 0.06 ug and 

0.2 pg/day was e s t ima ted  t o  be t h e  99.9 p e r c e n t i l e  (one i n  a  thousand samples 

c o l l e c t e d  from unexposed workers would be expected t o  exceed t h a t  v a l u e ) .  

Based on t h i s  s t udy ,  samples con ta in ing  l e s s  than  0.2 pg/day o f  uranium were 

cons ide red  t o  be w i th in  the expected environmental range ,  and r e s u l t s  above 

0 .2  pg/day were cons idered  t o  c o n t a i n  occupa t iona l ly  de r ived  uranium. The n e t  

amount a t t r i b u t e d  t o  occupat iona l  sou rces  was c a l c u l a t e d  a s  the t o t a l  observed 

amount minus t h e  average  expected environmental l eve l  o f  0.06 pg/day. 

A second s tudy  o f  background uranium l e v e l s  i n  u r i n e  commenced i n  1990. 

Urine samples were c o l l e c t e d  from 20 nonoccupat iona l ly  exposed workers i n  

e a r l y  1990 with the i n t e n t  o f  c o l l e c t i n g  q u a r t e r l y  samples from each worker 

throughout  t h e  y e a r ,  a s  well  a s  samples o f  t h e i r  d r i n k i n g  wa te r .  The workers 

were s e l e c t e d  t o  provide  an i n d i c a t i o n  o f  the p o s s i b l e  c o r r e l a t i o n  between 

d r i n k i n g  water  sou rces  and u r i n a r y  e x c r e t i o n .  Due t o  t h e  c a n c e l l a t i o n  o f  t h e  

a n a l y t i c a l  suppor t  s e r v i c e s  l a b o r a t o r y  c o n t r a c t  t h i s  s tudy  was t e rmina t ed  

fo l l owing  c o l l e c t i o n  o f  the f i r s t  samples.  However, t h e  d a t a  a r e  usefu l  a s  a  

comparison with the 1985 d a t a  and, a s  can be seen i n  F igure  8 . 2 ,  show some 

very  i n t e r e s t i n g  v a r i a t i o n s .  The geomet r ic  mean o f  t h i s  sample group was 

0.024 pg/day wi th  a  99.9 p e r c e n t i l e  o f  2 .8  pg/day. The 0.2-pg/day va lue  used 

a s  t h e  99.9 p e r c e n t i l e  f o r  t h e  1985 d a t a  cor responds  more c l o s e l y  t o  a  99 
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percentile for  the 1990 data,  implying that  one in a hundred ( ra ther  than one 

in a thousand) samples from occupationally unexposed workers might exceed i t .  

A t  l e a s t  two factors  contribute to  these apparent differences.  F i r s t ,  

the workers sampled were a substant ial ly  different  subset than the f i r s t  

group; whereas the 1985 subjects were primarily from two large municipal water 

systems, the 1990 subjects were carefully selected t o  provide an indication of 

possible impact from water consumption in numerous outlying communities around 

Hanford. Second, a s ignif icant  change in the analytical process occurred dur- 

ing the time that  elapsed between the two se t s  of samples - namely, the prac- 

t i c e  of subtracting reagent blanks from sample resu l t s  was in i t i a t ed .  

Interpretation of the 1990 data i s  s t i l l  considered preliminary. 

Fecal excretion of uranium from ingestion of nonoccupational sources of 

uranium in the Hanford environs has n o t  been studied in a manner s imilar  to  



t h a t  o f  u r i n e  e x c r e t i o n .  Lacking Han fo rd - spec i f i c  i n fo rma t ion ,  i t  i s  assumed 

t h a t  t h e  I C R P  Reference Man values o f  1.4 t o  1.8 pg/day are  reasonable. 

8.2 BIOKINETIC BEHAVIOR OF URANIUM 

The i n h a l a t i o n  c lass ,  p a r t i c l e  s i ze ,  d i s t r i b u t i o n ,  r e t e n t i o n ,  e x c r e t i o n  

and chemical t o x i c i t y  o f  uranium a re  inc luded here i n  t h e  d i scuss ion  o f  i t s  

b i o k i n e t i c  behavior .  

8.2.1 I n h a l a t i o n  Class 

Table 8.5 p rov ides  t r a n s p o r t a b i l i t y  c l a s s i f i c a t i o n s  f o r  uranium com- 

pounds as recommended i n  I C R P  30. Unless spec ia l  d i s s o l u t i o n  ana lys i s  i s  

performed, these assigned c l a s s i f i c a t i o n s  a re  used. Specia l  d i s s o l u t i o n  

s tud ies  have been performed f o r  uranium handled i n  t he  U03 P lan t ,  t h e  FPF, and 

t h e  306-W B u i l d i n g .  (See Sect ion  8.7.) 

8.2.2 P a r t i c l e  S i ze  

Unless determined by s p e c i f i c  measurements, i t  i s  assumed t h a t  t h e  AMAD 

f o r  uranium p a r t i c u l a t e s  i s  1 pm. P a r t i c l e  s i z i n g  has been performed i n  sev- 

e r a l  f a c i l i t i e s  us ing  a  cascade impactor  and, where a v a i l a b l e ,  t h e  r e s u l t s  o f  

t h e  measurements a re  prov ided i n  Sect ion  8.7.2. 

8.2.3 D i s t r i b u t i o n ,  Retent ion,  and Exc re t i on  

For t h e  des ign  o f  mon i to r i ng  programs and f o r  t he  assessment o f  dose 

equ iva len ts  when t h e r e  i s  i n s u f f i c i e n t  bioassay measurement da ta  t o  develop 

TABLE 8.5. I n h a l a t i o n  Classes and fl Values f o r  Some Uranium 

Class Com~ounds f 1- 

(a)  D i s s o l u t i o n  s tud ies  o f  uranium a t  Hanford have 
r e s u l t e d  i n  some m o d i f i c a t i o n  t o  t h e  values 
shown i n  t h i s  t a b l e .  Hanford s p e c i f i c  va lues 
are g i ven  i n  Sect ion  8.7. 



individual-specific characteristics, the distribution, retention, and excre- 
tion of uranium are assumed to follow the biokinetic model described in ICRP 
30. This model assigns the transportability classes shown in Table 8.5. For 

material entering the systemic circulation, fractions 0.2 and 0.023 are 

assumed to go to mineral bone and be retained 'there with ha1 f-1 ives of 20 and 

5000 days, respectively; fractions 0.12 and 0.00052 are assumed to go to the 

kidneys and to be retained with half-1 ives of 6 and 1500 days, respectively; 

and fractions 0.12 and 0.00052 are assumed to go to all other tissues of the 

body and be retained with half-lives of 6 and 1500 days, respectively. 

Uranium is assumed to be uniformly distributed among these other tissues. 

Fraction 0.54 of the uranium entering the systemic circulation is assumed to 

go directly to excretion. Long-lived uranium isotopes entering the bone are 

assumed to be distributed uniformly throughout the bone volume. 

Selected 1 ung retention, urinary, and fecal excretion functions for 

acute and chronic inhalations are tabulated in Tables 8.6, 8.7, and 8.8. 

These factors were calculated using the computer code GENMOD (Johnson and 

Carver 1981; see Appendix A). 

8.2.4 Chemical Toxicity 

Because of the comparatively high mass-to-activity ratio at low enrich- 

ments (~10% 235~), consideration is given to the potential toxicological 

effects of an intake in addition to the radiological effects. For readily 

transportable uranium of low enrichment, concerns about chemical toxicity 

predominate; and for slowly transportable urani urn, concerns about the radi a- 

tion dose received by the lung following inhalation predominate. 

The following subsections provide additional guidance for evaluating 
bioassay data to determine the potential toxicological effects of chronic and 
acute exposure. 

Chronic Exposure 

A chronic kidney burden of 3 pg/g of kidney has historically been the 

basis for development of action levels for bioassay monitoring of workers who 

are chronically exposed to uranium (Hursh and Spoor 1973). Recent studies 

with the most highly transportable and toxic form of uranium, U02F2, indicate 



TABLE 8.6. Lung Reten t ion  Fac to r s  Following I n h a l a t i o n  o f  

Days Acute I n h a l a t i o n  Chronic  Inhal a t i o n  
Post  C la s s  D Class  W Clas s  Y Clas s  D Clas s  W C l a s s  Y 

I n t a k e  Lunq Lunq Lunq Lunq Lunq Lunq 

3.3E-1 

1.4E-1 

4.3E-2 

l . lE -3  

8.1E-5 

0. O E t O  

0. O E t O  

0. O E t O  

0. O E t O  

0. O E t O  

0. OEtO 

0. O E t O  

0. O E t O  

0. O E t O  

0. O E t O  

0. O E t O  

3.3E-1 

2.2E-1 

1.8E-1 

1.5E-1 

1.4E-1 

1.3E-1 

1.OE-1 

7.OE-2 

4.8E-2 

1.5E-2 

1.4E-3 

l . lE -5  

1.3E-9 

0. O E t O  

0. O E t O  

0. O E t O  

O.OE-0 

2.7E-1 

4.7E-1 

9.4E-1 

1.2EtO 

2.2EtO 

4. OEtO 

6.5EtO 

8.3EtO 

1.1Et1 

1.2Et1 

1.2Et1 

1.2Et1 

1.2Et1 

1.2Et1 

1.2Et1 

( a )  Fac to r s  a r e  expressed  a s  a f r a c t i o n  ( o r  m u l t i p l e )  of  a c u t e  i n t a k e  o r  
c h r o n i c  d a i l y  i n t a k e  r a t e  and apply t o  1-pm-AMAD p a r t i c l e s .  

( b )  F a c t o r s  a a p p J j g a b l ~ ~ & o  na tu ra l  uranium, recyc led  uranium, d e p l e t e d  
uranium, h44, , U ,  U, o r  any combination t h e r e o f .  

( c )  Lung i n c l u d e s  pulmonary lymph nodes. 

t h a t  s t e a d y - s t a t e  kidney c o n c e n t r a t i o n s  o f  3 pg/g i n  dogs were s u f f i c i e n t  t o  

produce i n d i c a t i o n s  o f  uranium poisoning (Morrow e t  a l .  1982). Although U02F2 

i s  no t  handled a t  Hanford, i t  i s  prudent f o r  b ioassay  monitor ing purposes  t o  

assume a rena l  t o x i c i t y  t h r e s h o l d  o f  l e s s  than  3 pg/g of kidney. Based on 

r e c e n t  s t u d i e s  by a number of  i n v e s t i g a t o r s ,  c u r r e n t  consensus i s  t h a t  t h e  "no 

e f f e c t "  t h r e s h o l d  f o r  uranium i n  kidney i s  1.1 pg/g (Rich e t  a l .  1988). As an 

a d d i t i o n a l  c o n s e r v a t i v e  measure, t h i s  t e chn ica l  b a s i s  uses 0.4 pg/g (one-  

t h i r d  of  t h e  1.1-pg/g va lue ,  rounded t o  one s i g n i f i c a n t  f i g u r e )  f o r  r o u t i n e  

b ioassay  monitor ing a s  desc r ibed  i n  S e c t i o n s  8.5.2, 8.7.1, and Table  8.20. 



TABLE 8 .7 .  Urinary Excret ion Fac tors  Following Inha la t ion  of  Uranium ( a h )  

Days 
Post  

In t ake  

Acute Inha la t ion  
Class  D Class  W Class  Y 
Urinary 

0. O E t O  

1 .OE-1 

4.1E-2 

1.2E-2 

9.4E-3 

5.1E-3 

1.7E-3 

4.5E-4 

1.5E-4 

8.5E-6 

1.7E-6 

1.6E-6 

1.3E-6 

9.7E-7 

5.7E-7 

1.2E-7 

Urinary Urinary 

0.  O E t O  

8.OE-4 

2.7E-4 

1.2E-4 

1 .OE-4 

6.3E-5 

3.2E-5 

2.2E-5 

1.9E-5 

1.8E-5 

1.8E-5 

1.7E-5 

l . l E - 5  

3.8E-6 

3.7E-7 

1.7E-8 

Chronic Inha la t ion  
Class  D Class  W Class  Y 
Urinary Urinary Urinary 

( a )  Fac tors  a r e  expressed a s  a f r a c t i o n  ( o r  mu l t ip l e )  of acu te  i n t a k e  o r  
ch ron ic  d a i l y  i n t a k e  r a t e  and apply t o  l-pm-AMAD p a r t i c l e s .  

( b )  Fac tors  a ~ ~ 4 ; p p J j g ; b 1 ~ 3 Q ~  na tu ra l  uranium, recycled uranium, dep le t ed  
uran i  urn, 7 , U ,  o r  any combination t h e r e o f .  

Acute Exposure 

Guidance f o r  a maximum s i n g l e  acu te  i n t a k e  of uranium has been provided 

i n  ICRP 6 (1964),  based on work by Eve (1964).  Eve's a n a l y s i s  was der ived  

from t h e  assumption t h a t  a d a i l y  i n t a k e  of  2.5 mg of uranium could be t o l e r -  

a t ed  without  harm. Of more re levance  f o r  a c u t e  i n t akes  a r e  t h e  r e s u l t s  of 

human i n j e c t i o n  s t u d i e s  t h a t  have shown t h a t  an uptake of 0.07 mg of hexav- 

a l e n t  uranium per  kilogram of body weight produced t r a n s i e n t  i n j u r y  and 

0 .1  mgU/kg produced c a t a l  a s u r i  a and p r o t e i n u r i  a (Hursh and Spoor 1973) .  More 

r ecen t  s t u d i e s  of t h e  h ighly  s o l u b l e  uranyl f l u o r i d e  (U02F2) showed t h a t  



TABLE 8.8. Fecal Excret ion Fac to r s  Foll  owing Inhal a t i o n  of b, 

Days 
Post 

In t ake  

Acute Inha la t ion  
Class  D Class  W Class  Y 

Fecal Fecal Fecal 

0. OEtO 0 .OE+O 0 . OE+O 

0. OEtO 8.9E-4 1.3E-4 

0. OEtO 5.9E-4 1.3E-4 

0. OEtO 3.9E-4 1.2E-4 

0. OEtO l . l E - 4  l . l E - 4  

0. OEtO 8.6E-6 8.4E-5 

0 .  OEtO 0 .OE+O l . l E - 5  

0. OEtO 0 .  OEtO 1.4E-6 

0 .  OEtO 0. OE+O 4.5E-0 

0. OEtO 0 .OE+O 0. OEtO 

Chronic Inhal a t i  on 
Class  D Class  W Class  Y 

Fecal Fecal 

O.OE-0 

3.9E-2 

1.6E-1 

3 .6E-1 

3.9E-1 

4. OE- 1 

4.2E- 1 

4.4E-1 

4.6E-1 

4.8E-1 

4.8E-1 

4.8E-1 

4.8E-1 

4.8E-1 

4 .8E-1 

4.8E-1 

Fecal 

0 .OE-0 

5.OE-2 

2.1E-1 

4.4E-1 

4.7E-1 

4.8E-1 

4.8E-1 

4.8E-1 

4 .9E-1 

5.OE-1 

5 .2E-1 

5.4E-1 

5 .7E-1 

5.7E-1 

5 .7E-1 

5.7E-1 

( a )  Fac to r s  a r e  expressed a s  a  f r a c t i o n  ( o r  m u l t i p l e )  of a c u t e  i n t a k e  o r  
ch ron ic  d a i l y  i n t a k e  r a t e  and apply t o  l -pm-AMAD p a r t i c l e s .  

(b )  Fac to r s  ~ z ~ ~ ; P P $  j ~ ; b 1  z39 o n a t u r a l  uranium, recyc led  uranium, dep le t ed  
uranium, , , U ,  o r  any combination t h e r e o f .  

in t ravenous  doses  of  0 .01  mgU/kg of body weight f o r  dogs and 0 . 1  mgU/kg of 

body weight f o r  r a t s  were nephro toxic ,  and t h a t  t h e  th re sho ld  f o r  i n j u r y  in  

man was thought  t o  be about 0.07 mgU/kg of body weight (Morrow e t  a l .  1982) .  

The rena l  t o x i c i t y  of  uranium v a r i e s  with t h e  compound form, wi th  t o x i c i t y  

i n c r e a s i n g  with chemical s o l u b i l i t y  (Morrow e t  a l .  1982) .  

Uranium compounds encountered dur ing  product ion ope ra t ions  a t  Hanford 

range from t h e  h ighly  s o l u b l e  uranyl n i t r a t e ,  U02(N03)2, t o  somewhat l e s s  s o l -  

ub le  uranium t r i o x i d e ,  U03, t o  r e l a t i v e l y  i n s o l u b l e  uranium ox ides ,  U02 and 

U308. The h ighly  r e a c t i v e  uranium hexa f luo r ide ,  UF6, and uranyl f l u o r i d e ,  



U02F2, a r e  not handled a t  Hanford. For t he  purpose of es tab l i sh ing  action 

l eve l s  f o r  bioassay monitoring, a renal t o x i c i t y  threshold of 0.1 mg acute 

uptake t o  blood per kilogram of body weight o r  a 7-mg acute uptake f o r  Ref- 

erence Man i s  es tabl ished.  This corresponds t o  an acute inhala t ion of 15 mg 

of Class D uranium. 

1991 U ~ d a t e  on Chemical Toxici ty 

Since the  foregoing discussion on chemical t o x i c i t y  of uranium was 

wr i t t en  in 1989, addit ional  publ ica t ions  have appeared on the  sub jec t ,  r a i s i ng  

some question as  t o  the appropriate assumption f o r  a "no e f f e c t s  threshold 

l eve l "  of uranium intake,  uptake, o r  kidney burden. In an extensive review 

a r t i c l e ,  Leggett (1989) noted t h a t  r e s u l t s  and conclusions of s tud ies  have 

varied widely and t h a t  "apparent d iscrepancies  may be due l a rge ly  t o  d i f -  

ferences in 1)  perceptions and/or de f i n i t i ons  of t o x i c i t y ,  2) s e n s i t i v i t y  of 

t he  measurements of kidney damage o r  dysfunction, 3 )  pa t te rns  of exposure ( f o r  

example, acute versus chron ic ) ,  and 4 )  s e n s i t i v i t y  t o  renal U in d i f f e r e n t  

species ."  Leggett concluded t h a t  " i t  may be prudent t o  lower t h i s  long- 

standing guidance level  [of 3 pgU/g] by roughly an order of magnitude un t i l  

more i s  known about sub t l e  physiological e f f e c t s  of small quan t i t i e s  of U in 

the  kidneys." Similar  sentiment was expressed by SuLu and Zhao (1990) in 

recommending a maximum sa f e  uranium burden in the  kidney of 0.26 pg/g, based 

on a 10-fold sa fe ty  f a c t o r  below mild kidney impairment observed in one human 

case a t  2 .6  pgU/g. McGuire (1990) concluded t h a t  an intake of soluble  uranium 

of 10 mg o r  l e s s  i s  unl ikely  t o  have any de tec tab le  (even t r a n s i e n t )  e f f e c t s ,  

and t h a t  a 40 mg intake (poss ibly  as high as 100 mg) i s  l i k e l y  t o  be below the  

level  of any permanent e f f e c t s .  These l eve l s  a r e  a l l  within a f a c to r  of 2 t o  

3 of those proposed in the  f i r s t  r e lease  of t h i s  document (Sula,  Carbaugh, and 

Bihl 1989). 

Considering t h a t  Leggett noted t h a t  the  ea r ly  researchers c i t ed  ranges 

of "much l e s s  than 5 pg/g, probably 2 t o  3 pg/g" r a the r  than absolute values,  

the  question of a 1.1 pg/g versus a 0.3 pg/g "no e f f e c t s "  threshold r e l a t e s  

more t o  a matter of an assumed f a c t o r  f o r  conservativeness r a t he r  than actual 

linkage t o  i den t i f i ab l e  e f f e c t s .  



8.3 INTERNAL DOSIMETRY FOR URANIUM 

S p e c i f i c  e f f e c t i v e  energy (SEE) f a c t o r s  f o r  uranium i so topes  a re  

p rov ided  i n  Table 8.9, and weighted SEE f a c t o r s  f o r  re fe rence  uranium i s o t o p e  

m ix tu res  a r e  shown i n  Table 8.10. From t h e  t a b l e s  i t  i s  seen t h a t  doses are  

e s s e n t i a l l y  t h e  same on a  " per  nanocur ie"  bas i s  f o r  n a t u r a l  uranium, r e c y c l e d  

uranium, and 2 3 6 ~ .  Thus, f o r  a rough " r u l e  o f  thumb," dose f rom i n t a k e s  o f  

r e c y c l e d  o r  n a t u r a l  uranium can be eva lua ted  on a  pe r  a lpha a c t i v i t y  b a s i s  

us ing  dos imet ry  f a c t o r s  f o r  2 3 6 ~ .  Table 8.11 g i ves  f i r s t - y e a r  and 50-year 

committed doses f rom an acute i n h a l a t i o n  i n t a k e  o f  1 nCi o f  " n a t u r a l "  uranium 

w i t h o u t  any o t h e r  r a d i o - n u c l i d e  i m p u r i t i e s .  These dose f a c t o r s  can a l s o  be 

used d i r e c t l y  f o r  e v a l u a t i n g  i n takes  o f  r e c y c l e d  uranium i f  c o n s i d e r a t i o n  i s  

a l s o  g i ven  t o  t h e  presence o f  i m p u r i t y  r a d i o n u c l i d e s  as d iscussed below. 

TABLE 8.9. S p e c i f i c  E f f e c t i v e  Energy Factors f o r  Urani  um ~ s o t o ~ e s ( ~ )  

Mev/q- t ransformat ion ( sou rce= ta rqe t )  
Lunq Bone Surfaces K i  dnev 

( a )  From I C R P  30 (1979).  

TABLE 8.10. Weighted S p e c i f i c  E f f e c t i v e  Energy Fac tors  
f o r  Hanford Uranium M ix tu res  

Uran i um MeV/q-Transformation 
M i x t u r e  Lunq Bone Surfaces Kidney 

Natura l  0.091 0.013 

Depl e ted  0.085 0.012 

U03 - RU 0.092 0.013 

FPF-RU 0.092 0.013 



TABLE 8.11. First-Year and 50-Year Commit e Dose Equivalents t al Following Inhalation of 1 nCi of Natural Uranium 

Dose, rem 
Inhalation Class, 1 - ~ m  AMAD 

Lung 
Fi rst-year 4 9.5 x 5.3 x 10:; 2.1 x 10-I 
50-year 9.8 x 10- 5.3 x 10 1.00 

Bone surface 
Fi rst -year 3 3.2 x 9.2 x lo-: 6.2 x 10:: 
50-year 3.7 x 10- 1.1 x 10- 3.8 x 10 

Bone marrow 
First-year 2.0 5.7 x 3.9 x 10:: 5 
50-year 2.3 x 6.8 x 10- 2.3 x 10 

Kidney 
First-year 8.5 x 10-z 2.5 x 10:; 1.9 x 10:: 
50 -year 1.5 x 10- 4.5 x 10 1.6 x 10 

Effective dose 
equivalent 

Fi rst -year 4 8.3 x 1013 6.7 x lo-: 2.5 x lo-' 
50-year 2.8 x 10 7 .4  x 10- 1.2 x 10-I 

(a) Alpha activity. The above values were calculated for natural 
uranium. Doses from intakes of other isotopic mixtures will 
be similar on a "per nanocurie" alpha-activity basis. 

Impurity radionuclides present in recycled uranium must be considered in 

dose assessments. Table 8.12 summarizes the contributions to the 50-year 
committed effective dose equivalent from the presence of reference levels of 
impurities in recycled uranium. From the table, it is seen that impurities do 
not significantly affect doses from class Y recycled uranium intakes, but do 
contribute sufficiently to doses of class D and class W intakes to warrant 
their consideration. Table 8.13 shows the factors that can be used to modify 
the doses from recycled uranium mixtures present in the U03 Plant and the N 

Reactor FPF. 



TABLE 8.12. Committed E f f e c t i v e  o  e  E q u i v a l e n t  f r om I n h a l  a t i o n  
Pa f o f  Recycled U ran i  urn, Reference M i x t u r e  

Committed E f f e c t i v e  Dose E q u i v a l e n t  
Per Gram Uran i  urn I n h a l  ed ( rem/q-urani  urn) 

C o n s t i t u e n t  C lass  D Class W C l  ass-Y 

Recycl  ed Uran i um 2.5 6.6 110 

Pu-a1 pha (b )  0 . 2 ( ~ )  0.2 0.14 

2 3 7 ~ p  0 . 2 ( ~ )  0.2 0 . 2 ( ~ )  

2 3 2 ~ h  0.008 0.008 0.006 

"TC 0.0002 0.002 0.002 

9 5 ~ r  0.0004 0.0003 0.0004 

T o t a l  2.9 7.0 110 

R a t i o  o f  t o t a l  
t o  U o n l y  dose 1.16 1.06 1 .OO 

( a )  Assuming 1 -pm-AMAD p a r t  i c u l  a t e .  
( b )  Assuming aged 6% grade p l u t o n i u m  (see S e c t i o n  9.0) .  
( c )  Class D  i n h a l a t i o n  c h a r a c t e r i s t i c s  a r e  g e n e r a l l y  c o n s i d -  

e red  t o  n o t  e x i s t  f o r  t h i s  n u c l i d e ,  t hus  c l a s s  W 
behav io r  i s  assumed. 

( d )  Class Y i n h a l a t i o n  c h a r a c t e r i s t i c s  a re  g e n e r a l l y  c o n s i d -  
e red  t o  n o t  e x i s t  f o r  t h i s  n u c l i d e ,  t hus  c l a s s  W 
behav io r  i s  assumed. 

C o n t r i b u t i o n s  t o  t o t a l  dose f r om non-uranium i m p u r i t y  r a d i o n u c l i d e s  may 

be es t ima ted  by  m u l t i p l y i n g  t h e  annual and committed dose f r om uranium i s o -  

topes  by t h e  r a t i o  o f  t h e  t o t a l  50-year  commit ted e f f e c t i v e  dose e q u i v a l e n t  t o  

t h e  committed dose f r om uranium a c t i v i t y  a lone,  as g i v e n  i n  Tab le  8.12 o r  

Tab le  8.13. T h i s  r ep resen ts  an adequate assessment o f  t h e  t o t a l  dose f o r  

cases i n v o l v i n g  annual e f f e c t i v e  dose e q u i v a l e n t s  on t h e  o r d e r  o f  100 mrem/yr 

o r  l e s s .  I f  annual e f f e c t i v e  doses s i g n i f i c a n t l y  exceed 100 mrernlyr, then  

c o n s i d e r a t i o n  shou ld  be g i v e n  t o  e v a l u a t i n g  t h e  annual dose f o r  i m p u r i t y  

r a d i o n u c l i d e s  s e p a r a t e l y  and adding t o  t h e  dose f r om uranium i so topes .  I f  

i n t a k e s  a r e  s u f f i c i e n t l y  h i g h  t h a t  d e p o s i t i o n s  o f  i m p u r i t y  r a d i o n u c l i d e s  may 

be observab le  v i a  b ioassay  measurements, t hen  such measurements shou ld  be 

performed. 



TABLE 8.13. Dose Factors from Reference Levels of Non-Uranium 
Impurities in Recycled Uranium 

Inhalation Total to Uranium Only 
Materi a1 Cl ass Dose Factor 

U03 - RU 80% D,20% W 1.14 

FPF-RU (333 Bldg) 30% D,70% Y 1.04 
FPF-RU (303-M Bldg) 10% D,90% Y 1.02 

Tables 8.14 and 8.15 give intake effective dose equivalent factors for 

acute or chronic intakes of uranium isotopes and reference mixtures, including 

the contribution from reference levels of impurities. 

8.4 BIOASSAY FOR URANIUM 

Bioassay monitoring procedures for uranium include excreta analysis and 

in vivo measurements. Urinalysis is an indicator of systemically deposited 

uranium; fecal analysis provides an indication of the amount of uranium that 

is being cleared from the lung; and in vivo counting provides a direct meas- 

urement of the quantity of uranium in the lung. The following subsections 
discuss urine sampling, fecal excretion, in vivo measurement, the routine bio- 

assay monitoring program, and bioassay measurements foll owing a potenti a1 

acute intake. 

8.4.1 Urine Samplinq 

The interpretation of urinalysis measurements is highly dependent on 

knowledge of the time and duration of the intake and on assumptions regarding 
the biokinetic transport and excretion of systemically absorbed uranium. 
Standard biokinetic models provide estimated uranium excretion rates in terms 
of daily output (i.e., micrograms per day). The influence of diurnal varia- 
tions in urination frequency and volume may be lessened if a full 24-hour 
collection is obtained rather than a single grab sample. 

According to ICRP 30, studies of the metabolism of uranium in man show 
that a significant amount of uranium entering the circulatory system (54%) is 
not deposited in body tissue but instead passes directly to excretion. The 



TABLE 8.14. Acute I n t a k e  Dose Convers ion Fac to r s  f o r  l-pm-AMAD P a r t i c l e s  

C lass  D 
238u 
236u 
235u 
234U 

U-Nat 
U-Dep 
U - Rec 

Class W 

U-Nat 
U-Dep 
U - Rec 

A c t i v i t y  I n t a k e  DCF, 
rem/nCi U/day 

F i r s t - Y e a r  50-Year 

Class Y 

F a c i l  i t v  S p e c i f i c  Data 

221-U ~ l d c ~ ( ~ )  
U03 - RU 2.3E-3 4.3E-3 

333 ~ l d g ( b )  
FPF-RU 1.8E-2 8.7E-2 

303-M ~ l d g ( ~ )  
FPF-RU 2.3E-2 1.1E-1 

Mass I n t a k e  DCF, 
rem/mqU/dav 

F i r s t - Y e a r  50-Year 

( a )  U03-RU (221-U B u i l d i n g )  i s  80% c l a s s  D and 20% c l a s s  W (see 
Sec t i on  8 .7 ) .  

( b )  FPF-RU (333 B u i l d i n g )  i s  30% c l a s s  D and 70% c l a s s  Y (see S e c t i o n  8 .7 ) .  
( c )  FPF-RU (303-M B u i l d i n g )  i s  10% c l a s s  D and 90% c l a s s  Y (see 

S e c t i o n  8 .7 ) .  
( d )  306W-DU (306-W B u i l d i n g )  i s  20% c l a s s  D and 80% c l a s s  Y (see 

Sec t i on  8 .7 ) .  



TABLE 8.15. Chronic  (365 days/year) I n t a k e  Dose Conversion 
Fac to r s  f o r  1 -pm-AMAD P a r t i c l e s  

A c t i v i t y  I n t a k e  DCF, Mass I n t a k e  DCF, 
rem p e r  nCiU/d rem p e r  mqU/d 

F i r s t - Y e a r  50-Year F i r s t - Y e a r  50-Year 

548p 
i 23% 

2.6E-1 9.6E-1 8.7E-2 3.5E-1 

235u 2.7E-1 1. O E t O  1.7Et1 6.8Et1 

234u 2.7E-1 1. OEtO 5.8E-1 2.3EtO 
2.9E-1 l. lE+O 1.8Et3 7.2Et3 

U-Nat 
U-Dep 
U - Rec 

U-Nat 
U-Dep 
U - Rec 

U-Nat 
U - Dep 
U - Rec 

1.9E+O 
2. O E t O  
2. OEtO 
2.1EtO 
2. O E t O  
1.9EtO 
2.3EtO 

1. O E t O  
9.1E-0 
1 . O E t O  

4.7EtO 4.2Et1 1.6EtO 1 .4Et1  
5.1EtO 4.6E+1 3.3Et2 3.OEt3 
5. O E t O  4 .5Et1 1.1Et1 9 .7Et1  
5.4EtO 4.8Et1 3.4Et4 3.OEt5 
4.9EtO 4.4Et1 3.4Et0 3.  O E t l  
4.6EtO 4.1Et1 1.7EtO 1.5Et1 
5. O E t O  4 .5Et1 4.6EtO 4.1Et1 

F a c i l i t y  S p e c i f i c  Data 
221-U B l d g l d )  
U03 - RU 7.4E-1 1.4EtO 6.7E-1 1.3Et0 

333 ~ l d ~ ( b )  
FPF-RU 3.7 E t O  3 .2Et1 3.4Et0 2 . 9 E t l  

303-M ~ l d ~ ( ~ )  
FPF-RU 4.6EtO 4.OEt1 4.3EtO 3.7Et1 

(a )  U03-RU (221-U B u i l d i n g )  i s  80% c l a s s  D and 20% c l a s s  W (see 
Sec t i on  8 .7 ) .  

( b )  FPF-RU (333 B u i l d i n g )  i s  30% c l a s s  D and 70% c l a s s  Y (see S e c t i o n  8 .7 )  
( c )  FPF-RU (303-M B u i l d i n g )  i s  10% c l a s s  D and 90% c l a s s  Y (see 

Sec t i on  8 .7 ) .  
( d )  306W-DU (306-W B u i l d i n g )  i s  20% c l a s s  D and 80% c l a s s  Y (see 

Sec t i on  8 .7 ) .  



excretion of this unabsorbed fraction can result in highly variable urinary 
levels under conditions of ongoing repeated or chronic exposure as depicted in 
Figure 8.3. Table 8.1 (Section 8.2.3) shows urine excretion factors for 
selected days following acute or chronic intake of l-pm-AMAD particles. 

Because of the possible large time variability in uranium excretion 

rates due to this unabsorbed fraction, quantitative interpretation of bio- 
assay data is best accomplished by either collecting all of the unabsorbed 
fraction (i.e., that voided during the first several days after exposure) or 
by collecting samples after the unabsorbed fraction has been eliminated. For 
routine sampling of potentially chronically exposed workers, it is desirable 
to collect the urine sample several days after any possible exposure. For the 
initial evaluation of potentially significant uptakes of uranium, a single 

void sample within 3 to 4 hours of the exposure is appropriate. 

Days of Week 

FIGURE 8.3. Daily Variability in Instantaneous Urinary Excretion 
from Chronic Inhalation of 1 mglworkday of Class D 
Uranium (Curve shown is for 52nd week of exposure.) 



For the  reasons s t a t ed  above, t he  optimum ur ine  sample f o r  a rou t ine  
uranium bioassay sampling program i s  a 24-hour t o t a l  urine co l l ec t ion  follow- 
ing several days' absence from any source of in take.  Because t h i s  i s  not 

always p rac t i cab le  t o  implement on a l a rge  sca le ,  simulated 24-hour o r  simu- 

l a t ed  12-hour samples a r e  commonly used. The simulated 12-hour sample con- 

s i s t s  of  urine voided between one-half hour of r e t i r i n g  t o  bed in  the  evening 

and one-half hour a f t e r  r i s i ng .  The 24-hour simulated sample cons i s t s  of two 

12-hour simulated samples col lec ted on consecutive days. For the  i n i t i a l  

eval uation of bioassay measurement r e s u l t s ,  the  r e s u l t  in terms of pg/sampl e 

may be normalized t o  a s i ng l e  day's excret ion using reference volumes of 

1400 mL/day f o r  ma1 es  and 1000 mL/day f o r  females. 

The s e n s i t i v i t y  of urine sampling i s  l imi ted by the  presence of envi-  

ronmental l eve l s  of uranium. As discussed previously,  i t  i s  estimated t h a t  

environmental l eve l s  in urine l oca l l y  average 0.06 pg/day and range from 

(0.03 pg/day t o  0.2 pg/day. The net  occupationally derived uranium in urine 
can be approximated by subtract ing 0.06 pg/day from the  observed t o t a l  da i ly  

excre t ion.  

Figure 8.4 shows expected excretion r a t e s  following an acute inhala t ion 

of natural  uranium r e su l t i ng  in a f i r s t - y e a r  e f f e c t i v e  dose equivalent  of 

100 mrem. Samples containing l e s s  than 0 .2  pg/day of uranium a r e  general ly  

considered t o  be within t he  expected environmental range. As such, any r e s u l t  

above 0.2 pg/day i s  considered t o  contain occupationally derived uranium and 

the  net  amount a t t r i bu t ed  t o  occupational sources i s  general ly  ca lcula ted as 

the  t o t a l  observed amount minus the  averaqe expected environmental level  of 

0.06 pg/day. T h u s ,  0.14 pg/day becomes the  de fac to  minimum detectable  
occupational ur ine  excret ion r a t e .  From Figure 8.4,  i t  can be seen t h a t  t h i s  
means t ha t  acute inhala t ion intakes of c l a s s  W material a t  the  100-mrem f i r s t -  
year e f f ec t i ve  dose equivalent  level  could be detected via u r ina lys i s  meas- 
urements f o r  a year a f t e r  in take .  Class D intakes a t  t h i s  level  could be 

de tec tab le  f o r  about 10 months, and c l a s s  Y intakes could be de tec tab le  f o r  

only about 2 months. 
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FIGURE 8.4. Ne t  Long-Term U r i n a r y  E x c r e t i o n  F o l l o w i n g  an Acute I n h a l a t i o n  
o f  N a t u r a l  Uranium R e s u l t i n g  i n  a  F i r s t - Y e a r  E f f e c t i v e  Dose 
E q u i v a l e n t  o f  100 mrem ( cu rves  exc lude  e x c r e t i o n  o f  
e n v i  ronmenta l  u r a n i  urn) 



O f  s p e c i a l  impor tance i n  t h e  e v a l u a t i o n  o f  b ioassay measurement capa- 

b i l i t y  i s  t h e  p o t e n t i a l  f o r  c h r o n i c  i n t a k e s .  Any c h r o n i c  exposure subsequent 

t o  an acu te  i n t a k e  c o u l d  s i g n i f i c a n t l y  a f f e c t  t h e  i n t e r p r e t a t i o n  o f  t h e  u r i n -  

a l y s i s  measurement. I n  f a c i l i t i e s  where unconta ined uranium i s  handled, u r i n -  

a l y s i s  as a  means f o r  m o n i t o r i n g  f o r  acu te  i n t a k e s  i s  acceptable,  b u t  

q u a n t i t a t i v e  assessment o f  i n t a k e  o r  dose e q u i v a l e n t  based on t h e  r e s u l t s  o f  

r o u t i n e  u r i n e  samples i s  s u b j e c t  t o  l a r g e  u n c e r t a i n t i e s .  Assessment o f  

i n t a k e s  o f  p o o r l y  t r a n s p o r t a b l e  uranium u s i n g  u r i n a l y s i s  should be c a u t i o u s l y  

per formed and should c o n s i d e r  a v a i l a b l e  i n  v i v o  measurement r e s u l t s  and o t h e r  

i n f o r m a t i o n  rega rd ing  t h e  exposure. 

8.4.2 Fecal E x c r e t i o n  Measurements 

Through t h e  a p p l i c a t i o n  o f  t h e  TGLD model (ICRP 1979; see Appendix D ) ,  

e s t ima tes  can be made o f  t h e  expected d a i l y  f e c a l  e x c r e t i o n  o f  uranium f o l l o w -  

i n g  an i n h a l a t i o n  i n t a k e .  Clearance o f  uranium v i a  feces  can be d i v i d e d  i n t o  

two components: t h a t  which rep resen ts  r a p i d  c l ea rance  f rom t h e  r e s p i r a t o r y  

t r a c t  and t h a t  which r e p r e s e n t s  l onge r - t e rm  c learance  f rom t h e  pulmonary 

r e g i o n  and systemic c i r c u l a t i o n .  For e v a l u a t i o n  o f  an i n h a l a t i o n  o f  s l o w l y  

t r a n s p o r t a b l e  uranium, t h e  measurement o f  t h e  q u a n t i t y  o f  uranium exc re ted  v i a  

feces  d u r i n g  t h e  f i r s t  few days f o l l o w i n g  t h e  i n t a k e  can p rov ide  a  b a s i s  f o r  

e s t i m a t i n g  t h e  s i g n i f i c a n c e  o f  t h e  i n t a k e ,  when l e v e l s  a re  below t h a t  d e t e c t -  

a b l e  u s i n g  i n  v i v o  techn iques .  Table 8..16 g i v e s  t h e  r a t i o  o f  i n t a k e  and i n i -  

t i a l ,  l ong- te rm  pulmonary d e p o s i t i o n  t o  t h e  r a p i d l y  c l e a r i n g  component o f  t h e  

i n t a k e  f o r  t h r e e  p a r t i c l e  s i z e s  o f  c l a s s  Y m a t e r i a l .  The t a b l e  a l s o  p rov ides  

t h e  es t ima ted  r a t i o  between t h i s  component and t h e  f i r s t - y e a r  e f f e c t i v e  dose 

e q u i v a l e n t .  Tab1 e  8.8 ( S e c t i o n  8.2.3) p rov ides  f e c a l  e x c r e t i o n  f a c t o r s  f o r  

s e l e c t e d  days pos t  i n t a k e  f o l l o w i n g  an acu te  o r  c h r o n i c  i n t a k e  o f  l-pm-AMAD 

p a r t i c l e s .  

Because t h e  q u a n t i t y  o f  uranium i nges ted  d a i l y  through food  i s  about 

2 pg, i t  i s  g e n e r a l l y  n o t  p r a c t i c a b l e  t o  use f e c a l  sampl ing as a  r o u t i n e  b i o -  

assay m o n i t o r i n g  techn ique .  However, i t  can be used e f f e c t i v e l y  f o l l o w i n g  

i n c i d e n t s  o r  f o r  m o n i t o r i n g  o f  p o t e n t i a l  i n t a k e s  o f  enr i ched  uranium. 



TABLE 8.16. Comparison o f  Rapid v i a  t h e  G a s t r o i n t e s t i n a l  
T r a c t  w i t h  I n t a k e ,  I n i t i a l  Long-Term Pulmonary D e p o s i t i o n ,  
and F i r s t - Y e a r  E f f e c t i v e  Dose Equ i va len t  f o r  C lass  Y 
Uran i  um 

Q u a n t i t y  p e r  Nanocur ie  C leared  
Rap id l y  v i a  t h e  G I  T r a c t  

0.30 ~m 1.0 ~m 3.0 ~m 

I n take /  3.0 nCi 2.1 nCi 1.4 nCi 
Rapid Clearance 

Pulmonary Depos i t i on /  0.76 nCi 0.31 nCi 0.11 nCi 
Rapid C l  earance 

F i  r s t - Y e a r  E D E ( ~ ) /  130 mrem 53 mrem 18 mrem 
Rapid C l  earance 

50-Year Committed EDE/ 620 mrem 250 mrem 87 mrem 
Rapid C l  earance 

( a )  Rapid c l ea rance  means complete c l ea rance  f r om a1 1 
s h o r t - l i v e d  compartments i n  t h e  r e s p i r a t o r y  t r a c t .  

(b )  EDE = e f f e c t i v e  dose e q u i v a l e n t .  

8.4.3 I n  V i vo  Measurements 

Uranium i s  d e t e c t a b l e  i n  t h e  l u n g  us ing  i n  v i v o  techn iques .  D e t e c t i o n  

i s  ach ieved by measuring photon emiss ions f rom 2 3 5 ~  and 2 3 4 ~ h .  Thor ium-234 i s  

a decay p roduc t  o f  2 3 8 ~  i n  s e c u l a r  e q u i l i b r i u m .  Techniques f o r  i n  v i v o  meas- 

urements a r e  d iscussed by Palmer e t  a l .  (1990) .  

Tab le  8.17 g i v e s  t h e  MDAs o f  2 3 5 ~  and 2 3 8 ~  by some t y p i c a l  i n  v i v o  ches t  

coun ts  u s i n g  an a r r a y  o f  s i x  germanium d e t e c t o r s .  These MDAs a r e  d e r i v e d  f rom 

t h e  th ree- s igma MDA da ta  by Palmer e t  a l .  (1990) and ad jus ted  t o  t h e  A N S I  

N13.30 (1989) d e f i n i t i o n  o f  MDA (4.65-sigma).  Tab le  8.18 shows t h e  c a p a b i l i t y  

o f  ches t  coun t i ng  i n  terms o f  d e t e c t a b l e  dose. 

F i gu res  8.5 and 8.6 show t h e  expected a c t i v i t y  o f  n a t u r a l  and d e p l e t e d  

uranium i n  t h e  l u n g  f o l l o w i n g  an acu te  i n t a k e  r e s u l t i n g  i n  a 100-mrem annual 

e f f e c t i v e  dose e q u i v a l e n t .  F i g u r e  8.5 i l l u s t r a t e s  t h a t  i n  v i v o  c o u n t i n g  would 

n o t  be a b l e  t o  d e t e c t  a c t i v i t y  i n  t h e  l u n g  r e s u l t i n g  f rom an acu te  i n t a k e  o f  

c l a s s  Y uranium o f  100-mrem f i r s t - y e a r  e f f e c t i v e  dose e q u i v a l e n t ,  even f o r  a 

4000-second count .  F i g u r e  8 .6  shows t h a t  d e t e c t i o n  o f  an i n t a k e  o f  c l a s s  W 



TABLE 8.17. S e n s i t i v i t y  o f  an I n  V ivo Chest Examinat ion f o r  Uranium 

Count Time, sec 2 3 5 ~ .  n ~ i  238U (234Th), ( a )  nCi 

( a )  Assuming s e c u l a r  e q u i l  i br ium w i t h  238" 

TABLE 8.18. S e n s i t i v i t y  o f  an In V ivo  Chest Count i n  Terms o f  F i r s t - Y e a r  
and 50-Year Committed E f f e c t i v e  Dose Equi v a l  en 01 1 owing 
Acute I n h a l a t i o n  o f  l-pm-AMAD, Class Y Uranium la!  

E f f e c t i v e  Dose Equ iva len t ,  rem 
Days Post F i r s t - Y e a r  50-Year Committed 

I n t a k e  U-Nat U - D ~ D  u - R ~ c ( ~ )  U-Nat U-Dep U-Rec ( b )  

7 

3 0 

60 

90 

180 

365 

730 

1825 

Constant burden 

0-second coun t .  Based on d e t e c t i o n  o f  $%Iu . The i n  v i v o  d e t e c t i o n  c a p a b i l i t y  us i ng  234~$3gecay  U w i l l  p roduc t  be s i m i l a r  o f  

f o r  n a t u r a l  and r e c y c l e d  uranium, b u t  much poorer  f o r  dep le ted  
uranium. 

( b )  Recycled uranium, s p e c i f i c  a c t i v i t y  o f  2.0 d ~ m / ~ g .  

uranium a t  t h e  100-mrem f i r s t - y e a r  dose e q u i v a l e n t  l e v e l  i s  p o s s i b l e  o n l y  f o r  

dep le ted  uranium--and then  o n l y  i f  t h e  measurement was performed w i t h i n  a week 

o r  so o f  t h e  i n t a k e .  Because o f  t h e  r e l a t i v e l y  r a p i d  removal o f  r e a d i l y  

t r a n s p o r t a b l e  ( c l a s s  D) forms o f  uranium f rom t h e  lung ,  i n  v i v o  measurements 

do n o t  p r o v i d e  a u s e f u l  b ioassay techn ique  f o r  these m a t e r i a l s .  
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FIGURE 8.5.  Predicted Long-Term Retained Quantities in the Lung 
Following an Acute Inhalation of Class Y Uranium 
Resulting in a First-Year Effective Dose Equivalent 
o f  100 mrem 



Months Post Intake 

FIGURE 8.6. Predicted Long-Term Retained Quantities in the Lung 
Following an Acute Inhalation of Class W Uranium 
Resulting in a First-Year Effective Dose Equivalent 
of 100 mrem 

In vivo measurements of 2 3 5 ~  and 234~h are used as indicators of natural 

and recycled uranium based on the isotopic compositions shown in Table 8.3. 

These compositions and the MDAs of Table 8.17 show that 234~h is a more sensi- 

tive indicator of natural uranium than 2 3 5 ~  and a comparably sensitive 



indicator of recycled uranium. These two results, obtained from a single in 

vivo chest measurement, can be used as independent verification of the 

presence of uranium, or alternatively as a method of identifying potential 

false-positive detections. For example, the relative isotopic activity 

abundance of 238~ to 2 3 5 ~  for a mixture can be multiplied by the detected 

amount of 235~. This result (the 238~ implied by the 2 3 5 ~  measurement) can 

then be compared with the 234~h (assumed to be in equil i brium with the 238~) 

to determine if the measurements reasonably agree. 

8.4.4 Routine Bioassay Monitorinq Proqram 

The preceding section discusses the capabilities and limitations of 

bioassay for uranium in terms of limits of detection and interpretation of 

results. In particular, it is evident that current routine bioassay measure- 

ment programs are generally not sensitive enough for desired prospective 

monitoring for poorly transported forms of uranium. As such, it is generally 

necessary to rely on workplace monitoring to detect potential internal expo- 

sures. Follow-up urine and fecal sampling, initiated promptly upon indication 

of a potential internal exposure, can detect intakes resulting in a first- 

year effective dose equivalent of 100 mrem. Routine bioassay monitoring 

should thus be considered to supplement the facility monitoring program and 

provide backup verification that significant (relative to the occupational 

exposure standards) internal exposures are not occurring. 

Table 8.19 summarizes routine bioassay monitoring capabilities based on 

radiological considerations for several monitoring frequencies when it can be 

assumed that exposures will be acute and infrequent. The doses shown are for 

natural uranium; however, capabilities for both depleted and recycled uranium 

can be easily obtained as described in the footnotes to the table. Table 8.19 

gives routine monitoring capabilities for readily transportable uranium based 

on consideration of chemical toxicity. The values in Table 8.20 are indepen- 

dent of specific activity or impurity radionuclide levels. 

In vivo measurements are the preferred routine bioassay monitoring 

method for poorly transportable (class Y) forms of uranium, because they meas- 
ure the lung deposition directly and because urine samples are easily biased 

by low level intakes of relatively soluble uranium. However, due to the 



TABLE 8.19. Routine Bioassay Monitoring C a p a b i l i t i e s  f  r a 
S i n g l e  Acute Inha la t ion  of Natural Uranium ? a )  

I n h a l a t i o n  Type of 
Cl a s s  Measurement 

Y In vivo (b )  

In vivo (b )  

In vivo 
U r i n a l y s i s  (d)  

Detec tab le  E f f e c t i v e  
Dose Eaui val e n t  

Freauencv Fi rs t-Year  50-Yr Committed 

Annual 
Semi annual 
Q u a r t e r l y  
Monthly 
Annual 
Semi annual 
Q u a r t e r l  y 
Monthly 
Biweekly 

850 mrem 
660 mrem 
610 mrem 
570 mrem 
125 mrem 
125 mrem 
125 mrem 

70 mrem 
40 mrem 

4100 mrem 
3200 mrem 
2900 mrem 
2700 mrem 
600 mrem 
600 mrem 
600 mrem 
340 mrem 
190 mrem 

Quar t e r1  y 670 mrem 740 mrem 
Monthly 360 mrem 400 mrem 
Annual 69 mrem 76 mrem 
Semi annual 7 mrem 8 mrem 
Q u a r t e r l y  2 mrem 2 mrem 
Monthly (1 mrem <1 mrem 

Not Recommended 
Q u a r t e r l y  4 mrem 
Bimonthly 1 mrem 
Monthly (1 mrem 
Biweekly (1 mrem 
Weekly (1 mrem 

14 mrem 
3 mrem 
1 mrem 

(1 mrem 
(1 mrem 

( a )  This  i s  a summary t a b l e  f o r  na tu ra l  uranium. Bioassay c a p a b i l i t i e s  f o r  
dep le t ed  and recyc led  uranium can be e a s i l y  der ived  from t h e  information 
i n  t h i s  t a b l e  a s  fo l lows:  

f o r  dep le t ed  uranium, mul t ip ly  t h e  doses i n  t h e  t a b l e  by 0.5.  
f o r  recyc led  uranium, mul t ip ly  t h e  doses i n  t h e  t a b l e  by: 
- 1.5 f o r  c l a s s  D 
- 1.4 f o r  c l a s s  W 
- 1 . 3  f o r  c l a s s  Y 

These f a c t o r s  account  f o r  impuri ty  r ad ionuc l ides  in  recyc led  uranium a s  
well a s  f o r  s p e c i f i c  a c t i v i t y  d i f f e r e n c e s  i n  n a t u r a l ,  dep le t ed ,  and 
recyc l  ed urani  um. 

(b )  2000-second c h e s t  count .  
( c )  Sample i s  a s imula ted  24-hour e x c r e t i o n .  Threshold of d e t e c t i o n  i s  

0.14 pg/day, based on t h e  assumption t h a t  d a i l y  exc re t ion  g r e a t e r  than 
0.2 pg can be a t t r i b u t e d  p r i m a r i l y  t o  occupat iona l ly  der ived  sources  
and t h a t  0 .06 pg i s  t h e  average d a i l y  environmental uranium in  u r i n e .  

(d )  Sample i s  a s imula ted  12-hour exc re t ion .  The minimum d e t e c t a b l e  
a c t i v i t y  i s  1 pg/day. 



TABLE 8.20. Routine U r i n a l y s i s  Mon i to r i ng  C a p a b i l i t i e s  f o r  a  S i n g l e  
Acute In take  o f  Class D Uranium i n  Pe en t  o f  t h e  
Threshold f o r  Acute T o x i c i t y  (TAT) (a765 

Sample Frequency Percent TAT 

Quar te r1  y  

Bimonthly 

Monthly 

Biweekly 

Weekly 

(a) Based on a  minimum de tec tab le  
d a i l y  e x c r e t i o n  o f  1 pgU/d. 

(b )  TAT i s  a acute uptake t o  b lood 
o f  7 mgU. 

l i m i t e d  a b i l i t y  t o  d e t e c t  uranium i n  v i vo ,  u r i n a l y s i s  i s  use fu l  as a  supple- 

mentary method and i s  recommended when i n  v i v o  measurements are  unable t o  

d e t e c t  exposures a t  t h e  100-mrem/yr l e v e l .  

The i n t e r p r e t a t i o n  o f  r o u t i n e  u r i n a l y s i s  measurements i s  h i g h l y  depen- 

dent  on t h e  na tu re  o f  t h e  in take,  i . e . ,  l o w - l e v e l  chron ic  exposure c o n d i t i o n s  

s i g n i f i c a n t l y  a f f e c t  t h e  i n t e r p r e t a t i o n  o f  bioassay measurements. Chronic 

exposure t o  uranium occurs i n  t he  U03 P lan t ,  FPF, and the  306-W B u i l d i n g ,  and 

t h e r e f o r e  i t  i s  d i f f i c u l t  t o  use u r i n e  sampling as the  standard r o u t i n e  b i o -  

assay mon i to r i ng  technique f o r  acute i n takes  i n  these f a c i l i t i e s .  Ins tead,  

b ioassay programs f o r  these f a c i l i t i e s  a re  developed based on t h e  assumption 

o f  ch ron i c  exposure and are descr ibed i n  Sect ion  8 . 7 .  I n  o t h e r  cases, i t  can 

be g e n e r a l l y  assumed t h a t  chron ic  exposures do n o t  occur; i - e . ,  t h a t  i n takes  

a re  acute. 

8.4.5 Bioassay Measurements Fol lowinq a  P o t e n t i a l  Acute I n t a k e  

Bioassay mon i to r i ng  should be i n i t i a t e d  prompt ly  upon i n d i c a t i o n  t h a t  a  

p o t e n t i a l  acute i n t a k e  has occurred. The pr imary  cons ide ra t i on  i n  de termin-  

i n g  t h e  app rop r ia te  measurements i s  t h e  mode o f  i n t a k e  and t h e  c learance r a t e  

o f  t he  m a t e r i a l  f rom t h e  i n i t i a l  depos i t i on  s i t e .  For r e a d i l y  t r a n s p o r t a b l e  

ma te r i  a1 s, u r i n e  sampl i n g  t o  determine k idney burden i s  r equ i red .  For s low ly  



transportable material, in vivo measurements and collection of early fecal 

excretion are necessary. For unknown forms or mixtures with a range of trans- 
portabilities, both urine and fecal samples are recommended in addition to 

1 ung counts. 

For potential intakes of readily transportable forms of uranium, a urine 

sample should be collected and analyzed within 12 hours of the intake. If 

preliminary information indicates that a significant intake was likely, the 

contractor should be advised to contact HEHF Occupational Medicine promptly 

for medical support. (See a1 so Section 8.6.) 

8.5 ASSESSMENT OF INTERNAL DOSE 

Internal dose assessment can be performed for acute or chronic intakes 

using the methods described in Section 8.5.1. The kidney burden and potential 

chemical toxicity associated with uranium intakes are discussed in 

Section 8.5.2. 

8.5.1 Assessment of Dose Equivalent 

Assessment of internal dose equivalents from intakes of uranium is pref- 

erably based on evaluation of bioassay measurements. The choice of bioassay 

measurement depends on consideration of the transportability of the inhaled 

material and the nature of the exposure. Generally, urinalysis measurements 

are most indicative of systemically deposited uranium, and in vivo measure- 

ments provide a measure of lung burden. The potential for mixed chronic and 

acute intakes complicates the interpretation of available data and must be 

carefully considered during the evaluation process. 

Experience has shown that actual uranium exposures usually involve vary- 
ing mixtures of inhalation classes and particle sizes that are not adequately 

represented by a single classification. If there is no basis for establish- 
ing the inhalation class and particle size characteristics of the intake, then 

it is prudent to assume a class Y material with a particle AMAD of 1 pm for 

evaluation of dose equivalent. Evaluations of potential for renal damage, 

based on urinalysis, are relatively insensitive to transportability and parti- 

cle variations. If either the threshold for toxicity or an annual effective 



dose equivalent of 100 mrem is exceeded, simplifying assumptions should be 

reviewed for their appropriateness and additional bioassay and other measure- 

ments should be performed, as necessary, to improve the quality of the 

assessment. 

Special care should be taken to account for the isotopic composition of 

the uranium. For example, the dose equivalent for an intake of recycled 

uranium, such as is present at the N Reactor FPF, will exceed the dose equiv- 

alent from an equal mass of natural uranium by about 33% because of the higher 

specific alpha activity. Impurity radionuclides present in the recycled 

uranium can also increase the magnitude of the internal dose received, partic- 

ularly for soluble forms of uranium. Section 8.7 provides facility-specific 

uranium dosimetry data for the U03 Plant, the N Reactor FPF, and the 306-W 

Building. 

Tables and graphs provided in this section have been constructed using 

the ICRP 30 model for uranium biokinetics and thus can be used to convert bio- 

assay measurement results to intake and first-year or committed effective dose 

equivalent. A1 though the tables and figures are sufficient for eval uati ng 

lower-level intakes and those that are relatively straightforward, additional 

computing capability may be necessary for more complex evaluations, partic- 

ularly when bioassay data indicate that distribution and retention patterns 

deviate from the standard model. In this case, evaluations are performed 

using the computer code GENMOD (see Appendix A). GENMOD parameters are set up 
according to the ICRP 30 biokinetic model for uranium; however, the code 

provides the capability to change model parameters based on bioassay measure- 

ment results. Deviations from the standard ICRP model are documented in the 
assessment. 

Dose assessments include annual and committed effective dose equiva- 

lents, as we1 1 as dose equivalents to specific organs of concern based on the 

criteria discussed in the Hanford Internal Dosimetry Program Manual. (a) (see 

(a) Pacific Northwest Laboratory. 1989. Hanford Internal Dosimetry Proqram 
Manual . PNL-MA-552, Ri chl and, Washington. 

8.32 



also Appendix B.) Dose factors for organs receiving the greatest dose 

equivalent following intake are provided in Table 8.11. 

The following subsections provide additional guidance for assessment of 

internal dose equivalents for acute and chronic exposures. 

Acute Exposure 

Acute exposures are best assessed through the performance of bioassay 

measurements beginning shortly after the intake. It is important that any 

additional exposure to uranium, even low-level chronic intakes, be avoided 

during the period of bioassay monitoring following an acute intake. Inter- 

pretation of excreta data is highly susceptible to errors introduced by sub- 

sequent intakes and thus, if the possibility of continued exposure cannot be 

ruled out, all excreta sample data collected following an acute intake must be 

considered to be potentially biased. 

Acute intakes of readily transportable forms of uranium are best evalu- 

ated through coll ection and analysis of fol 1 ow-up urine sampl es . Sampl es col- 

lected after the unabsorbed fraction is eliminated from the body provide the 

best estimate of systemically deposited material. Table 8.7 (Section 8.2.3) 

lists urine excretion fractions for selected times following an acute intake. 

In vivo measurements of lung activity provide the most direct basis for 

the assessment of internal dose equivalent for moderately or poorly transport- 

able forms of uranium. Multiple measurements of internal activity provide a 

measure of the pulmonary retention for the specific exposure case; however, 

the initial assessment of intake, based on a single in vivo measurement can be 

made using Figure 8.4 or 8.5, for class Y or class W uranium, respectively, or 
the retention factors of Table 8.6 (Section 8.2.3). 

Although intakes of poorly transportable uranium are preferably assessed 

using direct (in vivo) bioassay measurements, most acute intakes of such mate- 
rial will be below the sensitivity of in vivo measurement techniques. The 

collection and analysis of fecal samples within the first week provides an 

alternative indicator of activity deposited in the respiratory tract. It is 

difficult to obtain a1 1 fecal matter representing the rapidly clearing compo- 

nent from the lung to the GI tract, and normalizing available fecal sample 



data t o  account for  par t ia l  collection may be required. Sample col lect ions 

over 24-hour intervals  should be normalized, as appropriate, to  a to ta l  dai ly  

expected excretion of 135 g for  males and 110 g for  females i f  the mass i s  

l e s s  than 60 g, unless i t  i s  known that  the samples account for  the to ta l  

24-hour excretion or there i s  a basis fo r  otherwise determining to ta l  24-hour 

excretion. Samples fo r  three to  f ive  24-hour intervals  following the intake 

are advised t o  avoid the uncertainties associated with single samples. 

Normalization to  the to ta l  expected excretion during the period of rapid 

clearance i s  necessary, unless i t  i s  known tha t  a l l  early clearance has been 

intercepted. Table 8.21, which shows the dai ly  expected excretion immediately 

following an inhalation of a l-pm-AMAD c lass  Y par t icu la te ,  provides a basis 

for  accounting for  the f ac t  that  only a part  of the early clearance i s  col-  

lected by the follow-up sampling program. Dividing the early clearance phase 

into 24-hour intervals  and a t t r ibut ing  normalized daily excretions t o  the 

intervals ,  as appropriate, enable an estimate of the to ta l  early clearance via 

the GI t r a c t  t o  be made. A 1-pn-AMAD par t i c l e  s i ze  should be assumed i f  no 

other information i s  available.  Additional information on the collection and 

evaluation of fecal samples i s  provided in Appendix E ,  and Table 8.8 (Sec- 

t ion 8.2.3) provides fecal excretion fract ions for  longer times post intake. 

Chronic Exposure 

Urinalysis i s  the preferred bioassay measurement technique for  monitor- 

ing chronic exposures to  readily transportable forms of uranium where the 

TABLE 8.21. Fraction of Intake Excreted via Feces Following an 
Acute Inhalation of Class Y l-pm-AMAD Uranium 
(Lessard e t  a1 . 1987) 

Fraction of Intake Excreted Accumul ated 
Days Post Intake Durinq Interval Fecal Excretion 



primary contribution to the effective dose equivalent is from deposition in 

the bone. For predominantly moderately or poorly transportable forms of 

uranium, the lung is the primary contributor to effective dose equivalent and 

in vivo chest measurements are the most direct indicator of internal dose. 

Because of the relatively poor sensitivity of in vivo techniques for low- 

enrichment uranium, the results of periodic urinalysis measurements may pro- 

vide a means for estimating the magnitude of dose equivalent from chronic 

exposures below the sensitivity of the in vivo measurements. 

Although chronic exposures are known to occur in several facilities at 

Hanford (U03 Plant, N Reactor FPF, and 306-W Machine Shop), exposure levels in 

the facilities have historically been minimal. Simplified schemes for assess- 

ing dose equivalents from low-level chronic exposures have been developed. 

The simplified dose assessment procedure is based on the establishment of 

default assumptions regarding the exposure scenario and the interpretation of 

bioassay data. These assumptions are expected to result in overestimates of 

internal dose; however, as long as the annual effective dose equivalent is 

estimated below 100 mrem/yr, use of the simplified scheme is justified. If 

estimated doses exceed 100 mrem/yr, then review of all exposures occurring 

during the year and the default assumptions used in evaluating these exposures 

should be performed, and collection of additional bioassay and other data 

regarding the exposures should be considered. 

Chronic exposures to moderately or poorly transportable forms of uranium 

will result in accumulations of uranium activity in the lung. Use of in vivo 

chest activity measurements provides a direct means for assessing the magni- 

tude of the chronic exposure and the resulting dose equivalents. Urinalysis 

and air monitoring data can be used to help characterize the nature of the 

exposures. The computer code GENMOD is used to estimate intakes yielding the 

observed bioassay measurement resul ts and to cal cul ate resul ti ng dose equi v -  

alents. Distribution and retention parameters in GENMOD may be modified to 

better reflect bioassay measurement results. 

In cases where urinalysis data indicate chronic exposures, but in vivo 

measurements do not detect internal activity, the urinalysis data can be used 

to provide an estimate of intake; however, the uncertainty associated with 



such e s t i m a t e s  i s  q u i t e  h i g h  and shou ld  be m o d i f i e d  as necessary t o  be con- 

s i s t e n t  w i t h  i n  v i v o  measurement r e s u l t s .  Dose e q u i v a l e n t s  f rom c h r o n i c  expo- 

sures t o  uranium, based on u r i n a l y s i s ,  can be computed u s i n g  t h e  p rocedure  

desc r i bed  be1 ow by assuming t h e  f o l l o w i n g :  

I n t a k e  i s  by i n t e r m i t t e n t  i n h a l a t i o n  th roughout  t h e  y e a r .  ( I f  a  
dom ina t i ng  acu te  i n t a k e  occurs,  i t  should be assessed s e p a r a t e l y . )  

The magni tude o f  t h e  i n t a k e  can be approximated by  t h e  geomet r i c  
mean (pg) o f  t h e  d a i l y  e x c r e t i o n  ( o r  norma l i zed  d a i l y  e x c r e t i o n )  
r a t e  [M ( t ) ]  based on a n a l y s i s  o f  u r i n e  samples ( n )  c o l l e c t e d  
d u r i n g  !he p e r i o d  o f  exposure. 

pg  = A n t i l o g  f 10gnMu(t )~ 

Chron ic  exposure has con t i nued  a t  t h e  c u r r e n t  r a t e  f o r  a t  l e a s t  
5 yea rs .  

Cal c u l  a t i o n  o f  t h e  e f f e c t i v e  dose e q u i v a l e n t  proceeds as f o l l  ows: 

1. U r i n e  samples c o l l e c t e d  d u r i n g  t h e  exposure p e r i o d  o f  i n t e r e s t  a r e  
c o r r e c t e d  f o r  n a t u r a l  background l e v e l s  (see Sec t i on  8.1.3) and 
no rma l i zed  t o  d a i l y  e x c r e t i o n  r a t e s  (see Sec t ion  8.4.1) and t h e  
geome t r i c  mean i s  c a l  c u l  a ted  . 

The d a i l y  i n t a k e  r a t e  i s  es t ima ted  by app l y i ng  t h e  e x c r e t i o n - t o -  
i n t a k e  conve rs i on  f a c t o r  f r om Tab1.e 8.22, accord ing  t o  t h e  f a c i l i t y  
i n v o l v e d .  T h i s  f a c t o r  assumes t h a t  t h e  exposure has been under way 
a t  t h e  c u r r e n t  l e v e l  f o r  t h e  p a s t  5 years .  (Th i s  assumption i s  
necessary because o f  t h e  g radua l  b u i l d u p  o f  uranium i n  t h e  bone o f  
c h r o n i c a l l y  exposed i n d i v i d u a l s ,  and r e s u l t s  i n  a  s l i g h t l y  under-  
es t ima ted  dose e q u i v a l e n t  f o r  a c t u a l  ch ron i c  exposures o f  d u r a t i o n  
l e s s  t han  5 yea rs  and a  s l i g h t l y  overes t imated  dose f o r  exposures 
l o n g e r  t h a n  5 years . )  

3 .  The d a i l y  i n t a k e  r a t e  i n  mass u n i t s  i s  conver ted t o  an annual 
i n t a k e  i n  a c t i v i t y  u n i t s  u s i n g  t h e  da ta  i n  Table 8.3, and t h e  
a c t i v i t i e s  a r e  appor t ioned  i n t o  component i n h a l a t i o n  c lasses ,  as 
app rop r i  a t e  c o n s i d e r i n g  t h e  f a c i  1  i t y  and ma te r i  a1 i n v o l v e d  o r  use 
Tab le  8.14. 



TABLE 8.22. Ra t i o  o f  D a i l y  Exc re t i on  t o  D a i l y  I n h a l a t i o n  a t  
5 Years A f t e r  t h e  Onset o f  Chronic Exposure 

Sol u b i  1 i t v  C l  ass 

Class D 

Class W 

Class Y 

U03 Pl  an t  
(80%-D, 20%-W) 

333 Bldg 
(70%-Y, 30%-D) 

303-M Bldg 
(90%-Y, 10%-D) 

306-W Bldg 
(80%-Y, 20%-D) 

Sampl e Dur i  ng 
Exposure 

Sample A f t e r  a l y  
Clearance f a y  

0.22 

0.065 

0.015 

0.19 

(a) A f t e r  2 days o f  no exposure. 

4 .  The committed e f f e c t i v e  dose equ iva len t  i s  c a l c u l a t e d  by app l i ca -  
t i o n  o f  t h e  i n t a k e  dose equ iva len t  f a c t o r s  f o r  n a t u r a l  uranium i n  
Table 8.11 t o  each i n h a l a t i o n  component. I f  recyc led  uranium i s  
invo lved,  t h e  doses should be mod i f i ed  t o  account f o r  t h e  presence 
o f  i m p u r i t y  rad ionuc l i des  us ing  the  f a c t o r s  prov ided i n  Tables 8.12 
o r  8.13. The c o n t r i b u t i o n s  from t h e  var ious  components are  then 
summed . 

5. I f  t h e  e f f e c t i v e  dose equ iva len t  i n  any year  i s  p r o j e c t e d  t o  exceed 
100 mrem, then t h e  assumptions and model should be reviewed f o r  
adequacy, and a d d i t i o n a l  bioassay and o the r  da ta  should be c o l -  
l e c t e d  as needed t o  b e t t e r  d e f i n e  t h e  exposure. 

Use o f  t h e  above procedure w i l l  y i e l d  a committed e f f e c t i v e  dose equiva- 

l e n t  o f  100 mrem f o r  an average ne t  d a i l y  e x c r e t i o n  o f  14 pg (assuming 

365 days o f  i n t a k e  and 2 days o f  no exposure) o f  U03 P lan t  uranium. The 

procedure w i l l  y i e l d  a committed e f f e c t i v e  dose equ iva len t  o f  100 mrem (assum- 

i n g  365 days o f  i n t a k e  and 2 days o f  no exposure) f o r  a n e t  d a i l y  e x c r e t i o n  

r a t e  o f  0.48 pg o f  N Reactor FPF (333 B u i l d i n g )  uranium. 



8.5.2 Kidney Burden and P o t e n t i a l  Chemical T o x i c i t y  Assoc ia ted  w i t h  I n t a k e s  

Kidney burdens can be assessed f rom u r i n a l y s i s  da ta  u s i n g  t h e  f o l l o w i n g  

i n f o r m a t i o n .  Tab le  8.23 shows t h e  expected u r i n a r y  e x c r e t i o n  r a t e s  f o l l o w i n g  

an acu te  i n h a l a t i o n  r e s u l t i n g  i n  t h e  uptake o f  7  mg o f  uranium f rom r a p i d l y  

c l e a r i n g  compartments o f  t h e  r e s p i r a t o r y  t r a c t ,  r ega rd less  o f  i n h a l a t i o n  

c l a s s .  As p r e v i o u s l y  d iscussed  i n  S e c t i o n  8.2.4, a  7-mg uptake o f  r e a d i l y  

t r a n s p o r t a b l e  uran ium i s  below t h a t  cons idered  ha rmfu l .  

The average d a i l y  u r i n a r y  e x c r e t i o n  f o r  con t inuous  i n t a k e  i s  r e l a t e d  t o  

t h e  k i dney  burden as shown i n  F i g u r e  8.7. T h i s  r a t i o  v a r i e s  w i t h  t ime ,  b u t  i s  

independent o f  i n h a l a t i o n  c l a s s  and p a r t i c l e  s i z e .  For  con t inuous  exposures 

l a s t i n g  l o n g e r  t h a n  about 5 years,  t h e  r a t i o  o f  t h e  k idney  burden t o  t h e  ave r -  

age d a i l y  e x c r e t i o n  i s  about 2. Thus, assuming a  k idney  burden o f  340 pg  

( i . e . ,  1.1 pg/g; t h e  assumed t h r e s h o l d  l e v e l  a t  which a  c h r o n i c  k i dney  burden 

may r e s u l t  i n  r e n a l  damage), t h e  average d a i l y  e x c r e t i o n  would be about  

340/2 = 170 pg/day. I f  exposure was h a l t e d  f o r  2  days (such as d u r i n g  a  

TABLE 8.23. U r i n a r y  E x c r e t i o n  o f  Uranium F o l l o w i n g  an c t e  I n h a l a t i o n  
R e s u l t i n g  i n  t h e  Uptake o f  7  mg o f  Uranium 4aY 

Days Post  I n t a k e  
E x c r e t i o n  (b )  

& i&L 

( a )  Exc l  u d i  ng env i ronmenta l  background 1 eve1 s  
i n  u r i n e .  

( b )  Assuming a  d a i l y  e x c r e t i o n  volume o f  
1.4 L  (ICRP 1974).  



Days Post Onset of Chronic Exposure 

FIGURE 8.7. Ratio of Uranium in Kidneys to Daily Excretion in 
Urine for Chronic Exposure to Class D Uranium 

weekend), the daily excretion would drop to about 85 pg/day. For class D 
uranium, the 340 pg kidney burden would result from prolonged intakes of about 

320 pg/day. 

If preliminary information indicates that an intake at the nephrotoxic- 

ity threshold was possible, investigation of the potential intake should be 

performed. If evidence suggests that a significant intake was likely, 

follow-up samples should be promptly collected and analyzed, and HEHF Occupa- 

tional Medicine should be notified. Because acute damage of the kidneys is 

the primary consideration, kidney function tests provide the most direct and 

useful means of assessing the impact of the exposure. Sensitive tests for 

kidney damage include beta-2-microglobulin and catalase relative to creatin- 

ine (Fisher 1985). Albuminuria is also an indicator of kidney damage. 

Leggett (1989) and Fisher et al. (1990) have identified a number of other 

potentially useful tests. The decision to perform such tests is made by HEHF 

Occupational Medicine. 



8.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES 

Acute intakes of uranium pose both radiological and nephrotoxicity con- 

cerns. Renal damage results in failure of the proximal tubules to reabsorb 

constituents filtered from the blood. Laboratory abnormalities include 

proteinuria, glucosuria, and increased urine output. Clinical symptoms of 

severe uranium poisoning may include nausea, vomiting, abdominal cramps, and 

diarrhea. 

Urine samples should be collected within 3 to 4 hours following any 

potentially significant uranium uptake. As a general rule, biological 

indicators of kidney damage should be checked if urine concentrations exceed 

2 mg/L. Clinical indicators of kidney damage include albuminuria, glucose, 

catalase, and beta-2 microglobulin. Urine concentrations on the order of 

20 mg/L indicate serious exposure with potential life-threatening con- 

sequences and are cause for immediate medical attention (Rich et al. 1988). 

Antidotal therapy for uranium poisoning includes oral administration of 

sodium bicarbonate. The bicarbonate promotes formation of the uranyl- 

bicarbonate complex, which is more rapidly excreted in urine (Fisher 1985). 

Ethylene diamine tetraacetic acid (EDTA) and DTPA have been used in exper- 

imental animals to increase the excretion of uranium; however, chelation 

therapy appears to have no beneficial effect more than 4 hours after exposure 

(NCRP 1980). 

8.7 BIOASSAY MONITORING AND INTERNAL DOSIMETRY FOR SPECIFIC FACILITIES 

Uncontained uranium is routinely handled in three Hanford facilities: 
the U03 Plant in the 200 West Area, the N Reactor FPF in the 300 Area (cur- 

rently in cold standby condition), and the 306-W Building Machine Shop in the 

300 Area. Although exposures to uranium in these facilities are low under 

normal operating conditions, the interpretation of routine bioassay measure- 

ments for workers at these facilities is complex due to the potentially 

chronic nature of intakes. For this reason, bioassay monitoring and internal 

dosimetry for these facilities have been specially evaluated. The internal 

dosimetry for workers at each of the three facilities is discussed in the 

fol lowing subsections. 



8.7.1 Internal Dosimetry for Workers at the Uranium Oxide Plant 

This section provides the basis for bioassay monitoring of workers at 

the U03 Plant in the 200 West Area, but is equally applicable to any situa- 

tion in which workers are potentially exposed to readily transportable forms 

of uranium for which chemical toxicity is the primary consideration (i.e., 

less than 10% 2 3 5 ~  enrichment). The facil ity-specific uranium characteristics 

inhalation exposure conditions and bioassay monitoring program are discussed. 

Characteristics of Material 

The U03 Plant receives uranium as uranyl nitrate hexahydrate from the 

PUREX Plant and converts this to uranium trioxide for shipment offsite. 

Uranium trioxide, a yellow powder, is the predominant form of uranium avail- 

able for intake in the U03 Plant. The material is slightly enriched (0.8% 

235~) recycled uranium with a specific activity of about 2 d ~ m / ~ g .  The mate- 

rial a1 so contains impurities, principally plutonium and 237~p7 as described 

in Table 8.4. A solubility test using simulated lung fluid, performed on a 

smear sample from the U03 Plant in 1984, showed the material to be approx- 

imately 80% class D and 20% class W. This is consistent with a similarly 

performed evaluation of uranium trioxide solubility (Morrow, Gibb, and Beiter 

1972). 

Inhalation of Uranium 

Chemical toxicity of uranium in the U03 Plant is the primary health 

consideration for internal exposure. Because complete containment of the 

uranium is not provided, low-level chronic exposure conditions are assumed 
to exist; however, acute intakes can also occur in the facility. In the case 

of a chronic intake, a daily inhalation of 7.9 pg/day would result in an 
annual effective dose equivalent of 100 mrem after 10 years. In the case of 

an acute inhalation intake, the first-year and 50-year effective dose equiva- 

lents are 2.1 mrem/mg (2.3 mrem/nCi) and 3.9 mrem/mg (4.2 mremlnci), respec- 

tively. These dose factors assume recycled uranium as specified in Tables 8.3 

and 8.4. 



Bioassay Monitoring 

Urine sampling is the preferred method for the routine assessment of 

uptakes of readily transportable uranium. However, in identified exposure 

situations where renal damage is possible, tests for kidney function are the 

most direct and meaningful way to evaluate the significance of an intake. 

Medical assistance should therefore be requested in cases where a significant 

uptake may have occurred. 

To minimize the contribution of the unabsorbed fraction of uranium that 

is excreted immediately following an intake, it is recommended that urine sam- 

ples be collected following 2 days of no exposure. Samples should thus be 

simulated 12-hour collections beginning at the end of a weekend. 

For a bioassay monitoring program that does not rely on facility air 

monitoring to assess and document exposure conditions, the urine sampling 

program should consider potential acute intakes as well as the underlying 

chronic exposure expected to occur routinely at the facility. It is recom- 

mended that follow-up investigation of potential exposures be initiated if 

bioassay results indicate that an intake at 33% of the toxicity threshold 

levels established in Section 8.2.4 potentially occurred. Table 8.24 gives 

recommended fol 1 ow-up 1 eve1 s for various sampl i ng frequencies. 

Assessments based on bioassay measurement results are discussed in 

Section 8.5.1. Table 8.25 lists the expected urinary excretion rates follow- 

ing inhalation intakes of U03 Plant uranium. Based on the chemical toxicity 
discussion in Sections 8.2.4 and 8.5.2, chemical toxicity would not be an 

issue at levels three times those indicated in Table 8.24 for acute inhalation 
or over 50 times those shown for chronic inhalation. 

Assessments of radiological dose equivalent (any associated nephrotox- 

icity) should be based on an assumed chronic exposure unless evidence suggests 

that the bioassay result should be attributed to a single acute or short dura- 

tion exposure. A review of facility air monitoring data and contamination 

survey data, discussions with workers, as well as additional bioassay meas- 

urements from involved workers can help in the determination of the exposure 

scenario. 



TABLE 8.24. Recommended Fol low-Up Lev 1  f o r  Chron ic  '( as and Acute I n t akes ,  pg/day 

Fo l  1  ow-Up Level  ( b )  
Freuuenc y (33% Thresho ld )  

2 8 

B iweek ly  23 

Month ly  8 

B imonth ly  2  

Q u a r t e r l y  0.7 

( a )  Sample c o l l e c t e d  f o l l o w i n g  a  
2-day absence f rom any po ten-  
t i a l  u r a n i  um exposure. 

( b )  Fo l  1  ow-up 1  eve1 : I n t e r n a l  
Dos imetry  w i l l  r e v i e w  a v a i l a b l e  
i n f o r m a t i o n  t o  de te rmine  t h e  
p o t e n t i a l  i n t a k e  scena r i o  and 
w i l l  c o n s i d e r  f o l l o w - u p  Sam- 
p l e s .  A  work r e s t r i c t i o n  o r  
l i m i t a t i o n  w i l l  be cons idered  
u n t i  1  a p p r o p r i a t e  f o l l  ow-up 
measurements a re  made and eva l  - 
uated. I f  i t  appears t h a t  a  
s i g n i f i c a n t  i n t a k e  was l i k e l y ,  
then  a  recommendation f o r  t h e  
c o n t r a c t o r  t o  n o t i f y  HEHF Occu- 
p a t i o n a l  Med ic ine  w i l l  be made. 

( c )  Chron ic  exposure i s  l i m i t i n g .  
For a l l  o t h e r  f requenc ies ,  an 
acu te  exposure i s  l i m i t i n g .  

8.7.2 Bioassay M o n i t o r i n q  and I n t e r n a l  Dos imetry  f o r  Workers a t  t h e  300 Area 

Fuel P roduc t i on  Fac i  1  i t y  

The N Reactor  FPF i n  t h e  300 Area f a b r i c a t e d  f u e l  e lements  f o r  t h e  Han- 

f o r d  N Reactor .  The ope ra t i ons  per formed i n  t h e  FPF i n c l u d e d  e x t r u s i o n ,  

c u t t i n g ,  g r i n d i n g ,  and we ld ing  o f  f u e l  e lements .  A i r b o r n e  u r a n i  um genera ted  

d u r i n g  these  ope ra t i ons  r e s u l t e d  i n  i n t e r m i t t e n t  o r  c h r o n i c  exposures t o  

workers  i n  t h e  immediate v i c i n i t y .  The p r ima ry  FPF f a c i l i t y  i s  t h e  333 B u i l d -  

i n g ,  where a l l  s teps  i n  t h e  f u e l  e lement p r o d u c t i o n  process were per formed,  

and where FPF workers  were n o r m a l l y  l o c a t e d .  The 303-M B u i l d i n g  houses " bu rn  



Days Post 

Intake (c) 

TABLE 8.25. Predicted Uranium Excretion via Urine Follo i g 
an Inhalation of U03 Plant Recycled Uranium ray 

Microqrams of Uranium in Urine Per ~ a y ( ~ )  
Acute Inhalation Chronic Inhalation 

Intake Rate = 7.9 pglday 

Intake = 4.8 mg Intake = 2.6 mg (HE,10 = 10 mremlyr) (dl 
(HE = 10 mrem) (HE 50 = 10 "em) 

Direct + Systemic (4 systemic 

(a) Assumes uranium trioxide. 80% class D, 20% class W; recycled uranium includes impurities at 
concentrations shown in Table 8.4. 

(b) Excludes envi ronmenta 1 background levels in urine. 
(c) Days post acute intake or post onset of chronic intake. 
(d) Annual effective dose equivalent rate = 10 mremlyr after 10 years of continuous intake. 
(e) Includes a1 1 excretion pathways. 
( f )  Excludes uranium excreted directly from blood; representative of levels that would be 

expected several days after cessation of chronic exposure. 

boxes" where metal uranium scrap fines from the production facility were oxid- 
ized prior to shipment offsite. The 303-M Building was only used intermit- 
tently and is generally not occupied by workers. Bioassay monitoring programs 
are thus based on uranium that is characteristic of the 333 Building. How- 
ever, data are also provided for uranium that is characteristic of the 303-M 
Building. 

The facility-specific uranium characteristics, dose equivalent from 
intakes, and bioassay monitoring program are discussed in the following 
subsections. 



Characteristics of Material 

Uranium in the FPF is recycled and is composed of the isotopic mixtures 

shown in Table 8.3. The specific alpha activity for recycled uranium (FPF-RU) 

is 2.0 d ~ m / ~ g  (0.92 pCi/g), or about 1.33 times the specific alpha activity of 

natural urani um. 

Aerosols generated during the machining and oxidizing of metallic uran- 

ium are composed of various oxides of uranium including UOp and U308, as well 

as other forms. The degree to which various oxides are created depends on the 

heat generated by the pyrophoric combustion of uranium fines--with high tem- 

peratures resulting in the generation of more insoluble particulates. Insol- 

uble oxides of uranium tend to be retained in the lung and are poorly absorbed 

by the circulatory system; however, the degree of retention depends on the 

particular oxide compound. Estimates of the retention characteristics of 

uranium particulates in the lung were made by studying the in vitro dissolu- 

tion, in simulated lung fluid, of the uranium-bearing particulates from room 

air samples collected in the 303-M and 333 Buildings. The study found that 

the uranium should be considered to be a mixture of readily transportable and 

slowly transportabl e materi a1 represented by the ICRP's TGLD inhal ati on 

classifications (ICRP 1979) as given in Table 8.26. 

The particle size distribution of airborne uranium particulates at loca- 

tions in the 303-M and 333 Buildings was measured using a nine-stage cascade 

impactor air sampler. The samples were collected during normal operations. A 

sampler was located near the room air sampler between the two sets of "burn 

boxes" in the 303-M Building and near the De Sanno saw in the 333 Building. 
The results of the measurements indicated that in both cases the majority of 
the particulates was deposited on the first stage of the impactor representing 

TABLE 8.26. In Vitro Solubility Classification of Uranium 
in the N Reactor Fuel Production Facility 

Buildinq Class D Class Y 



p a r t i c l e s  w i t h  an AMAD o f  g r e a t e r  than  8.35 pm. The d i s t r i b u t i o n  o f  p a r t i c l e  

s i z e s  was n o t  lognormal .  There fo re ,  t h e  r e g i o n a l  d e p o s i t i o n  i n  t h e  r e s p i r a -  

t o r y  t r a c t  was es t ima ted  by a p p l y i n g  d e p o s i t i o n  f r a c t i o n s  f o r  monodisperse 

aeroso ls  t o  t h e  mass o f  uranium c o l l e c t e d  on each s tage o f  t h e  cascade impac- 

t o r  a i r  sampler, based on i n f o r m a t i o n  p rov ided  i n  I n t e r n a t i o n a l  Atomic Energy 

Agency (IAEA) Techn ica l  Report  142 (1973). Tab le  8.27 summarizes t h e  r e s u l t -  

i n g  d e p o s i t i o n  f r a c t i o n s  c a l c u l a t e d  f o r  t h e  a i r b o r n e  p a r t i c u l a t e s  i n  t h e  303-M 

and 333 B u i l d i n g s .  The d i s t r i b u t i o n  i n  t h e  r e s p i r a t o r y  t r a c t  must be cons id -  

e red  when e v a l u a t i n g  e x c r e t i o n  b ioassay  da ta ,  b u t  t h e  dose p e r  u n i t  i n t a k e  i s  

t h e  same as f o r  a  l-pm-AMAD p a r t i c u l a t e .  

Dose Equ i va len t  f rom I n t a k e s  

Tab le  8.14 shows t h e  f i r s t - y e a r  and 50-year  committed e f f e c t i v e  dose 

e q u i v a l e n t  f rom an acu te  i n h a l a t i o n  o f  1 mg o f  303-M and 333 B u i l d i n g  uranium. 

The doses were c a l c u l a t e d  based on r e t e n t i o n  f u n c t i o n s  g i v e n  i n  ICRP 30 and 

assuming a  pulmonary d e p o s i t i o n  o f  25% o f  t h e  i n t a k e  (see Tab le  8 .27) .  The 

l u n g  accounts  f o r  e s s e n t i a l l y  a l l  o f  t h e  e f f e c t i v e  dose e q u i v a l e n t  r e c e i v e d  

f o l l o w i n g  i n h a l a t i o n  exposures t o  these m a t e r i a l s .  A c t i v i t y - t o - d o s e  conve rs i on  

was per formed u s i n g  t h e  SEE va lues  i n  ICRP 30, weighted f o r  t h e  r e l a t i v e  

a c t i v i t i e s  o f  t h e  v a r i o u s  i so topes  i n  t h e  m ix tu re .  

From Tab le  8.14, i t  can be c a l c u l a t e d  t h a t  an acu te  i n t a k e  o f  about  1 mg 

o f  303-M B u i l d i n g  uranium o r  about 1.3 mg o f  333 B u i l d i n g  uranium c o u l d  r e s u l t  

i n  a  50-year  committed e f f e c t i v e  dose e q u i v a l e n t  o f  100 mrem. 

Table 8.28 shows, f o r  d i f f e r e n t  exposure pe r i ods ,  t h e  d a i l y  i n t a k e  r a t e  

o f  uranium t h a t  would cause a  s u f f i c i e n t  q u a n t i t y  o f  b u i l d u p  i n  t h e  l u n g  t o  

TABLE 8.27. Expected D e p o s i t i o n  F r a c t i o n s  f o r  A i r bo rne  Uranium 
P a r t i c u l a t e s  i n  t h e  303-M and 333 B u i l d i n g s  

Depos i t i on  F r a c t i o n  
Reqi on 303-M 333 

Nasal -pharyngeal 0.67 0.53 

Tracheal - b ronch i  a1 0.08 0.08 

Pul monary 0.25 0.25 



TABLE 8.28. D a i l y  I n t a k e  Rate o f  Uranium Y i e l d i n g  an Annu 1  
E f f e c t i v e  Dose Equ i va len t  Rate o f  100 mrem/yr 7 a)  
by t h e  End o f  t h e  I n t a k e  Per iod  

Exposure Per iod,  M i l l i q r a m s  o f  Uranium Per Day 
y  r 303-M (10% D, 90% Y) 333 (30% D, 70% Y )  

1 0.012 0.016 

2  0.0074 0.0093 

5  0.0043 0.0055 

10 0.0037 0.0047 

20 0.0032 0.0041 

5 0 ( ~ )  0.0027 0.0035 

(a )  Lung dose e q u i v a l e n t  r a t e  = 830 mrem/yr. 
( b )  I n t a k e s  a t  t h i s  r a t e  f o r  one y e a r  w i l l  r e s u l t  i n  a  50-year  

committed e f f e c t i v e  dose e q u i v a l e n t  o f  100 mrem. 

r e s u l t  i n  a  100-mrem/yr e f f e c t i v e  dose e q u i v a l e n t .  For example, a  d a i l y  

i n t a k e  o f  0.0035 mg o f  333 B u i l d i n g  uranium would r e s u l t  i n  a  gradual  b u i l d u p  

o f  l u n g  a c t i v i t y  s u f f i c i e n t  t o  produce a  100-mrem/yr e f f e c t i v e  dose e q u i v a l e n t  
I 

r a t e  a f t e r  50 yea rs  o f  exposure. Conversely,  t h i s  i n t a k e  r a t e ,  i f  ma in ta ined  

f o r  1 yea r ,  would r e s u l t  i n  a  50-year  committed e f f e c t i v e  dose e q u i v a l e n t  o f  

100 mrem. 

Using t h e  ICRP 30 model and assuming t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n  and 

i n h a l a t i o n  c l a s s i f i c a t i o n s  observed i n  samples c o l l e c t e d  i n  t h e  333 B u i l d i n g  

(30% c l a s s  D, 70% c l a s s  Y), t h e  assumed r e n a l  t o x i c i t y  t h r e s h o l d  f o r  an acu te  

uptake i s  c a l c u l a t e d  t o  be reached f o l l o w i n g  an acute i n h a l a t i o n  o f  about 

30 mg. S i m i l a r l y ,  a  c h r o n i c  i n t a k e  o f  about 0.2 mg/day o f  333 B u i l d i n g  

uranium would e v e n t u a l l y  ( a f t e r  about 50 yea rs )  r e s u l t  i n  a  r e t a i n e d  q u a n t i t y  

i n  t h e  k idney  a t  t h e  assumed r e n a l  t o x i c i t y  t h resho ld .  

B i  oassav Moni t o r i  n q  

Bioassay m o n i t o r i n g  f o r  s l o w l y  t r a n s p o r t a b l e  m a t e r i a l s ,  f o r  which t h e  

l u n g  i s  t h e  c r i t i c a l  organ, i s  most d i r e c t l y  and a c c u r a t e l y  performed th rough 

i n  v i v o  measurements; however, t h e  s e n s i t i v i t y  o f  i n  v i v o  measurements i s  

somewhat l i m i t e d  as d iscussed  below. 



In view of the limitations of in vivo measurements as a routine moni- 

toring technique, urine sampling is also performed. Urine samples provide a 

measure of the systemically deposited uranium, and, using biokinetic models, 

this enables an indirect estimate of intake to be made. However, the inter- 

pretation of urine sample data is highly dependent on the nature of the 

intake; that is, whether acute, intermittent, or chronic. 

In Vivo Measurements. Table 8.17 gives estimated in vivo measurement 

capabilities for the slightly enriched, class Y uranium, representative of the 
type of material in the FPF facilities. Based on these detection limits, the 

sensitivity of a 2000-second chest count is about 22% of the annual effective 

dose equivalent standard of 5 rem at 1 year after an acute exposure, and about 

18% of the standard for a constant lung burden. Extending the counting time 

to 4000 seconds increases the sensitivity for the two cases to about 15% and 

12%, respectively. 

An annual chest count is recommended for workers potentially exposed to 

poorly transportable forms of uranium. Any indication of uranium in the body 

via in vivo monitoring warrants follow-up investigation including additional 

in vivo measurements and urine samples. Positive in vivo measurements should 

be confirmed as soon as practical, and additional measurements should be 

performed as long as the uranium remains detectable. 

Urinalysis. Figures 8.8 and 8.9 and Tables 8.29 and 8.30 show the 

urinary excretion following acute and chronic exposures to FPF recycled 
uranium. The predicted excretion values are based on an assumed acute intake 

that would result in a first-year effective dose equivalent of 100 mrem (a 
lung dose of 830 mrem) and an assumed chronic inhalation rate that would 

result in an effective dose equivalent rate of 100 mrem/yr after 10 years of 

continuous intake. The values do not include environmental uranium in the 

urine. The derived intake rates are 0.0037 mg/day for 303-M Building uranium 

and 0.0047 mg/day for 333 Building uranium. For 50 years of chronic exposure, 

the intake rates to produce a 100-mrem/yr effective dose equivalent after the 

50 years are 0.0027 mg/day for the 303-M Building and 0.0035 mg/day for the 

333 Building, and the expected excretion rates would thus be about 75% o f  

those shown in Figures 8.8 and 8.9. 
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TABLE 8.29. Predicted Uranium Excretion via  Urine F 1 owing 
an Inhalat ion of 303-M Building Uranium ?a] 

Microsrams of Uranium Per Dav Via Urine (b )  
Chronic Inhalat ion 

Acute Inhal a t i  on Intake Rate = 0.0037 mg/day 
I ~I \ 

Days Post Intake = 4.7 mg [ H ~ ,  10 = 100 mrem/yr] 

[ H ~ , l  = loo orem] Direct  + ~ v s t e m i c ( ~ )  ~ v s t e m i c  on1 v ( ~ )  

I ( a )  Assumes 90% c l a s s  Y ,  10% c l a s s  D ;  recycled uranium with impurity 
radionuclides as shown in Table 8.4.  

( b )  Excl udes environmental background 1 evel s i n ur ine .  
( c )  Days post acute intake o r  post onset of chronic in take.  
( d )  Annual e f f ec t i ve  dose equivalent  r a t e  = 100 mremlyr a f t e r  10 years of 

continuous intake. 
( e )  Incl udes a1 1 excretion pathways. 
( f )  Excludes uranium excreted d i r e c t l y  from blood; represen ta t ive  of 1 evel s 

t ha t  would be expected several days a f t e r  cessation of chronic exposure. 

Two l eve l s  have been developed f o r  in te rpre ta t ion  of urine samples from 

FPF workers. A screening level  i s  defined as the excret ion r a t e  t h a t  exceeds 

t h a t  expected due only t o  environmental sources. This level  i s  0.2 pg/day as 

discussed in Section 8.1.3, Workers exceeding the  screening level  should be 

maintained on a quar ter ly  u r ina lys i s  frequency and t h e i r  dose should be 

assessed annually. 

The second level i s  the net occupational excret ion r a t e  expected follow- 

ing chronic exposures in excess of the  100-mrem/yr e f f ec t i ve  dose equivalent .  



TABLE 8.30. P r e d i c t e d  Uranium E x c r e t i o n  v i a  U r i n e  F 1  owing 
an I n h a l a t i o n  o f  333-M B u i l d i n g  Uranium ?a] 

Days Pos t  

Microqrams o f  Uranium Per Day V ia  U r i n e  ( b )  
Chronic  I n h a l  a t i o n  

Acute I n h a l a t i o n  I n t a k e  Rate = 0.0047 mg/day 

I n t a k e  = 6.1 mg L H ~ ,  10 = 100 mremlyr ]  ( d )  
[HE = 100 mrem] 

, D i r e c t  + ~ y s t e m i  c ( ~ )  sys temic  on1 y ( f )  
28 0.58 0.20 

( a )  Assumes 70% c l a s s  Y, 30% c l a s s  D; r e c y c l e d  uranium w i t h  i m p u r i t y  
r a d i o n u c l i d e s  as shown i n  Tab le  8.4. 

( b )  Exc l  udes env i  ronmental  background 1  eve1 s  i n  u r i n e .  
( c )  Days p o s t  acu te  i n t a k e  o r  p o s t  onset  o f  c h r o n i c  i n t a k e .  
( d )  Annual e f f e c t i v e  dose e q u i v a l e n t  r a t e  = 100 mrem/yr a f t e r  10 yea rs  o f  

con t i nuous  i n t a k e .  
( e )  I n c l u d e s  a1 1  e x c r e t i o n  pathways. 
( f )  Exc ludes uranium exc re ted  d i r e c t l y  f rom b lood ;  r e p r e s e n t a t i v e  o f  l e v e l s  

t h a t  would be expected severa l  days a f t e r  cessa t i on  o f  c h r o n i c  exposure. 

T h i s  l e v e l  i s  c a l c u l a t e d  t o  be 0.63 pg/day f o r  333- Bu i l d i ng  uranium, assuming 

t h a t  t h e  exposure has been o c c u r r i n g  f o r  10 years .  I f  t h i s  l e v e l  i s  exceeded, 

t hen  an i n v e s t i g a t i o n  i n t o  t h e  n a t u r e  o f  t h e  exposure i s  war ran ted .  Add i -  

t i o n a l  f o l l o w - u p  b ioassay  measurements should be performed t o  c o n f i r m  t h e  

n a t u r e  and magnitude o f  t h e  i n t a k e  and t h e  r e s u l t i n g  dose e q u i v a l e n t  shou ld  be 

assessed. I n  a d d i t i o n ,  i t  should be no ted  t h a t  an annual average e x c r e t i o n  

r a t e  o f  0.42 pg/day ( n e t  a f t e r  2 days o f  no exposure) w i l l  r e s u l t  i n  a  com- 

m i t t e d  e f f e c t i v e  dose e q u i v a l e n t  o f  100 mrem. 



8.7.3 Internal Dosimetrv for Workers at the 306-W Buildinq 

The 306-W Building houses a machine shop where depleted uranium-titanium 

rods are handled. Machining operations conducted in the shop include cut- 

ting, milling, grinding, and 1 athing. Possible internal uranium exposure 

conditions exist in the shop due to the generation of airborne particulates 

during the machining operations. 

Characteristics of Material 

Depleted uranium in the 306-W Building Machine Shop is represented by 

the isotopic mixture shown in Table 8.3. Depleted uranium contains approxi- 

mately one-half of the specific activity (0.36 pCi/g) of natural uranium. The 

isotope 238~ accounts for about 92% of the activity in a given quantity of 

depl eted urani um. 

Aerosols generated during machining of the metallic uranium-titanium 

rods are composed of various oxides including U02, U308, and other forms. The 

degree to which various oxides are created is related to the heat generated by 

the combustion of uranium fines--with high temperatures tending to result in 

the generation of more insol uble particulates. Inhaled insol uble oxides of 

uranium tend to be retained in the lung and poorly absorbed by the circulatory 

system; however, the degree of retention depends on the particular oxide com- 

pound. An estimate of the retention characteristics of uranium particulates 

in the lung was made by observing the in vitro dissolution of the uranium- 

bearing particulates from air samples collected in the shop in simulated lung 

fluid. The study found that the uranium in the shop should be considered to 

be a mixture of readily and slowly transportable material represented by the 

ICRP 30 inhalation classifications as 20% class D and 80% class Y. 

Dose Equivalent from Intakes 

Table 8.31 shows the first-year and 50-year committed doses to the lung, 

bone surfaces, kidneys, and the effective dose equivalent following the acute 

inhalation of 1 mg of 306-W depleted uranium. The doses were calculated using 

retention functions given in ICRP 30 for a l-pm-AMAD particle size. Activity- 

to-dose conversion was performed using SEE values in ICRP 30, weighted for 
relative activities of the various uranium isotopes. 



TABLE 8.31. F i r s t - Y e a r  and 50-Year Committed Dose F o l l o w i n g  an 
Acute I n h a l a t i o n  o f  1 mg o f  306-W Dep le ted  Uranium 

Dose Eaui v a l  e n t  , rnrem 
Orqan F i r s t - Y e a r  Dose 50-Year Dose 

Lung 

Bone Sur faces 

Kidney 

E f f e c t i v e  

Based on t h e  da ta  i n  Tab le  8.31, i t  can be c a l c u l a t e d  t h a t  an acu te  

i n h a l a t i o n  i n t a k e  o f  about 3 mg o f  306-W uranium would be expected t o  r e s u l t  

i n  a 50- year  committed e f f e c t i v e  dose e q u i v a l e n t  o f  100 mrem. 

Tab le  8.32 shows t h e  d a i l y  i n t a k e  r a t e  o f  306-W d e p l e t e d  uran ium t h a t  

would r e s u l t  i n  a s u f f i c i e n t  b u i l d u p  i n  t h e  l u n g  t o  cause a 100-rnrem/yr dose 

r a t e  f o r  d i f f e r e n t  i n t a k e  p e r i o d s .  For  example, a d a i l y  i n t a k e  o f  0.0083 mg 

o f  306-W uranium would r e s u l t  i n  t h e  g radua l  b u i l d u p  i n  l u n g  a c t i v i t y  s u f f i -  

c i e n t  t o  produce a 100-mrem/yr dose r a t e  by t h e  end o f  50 yea rs .  Converse ly ,  

TABLE 8.32. D a i l y  I n t a k e  Rate o f  Depl t d Uranium Y i e l d i n g  an 
E f f e c t i v e  Dose Equi Val entyaT o f  100 mremlyr 
by t h e  End o f  t h e  Exposure Pe r i od  

Exposure Per iod ,  I n t a k e  Rate, mq/dav 
vr 306-W M i x t u r e  

( a )  Lung dose = 830 mrem. 
( b )  I n t a k e s  a t  t h i s  r a t e  f o r  1 yea r  w i l l  

r e s u l t  i n  a 50-year  committed e f f e c -  
t i v e  dose e q u i v a l e n t  o f  100 mrem. 



this intake rate, if maintained for 1 year, would result in a 50-year com- 

mitted effective dose equivalent of 100 mrem. 

Bioassav Moni tori nq 

Intakes by 306-W workers are considered to be chronic unless otherwise 

indicated by workplace monitoring. Bioassay monitoring for slowly transport- 

able materials for which the lung is the critical organ is most directly and 

accurately performed using in vivo measurements; however, the sensitivity of 

in vivo measurements is somewhat limited as discussed below. 

In view of the limitations of in vivo measurements as a routine moni- 

toring technique, urine sampling is also performed. Urine samples provide a 

measure of the systemically deposited uranium, and, using biokinetic models, 

this enables an indirect estimate of intake to be made. However, the inter- 

pretation of urine sample data is highly dependent on the nature of the 

intake; that is, whether it is acute, intermittent, or chronic. 

In Vivo Measurements. Table 8.18 gives practical routine in vivo meas- 

urement capabilities for depleted uranium based upon the in vivo measurement 

detection levels in Table 8.17. At these levels, an annual chest count (2000- 

seconds) is capable of detecting an internal exposure to class Y depleted 
uranium of about 8% of the annual effective dose equivalent standard of 5 rem 

for an acute exposure, and about 7% of the standard for a constant burden. 

Increasing the length of the count to 4000 seconds will increase the sensit- 

ivity of the count to about 6% of the standard. 

An annual chest count is recommended for workers who are potentially 
exposed to poorly transportable forms of uranium. Any indication of uranium 
in the body via in vivo monitoring warrants follow-up investigation including 
additional in vivo measurements and urine samples. Positive in vivo measure- 

ments should be confirmed as soon as practical, and additional measurements 
should be performed at least quarterly as long as the uranium remains 

detectable. 

Urine Samplinq. Figure 8.10 and Table 8.33 show the urinary excretion 

following acute and chronic exposures to 306-W depleted uranium. The pre- 

dicted excretion values are based on an assumed acute intake that would result 
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306-W Building Uranium Resulting in a First-Year 
Effective Dose Equivalent of 100 mrem (curves exclude 
excretion of environmental uranium) 



Days Post 

TABLE 8.33. Predicted Uranium Excretion Via Urine F 1 owing 
an Inhalation of 306-W Building Uranium ?a] 

Acute 

Microqrams of Uranium Per Day Via Urine ( b )  
Chronic Inhalation 

Inhalation Intake Rate = 0.011 mglday 
/ A \  

Intake = 6.1 mg L H ~ , 1 0  = 
100 mrem/yr] [") 

[HE = 100 mrem] 
* Direct + Systemic ( e  ~ys temic  

34 0.68 - - - -  

( a )  Assumes 80% class  Y,  20% c lass  0; depleted uranium. 
(b )  Excl udes envi ronmental background 1 eve1 s  i  n uri ne. 
( c )  Days post acute intake or post onset of chronic intake. 
(d)  Annual effect ive dose equivalent ra te  = 100 mrem/yr a f te r  10 years of 

continuous intake. 
( e )  Incl udes a1 1 excretion pathways. 
( f )  Excludes uranium excreted direct ly  from blood; representative of levels  

that  would be expected several days a f t e r  cessation of chronic exposure 

in a  f i r s t -yea r  effect ive dose equivalent of 100 mrem (a lung dose of 

830 mrem) and an assumed chronic inhalation ra te  tha t  would resu l t  in a n  

effect ive dose equivalent ra te  of 100 mrem/yr a f t e r  10 years of continuous 

intake. The values do not include environmental uranium i n  the urine. The 

derived intakes are 14 mg (acute) and 0.011 mglday (chronic).  

Two levels  have been developed for interpretation of urine samples from 

306-W Machine Shop workers. A screening level i s  defined as the excretion 

ra te  that  exceeds that  expected due only t o  environmental sources. This level 



is 0.2 pg/day. Workers exceeding the screening level should be maintained on 
a quarterly urinalysis frequency and their doses should be assessed annually. 

The second level is the net occupational excretion rate expected fol- 

lowing chronic exposures in excess of a 100-mrem/yr effective dose equiva- 

lent. This level is calculated to be 0.8 pg/day for 306-W Building depleted 

uranium, assuming that the exposure has been occurring for 10 years. If this 

level is exceeded, then an investigation into the nature of the exposure is 

warranted. Additional follow-up bioassay measurements should be performed to 

confirm the nature and magnitude of the intake, and the resulting dose equiv- 

alent should be assessed and documented via an internal dose evaluation 
report. In addition, it should be noted that an annual average daily net 

excretion of 0.52 pg/day (assuming 2 days of no intake) will result in a 

committed effective dose equivalent of 100 mrem. 
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9.0 PLUTONIUM AND AMERICIUM 

T h i s  s e c t i o n  p rov ides  i n f o r m a t i o n  on t h e  sources, c h a r a c t e r i s t i c s ,  and 

b i o k i  n e t i c s  o f  p l  u t o n i  um and amer ic i  urn and summarizes t h e  t e c h n i c a l  b a s i s  f o r  

t h e i r  i n t e r n a l  dos imet ry  a t  Hanford.  

H i s t o r i c a l l y ,  t h e  genera l  approach t o  p l u ton ium i n t e r n a l  dos imet ry  a t  

Hanford has been t o  eva lua te  t h e  systemic d e p o s i t i o n  based on u r i n e  da ta ,  and 

compare t h e  r e s u l t  t o  a  r e fe renced  MPBB. The most common r e f e r e n c e  f o r  MPBBs 

has been ICRP 2 (1959). P r i o r  t o  t h a t  p u b l i c a t i o n ,  o t h e r  r e p o r t s  c o n t a i n i n g  

MPBBs ( f o r  p lu ton ium) c o n s i s t e n t  w i t h  those  o f  ICRP 2 were re fe renced .  

P r i o r  t o  November 1986, e v a l u a t i o n s  o f  p l u ton ium systemic d e p o s i t i o n  a t  

Hanford were based on Langham's model f o r  e x c r e t i o n  o f  s o l u b l e  p l  u t o n i  urn 

(Langham e t  a1 . 1950), Healy 's  model f o r  e x c r e t i o n  o f  i n i t i a l l y  i n s o l u b l e  

p l u ton ium (Healy 1957), o r  a  combinat ion o f  both.  The procedures used f o r  

p l u ton ium e v a l u a t i o n  have been ma in ta ined  i n  t h e  Hanford Rad ia t i on  P r o t e c t i o n  

H i s t o r i c a l  F i l e s  o f  t h e  Rad ia t i on  Records L i b r a r y .  The most r e c e n t  o f  t hese  

i s  t h e  Hanford Dosimetry Eva1 u a t i o n  Manual (PNL-MA-575). (a )  

Hanford p lu ton ium e v a l u a t i o n s  have g e n e r a l l y  assessed systemic depos i -  

t i o n  and have n o t  emphasized dose e q u i v a l e n t  t o  s p e c i f i c  organs. The assessed 

systemic d e p o s i t i o n  has been a  "committed" systemic d e p o s i t i o n ,  i . e . ,  an 

es t ima te  o f  t h e  t o t a l  amount o f  a c t i v i t y  t h a t  would e v e n t u a l l y  reach  sys temic  

compartments. The c a l c u l a t e d  d e p o s i t i o n s  have n o t  addressed t h e  t i m e  p o s t  

i n t a k e  a t  which t h e  maximum systemic d e p o s i t i o n  m igh t  be expected, n o r  t h e  

amount o f  a c t i v i t y  t h a t  m igh t  be r e t a i n e d  i n  t h e  body a t  va r i ous  t imes  p o s t  

i n t a k e .  Once t h e  committed systemic d e p o s i t i o n  has been c a l c u l a t e d ,  i t s  va lue  

has been assumed t o  remain cons tan t  f o r  t h e  worker 's  l i f e .  The percentage o f  

t h e  MPBB has been used t o  i n d i c a t e  t h e  degree o f  compl iance ( o r  noncompl iance) 

w i t h  Atomic Energy Commission, Energy Research and Development Agency, and DOE 

standards f o r  r a d i a t i o n  p r o t e c t i o n .  

( a )  P a c i f i c  Northwest Labora to ry .  1982. Hanford Dosimetry  E v a l u a t i o n  
Manual. PNL-MA-575, Rich1 and, Washington. 
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Historically, lung dose equivalents have been assessed in cases where 
in vivo measurements have observed activity in the lung. The approach used 
for assessment was documented on a case-by-case basis in the specific case 
evaluation. Generally, the approach was to use the best available informa- 

tion regarding isotope ratios, estimates of lung clearance rates based on 
241~m in vivo measurements, and fecal data (when avail able). Lacking such 
data, default assumptions have been used and documented in evaluations. The 
techniques for calculating dose were similar to those used in ICRP 2 (1959) 
and ICRP 10 (1969) and applied a quality factor of 10 for alpha particle 
emissions. The results of these lung dose estimates were compared with the 
long-standing 15-rem/yr limit of ICRP 2. 

Changes in the technical approach to plutonium dosimetry at Hanford are 
being documented by this technical basis. These changes are required by DOE 
5480.11 (DOE 1988), which addresses occupational radiation protection. The 
change entails a shift from the ICRP 2 critical organ dose limitation approach 
to the ICRP 26/30 (1977/1979) concepts of weighted summing of organ doses to 

give an effective dose equivalent. In addition, advances in measurement tech- 
nology and modeling have improved the capabilities for plutonium dosimetry. 

With this technical basis, a new term, "presystemic deposition," is 
introduced for the purpose of simulating biokinetic behavior in estimating 
internal doses. The presystemic deposition is defined as the component(s) of 
an initial deposition that will ultimately translocate to the blood, regard- 
less of the time required to translocate. A transfer rate from the initial 
deposition into the systemic compartment is linked with each component of the 
presystemic deposition. Once material from the presystemic deposition has 
reached the systemic compartment, it is assumed to behave in accordance with 
the applicable biokinetic model. The presystemic deposition specifically 
excludes material that is permanently retained at the entry site or in 
1 ymphati c tissues. 

SOURCES AND CHARACTERISTICS 

This section provides general information on the isotopes, mixtures, and 
forms of plutonium that are commonly found at Hanford. The physical and 



biological data were taken directly from, or calculated based on, information 
in ICRP 30, ICRP 38 (1983), and ICRP 48 (1986). 

9.1.1 Isoto~e Decav Data 

The plutonium and plutonium decay product isotopes of concern at Hanford 

and selected decay data are listed in Table 9.1. The radiological constants 

given in Table 9.1 are taken or calculated from data in ICRP 30 and 38 (1979, 

1983). 

9.1.2 Reference Plutonium Mixtures 

At Hanford production and utilization facilities, pure isotopes of 

plutonium are seldom encountered. Instead, pl utoni um is usually encountered 
as a mixture of isotopes. For specific exposure situations where the iso- 

topic composition of a mixture is known, that composition should be used for 

dosimetry purposes. In situations where mixtures are unknown, or for bio- 

assay planning purposes, assumptions regarding the mixture should be made. 

The isotopic composition of a plutonium mixture is related to several 

variables: 

the length of time fuel was irradiated (fuel exposure or burn-up 
ti me) 

the time since irradiation (cooling time) 

the time since processing of fuel or purification of plutonium. 

TABLE 9.1. Plutonium and Americium Decay Data 

Half-Life, Decav Constant, 
- 1 Specific 

Isotope v r vr d a f l  Decav Mode Activi tv, Ci/q 

238~u 87.7 7.90E-3 2.16E-5 a1 pha 1.71E+1 
239~u 24,065 2.88E-5 7.89E-8 a1 pha 6.21E-2 
240~u 6,537 1.06E-4 2.90E-7 a1 pha 2.27E-1 

241~u 14.4 4.81E-2 1.32E-4 beta 1.03E+2 

242~u 376,300 1.84E-6 5.05E-9 a1 pha 3.92E-3 

241~m 432.2 1.60E-3 4.39E-6 a1 pha 3.43E+0 



T y p i c a l l y ,  p lu ton ium a t  Hanford f a l l s  i n t o  one o f  two gener i c  mix tures .  

These m ix tu res  a r e  d e f i n e d  by t h e  weight  percent  (wt%) o f  2 4 0 ~ u .  Thus, 6% 

p lu ton ium has a nominal 2 4 0 ~ u  content  o f  6 wt% and 12% p lu ton ium has a nominal 

2 4 0 ~ u  content  o f  12 wt%.  Other i s o t o p i c  composit ions may be encountered and 

should be addressed as needed. 

Reference p l  u t o n i  um mixtures,  p r i o r  t o  any 241~m ingrowth, a r e  prov ided 

i n  Table 9.2. These re fe rence  mix tures  a re  approximations based on t h e  i s o -  

t o p i c  composi t ion o f  a number o f  batches o f  f r e s h l y  processed p lu ton ium and 

a re  n o t  in tended t o  represent  any s p e c i f i c  batch. Actual  exposures may o r  may 

n o t  r e f l e c t  these composit ions. When t h e  ac tua l  composit ions o f  exposures can 

be obtained, such da ta  should be used. 

I n  t h e  t y p i c a l  p lu ton ium mix ture ,  t h e  p lutonium-alpha a c t i v i t y  i s  re1  a -  

t i v e l y  cons tant  over  t i m e  due t o  t h e  l o n g  decay h a l f - l i f e  o f  t h e  a lpha 

e m i t t e r s .  The p lu ton ium-beta  a c t i v i t y  (241~u)  decays w i t h  a 14-year ha1 f -  

l i f e  i n t o  2 4 1 ~ m .  Thus, over  a p e r i o d  o f  years,  p lu ton ium-beta  a c t i v i t y  i n  a 

m i x t u r e  w i l l  decrease w h i l e  a t  t h e  same t ime  t h e  2 4 1 ~ m  a c t i v i t y  and t h e  t o t a l  

a lpha a c t i v i t y  o f  t h e  m i x t u r e  w i l l  increase. S e r i a l  decay r e l a t i o n s h i p s  can 

be used t o  es t imate  t h e  a c t i v i t y  o f  each i so tope  f o r  any decay t ime.  

For  each re fe rence  mix ture ,  a f a m i l y  o f  curves can be developed t o  

desc r ibe  t h e  changing a c t i v i t y  r e l a t i o n s h i p s  between isotopes.  These curves 

can then be used t o  i d e n t i f y ,  f o r  dosimetry purposes, t he  p lu ton ium m i x t u r e  

TABLE 9.2. Reference Plutonium I so tope  Mix tures  Immediately 
Post Separat ion, w t %  

I so tope  6% P l  u t o n i  um M ix tu re  12% P l u t o n i  um M i x t u r e  

2 3 8 ~ u  0.05 0.10 

2 3 9 ~ u  93.0 84.4 

2 4 0 ~ u  6 .1  12.4 

2 4 1 ~ u  0.8 3.0 

242 PU 0.05 0.1 

2 4 1 ~ m  0.0 0.0 



and approximate age a f t e r  processing o r  p u r i f i c a t i o n .  These curves have been 

developed f o r  t h r e e  a c t i v i t y  r a t i o s  (see Figures 9.1 through 9.3) us ing  a 

technique devel oped by R i  t tman (1984) . 
When in fo rma t ion  about i s o t o p i c  composit ion o r  a c t i v i t y  r a t i o s  i s  l a c k -  

ing ,  assumptions must be made f o r  dose assessment. Four re fe rence p lu ton ium 

m ix tu res  are discussed i n  t h i s  t echn ica l  basis .  These f o u r  a re  r e f e r r e d  t o  as 

f r e s h  ( o r  aged) 6% plutonium and f r e s h  ( o r  aged) 12% plutonium. As p r e v i o u s l y  

discussed, t h e  percentage r e f e r s  t o  t h e  weight percent  o f  2 4 0 ~ u  i n  t h e  mix-  

t u r e .  Fresh mix tures  are  de f i ned  as having 2 weeks o f  241~m ingrowth  f o l l o w -  

i n g  chemical separat ion. Aged mix tures  a re  de f i ned  as having 5 years  o f  2 4 1 ~ m  

ingrowth  f o l l o w i n g  chemical separat ion.  These m ix tu res  e f f e c t i v e l y  cover  most 

o f  t h e  p o t e n t i a l  p lutonium exposures a t  Hanford. The pr imary  use f o r  these 

re ference mix tures  i s  i n  t he  p lann ing  o f  bioassay mon i to r i ng  f requencies and 

methods, and f o r  s t a t i n g  the  c a p a b i l i t y  o f  t h e  i n t e r n a l  dosimetry program. 

Table 9.3 prov ides t h e  s p e c i f i c  a c t i v i t i e s  o f  each i so tope  i n  t h e  r e f -  

erence mix tures  and iso tope r a t i o s  r e l a t i v e  t o  2 3 9 + 2 4 0 ~ ~  and 2 4 1 ~ m .  Tab1 e 9.3 

c l e a r l y  shows t h a t  2 4 2 ~ u  i s  an i n s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  s p e c i f i c  

a c t i v i t y  o f  both reference mix tures .  
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TABLE 9.3. Activity Composition for Reference Plutonium Mixtures 

Reference Pl utoni um ~ixture(~) 
6% Pu Mix 12% Pu Mix 

Isoto~ic Com~onent Fresh Aqed Fresh Aqed 

S~ecific Activitv 
in Mixture, Ci/q 

238~u 8.6E-3 8.2E-3 1.7E-2 1.6E-2 
239+24OP, 7.2E-2 7.2E-2 8.OE-2 8.OE-2 

241~u 8.2E-1 6.5E-1 3.1EtO 2.4EtO 

242~u 2.OE-6 2.OE-6 3.9E-6 3.9E-6 

241~m 5.3E-5 5.8E-3 2.OE-4 2.2E-2 

Pu-a1 pha 8.1E-2 8.OE-2 9.7E-2 9.6E-2 
Total alpha 8.1E-2 8.6E-2 9.7E-2 1.2E-1 

Activity Ratios 
239+240pu.241Am 1.3Et3 1.2Et1 4.1Et2 3.7EtO 

(a) % refers to nominal 240~u weight percent in mixtures. 
Fresh = 2 weeks of 241~m ingrowth following separation. 
Aged = 5 years of 241~m ingrowth following separation. 

9.2 BIOKINETIC BEHAVIOR 

This section discusses the internal distribution and retention, trans- 

portabi 1 i ty class, and urinary excretion of pl utoni um. 

9.2.1 Transportability Class 

The transportability classes for plutonium are similar to those used in 
the ICRP 30 respiratory tract model and are sometimes referred to as solu- 
bility or inhalation classes. The class designation represents the relative 
speed at which material is solubilized and translocated into the transfer 

compartment. 

The term "transportable injection" is used in this technical basis to 

refer to the material that is essentially immediately taken up by the transfer 



compartment upon intake. Classes W and Y, as used in this technical basis, 
are identical to the ICRP 30 classes of the same name. 

Recent work by Stradling and Stather (1989) indicates that residual 
plutonium that has been subject to air oxidation for several years at normal 
room temperature and humidity may best be characterized as class Y material . 
Stradling and Stather studied the behavior of two dusts in rat lungs. One 
dust was a plutonium dioxide corrosion product of plutonium metal oxidized in 
air under ambient conditions (20' to 25'~ and relative humidity of 60 to 70%) 

over a period of about 15 years. The second dust was a dry powder, process 
line residue consisting of an atmospherically degraded mixture of plutonium 
and uranium nitrates (originally 1.2M HN03) intimately mixed and highly 
diluted with inactive debris, resulting from the corrosion of an experimental 
rig over 15 years (i.e., rust). The plutonium oxide powder was found to 
exhibit very definite class Y behavior characteristics. The translocation 
rate for plutonium in the nitrate-bearing residues was about three times 
faster than for a class Y compound, but about 10 times slower than for a class 
W compound; i.e., the nitrate-bearing residue came closer to being class Y 
than class W in behavior. These findings imply that dry, residual plutonium 

contamination within facilities and gloveboxes should be treated as class Y 
material regardless of its original chemical form. Designation of pl utoni urn 
as a class W material should be limited to current processes generating 
nitrates or residuals from recent runs of such processes. Plutonium worker 
bioassay programs should consider the potential exposure to aged plutonium 
oxides if there is any source of old residual contamination. 

In addition to the above classes, a fourth class of material has been 
defined for use in this technical basis. Super class Y (super Y) has been 
established by the Hanford Internal Dosimetry Program to define highly non- 
transportable forms of plutonium based on some actual observed cases at Han- 
ford (Bihl et a1 . 1988). For inhalation exposures, super Y material has been 

defined as being similar to class Y material with respect to compartment 
deposition fractions in the respiratory tract model. However, retention half- 
lives for the transport from the lung to the blood (ICRP 30 lung compartments 
a, c, e, and i [see Appendix Dl) have been adjusted to 10,000 days. The 



precise nature of super class Y material is not known, although it appears to 

have been associated with certain Hanford processes involving fired plutonium 

oxides . 
When combinations of transportability classes may exist in a matrix, the 

transportability of the mixture is assumed to be that of the predominant mate- 

rial. For example, in a plutonium oxide matrix containing americium oxide as 

an ingrown impurity, the transportability of the americium oxide is assumed to 

be the same as that of the major mass constituent of the matrix (Eidson 1980). 

Thus, the americium is assumed to exhibit the class Y behavior of the host 
matrix (plutonium oxide), rather than the class W behavior normally expected 
of americium oxide. The above-described behavior would not be the case if the 

mixture were merely a blend of the two oxide powders. In this latter case, 

each element would be expected to exhibit its own characteristic behavior. 

These assumptions are also consistent with the observations by Stradling and 

Stather (1989). 

The fractional lung retention factors (1 ung + lymph nodes) for Class W, 
y, and super Y forms of plutonium are given in Table 9.4 for selected days 
post acute intake. These values were obtained using the GENMOD code. 

9.2.2 Systemic Distribution and Retention 

The ICRP 48 (1986) model is used for calculating the distribution and 

retention of plutonium in the body. For dissolved plutonium reaching the 

transfer compartment (i .e., the blood stream), the ICRP recommends the 

distribution and organ clearance (or retention) half-times shown in Table 9.5. 

The activity deposited in bone i s  assumed to be deposited uniformly over 

bone surfaces of both cortical and trabecular bone, where it remains until it 
decays or is excreted. The "all other" deposition fraction is assumed to rep- 

resent direct excretion and any short-term holdup in the tissues of the cir- 

culatory or urinary systems. For purposes of dosimetry, this fraction is 

considered to be an insignificant contributor to effective dose equivalent 

(relative to bone, red marrow, 1 iver, and gonad dose contributors), and is 

ignored. 



TABLE 9.4. Se lec ted  Lung R e t e n t i o n  Fac to r s  r e  se as a 
F r a c t i o n  o f  Acute I n h a l a t i o n  o f  %BpU?a ,€?I 

Days Post  
I n t a k e  

0 

Class W 
Lunq 

3.3E-1 

2.2E-1 

1.8E-1 

1.5E-1 

1.4E-1 

1.3E-1 

1 .OE-1 

7.OE-2 

4.8E-2 

1.5E-2 

1.4E-3 

l . l E - 5  

O.OE+O 

O.OE+O 

O.OE+O 

O.OE+O 

Class Y 
Lunq 

3.3E-1 

2.1E-1 

1.8E-1 

1.5E-1 

1.5E-1 

,1.5E-1 

1.5E-1 

1.4E-1 

1.4E-1 

1.3E-1 

1.OE-1 

7.3E-2 

2.9E-2 

9.6E-3 

4.2E-3 

3.7E-3 

Super Y 
Lunq 

3.3E-1 

2.2E-1 

(a )  Assumes l-pm-AMAD p a r t i c l e  s i z e .  
(b)  Fac to r s  a l s o  app ly  t o  comparably l o n g  h a l f - l i f e  p l u t o n i u m  

i sotopes. 

TABLE 9.5. ICRP 48 B i o k i n e t i c  Constants  f o r  

Trans1 oca ted  B i  01 o a i  c a l  B i  01 o a i  c a l  
Orq an F r a c t i o n  Hal f x ~ i m e  ~ a i e  

Bone 0.50 50 y r  3.8E-5/day 

L i v e r  0.30 20 y r  9.5E-5/day 

Gonads 
Testes 3.4E-4 (permanent) 0 

Ovar i  es 1 .OE-4 (permanent) 0 

A l l  0.20 

(a)  From ICRP 1986. 
(b) I n c l u d e s  t i s s u e  and e a r l y  e x c r e t i o n .  



Although t h e  t r a n s l o c a t e d  f r a c t i o n s  f o r  t e s t e s  and ova r i es  shown i n  

Table 9.5 d i f f e r ,  t h e  gonadal dose equ i va len t  f o r  males and females i s  iden-  

t i c a l .  Th i s  i s  a t t r i b u t e d  t o  t h e  s u b s t a n t i a l l y  d i f f e r i n g  masses o f  t h e  two 

organs, w i t h  t h e  r e s u l t  t h a t  t h e  alpha a c t i v i t y  concen t ra t i on  w i t h i n  t h e  t i s -  

sues, and t h e r e f o r e  t h e  t i s s u e  doses, a re  t h e  same. 

9.2.3 U r i n a r v  Exc re t i on  

I n  i t s  Report 84 (NCRP 1985), t h e  NCRP s t a t e s  t h a t ,  " i n t e r p r e t a t i o n  o f  

e x c r e t i o n  da ta  f o r  purposes o f  body burden es t ima t i on  should be based on 

models de r i ved  w i t h  t h a t  a p p l i c a t i o n  p r i m a r i l y  i n  mind. The models o f  ICRP 30 

and ICRP 48 (1986) were de r i ved  f o r  t h e  es t ima t i on  o f  organ dose and were n o t  

n e c e s s a r i l y  in tended t o  account f o r  e x c r e t i o n . "  I n  r e c o g n i t i o n  o f  t h i s ,  t h e  

Hanford I n t e r n a l  Dosimetry Program has se lec ted  t h e  Jones f u n c t i o n  (Jones 

1985) t o  r e l a t e  t h e  u r i n e  e x c r e t i o n  o f  p lu ton ium t o  systemic uptake. 

The Jones f u n c t i o n  i s  based on human i n j e c t i o n  s tud ies  o r i g i n a l l y  

repo r ted  by Langham e t  a1 . (1950) and Langham (1956) and f o l l o w - u p  work by 

Rundo e t  a l .  (1976) and Moss and Gaut ie r  (1985). The s tud ies  i nvo l ved  d i r e c t  

in t ravenous i n j e c t i o n  o f  p lu ton ium c i t r a t e .  The a p p l i c a t i o n  o f  t h e  f u n c t i o n  

t o  observed e x c r e t i o n  da ta  r e s u l t s  i n  an es t imate  o f  t h e  uptake o f  p lu ton ium 

by systemic c i r c u l a t i o n .  

The Jones f u n c t i o n  models u r i n a r y  e x c r e t i o n  o f  p lu ton ium f o l l o w i n g  sys- 

temic uptake as a  four-component exponent ia l  f u n c t i o n .  Jones emphasized t h a t  

h i s  f u n c t i o n  was an emp i r i ca l  f i t  t o  human da ta  and should n o t  be i n t e r p r e t e d  

as model ing r e t e n t i o n  i n  s p e c i f i c a l l y  i d e n t i f i a b l e  compartments. Thus, i t s  

a p p l i c a t i o n  a t  Hanford i s  l i m i t e d  t o  e s t i m a t i n g  uptake and p r e d i c t i n g  excre-  

t i o n  based on uptake. It i s  s p e c i f i c a l l y  n o t  be ing used f o r  organ dose 

c a l  c u l  a t  i ons. 

The Jones f u n c t i o n  i s  mathemat ica l l y  de f i ned  as: 

eu a ( t )  = 0.00475 exp ( -0.558t)  t 0.000239 exp ( -0 .0442t )  (9 .1)  
t 0.0000855 exp (-0.00380t) 

t 0.0000142 exp (-0.0000284t) 



where eua ( t )  i s  t h e  f r a c t i o n  o f  uptake t o  b lood excreted i n  u r i n e  on day t 

post  uptake, and t i s  t h e  days pos t  uptake (note: t = 0 i s  t ime  o f  i n take ;  

t = 1 represents  t h e  f i r s t  24 hours f o l l o w i n g  in take;  t = 2 represents  t h e  

second day pos t  uptake; e tc . )  . 
The Jones e x c r e t i o n  f u n c t i o n  descr ibed above has rep1 aced t h e  Langham 

and Healy (Healy 1957) f u n c t i o n s  f o r  eva lua t i ng  p lu ton ium depos i t i ons  a t  Han- 

fo rd .  F u r t h e r  d i scuss ion  o f  t h i s  change can be found i n  t h e  Hanford Rad ia t i on  

P r o t e c t i o n  H i s t o r i c a l  F i l e s  o f  t h e  Rad ia t i on  Records ~i brary.  (a )  The e f f e c -  

t i v e  da te  f o r  t h i s  change was November 1986. 

The Jones e x c r e t i o n  f u n c t i o n  has been app l i ed  t o  m a t e r i a l  t h a t  i s  n o t  

r e a d i l y  t r a n s p o r t a b l e  t o  t h e  systemic compartment through t h e  use o f  one o r  

more i s o l a t e d  presystemic compartments, i n i t i a l l y  c o n t a i n i n g  a l l  o f  t h e  mate- 

r i a l  t h a t  w i l l  u l t i m a t e l y  become systemic uptake. Each presystemic compart- 

ment c l e a r s  t o  t h e  systemic compartment by an associated f r a c t i o n a l  t r a n s f e r  

r a t e  us ing  s imple f i r s t - o r d e r  k i n e t i c s .  

The PUCALC computer program has been developed by I n t e r n a l  Dosimetry t o  

c a l c u l a t e  presystemic depos i t i ons  and u r i n a r y  e x c r e t i o n  based on a s i n g l e  p re-  

sys temic- to- sys temic  uptake t r a n s f e r  r a t e .  The program a l lows f o r  f i t s  o f  

va r i ous  combinat ions o f  t r a n s f e r  r a t e  and presystemic d e p o s i t i o n  es t imates  t o  

u r i n e  da ta  and i s  p a r t i c u l a r l y  use fu l  i n  cases i n v o l v i n g  subs tan t i  a1 e x c r e t i o n  

data, where mu1 t i p 1  e presystemic components may be i d e n t i f i a b l e .  The eval  ua- 

t i o n  process i s  descr ibed i n  Sect ion  9.5. 

The GENMOD computer code can a l s o  be used t o  es t imate  t h e  exc re t i on .  

The Jones e m p i r i c a l  e x c r e t i o n  f u n c t i o n  i s  implemented as a pseudo uptake 

r e t e n t i o n  f u n c t i o n  (Skrable 1987) by GENMOD t o  descr ibe  e x c r e t i o n  f o l l o w i n g  an 

uptake. GENMOD i s  p a r t i c u l  a r l y  use fu l  f o r  eva lua t i ng  p l  u t o n i  um e x c r e t i o n  f o l -  

l ow ing  i n h a l a t i o n  o f  c l a s s  W, Y, o r  super Y m a t e r i a l .  A d e s c r i p t i o n  o f  t h e  

p lu ton ium model parameters f o r  GENMOD i s  i nc luded  i n  Appendix A. 

(a )  Carbaugh, E. H., and M. J. Sula. 1986. "Proposed Change t o  Plutonium 
Exc re t i on  Funct ion  Used f o r  Hanford I n t e r n a l  Dosimetry."  L e t t e r  r e p o r t  
t o  t h e  Hanford Rad ia t i on  P r o t e c t i o n  H i s t o r i c a l  F i l e s ,  December 11, 1986, 
P a c i f i c  Northwest Laboratory,  Richland, Washington. 



9.3 INTERNAL DOSIMETRY FACTORS 

This section contains factors  tha t  are useful in making internal dosim- 
e t ry  calculations. The factors included in t h i s  section are derived from the 

GENMOD computer code and incorporate standard assumptions. Their application 

i s  intended for  those circumstances where such assumptions are appropriate or 

more specific information i s  lacking. Variation from these factors  i s  appro- 
priate  i f  suff icient  data are available. 

9.3.1 Intake Excretion Factors 

The intake excretion factor  expresses the fraction of intake excreted by 

a particular pathway (urine or  feces) a t  a given time post intake. For pluto- 

nium and americium excretion in urine, t h i s  factor i s  based on the Jones 

excretion function (discussed in Section 9.2).  The intake urinary excretion 

functions for  an acute transportable injection and for  inhalation classes of 

2 3 9 ~ u  are shown in Figure 9.4, and selected values are given in Table 9.6.  

Tabulated values for  fecal excretion factors are shown in Table 9.7. Values 

for  days other than those tabulated here can be obtained by l inear  interpola- 

t ion between the tabulated data,  or by obtaining the values d i rec t ly  from 

GENMOD . 
9.3.2 Dose Conversion Factors 

Activity deposited in a source organ i s  assumed to  i r radia te  the target  

organ according to  the ICRP 30 models. Dose conversion factors  for  potenti-  

a l ly  significant source and target  organ combinations are tabu1 ated by nucl ide 

in Tables 9.8 through 9.11. These factors  are derived by units conversion 
from the GENMOD computer code. They have been compared with resul t s  hand- 
calculated from ICRP 30 data tables ,  and they were found t o  agree within 
calculational rounding errors of about 5%. These factors  can provide a 
convenient reference for dose equivalent t o  a target  organ from decay occur- 
ring in a source organ. Dose conversion factors  for  other source and target  
organs can be obtained from GENMOD i f  desired. 

9.3.3 Intake Dose Eauivalent Factors 

Intake dose equivalent factors ,  in units of dose equivalent per unit 

act ivi ty of intake (rem per nanocurie of acute intake or rem per nanocurie per 
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day o f  ch ron i c  i n t a k e ) ,  a re  a  convenient sho r t cu t  t o  e s t i m a t i n g  doses based on 

standard assumptions when t h e  magnitude o f  an i n t a k e  i s  known o r  assumed. 

Acute i n t a k e  dose equ iva len t  f a c t o r s  have been tabu la ted  f o r  t h e  f i r s t - y e a r  

and 50-yr  committed dose equ iva len ts  r e s u l t i n g  from r e a d i l y  t r a n s p o r t a b l e  

i n j e c t i o n  and c l a s s  W ,  Y, and super Y i n h a l a t i o n  (based on l-pm-AMAD p a r t i c l e  

s i z e ) .  Fac tors  f o r  s i n g l e  iso topes are  shown i n  Tables 9.12 through 9.15. I n  

t h e  case o f  241~u ,  t h e  2 4 1 ~ m  ingrown f rom t h e  t ime  o f  i n t a k e  i s  i nc luded  i n  



TABLE 9 -6.  Se lec ted  2 3 9 ~ u  U r i n a r y  E x c r e t i o n  F r a c t i o n s  
Expressed as a F r a c t i o n  o f  Acute I n t a k e  

Days Post T ranspo r tab l  e 
I n t a k e  I n j e c t i o n  Class W 

1 3.3E-3 2.4E-4 
2 2.2E-3 1.6E-4 
5 6.6E-4 5.1E-5 
7 4.OE-4 3.3E-5 

14 2.3E-4 ' 2.2E-5 
30 1.6E-4 1.7E-5 
6 0 1.OE-4 1.3E-5 
9 0 8.OE-5 1.2E-5 

180 5.7E-5 8.3E-6 
365 3.5E-5 4.8E-6 
730 1.9E-5 2.5E-6 

1,825 1.4E-5 1.6E-6 
3,650 1.3E-5 1.5E-6 
7,300 1.2E-5 1.4E-6 

18,250 8.5E-6 1 .OE-6 

(a )  Assumes l-pm-AMAD p a r t i c l e  s i z e .  

1nhal a t i o n ( a )  
Class Y 

1.3E-5 
8.7E-6 
2.7E-6 
1.7E-6 
l . lE-6 
8.6E-7 
7.1E-7 
6.9E-7 
7.2E-7 
8.OE-7 
8.8E-7 
8.8E-7 
7.4E-7 
6.1E-7 
4.4E-7 

Super Y 

1.2E-8 
1.8E-8 
1.5E-8 
1.5E-8 
1.6E-8 
1.9E-8 
2.5E-8 
2.9E-8 
4.2E-8 
6.6E-8 
1 .OE-7 
1.7E-7 
2.4E-7 
3.2E-7 
4.1E-7 

TABLE 9.7. Se lec ted  Fecal  E x c r e t i o n  F a c t o r s 2 5 ~ p r p $ s ~ d c ~ s  a 
F r a c t i o n  o f  Acute I n h a l a t i o n  o f  Pu ' ' 

Days Post  
I n t a k e  

0 
1 
2 
5 
7 

14 
3 0 
60 
9 0 

180 
365 
730 

1,825 
3,650 
7,300 

18,250 

Class W 
Lunq 

0. OEtO 
1.1E-1 
1.3E-1 
2.4E-2 
6.4E-3 
1.2E-3 
9.6E-4 
6.3E-4 
4.2E-4 
1.3E-4 
1.4E-5 
2.5E-6 
1.6E-6 
1.5E-6 
1.4E-6 
1.OE-6 

Class Y 
Lunq 

0. OEtO 
1.3E-1 
1.6E-1 
2.5E-2 
5.5E-3 
1.7E-4 
1.3E-4 
1.3E-4 
1.2E-4 
1.3E-4 
8.5E-5 
5.1E-5 
1.2E-5 
1.4E-6 
6.2E-7 
4.4E-7 

Super Y 
Lunq 

0. O E t O  
1.3E-1 
1.8E-1 
2.5E-2 
5.5E-3 
1.7E-4 
1.3E-4 
1.3E-4 
1.2E-4 
l. lE-4 
8.4E-5 
5.1E-5 
l . l E - 5  
l . l E - 6  
3.2E-7 
4.1E-7 

(a )  Assumes l-pm-AMAD p a r t i c l e  s i z e .  
(b)  Fac to r s  a l s o  app l y  t o  comparably l o n g  h a l f - 1  i f e  

i sotopes o f  p l  u t o n i  um. 
( c )  Assumes 50% o f  e x c r e t i o n  f rom systemic organs 

i s  v i a  feces .  



TABLE 9.8. 238~u Dose Conversion Factors 

Dose Conversion Factors, 
rem/nCi -dav 

Tarqet Orqan Source Orqan Tissue Weiqhted 

Lung Lung 5.62E-3 
Bone surface Bone surface 1.17E-2 
Red marrow Bone surface 9.44E-4 
Liver Liver 3.17E-3 
Gonads Gonads 1.64E- 1 

Gut 1.13E-4 
S I 7.07E-5 
ULI 1.28E-4 
LLI 2.08E-4 

(a) SI = small intestine. 
(b) ULI = upper large intestine. 
(c) LLI = lower large intestine. 

TABLE 9.9. 239~u and/or 240~u Dose Conversion ~actors(~) 

Dose Conversion Factors, 
rem/nCi -dav 

Tarset Orqan Source Orsan Tissue Weiqhted 

Lung Lung 5.37E-3 
Bone surface Bone surface 1.03E-2 
Red marrow Bone surface 8.81E-4 
Liver Liver 2.98E-3 
Gonads Gonads 1.53E-1 

:;tb) 
Gut 1.06E-4 
S I 6.62E-5 

ULI (C) ULI 1.18E-4 
LLI(~) LLI 1.96E-4 

(a) 239~u and 240~u are dosimetricall y equivalent, thus 
these factors can be used for the pure isotopes or the 
combined isotopes. 

(b) SI = small intestine. 
(c )  ULI = upper large intestine. 
(d) LLI = lower large intestine. 



TABLE 9.10. 2 4 1 ~ ~  Dose Conversion Fac to r s  

Tarqe t  Orqan 

Lung 
Bone s u r f a c e  
Red marrow 
L i v e r  
Gonads 

Source Orqan 

Lung 
Bone s u r f a c e  
Bone s u r f a c e  
L i v e r  
Gonads 
Gut 
S I 
ULI  
L L I  

Dose Conversion Fac to rs ,  
rem/nCi-day 

T issue  Weiqhted 

3.92E-7 4.70E-8 
8.14E-7 2.44E-8 
6.51E-8 7.81E-9 
2.18E-7 1.31E-8 
1.12E-5 2.81E-6 
5.40E-7 3.24E-8 
3.37E-7 2.02E-8 
6.11E-7 3.66E-8 
9.99E-7 5.99E-8 

(a) S I  = smal l  i n t e s t i n e .  
(b) ULI  = upper l a r g e  i n t e s t i n e .  
(c )  L L I  = l o w e r  l a r g e  i n t e s t i n e .  

TABLE 9.11. 2 4 1 ~ m  Dose Conversion Fac to rs  

Dose Conversion Fac to rs ,  
rem/nCi-day 

Tarqe t  Orqan Source Orqan T issue  Weiqhted 

Lung Lung 5.70E-3 
Bone s u r f a c e  Bone su r f ace  1.17E-2 
Red marrow Bone su r f ace  9.36E-4 
L i v e r  L i v e r  3.17E-3 
Gonads Gonads 1.63E-1 

Gut 1.17E-4 
S I 7.29E-5 
ULI  1.30E-4 
L L I  2.16E-4 

(a)  S I  = smal l  i n t e s t i n e .  
(b) UL I  = upper l a r g e  i n t e s t i n e .  
( c )  L L I  = l o w e r  l a r g e  i n t e s t i n e .  

t h e  2 4 1 ~ u  dose e q u i v a l e n t  f a c t o r ,  whereas 2 4 1 ~ r n  t h a t  e x i s t e d  a t  t h e  t i m e  o f  

i n t a k e  i s  t r e a t e d  separate1 y as pure  2 4 1 ~ m ,  b u t  hav ing  t h e  t r a n s p o r t a b i  1  i t y  

c h a r a c t e r i s t i c s  o f  t h e  h o s t  m a t r i x .  

The f a c t o r s  i n  Tables 9.12 th rough 9.15 were used i n  c o n j u n c t i o n  w i t h  

t h e  re fe rence  i s o t o p e  m i x t u r e s  d e f i n e d  i n  Sec t i on  9.1 t o  d e r i v e  i n t a k e  dose 

e q u i v a l e n t  f a c t o r s  f o r  t h e  r e f e r e n c e  m ix tu res ,  which a re  t a b u l a t e d  i n  



TABLE 9.12. 2 3 8 ~ u  Acute I n t a k e  Dose Equ iva len t  ~ a c t o r s ( ~ )  
f o r  F i r s t - Y e a r  and 50-Year Committed Doses 

Tissue 

E f f e c t i v e  

F i  r s t - y e a r  

50-year 

Lung 

F i r s t  - year  

50-year 

Bone sur face 

F i r s t  - year  

50-year 

Red marrow 

F i r s t - y e a r  

50-year 

L i v e r  

F i r s t - y e a r  

50-year 

Gonads 

F i r s t  -year  

50-year 

Transport  
I n j e c t i o n  ? 1nhal a t i o n ( c )  

Class W Class Y S u ~ e r  Y 

2.OE-2 3.2E-2 3.2E-2 

4. OE- 1 2.9E-1 4.6E-1 

(a) U n i t s  a re  rem/nCi o f  acute i n take .  
(b)  Assumes a1 1 p l  u t o n i  urn i s r e a d i  1 y t ranspor tab l  e . 
(c )  Assumes l-pm-AMAD p a r t i c l e  s i ze .  
(d) Not appl i cab1 e. 



TABLE 9.13. 2 3 9 ~ u  and/or 2 4 0 ~ u  Acute I n t a k e  Dose Equ i va len t  ~ a c t o r s ( ~ )  
f o r  F i r s t - Y e a r  and 50-Year Committed Doses 

T ranspo r t  ?'Ie c l a s s  W 
1nhal a t i o n ( c )  

T issue  1n. iect i  on Class Y Super Y 

E f f e c t i v e  

Lung 

F i r s t - y e a r  N A ( ~ )  6.4E-2 2.5E-1 2.5E-1 

50-year N A ( ~ )  6.4E-2 1.2EtO 3.4EtO 

Bone su r f ace  

F i r s t  - year  2. OEtO 2.1E-1 1.4E-2 5.5E-4 

50-year  7.2E+1 8.6EtO 3.4EtO 1.6EtO 

Red marrow 

F i r s t - y e a r  1.6E-1 1.7E-2 l . l E - 3  4.4E-5 

50-year 5.8EtO 6.9E-1 2.7E-1 1.3E-1 

L i v e r  

F i r s t  - year  3.2E-1 3.5E-2 2.3E-3 8.9E-5 

Gonads 

F i r s t  - year  1.9E-2 2.1E-3 1.4E-4 5.4E-6 

(a)  U n i t s  a r e  rem/nCi o f  acu te  i n t a k e .  
(b)  Assumes a l l  p l u ton ium i s  r e a d i l y  t r a n s p o r t a b l e .  
( c )  Assumes l-pm-AMAD p a r t i c l e  s i ze .  
(d)  Not appl  i cab1 e. 



TABLE 9.14. 2 4 1 ~ u  Acute Intake Dose Equivalent ~ a c t o r s ( ~ )  
fo r  First-Year and 50-Year Committed Doses 

Tissue 

Effective 

Fi r s t  -year 

50-year 

Lung 

F i r s  t -year 

50-year 

Bone surface 
Firs t-year  

50-year 

Red marrow 

Fi r s t  -year 
50-year 

Liver 

Fi rs t-year  

50-year 
Gonads 

Fi rs t-year  
50-year 

Transport 
Injection ?ele Class W 

1nhal at ion(^) 
Class Y Super Y 

(a) Units e rem/nCi of 2 4 1 ~ u  fo r  acute intake; includes contribution 
from 2''Am i ngrowth . 

(b) Assumes a l l  plutonium i s  readily transportable. 
(c )  Assumes l-pm-AMAD pa r t i c l e  s i ze .  
(d )  Not appl i cab1 e .  



TABLE 9.15. 241~m Acute Intake Dose Equivalent ~actors(~) 
for First-Year and 50-Year Committed Doses 

Tissue 

Effective 
Fi rst-year 
50-year 

Lung 
Fi rst-year 
50-year 

Bone surface 
Fi rst-year 
50-year 

Red marrow 
First -year 
50 -year 

Liver 

Fi rst-year 
50 -year 

Gonads 
Fi rst-year 
50-year 

Transport 
Injection 

1nhal at ion(^) 
Class W Class Y Su~er Y 

(a) Units are rem/nCi of 241~m of acute intake. 
(b) Assumes all plutonium is readily transportable. 
(c) Assumes l-pm-AMAD particle size. 
(d) Not applicable. 



Tables 9.16 through 9.19. The reference mixture first-year dose equivalent 
factors are subsequently used in Section 9.4 to describe the bioassay monitor- 
ing capability for inhalation intakes. 

Intake dose equivalent factors have not been provided for ingestion 
intakes, because historically ingestion has not been considered a significant 
mode of occupational exposure, due to extremely low GI tract uptake of pluto- 
nium. If an ingestion intake occurs, the dose to organs of the GI tract can 
be calculated using the GENMOD code. 

9.3.4 Cumulative Dose Equivalents 

The cumulative dose equivalent from an intake through various times post 

intake is frequently of interest with regard to tenaciously retained radio- 
nuclides. The most commonly referenced cumulative dose is the committed dose 
equivalent through a 50-year period following an intake. The cumul ative 
effective dose equivalents (expressed as a percentage of the 50-year committed 
effective dose equivalent) through various times post intake are shown in 

Table 9.20 for 239~u class W ,  Y, and super Y inhalation intakes. Cumulative 
dose equivalents for other forms of plutonium or other time intervals can be 
readily obtained from the GENMOD computer code. 

The ICRP 30 ALIs are 5.4 nCi (class W )  and 14 nCi (class Y) for 238~u, 
239~u, 240~u, and 241~m. For Z41~u, the ALIs are 270 nCi (class W) and 
540 nCi (class Y). These ALIs are based on a 50-year committed dose equiv- 
alent to the bone surfaces of 50 rem. 

9.4 BIOASSAY MONITORING 

This section discusses the general techniques and applicability of bio- 
assay monitoring and describes the capabilities of excreta sample bioassay and 
in vivo measurements. Recommendations are also provided for routine bioassay 
monitoring for pl utoni um. 

9.4.1 General Techniques and A~plicabilitv 

Bioassay monitoring for plutonium can be provided by both radiochemistry 
analysis of excreta and direct in vivo measurements. The application of these 



TABLE 9.16. Acute Ip@ke Dose Equ i va len t  Factors ,  ( a )  Fresh 6% P l  u t o n i  um 
M i x t u r e  F i r s t - Y e a r  and 50-Year Committed Doses 

T issue  

E f f e c t i v e  

F i  r s t - y e a r  

50-year 

Lung 

F i r s t  - year  

50 - year  

Bone su r f ace  

F i r s t  - year  

50-year 

Red marrow 

F i r s t  - year  

50 - year  

L i v e r  

F i r s t  - year  

50-year 

Gonads 

F i r s t  - year  

50-year 

T ranspo r t  
1n. iect ion tkI 

2. OEtO 

8.6Et1 

I n h a l  a t i o n ( c )  
Class W Class Y S u ~ e r  Y 

6.4E-2 2.5E-1 2.5E-1 

6.5E-2 1.3EtO 4. OEtO 

2.2E-1 1.4E-2 5.6E-4 

1 .OEtl 4.1EtO 2. O E t O  

( a )  Uni$a0are rem/nCi o f  t o t a l - a 1  o f  acu te  i n t a k e .  
(b)  6% Pu, aged 2 weeks a f t e r  "'Am sepa ra t i on .  
( c )  Assumes l-pm-AMAD p a r t i c l e  s ize .  
(d )  Assumes a1 1 p l u t o n i u m  i s  r e a d i l y  t r a n s p o r t a b l e .  
(e)  Not  appl  i cab1 e. 



TABLE 9.17. 
Acute IYbf 

ke Dose Equivalent Factors, (a) Aged 6% Pl utoni um 
Mixture First-Year and 50-Year Committed Doses 

Tissue 

Effective 

First-year 

50-year 

Lung 

First-year 

50-year 

Bone surface 

First -year 

50-year 

Red marrow 

First-year 

50-year 

Liver 

First-year 
50-year 

Gonads 

First-year 
50-year 

Transport 
Injection Class W 

Inhal at ion(^) 
Class Y Super Y 

(a) Uni are rem/nCi of total-alga? for acute intake. 
(b) 6% 'IqOu, aged 5 years after Am separation. 
(c) Assumes l-pm-AMAD particle size. 
(d) Assumes all plutonium is readily transportable. 
(e) Not appl i cab1 e. 



TABLE 9.18. Acute I ke Dose Equ iva len t  ~ a c t o r s , ( ~ )  Fresh 12% Plutonium !kt M i x t u r e  F i r s t - Year  and 50-Year Committed Doses 

Tissue 

E f f e c t i v e  

F i r s t - y e a r  

50-year 

Lung 

F i r s t  - year  

50-year 

Bone sur face 

F i r s t - y e a r  

50-year 

Red marrow 

F i r s t - y e a r  

50-year 

L i v e r  

F i r s t  -year  

50 -year  

Gonads 

F i  r s t - y e a r  

50-year 

Transport  
I n j e c t i o n  $Ie Class W 

I nha l  a t i o n ( c )  
Class Y S u ~ e r  Y 

2.4E-3 9.4E-5 

6. OE- 1 3.5E-1 

-- - 

(a )  Un i tq4gre  rem/nCi o f  t o t a l - a l p $ t l f o r  acute i n take .  
(b) 12% Pu, aged 2 weeks a f t e r  Am separat ion.  
(c )  Assumes l-pm-AMAD p a r t i c l e  s i ze .  
(d) Assumes a l l  p lu ton ium i s  r e a d i l y  t ranspor tab le .  
(e) Not appl i cab1 e. 



TABLE 9.19. 
Acute IYbf ke Dose Equi val en t   actors , (a )  Aged 12% Pl  uton i urn 
Mixture First-Year and 50-Year Committed Doses 

Tissue 

Effective 

First -year 

50-year 

Lung 

Firs t-year  

50 -year 
Bone surface  

F i r s t - year  

50-year 

Red marrow 

F i r s t  -year 
50-year 

Liver 

F i r s t - year  

50 -year 
Gonads 

F i r s t  -year 

50 -year 

Transport 
In ject ion Class W 

1nhal at ion(^) 
Class Y Super Y 

(a )  U n i t  r e  rem/nCi of t ~ t a l - a l p p $ ~ f o r  acute intake.  
( b )  12% 14'Pu, aged 5 years  a f t e r  Am separation.  
(c )  Assumes l-pm-AMAD p a r t i c l e  s i z e .  
(d)  Assumes a l l  plutonium i s  read i ly  t ranspor table .  
( e )  Not applicable.  



TABLE 9.20. Cumulative Effect ive  Dose Equivalent f o r  2 3 9 ~ u  Intakes 
(expressed as percentage of 50-year committed dose) 

Cumul a t  i  ve Ti me 
Post Intake Inhalat ion Intake 

days years Class W Class Y Super Y 

techniques,  and the  i n t e rp r e t a t i on  of the  resu l t ing  da ta ,  a r e  highly dependent 

upon the  type of plutonium t o  which a worker may be exposed. 

Although the  ICRP considers plutonium t o  be an inhala t ion c l a s s  W o r  Y 

compound, subs tan t ia l ly  more and l e s s  t ranspor table  forms have apparently been 

observed in past Hanford cases.  For t h i s  reason, bioassay guidance has been 

developed f o r  readi ly  t ranspor table ,  c l a s s  W ,  Y, and super Y compounds. The 

r ead i l y  t ranspor table  form i s  assumed t o  behave as a d i r e c t  in jec t ion  of 

plutonium in to  the  t r an s f e r  compartment. The c l a s s  W and Y forms a re  assumed 

t o  behave according t o  the ICRP 30 resp i ra to ry  t r a c t  model. The super Y form 

i s  defined as being ident ica l  t o  c l a s s  Y with respect  t o  compartment deposi-  

t i on  f r ac t i ons ,  however the  t ranspor t  r a t e  from lung t o  blood (lung compart- 

ments a ,  c ,  e ,  and i )  have been adjusted f o r  a re ten t ion  half- t ime of 10,000 

days. 

9 . 4 . 2  Urine Sam~l  e B i  oassav 

Urine sample analys is  i s  t he  standard technique f o r  confirming and eval-  

uating the  magnitude of uptakes. Uptake i s  required in order f o r  material t o  

be excreted by the  urine pathway. I t  can a l so  be used f o r  est imating 



inhalation intakes and i n i t i a l  lung burdens of slowly transportable compounds; 

however, fecal samples and in vivo measurements are usually the preferred 

techniques. 

To reach the urine, plutonium must f i r s t  reach the t ransfer  compartment 

(blood) in a soluble (dissolved) form, from which i t  can then be removed by 

the kidneys through normal metabol i c  processes. Insoluble material in the 

t ransfer  compartment i s  assumed not t o  be excreted by the urine pathway unt i l  

i t  has been dissolved. 

In reviewing urine sample r e su l t s ,  anomalous resu l t s  could be indicat ive 

of urine contamination from external sources (hands, sample container,  c loth-  

ing). Caution needs to  be exercised when samples are obtained from external ly  

contaminated workers. 

The typical urine sampling practice i s  t o  col lect  a urine sample over a 

specified time interval and perform a chemical separation fo r  plutonium. This 

technique i s  f o l l  owed by electroplat ing and quantitative a1 pha spectrometry. 

The f ina l  r e s u l t s  are reported as 2 3 8 ~ u  and 2 3 9 ~ u .  The reported 2 3 9 ~ u  r e su l t  

i s  actual ly  the sum of the measured 2 3 9 + 2 4 0 ~ u ,  because the alpha spectrometry 

system does not have the capabi l i ty  t o  d i f fe rent ia te  between the alpha ener- 

g ies  f o r  2 3 9 ~ u  and 2 4 0 ~ u  decay emissions. This does not pose a s igni f icant  

problem because the dosimetry fo r  the two isotopes i s  essent ia l ly  the same. 

When considering the to ta l  plutonium-alpha ac t iv i ty  of a sample, i t  i s  impor- 

t an t  t o  combine the 2 3 8 ~ ~  with the 2 3 9 ~ ~  resu l t s .  

Prior to  October 1983, an autoradiography procedure was used instead of 
the electroplating/alpha spectrometry procedure. This autoradiography proce- 
dure actual ly  measured the to ta l  plutonium-alpha ac t iv i ty ,  which was reported 
as 2 3 9 ~ u .  This point should be remembered when comparing sample r e su l t s  and 
may help account fo r  potential s h i f t s  in long-term data trends. 

The reported detection levels  fo r  his tor ical  urine sample analysis 

procedures a t  various times are  shown in Table 9.21. The method used t o  

define the detection level has changed over time, so the values in Table 9.21 

are  not s t r i c t l y  comparable with each other. 



TABLE 9.21. Detection Limits f o r  Routine Hanford Analyses 
of Plutonium in Urine 

Time Period 

Pr ior  t o  June 1949 

June 1949 t o  Dec. 1952 

Dec. 1952 t o  01/28/53 

01/28/53 t o  03/27/53 

03/27/53 t o  11/07/53 

11/07/53 t o  12/04/53 

12/53 t o  05/55 

05/55 t o  09/55 

09/55 t o  10/55 

10/55 t o  10/01/83 

10/01/83 t o  12/31/83 

12/31/83 t o  present 

Detection Limit, 
dpm/rout i  ne s a m ~ l  e 

( a )  During par t  of t h i s  period, r e s u l t s  t ha t  
were l e s s  than the  detect ion l i m i t  were 
reported as 0.025. 

Speci a1 rapid analyt ical  procedures a re  avai 1 able fo r  speci a1 circum- 

stances.  These procedures can be executed and r e s u l t s  obtained in subs tan t i -  

a l l y  shor ter  times than t he  rout ine  procedure, b u t  they are  l e s s  sens i t ive .  

Their use i s  primarily f o r  d iagnost ic  bioassay of suspected in ternal  contam- 

inat ion re la ted  t o  unplanned exposures ( i nc iden t s ) .  The decision t o  use such 

procedures involves considering the  probabi l i ty  and potential  magnitude of the  

exposure. The detect ion l i m i t s  f o r  plutonium in urine (based on t he  FY 1989 

contractual  requirements) a re  l i s t e d  in Table 9.22. 

9.4.3 Fecal Sample Bi oassav 

Fecal samples a r e  useful f o r  confirming and evaluating suspected inhal a- 

t ion  and ingestion exposures. The sample r e s u l t s  can be used in conjunction 

with the  ICRP 30 resp i ra to ry  t r a c t  model t o  est imate the  magnitudes of intakes 

and i n i t i a l  lung deposit ions as  a bas is  f o r  lung dose assessment. They can 



TABLE 9.22. Contractual Detection Levels for Plutonium in Urine 
During FY 1989, dpm/sample 

Cateqorv of ~nalvsis(~) 
Isotope Routine Priori tv Exped i t e Emerqenc y 

238~u 0.02 0.02 0.08 0.5 
239+24OPu 0.02 0.02 0.08 0.5 

241~u NA( b, 2 4 20 
241~m 0.02 0.02 0.08 1 

(a) Categories refer to different options for sensitivity 
and turnaround time. 

(b) Not appl i cab1 e. 

also be used as checks on urine-based estimates of presystemic deposition. In 

addition, fecal samples can provide radionuclide identification data and iso- 

tope ratios. Fecal samples are of primary value immediately following a 

suspected intake, when material is rapidly clearing the respiratory and GI 
tracts. They may also be of value at long times post intake as an aid to 
estimating residual lung burdens and isotope ratios, however substantial 

uncertainties exist for such applications. 

Most fecal excretion following an intake occurs shortly after the 

intake. According to the ICRP 30 respiratory tract model, approximately 

one-half (4877) of an intake of class Y plutonium (l-pm-AMAD particle size) 
would be excreted in the first 5 days following intake. Additional long-term 
clearance from the lung by the fecal pathway would total approximately 10% of 
the intake, excreted at the fractional biological clearance rate of 
0.0014/day. 

Additional fecal excretion comes via the biliary pathway. This pathway 

represents fecal exc'retion from systemic deposition. While the magnitude of 

this pathway relative to the urine pathway has been investigated, it is not 

recommended that fecal excretion be used for evaluating systemic deposition. 

The primary reason for this is the interference that can be caused by very 

sl ight acute or chronic inhalation or ingestion exposures and the uncertainty 
of the magnitude of the biliary excretion relative to urinary excretion. 



There is no way to differentiate the source of fecal excretion (lung clear- 
ance, ingestion, or bile) when interpreting fecal sample results. For the 
purpose of modelling systemic excretion, it is assumed that systemic excretion 
is evenly distributed between the urine and bi 1 i ary excretion pathways. 

The compl ications of interpreting long-term fecal excretions do not rule 
out their potential value, particularly if certain conditions can be met 
regarding their collection; notably, lack of potential additional exposure 
immediately prior to collection of the sample and collection of more than one 
sampl e. 

Multiple fecal samples are recommended if the data are critical for an 
evaluation. Normal daily fecal excretion rates vary greatly from those of 
ICRP 23 (1974) Reference Man and can be offset to some extent by collecting 
consecutive samples and averaging the results. Additional information on 
fecal sample interpretation is provided in Appendix E. 

The 1 aboratory pl utoni um analysis procedure for fecal samples involves 
wet ashing, dry ashing, chemical separation of plutonium, followed by el ectro- 

plating and alpha spectrometry using a 242~u tracer to determine yield. The 
1 

presence of 241~u is determined by liquid scintillation counting of the sep- 
arated plutonium. The detection levels for the plutonium in feces analyses 
(based on the FY 1989 contractual capabilities) are shown in Table 9.23. 

TABLE 9.23. Contractual Detection Levels for Plutonium 
in Feces During FY 1989, dpm/sample 

Cateqory of ~ n a l  vsi s(~) 
Priori tv Ex~edi te Emerqencv 

(a) Categories refer to different options for sensitivity 
and turnaround time. 

9.31 



9.4.4 I n  Vivo Measurement 

A v a r i e t y  o f  i n  v i v o  measurement techniques i s  a v a i l a b l e  a t  t h e  Hanford 

IVRRF (see Table 9.24). Most o f  these procedures i n v o l v e  measurement o f  t h e  

60-keV photons f rom t h e  241~m present  as an ingrown i m p u r i t y  i n  a p l  utonium 

m ix tu re .  D i r e c t  measurement o f  t h e  17-keV p lu ton ium L x- rays  i s  poss ib le ,  b u t  

t h e  s e n s i t i v i t y  o f  t h e  measurement i s  n o t  adequate t o  d e t e c t  most i n t e r n a l  

organ depos i t i ons .  D i r e c t  measurement o f  p lu ton ium i n  wounds i s  a l s o  f e a s i b l e  

and commonly used. 

TABLE 9.24. S e n s i t i v i t i e s  o f  Typica n Vivo Measurements f o r  
P l  utonium and Americium 14 

Minimum Detec tab le  A c t i v i t v ,  nCi 

qit I n f e r r e f b )  Measurement P U - a l ~ h a  2YJ;:@) 29Q;:fE) 

Chest counts 

1000 s 

2000 s 

Skel e ton  burden 

Head count 

3000 s 

L i v e r  count  (2000 s)  

Wound count (600 s) 

E D F ( ~ )  system 

W B C ( ~ )  system 

Upper e x t r e m i t y  

lymph nodes 

Scanning l u n g  count 

0.01 0.15 0.4 

0.0015 0.023 0.09 

(be i  ng devel oped) 

(being devel oped) 

(a)  Based on Table 7.1 o f  t h e  Whole Body Counting Manual (Palmer e t  a1 . 
1990) . 

(b )  Based on 15 : l  p lu ton ium-a lpha t o  2 4 1 ~ m  a c t i v i t y  r a t i o .  
( c )  Based on 17.0-keV and 20.4-keV x rays  and a 3-cm chest  w a l l  t h i ckness .  
(d )  EDF = Emergency Decontamination F a c i l i t y .  
(e )  WBC = Whole Body Counter. 



Because of the relative insensitivity of direct in vivo plutonium meas- 
urement techniques at low levels (other than for wounds), the presence of 
plutonium is inferred by detection of 241~m. Estimation of the amount of 

plutonium must be made using known or assumed isotope ratios. Such ratios may 

be obtained from workplace data (smear samples, air samples, etc.), inferred 
from excreta data (recognizing that fecal or urine samples may be biased by 

different clearance rates from the body), or from assumptions regarding mate- 
rial composition based on the facility and process involved. 

The following subsections briefly describe the types of in vivo measure- 

ments available at the Hanford IVRRF. Nominal sensitivities for these meas- 

urements are summarized in Table 9.20. Further discussion of these 

measurement techniques can be found in the Whole Body Counting Manual (Palmer 

et al. 1990). 

Chest Counts 

Chest counting is a standard measurement technique used for monitoring 

plutonium workers. A count is performed by placing planar germanium detectors 
over the subject's chest. 

Because of the potential impact of chest wall thickness on measurement 

sensitivity, measurement corrections are made on all workers based on a 
height-to-weight ratio. In addition, measurements on workers with known depo- 

sitions will usually be corrected based on direct measurement of chest wall 

thickness using ultrasound techniques. Chest measurement results may not rep- 
resent actual lung burdens unless they have been corrected for interference 
from activity deposited in other organs (notably the skeleton). When such a 
correction has been made the result is more correctly referred to as a lung 
burden estimate rather than a chest count result. Lacking such corrections, 
chest measurement results may conservatively be assumed to represent lung 
burdens. 

The typical minimum detectable lung burden, assuming a 3-cm chest wall 

thickness, is 0.26 nCi of 241~m for a 1000-second count, and 0.18 nCi for a 
2000-second count. 



Head Counts (Skeleton Burdens1 

Head counts are performed using two planar germanium detectors and a 

3000-second counting time. The results of the head count are extrapolated to 

an estimate of the total quantity retained in the skeleton using a human skel- 

eton calibration phantom. Head counts will usually be performed when chest 

counts show detectable activity to determine if modification for skeleton 

activity is needed. Head counts can also be used as a check on urine-based 

systemic deposition estimates. 

The typical MDA in the skeleton, as determined by head counting, is 

0.36 nCi of 241~m. 

Liver Counts 

Liver counts provide a direct estimate of activity in the liver based on 

the Livermore calibration phantom (Griffith et al. 1978). These counts are 
primarily used for long-term follow-up and as a check on urine-based systemic 

deposition estimates. They also provide a check on the assumptions used in 

the computer codes for calculating annual and committed dose equivalents. The 

counting time is 2000 seconds. 

The MDA for a typical 1 iver count is 0.15 nCi of 241~m. 

Wound Counts 

Wound counts can directly measure plutonium and americium using a single 
planar germanium detector. Wound counts can be performed either at the Emer- 
gency Decontamination Facility (EDF) or at the IVRRF. The detection equipment 
is similar at both facilities, however MDAs are substantially better at the 
WBC due to the use of shielded counting rooms. Counts at either facility are 
typically 600-seconds long. 

Directly measured MDAs are typically 0.01 nCi of 241~m and 0.4 nCi of 

239~u at the EDF, and 0.0015 nCi of 241~m and 0.09 nCi of 239~u at the WBC. 

The 239~u results can be significantly underestimated if the activity is 
deeply embedded in tissue. 



Upper Extremity Lymph Node Counts 

The upper extremity lymph nodes are  potential deposition s i t e s  for  non- 
transportable or slowly transportable material deposited in extremity wounds. 

These nodes include the supratracular lymph nodes located near the elbow and 

the axil 1 ary lymph nodes located near the armpit. The nodes are counted by 
placing planar germanium detectors in the lymph node region. Activity depos- 

i ted  in the axi l lary lymph nodes has the potential fo r  interfer ing with chest 

count resu l t s .  Precise cal ibrat ions f o r  these counts are  s t i l l  under 

devel opment . 
Scanninq Lunq Counts 

Scanning lung counts are  used to  determine the dis t r ibut ion of ac t iv i ty  
deposited in the lung. By a se r i e s  of counts, the extent t o  which ac t iv i ty  i s  

deposited in the tracheal -bronchial region (including the lymph nodes) and the 

l e f t  and r ight  pulmonary regions can be reasonably determined. The resu l t s  of 

these counts are  not l ike ly  t o  a f fec t  lung dose estimates, except t o  the 

extent that  they shed l igh t  on the nature of the deposition and potential lung 

dynamics. The calibration for  these counts i s  s t i l l  under development. 

Results may be expressed as the percentage of to ta l  1 ung ac t iv i ty  in a given 
counting region. 

9.4.5 Bioassay Monitorinq Capability 

The bioassay monitoring capabi l i ty  for  plutonium can be discussed as the 

intake or dose associated with an MDA bioassay measurement a t  some time post 
intake. Analyses of the f i r s t -yea r  and 50-year effect ive dose equivalents 
have been performed for  fresh 6% and aged 12% reference plutonium mixtures 
using two bioassay methods, 2 3 9 ~ u  in urine and in vivo 2 4 1 ~ m  lung counting. 

To determine the capabili ty of bioassay of plutonium by urine analysis,  
the intakes of 2 3 9 ~ u  associated with minimum detectable urine analysis resu l t s  
were calculated for  transportable inject ion,  and c lass  W ,  Y, and super Y 

inhalations.  These intakes are given in Table 9.25. Based on the ac t iv i ty  

r a t io s  described in Section 9.1, the plutonium-alpha intake was estimated for  

fresh 6% and aged 12% reference plutonium mixtures, and the f i r s t - y e a r  and 

50-year committed effect ive dose equivalents were calculated using the factors  



TABLE 9.25. Acute 2 3 9 ~ ~  In take  Associated w i t h  the  Minimum 
Detectable A c t i v i t y  Ur ine  Bioassay Measurement 
(MDA = 0.02 dpm/day) 

2 3 9 ~ u  Intake.  nCi 
Days Post Transportabl e I n h a l a t i o n  

I n t a k e  I n j e c t i o n  Class W Class Y Super Y 

o f  Tables 9.16 and 9.19. The r e s u l t s  are summarized i n  Tables 9.26 through 

9.29 and g r a p h i c a l l y  presented i n  F igures 9.5 through 9.9. 

The c a p a b i l i t y  o f  bioassay by i n  v i v o  chest count ing was c a l c u l a t e d  

assuming t h e  presence o f  t h e  MDA o f  2 4 1 ~ m  i n  t h e  lung (0.18 nCi)  a t  a g iven 

t ime  post  i n t a k e .  Based on a c t i v i t y  r e l a t i o n s h i p s  f o r  f resh  6% and aged 

12% re ference p lu ton ium mixtures,  t h e  corresponding in take  o f  each m i x t u r e  was 

c a l c u l a t e d  and t h e  f i r s t - y e a r  and 50-year committed e f f e c t i v e  dose equiva- 

l e n t s  were c a l c u l a t e d  us ing  t h e  f a c t o r s  o f  Tables 9.16 and 9.19. The r e s u l t s  

a re  summarized i n  Tables 9.30 through 9.33 and g r a p h i c a l l y  presented i n  

F igures 9.9 through 9.12. 

9.4.6 Recommended Bioassay Moni to r inq  Proqram 

The recommended bioassay mon i to r i ng  program f o r  p lutonium i s  t o  per form 

annual i n  v i v o  l u n g  measurements and annual p lu ton ium- in-ur ine  assessments. 

These recommendations do no t  p rov ide  t h e  h igh  degree o f  s e n s i t i v i t y  f o r  



TABLE 9.26. P o t e n t i a l l y  Undetected F i r s t - Y e a r  E f f e c t i v e  Dose 
Equ i va len t  (rem) f o r  a  S i n g l e  Acute I n t a k e  o f  Fresh 
6% Reference Plu$,~gium M i x t u r e  Based on an MDA o f  
0.02 dpm/day o f  Pu Detected i n  U r i ne  

Mode o f  I n t a k e  
Days Post T ranspor tab l  e  I n h a l a t i o n  

I n t a k e  I n j e c t i o n  Class W Class Y Super Y 

TABLE 9.27. P o t e n t i a l l y  Undetected 50-Year Commi.tted E f f e c t i v e  Dose 
Equ i va len t  (rem) f o r  a  S i n g l e  Acute I n t ake  o f  Fresh 6% 
Reference P l u t o n i y y  M i x t u r e  Based on an MDA o f  
0.02 dpm/day o f  Pu Detected i n  U r i n e  

Mode o f  I n t a k e  
Days Post T ranspor tab l  e  I n h a l a t i o n  

I n t a k e  1n. iect ion Class W Class Y Super Y 



TABLE 9.28. P o t e n t i a l l y  Undetected F i r s t - Year  E f f e c t i v e  Dose Equivalent  
(rem) f o r  a S ing le  Acute In take o f  Aged 12% Reference 
Plujggium Mix ture  Based on an MDA o f  0.02 dpm/day 
o f  Pu Detected i n  Ur ine  

Mode o f  I n take  
Days Post Transportabl e I n h a l a t i o n  

In take  1n.iection Class W Class Y S u ~ e r  Y 

TABLE 9.29. P o t e n t i a l l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equivalent  (rem) f o r  a S ing le  Acute In take  o f  Aged 12% 
Reference P lu ton i yq  Mix ture  Based on an MDA o f  
0.02 dpm/day o f  Pu Detected i n  Ur ine 

Mode o f  I n take  
Days Post Transportable Inha l  a t i o n  

In take  1n.iection Class W Class Y S u ~ e r  Y 



Days Post Intake 
R8812094 009 5 1 

FIGURE 9.5. P o t e n t i a l l y  Undetected F i r s t - Y e a r  E f f e c t i v e  Dose Equ i va len t  
(rem) f o r  a  S i n g l e  Acute I n t a k e  o f  Fresh 6% Reference 
Jjlytonium M i x t u r e  Based on an MDA o f  0.02 dpm/day o f  

Pu Detected i n  U r i n e  



Class Y 

Transportable Injection 

Transportable Injection 

Days Post Intake 
R881209401451 

FIGURE 9.6.  P o t e n t i a l l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equivalent (rem) f o r  a Single Acute In take  o f  Fresh 6% 
Reference Plutoniyg Mix ture  Based on an MDA o f  
0.02 dpm/day o f  Pu Detected i n  Ur ine 



Days Post Intake R8812094 008 51 

FIGURE 9.7. P o t e n t i a l l y  Undetected F i r s t - Year  E f f e c t i v e  Dose Equivalent 
(rem) f o r  a S ing le  Acute In take  o f  Aged 12% Reference239 
Plutonium Mixture Based on an MDA o f  0.02 dpm/day o f  Pu 
Detected i n  Urine 



l o 2  , 
Super Y 

Class Y 

Transportable Injection 

Transportable Injection 

Days Post Intake 

FIGURE 9.8. P o t e n t i a l l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equivalent  (rem) f o r  a S ing le  Acute In take o f  Aged 12% 
Refygjnce Plutonium Mix ture  Based on an MDA o f  0.02 dpm/day 
o f  Pu Detected i n  Ur ine 



TABLE 9.30. P o t e n t i a l l y  Undetected F i r s t - Y e a r  E f f e c t i v e  Dose E q u i v a l e n t  
(rem) f o r  a S i n g l e  Acute  I n t a k e  o f  Fresh 6% R e f e r ~ f l e  
P l u t o n i u m  M i x t u r e  Based on an MDA o f  0.18 nCi o f  Am 
De tec ted  by Lung Coun t ing  

Days Post  
I n t a k e  

0 
1 
2 
5 
7 

14 
30 
6 0 
9 0 

180 
365 
730 

1825 

F i r s t - Y e a r  E f f e c t i v e  Dose E q u i v a l e n t  (rem) 
f rom I n h a l a t i o n  I n t a k e  (1-pm-AMAD p a r t i c l e s )  
Class W C lass  Y Super Y 

1.6Et1 2.6Et1 2 .6Et1  
2.3Et1 3 .7Et1  3 .7E t1  
2.6Et1 4.1Et1 4 . 1 E t l  
2.7Et1 4.1Et1 4 . 1 E t l  
2 .5E t l  3 . 8 E t l  3 .8Et1  
2.1Et1 2.9Et1 2 . 9 E t l  
1.6Et1 1 .9Et1  1.9Et1 
1.4Et1 1 .2Et1  1.1Etl 
1.5E+1 8.7EtO 8.5Et0 
2.6Et1 5.1EtO 5. OEtO 
1.5Et2 3.2Et0 3 .  OEtO 
9.8Et3 2.4EtO 2. OEtO 
- - 2.6EtO 1.4EtO 

TABLE 9.31. P o t e n t i a l l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
E q u i v a l e n t  (rem) f o r  a S i n g l e  Acute I n t a k e  o f  Fresh 6% 

nce P lu ton ium M i x t u r e  Based on an MDA o f  0.18 nCi 
;effq"Am Detected by Lung Count ing 

Days Post  
I n t a k e  

0 
1 
2 
5 
7 

14 
30 
60 
9 0 

180 
365 
730 

1825 

F i f t y - Y e a r  Committed E f f e c t i v e  Dose E q u i v a l e n t  
j rem)  f rom I n h a l a t i o n  I n t a k e  (1-bm-AMAD p a r t i c l e s )  

Class W Class Y Super Y 

4.3Et2 3.OEt2 4.9Et2 
6.2Et2 4.3Et2 7.OEt2 
7.OEt2 4.8Et2 7.8Et2 
7.3Et2 4.8Et2 7.8Et2 
6.9Et2 4.4Et2 7.2Et2 
5.7Et2 3.4Et2 5.5Et2 
4.5Et2 2.2Et2 3.6Et2 
4.OEt2 1.4Et2 2.2Et2 
4.2Et2 1.OEt2 1.6Et2 
7.2Et2 6. O E t l  9 . 5 E t l  
4.1Et3 3 . 7 E t l  5 .7Et1  
2.7Et5 2 . 8 E t l  3 . 9 E t l  
- - 3. O E t l  2 . 6 E t l  



TABLE 9.32. P o t e n t i a l l y  Undetected F i r s t - Yea r  E f f e c t i v e  Dose 
Equiva lent  (rem) f o r  a S ing le  Acute In take  o f  Aged 12% 

nce Plutonium M ix tu re  Based on an MDA o f  0.18 nCi 
:;f4SPAm Detected by Lung Counting 

Days Post 
I n t a k e  

0 
1 
2 
5 
7 

14 
30 
60 
9 0 

180 
365 
730 

1825 

F i r s t - Yea r  E f f e c t i v e  Dose Equ iva len t  (rem) 
from I n h a l a t i o n  In take  ( ~ - D ~ - A M A D  p a r t i c l e s 1  
Class W Class Y Super Y 

4.6E-2 7.5E-2 9.4E-2 
7.OE-2 1.2E-1 1.4E-1 
8.5E-2 1.4E-1 1.7E-1 
1.OE-1 1.6E-1 2.OE-1 
1.1E-1 1.6E-1 2.1E-1 
1.2E-1 1.7E-1 2.1E-1 
1.5E-1 1.7E-1 2.1E-1 
2.1E-1 1.7E-1 2.1E-1 
3.OE-1 1.7E-1 2.1E-1 
9.3E-1 1.8E-1 2.2E-1 
9.5EtO 2.OE-1 2.4E-1 
1.OEt3 2.5E-1 2.7E-1 
- - 4.8E-1 3.2E-1 

TABLE 9.33. P o t e n t i a l l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equ iva len t  (rem) f o r  a S ing le  Acute In take  o f  Aged 12% 

nce Plutonium M ix tu re  Based on an MDA o f  0.18 nCi 
:eff4"Am Detected by Lung Counting 

Days Post 
I n take  

F i f t y - Y e a r  Committed E f f e c t i v e  Dose Equ iva len t  
(rem) from I n h a l a t i o n  In take  (1-~m-AMAD p a r t i c l e s )  

Class W Class Y Super Y 



Class Y 

Super Y 

10" 
Days Post lntake 

R88f 2094 305 51 

FIGURE 9.9. P o t e n t i a l l y  Undetected F i r s t - Yea r  E f f e c t i v e  Dose Equiva lent  (rem) 
f o r  a S ing le  Acute In take  o f  Frz$P 6% Reference Plutonium M ix tu re  
Based on an MDA o f  0.18 nCi o f  Am Detected by Lung Counting 

L 
m 

10' I I 
I 1 

0 
LO 10 O 10 lo2 10 10 

Days Post Intake 

FIGURE 9.10. P o t e n t i a l l y  Undetected 50-Year Committed E f f e c t i v e  Dose 
Equiva lent  (rem) f o r  a S ing le  Acute In take  o f  Fresh 6% 

erence Plutonium Mix tu re  Based on an MDA o f  0.18 nCi 
"fAm Detected by Lung Counting 



t 

Super Y 

FIGURE 9.11. P o t e n t i a l l y  Undetected F i r s t - Year  E f f e c t i v e  Dose Equ iva len t  
(rem) f o r  a S ing le  Acute In take o f  Aged 12% Referqqfe 
Plutonium Mix ture  Based on an MDA o f  0.18 nCi o f  Am 
Detected by Lung Counting 

10 -2 I I I 

10 O 10 I 10 lo3 10 
I 

Days Post Intake 
R8812C94 i CO 55 

Days Post Intake 
R8812094 01 1 55 

FIGURE 9.12. Potent i  a1 l y  Undetected 50-Year Cornmi t t e d  E f f e c t i v e  Dose 
Equivalent (rern) f o r  a S ing le  Acute In take o f  Aged 12% 
Ref nce Plutonium Mix ture  Based on an MDA o f  0.18 nCi 
o f  "'Am Detected by Lung Counting 



internal dose estimation available for fission products. The lack of sen- 
sitivity is due to the much higher dose per unit intake associated with 
tenaciously retained alpha-emitting radionuclides as compared with beta- and 
gamma-emitting fission products. As can be seen by the discussion in the 

previous subsection, more frequent routine bioassay measurements are unlikely 
to significantly improve this sensitivity. Some effort has been undertaken at 

Hanford to assess and develop improved methods of monitoring for super Y forms 
of plutonium (Bihl et al. 1988). However, this work is in the development 
phase, and its conclusions are too preliminary for inclusion in this technical 
basis. 

Because of the lack of sensitivity of routine bioassay, special bio- 
assay monitoring as a supplement to the routine program should be promptly 
initiated by workplace indications of potential internal exposure to pluto- 
nium. When adequate measurements are made promptly after a suspected intake, 
good sensitivity to potential dose can be obtained. 

9.4.7 S~ecial Bioassav Monitorinq 

If a potential intake of plutonium is suspected, special bioassay mon- 
itoring should be quickly initiated. Typically this monitoring should include 
same-day in vivo measurements, overnight or first-day urine collection, and 
early fecal sample collection. The early fecal samples are particularly 
important for relatively insoluble forms of plutonium (class Y and super Y) 
because in vivo and urine sample measurements are relatively insensitive to 
these intakes. An early single voiding urine sample may also be warranted for 
determining the need for potential dose-reduction therapy. If DTPA chelation 
therapy was administered, then a total urine sample collection is recommended 
to reduce any uncertainties associated with sample normalization. Total urine 
sample collection should be continued until the excretion pattern is 
establ ished. 

9.4.8 Bioassay Moni torinq Ca~abil i ty for Workers with Known Plutonium 

De~osi tions 

The capability of a bioassay program is directly dependent upon the 

magnitude of an identifiable increase in a bioassay measurement. When a 



worker has a positive baseline bioassay level due to previous exposure, the 
ability to detect a subsequent increase in the bioassay level from an addi- 
tional intake is more dependent on the variability of current bioassay levels 
and less dependent on analytical capability. In other words, to be detected, 

subsequent intakes must result in increases in bioassay measurements that 
exceed the background "noise" level. Guidance concerning the potential dose 

from potentially undetected intakes must be developed on a case-by-case basis. 
Appropriate adjustments to measurement frequencies can then be determined 
based on the potential undetected dose. As an approximate rule-of-thumb, a 
single bioassay measurement will probably have to be at least twice the base- 
1 ine level to be readily recognized, due to the substantial vari abil i ty in 
single bioassay measurements on individual people. For many situations, this 
may imply that a normally detectable intake may not be detectable on top of a 
pre-existing internal plutonium deposition. Like most rules-of-thumb, this is 
only a rough suggestion; cases of significance must be addressed individually. 

9.5 ASSESSMENT OF INTERNAL DOSE 

The following subsections discuss the general approach for assessing 
internal dose, estimating presystemic and 1 ung depositions, assessing organ 
dose equivalents, estimating intake, and making simplified dose assessments. 

9.5.1 General A~proach 

The dosimetry for plutonium involves a four-step process for in-depth 
assessments that roughly proceeds as follows: 

Estimate the clearance component rates. 

Estimate the presystemic deposition for each clearance component. 

Estimate the initial lung deposition for each clearance component. 

Assess the internal dose equivalents (organ and effective, annual 
and committed) based on deposition estimates and assumptions of 
Section 9.2.1. 

Alternatively, a simplified dose assessment process can be used when 
only limited data are available. This process involves the following: 

Estimate the intake. 



Assess t h e  i n t e r n a l  dose equ iva len ts .  

The techniques used f o r  c a l c u l a t i n g  these est imates a re  discussed i n  t h e  

f o l l o w i n g  subsect ions. Assumptions about systemic organ b i o k i n e t i c s ,  organ 

mass, t i s s u e  o r  organ we igh t ing  f ac to r s ,  and t r a n s p o r t a b i l  i t y  c lasses  a re  

those used i n  ICRP 26, 30, and 48 (1977; 1979; and 1986). 

9.5.2 Es t imat inq  Presystemic D e ~ o s i t i o n  

The presystemic depos i t i on  i s  de f i ned  as t h e  t o t a l  r a d i o a c t i v i t y  t h a t  

wi  11 u l t i m a t e l y  t r ans1  ocate i n t o  t h e  t r a n s f e r  compartment f rom a  metabol i - 

c a l l y  i s o l a t e d  poo l ;  i n  o the r  words, t h e  a c t i v i t y  u l t i m a t e l y  reach ing  t h e  

blood. H i s t o r i c a l l y  a t  Hanford, t h i s  has been t h e  q u a n t i t y  t h a t  has been 

compared w i t h  t h e  MPBB o f  0.04 p C i  ( 2 3 9 ~ u )  1  i s t e d  i n  Nat iona l  Bureau o f  Stan- 

dards Handbook 69 (NBS 1959), NCRP 22 (1959), and ICRP 2 (1959). I t i s  

r e l a t e d  t o ,  b u t  s i g n i f i c a n t l y  d i f f e r e n t  f rom in take ,  l ung  depos i t i on ,  l ong -  

term l ung  burden, and instantaneous body burden ( o r  r e t a i n e d  q u a n t i t y ) .  

A c t i v i t y  i s  depos i ted  i n  presystemic compartments a t  t h e  t ime  o f  i n t ake .  

From there ,  systemic uptake may be e s s e n t i a l l y  ins tantaneous (as w i t h  a  read-  

i l y  t r anspo r tab le  wound i n take ) ,  o r  i t  may occur g r a d u a l l y  over  an extended 

pe r i od  o f  t ime  (as i n  t h e  case o f  an i n h a l a t i o n  o f  c l a s s  Y m a t e r i a l ) .  Trans- 

f e r  f rom t h e  presystemic compartment i n t o  systemic c i r c u l a t i o n  i s  assumed t o  

be governed by l i n e a r  f i r s t - o r d e r  k i n e t i c s ,  and can be descr ibed i n  terms o f  a  

t r a n s f e r  r a t e  constant .  

The computer program PUCALC has been w r i t t e n  t o  eva lua te  a1 t e r n a t e  

values o f  t h e  t r a n s f e r  r a t e  and presystemic depos i t i on ,  based on t h e  u r i n a r y  

e x c r e t i o n  data.  The program descr ibes t he  u r i n a r y  e x c r e t i o n  o f  p lu ton ium f o r  

user- se lec ted  values f o r  t h e  t r a n s f e r  r a t e  and presystemic depos i t i on .  Addi-  

t i o n a l  i n f o r m a t i o n  on PUCALC i s  p rov ided  i n  Appendix F. 

It must be remembered t h a t  t h e  presystemic depos i t i on  may be o n l y  p a r t  

o f  t h e  i n i t i a l  d e p o s i t i o n  i n  t h e  body. I n  t h e  case o f  t h e  lung,  t h e  ICRP 30 

l ung  model p r e d i c t s  t h a t  t he  presystemic d e p o s i t i o n  represen ts  about one- 

t h i r d  o f  t h e  t o t a l  depos i t i on  i n  t h e  s l ow l y  c l e a r i n g  compartments o f  t he  lung .  

The t o t a l  l ong- te rm l u n g  depos i t i on  must be cons idered when assessing l ung  

doses. Experience w i t h  wounds has shown t h a t  a  s i g n i f i c a n t  f r a c t i o n  o f  s l ow l y  



transportable activity can become bound up in tissue at the wound site and 
essentially walled-off or permanently isolated from the transfer compartment. 

Whether this might represent a true isolation, or merely an extremely slow 
transfer rate, is a matter of some speculation. The need to determine local- 
ized tissue deposits for potentially small wound areas from slowly transport- 
able plutonium must be decided on a case-by-case basis. 

9.5.3 Estimatinq Initial Lunq De~osition 

Initial lung depositions can be estimated based on direct in vivo meas- 
urements, fecal data, urine data, or a combination of such data. When there 
is direct knowledge, or a reasonable assumption, of the isotopic composition 
of a plutonium mixture, direct in vivo measurement of 241~m in the lung can be 
used to evaluate 1 ung depositions. A series of detectable 241~m measurements 
can be used to establish the effective lung clearance rate, and the plutonium 
depositions can be estimated by activity ratios relative to 241~m. In analyz- 
ing long-term lung measurement data, consideration must be given to the poten- 
tial impact of the ingrowth of 241~m from 241~u. This requires that the 
clearance rate of the 241~m relative to that of 24 1 ~ u  be known. Laboratory 
animal research data have indicated that early clearance of plutonium mixtures 
from the lung may be enriched in 241~m relative to the intake composition. 
This has been attributed to a more rapidly clearing component of the 241~rn 

that is initially deposited in the lung. along with the plutonium. Once this 
initially soluble 241~m has been cleared, the observed clearance rate for the 
remaining 241~m will be similar to that of the host matrix material, i .e., 
plutonium (Eidson 1980). 

Fecal data can be used for estimating lung depositions in two ways. 
First, it can provide isotopic composition information for use with in vivo 
measurements. Secondly, it can be used in conjunction with the ICRP 30 
respiratory tract model to estimate intake or initial depositions in various 
compartments of the respiratory tract. Caution must be exercised in inter- 
preting fecal data because a slight ingestion intake can significantly bias 
lung deposition estimates. There is no way to differentiate inhalation from 

ingestion intakes by early fecal data. Follow-up fecal samples somewhat 
removed in time from the intake (2 to 4 weeks or more) may be helpful in 



determining if observed fecal activity is from 1 ung clearance or ingestion 
clearance. Fecal excretion is also highly dependent on particle size, with 
larger sizes being more readily excreted in feces. Appendix E provides addi- 
tional information on assessment of fecal sample data. 

Urine sample data are generally not considered a good basis for estimat- 

ing initial lung depositions; however, they can be helpful and occasionally 
may be the only data available. For known inhalation exposures, the presys- 
temic deposition estimated using the technique described in the preceding 
section can provide an indication of initial lung deposition. By using the 
presystemic deposition estimate as the ultimate quantity to be translocated 
into the transfer compartment, the compartment fractions of the ICRP 30 
respiratory tract model can be used to estimate initial deposition in the 
various compartments. For example, the initial deposition in the long-term 
pulmonary region compartments (ICRP 30 lung model compartments e, g, and h) 
(see Appendix D) can be estimated by attributing the slowly transportable 
presystemic deposition to pulmonary compartments e and h, and then multiplying 
that value by the ratio of the total long-term compartment fractions to the 
fraction in the presystemic compartments as foll ows: 

where Po is the initial long-term pulmonary deposition, Um(e+h) is the slowly 

transportable presystemic deposition, and Fe, Fg, Fh are ICRP 30 1 ung model 
compartment deposition fractions. 

The long-term pulmonary deposition estimate, based on fecal, urine, or 
air sample data, should be compared with the estimates from in vivo measure- 
ments and activity relationships for consistency. In this example, the 
in vivo 241~m MDA multiplied by the plutonium-americium ratio may be used as 
an upper bound for dose assessment with the "best" estimate within this bound 
based on the evaluation of urine sample data. 



9.5.4 Assessinq Orqan Dose Equivalents 

The organs of primary interest for plutonium dose evaluations are the 

bone surface, red marrow, 1 iver, and gonads. The 1 ung is a1 so an organ of 
interest for inhalations. 

Other organs or tissues may be of interest depending on the nature of an 
intake. For example, the dose to a specific lymph node or small volume of 
tissue may be of interest as the result of a wound intake of slowly trans- 

portable materials. Such cases can be dealt with as they arise and are beyond 
the general scope of this technical basis. 

Plutonium reaching the transfer compartment is distributed to the liver, 
bone surfaces, and the gonads according to the ICRP 48 (1986) biokinetic 
model. Once deposited in these tissues, the ICRP 48 clearance rates are 
assumed to apply. Thus, for calculating organ doses, the ICRP 48 organ- 
retention functions and dosimetry factors are used. 

Because plutonium cannot be effectively.measured in the systemic organs, 
and because plutonium and americium may not behave similarly after reaching 
the systemic organs, caution must be exercised in using measurements of 
americium in systemic organs for plutonium dose calculations based on the 
isotope ratios existing at the time of intake. Isotope ratios can change with 
time due to the different solubility rates and retention characteristics of 
plutonium and americium. However, americium measurements can be used for 
americi um dose cal cul at i ons. 

Once the magnitude of an intake, presystemic deposition, or initial lung 
deposition has been determined, organ dose equivalents and the effective dose 
equivalent can be assessed using hand-calculation techniques or computer 
codes. The Hanford Internal Dosimetry Program uses two computer codes to aid 

in dose calculations, GENMOD, and PLUDO. Each of these codes is briefly 
discussed in the following paragraphs. More detailed explanations and copies 
of the codes are maintained in the Hanford Radiation Protection Historical 
Files. 

The GENMOD code (Johnson and Carver 1981), calculates organ retention 
and organ and effective dose equivalents for any time after intake based on 



default ICRP 30 parameters or user-modi fied parameters. For appl i cations with 
the Hanford Internal Dosimetry Program, the biokinetic parameters of GENMOD 
have been modified to reflect the ICRP 48 (1986) model for distribution and 
retention of radionuclides within the body and the Jones urinary excretion 
function. Further discussion of GENMOD is provided in Appendix A. 

The PLUDO computer code is a Hanford adaptation of the GENMOD code to 
calculate committed and calendar year organ and effective dose equivalents 
based on estimates of lung deposition and committed systemic uptake. These 
estimates of deposition and their associated transport rate constants are 
derived directly from analysis of urine excretion data, using PUCALC and eval- 
uation of direct (in vivo) bioassay measurement results. 

PLUDO imp1 ements GENMOD for 238~u, 239/240~u, 241 PU , and 241~m. Rather 
than specifying intake quantities, the user provides quantities deposited in 

the lung and presystemic compartments. The user also specifies the transport 

rate constants for retention of the plutonium in the lung and for uptake of 
plutonium from the presystemic compartment. The "presystemic compartment" is 
used to represent any site of radionuclide deposition from which uptake by 
systemic circul ation occurs. For example, presystemic compartments may be 
associated with activity in the lung or a wound site. The presystemically 
deposited activity is the activity deposited that will eventually become 
systemically absorbed. PLUDO allows for specification of up to three lung and 
three presystemic compartments, each with a unique transport rate constant, 
for each radionuclide. PLUDO then invokes GENMOD to compute cumulated activ- 
ities in source organs for each calendar year beginning with the year of 
intake, calculates resulting organ and effective dose equivalents for each 
calendar year, and sums these over all deposition compartments and 
radionucl ides. 

9.5.5 Estimatinq Intake 

An intake of plutonium can be estimated by fitting the urinary excre- 
tion data to the appropriate intake excretion function, using manual or compu- 
terized techniques. For a single data point, the intake can be estimated by 
dividing the measured excretion by the value of the intake excretion function 
on the day after intake represented by the sample in a manner similar to 



Equation (9.3). Values for the fractional intake excretion function can be 
obtained from Figure 9.4, Table 9.6, or directly from running the GENMOD 
computer code. For multiple data points, a least-squares fit of the data to 
the expected excretion function should be used, as described in Appendix C. 

In addition to their use for dose calculations, intakes calculated by 
the above techniques may a1 so be compared with the ICRP ALIs or intake 
estimates based on air sample results. When bioassay data are not available, 
air sample results may be the basis for estimating intake. An intake may also 
be estimated from the fecal data explained in Appendix E. 

9.5.6 Sim~l i fied Dose Assessments 

Simplified dose assessments use the techniques and biokinetic models 
described previously and assume ICRP 23 (1974) Reference Man parameters, with- 
out correction for individual -specific characteristics. These assessments 
provide a basis for prospective bioassay program design, initial estimates 
when bioassay data are few, and retrospective evaluation of intakes that are 
too small to yield sufficient bioassay data to empirically describe the bio- 
kinetic processes. In addition, the bioassay projections associated with 

simplified assessments can be used as a trigger point for more in-depth 
measurements or dose assessments. 

The procedure for performing a simpl i fied dose assessment is as foll ows: 

1. Normalize the result to the daily excretion rate, if necessary (see 
Appendix C). 

2. Select the intake date (known or assumed). 

3. Estimate the intake by fitting the data to the excretion model (see 
Appendix C). 

4. Calculate the dose equivalents by multiplying the estimated intake 
by the appropriate intake dose equivalent factor from GENMOD. 

The intakes of fresh 6% and aged 12% reference plutonium mixtures 
resulting in a first-year effective dose equivalent of 100 mrem have been 
calculated using the simpl ified dose assessment procedure. The results of 
these calculations are shown in Table 9.34. 



TABLE 9.34. In takes f o r  Reference Plutonium Mixtures Resu l t ing  i n  a  
F i r s t - Year  E f f e c t i v e  Dose Equivalent o f  100 mrem 

Mass o f  I s o t o ~ ~ ~ + $ ~ ~ p o s i  t i og4yf Intak541 
Mode o f  I n  a  e  t a! Intake, 2 3 8 ~ u ,  pu, pu , Am, 

Mix ture  n  q nC i nC i nCi nCi 

Readi ly t ranspor tab le  
i n j e c t i o n  

6% Pu - f resh  

6% Pu - aged 

12% Pu - f r e s h  

12% Pu - aged 

Class W i n h a l a t i o n  

6% Pu - f resh  

6% Pu - aged 

12% Pu - f resh  

12% Pu - aged 

Class Y i n h a l a t i o n  

6% Pu - f resh  

6% Pu - aged 

12% Pu - f resh  

12% Pu - aged 

Super Y i n h a l a t i o n  

6% Pu - f resh  

6% Pu - aged 

12% Pu - f resh  

12% Pu - aged 

5.6E- 1 

5. OE- 1 

9.OE-1 

7.1E-1 

8.5E-1 

8. OE-  1 

7.7E-1 

6.3E-1 

(a )  % = nominal 2 4 0 ~ u  i $ j g h t  percent i n  mixture.  
Fresh = 2  weeks o f  Am ingrowth f o l l o w i n g  separat ion. 
Aged = 5  years o f  2 4 1 ~ ~ 1  ingrowth f o l l o w i n g  separat ion. 
I n h a l a t i o n  in takes  assume l-pm-AMAD p a r t i c l e  size. 



The simplified dose assessment procedure was also used for determining 
the bioassay program capabilities described in Section 9.4. 

9.6 MANAGEMENT OF INTERNAL CONTAMINATION CASES 

This section discusses the diagnostic procedures, therapeutic actions, 
and long-term monitoring of internal depositions. 

9.6.1 Diaqnostic Procedures 

The diagnosis of an intake involves a combination of workplace monitor- 
ing to identify on-the-job potential intakes and bioassay measurements to 
confirm and quantify internal contamination. 

Potential intakes are intended to be identified by workplace monitoring, 
such as personal contamination surveys, nasal smear analyses, air sample 
results, or workers' identifications of unusual conditions. These techniques 
provide qualitative screening to alert radiation protection staff to potential 
internal exposure, rather than absolute confirmation that exposure has or has 

not occurred. For example, activity detected on nasal smears is usually an 
indication of an inhalation intake; however, the absence of activity does not 
necessarily mean that an intake did not occur. The absence of nasal smear 
activity following an inhalation intake can be explained by a sufficient delay 
between the time of intake and the collection of nasal smears to allow for 
complete clearance of activity from the nares. The ICRP 30 respiratory tract 
model indicates that a delay of as little as 30 to 60 minutes may be adequate 
for this in some cases. Alternatively, some individuals are mouth-breathers, 
whose noses are partially or completely bypassed in the respiratory process, 
hence no activity may be deposited in the nares, despite the occurrence of an 
inhalation intake. Particle size can a1 so significantly affect nasal 
deposi ti on and cl earance . 

Once a worker has been identified as having incurred a potential inter- 

nal exposure, the initial diagnostic measurements are arranged. These may 
include a chest count, wound count, single voiding (spot) urine sample ana- 
lysis, first-day fecal sampl ing, and overnight urine sampl ing. 



The purpose of these initial procedures is to provide an order-of- 
magnitude estimate of the potential internal exposure and dose. Initial dia- 
gnostic measurements are usually sufficient for final evaluations only when 
all results collectively rule out the possibility of an intake. In reality, 
initial measurements are not generally expected to do this, and follow-up 

measurements are necessary. 

Foll ow-up diagnostic measurements may include additional urine and fecal 
samples, chest counts, liver counts, head counts, and lymph node counts. 
These analyses aid in determining the magnitude, location, and retention char- 
acteristics of the deposited material. In some cases, blood samples or tissue 
specimens may a1 so be appropri ate. 

In addition, workplace or clothing contamination analyses, air sample 
analyses, particle size analyses, and/or sol ubil i ty analyses may a1 so be 
performed to more clearly define the physical and radiological characteristics 
of the material to which the worker was exposed. 

It is the responsibility of the exposure evaluator, working closely with 
contractor radiation protection staff, to determine the appropriate di ag- 
nostic protocols. Scheduling of follow-up measurements will normally be done 
by the appropriate contractor radiation protection staff. 

9.6.2 Therapeutic Actions 

Therapeutic actions for potential internal contamination include the use 
of decorporation agents, catharsis, and surgical excision. For the purposes 
of this discussion, the normal skin decontamination procedures of Hanford 
contractors are not considered therapeutic actions, although it is acknow- 
ledged that these procedures can be quite effective in preventing the inter- 
nal deposition of radioactivity. 

The decision to undertake one or more of these measures is the respon- 
sibility of the participating HEHF Occupational Medicine physician with the 
concurrence of the patient. The exposure evaluator will provide advice and 
consultation to the physician and patient regarding the potential dose 
implications and efficacy of alternative actions. 



Decorporation therapy i s  a lso  referred t o  as chelation therapy, and 

involves the  chemical removal of radioact iv i ty  from the bloodstream through 

drug administration. The drug DTPA has U.S .  Food and Drug Administration 

approval f o r  use in removing plutonium and other heavy metals from the  body. 

Other drugs a re  a l so  available t o  HEHF Occupational Medicine. 

Catharsis involves accelerating the  passage of material through the  GI 

t r a c t  by means of laxat ive  drugs or  physical means such as an enema. Cathar- 

s i s  has potential  value in reducing the  adsorption of material in to  the  blood- 

stream from the  GI t r a c t  and in reducing the  dose t o  the  GI t r a c t  organs from 

material passing through the GI t r a c t .  These measures are not generally 

considered f o r  occupational exposures t o  plutonium, because the  GI t r a c t  

adsorption of plutonium i s  so s l i g h t ,  and the  dose t o  the GI t r a c t  organs i s  

usually an ins ign i f ican t  fraction of the  to ta l  ef fect ive  dose. 

Surgical excision following wounds can be extremely e f fec t ive  in reduc- 

ing the  potential  internal  deposition, par t icular ly  when coupled with decor- 

poration therapy. Minor excisions are  usually performed a t  the  E D F  by HEHF 

Occupational Medicine s t a f f ,  ass is ted by a PNL exposure evaluator and radia-  

t ion protection personnel. 

9.6.3 Lonq-Term Monitorinq of Internal De~os i t ions  

Once an in ternal  dosimetry evaluation has been completed, i t  may be rec- 

ommended t ha t  the  worker be placed on a specialized long-term bioassay mon- 

i to r ing  schedule. The reasons fo r  t h i s  a re  twofold: f i r s t ,  long-term follow- 
up monitoring r e s u l t s  t ha t  are  consistent  with the projected r e s u l t s  ver i fy  

the  conclusions of the  evaluation. Second, i f  long-term r e su l t s  a re  projected 

t o  be detectable,  and the  worker returns t o  plutonium work, then t he  capabil-  

i t y  of a routine bioassay monitoring program t o  detect  an additional intake 

may be affected.  This l a t t e r  point i s  addressed in greater  de ta i l  in 

Section 9.4.8. 

Specialized bioassay monitoring programs may be required fo r  workers 

with known internal  depositions of plutonium. These programs may include head 

counts, l i v e r  counts, periodic chest counts, and urine samples. In some cases 

fecal sampling may also  be desired.  I t  i s  the responsibi l i ty  of the  exposure 



evaluator to recommend appropriate 1 ong-term bioassay monitoring to the 

contractor dosimetry or radiation protection organization that has the 

responsibility for acting on these recommendations. 
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APPENDIX A 

GENMOD INTERNAL DOSIMETRY COMPUTER CODE 

The computer code GENMOD i s  employed for  evaluation of bioassay measure- 

ment data and computation of internal dose equivalent. The code implements 

standard biokinetic models of the ICRP to  describe the f a t e  of radionuclides 

taken into the body. Dose factors are applied to  cumulative ac t iv i t i e s  in 

source organs t o  compute dose equivalent to  target organs and effective dose 

equivalent. The code i s  described in detail  by Johnson and Carver (1981) and 

Dunford and Johnson (1988). The following subsections provide a summary 

description of the biokinetic models and dose computation methods employed by 

GENMOD as implemented by the Hanford Internal Dosimetry Program. 

GENMOD BIOKINETIC MODELS 

The GENMOD internal dosimetry code employs the ICRP's Task Group on Lung 

Dynamics Model ( T G L D  1966) for  the respiratory t r ac t  and the Eve-Dolphin model 

for transport of material through the gastrointestinal (GI) t r ac t  (Eve 1966). 

A general systemic compartment model describes the uptake and transport of 

most elements. Exceptions are iodine and a1 kaline earths that are described 

by specific models, I n  addition, a modification of the general model permits 

evaluation of systemic excretion of plutonium using the empirically derived 

excretion function of Jones (1985). The models are diagrammed in Figures A.1 

through A.5 (from Dunford and Johnson 1988) and are described in the following 

subsections. 

Respiratory Tract Model 

The respiratory t rac t  model (Figure A . l )  of the T G L D  i s  employed as 

described by Dunford and Johnson (1988). A special inhalation class  i s  

described in the plutonium section for highly nontransportable compounds. 

Default model parameters for  th i s  "super Y"  class as well as for classes D, W ,  

and Y are provided in Table A.1. 
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TABLE A.1. GENMOD Parameters - Respiratory Tract Model 

Inhal at i on Cl ass 
Model In~ut Name 1 W Y Super Y 

Regional Deposition 

Fr;c;iw Regi on ZN P 
T-B(~) Region ZTB 
P(~) Region Z P 

Compartment Fraction 
A 
B 

Amount (1) 
Amount (2) 
Amount (3) 
Amount (4) 
Amount (5) 
Amount (6) 
Amount (7) 
Amount (8) 
Amount (9) 
Amount(l0) 
Amount(l1) 
Amount (12) 

Removal Rate (day-') 
A 1 Lung rate(1) 69.3 
A2 Lung rate(2) 69.3 
A 3 Lung rate(3) 69.3 
A4 Lung rate(4) 3.47 
A 5 Lung rate(5) 1.39 
A 6 Lung rate(6) , - -  

A7 Lung rate(7) - -  
'8 Lung rate(8) 1.39 
A9 Lung rate(9) - -  
A 10 Lung rate(l0) 1.39 
A12 Lung rate(l2) x4 

(a) Refer to Figure A.1. 
(b) N-P = nasal-passage. 
( c )  Particle size: l-pm AMAD. 
(d) T-B = tracheal -bronchial. 
(e) P = pulmonary. 



Gastrointestinal Tract Model 

The GI tract model (Figure A.2) documented by Eve (1966) is employed as 

described by Dunford and Johnson (1988). Table A.2 lists the parameters used 

by GENMOD to describe the fate of material entering the GI tract. 

TABLE A.2. GENMOD Parameters - GI Tract Model 

Model 
Name Value, dav - 1 

Removal Rate 

Stygfch Lung rate (13) 24 
S I Lung rate(l4) 6 

Lung rate(l1) O[If F1 = 11, LR(14)*(F1/1-F1)[If F1 # 11 
ULI(~) Lung rate (15) 1.8 
LLI (c) Lung rate(l6) 1 .O 

and the F1 value is: 

Inhalation Class Inqest i on 
El ement D W Y Soluble Insoluble 

Manganese 
Cobal t 
Iron 
Ces i urn 
Iodine 
Europi urn 
Urani um 
Strontium 
Ameri c i  urn 
Pl utoni urn 

(a) Refer to Figure A.2. 
(b) SI = small intestine. 
(c) ULI = upper large intestine. 
(d) LLI = lower large intestine. 
(e) Also for super Y. 



Systemic Compartment Model 

The general model (Figure A.3), iodine model (Figure A.4), and a1 kal ine 

earth model (Figure A.5) employed by GENMOD are described by Dunford and 

Johnson (1988). However, several changes in the parameters used by the models 

have been made as follows: 

The radioiodine model parameters were modified to provide an effec- 
tive biological half-life for the thyroid of 120 days as recom- 
mended by the ICRP (1979). 

The general model parameters for plutonium were modified to reflect 
the uptake distribution and retention values recommended in ICRP 48 
(1987). 

The ICRP 48 uptake-excretion pathways were eliminated and the 
pseudo-uptake retention function for plutonium described by Skrable 
(1987) was added to incorporate the plutonium uptake excretion 
function of Jones (1985). 

Tables A.3 through A.5 provide systemic compartment values for the 

general model, the iodine model, and the alkaline earth model, respectively. 

GENMOD DOSE EQUIVALENT COMPUTATIONS 

GENMOD is a dosimetry code that is based on ICRP 30; however, there are 

some differences in the way that dose equivalent computations are performed, 

as discussed in the following subsectiohs. 

Orqan Dose Equivalent 

GENMOD calculates organ dose equivalents due to activity deposited in 

source organs. Source organs may include the lung, pulmonary lymphatics, 
stomach contents, small intestine (SI), upper large intestine (ULI), lower 

large intestine (LLI), and specific sites of systemic deposition listed in 
ICRP 30 for the element. For material distributed uniformly throughout the 

body (i.e., if a site of deposition in ICRP 30 is given as "all other organs 

and tissues"), the source organ is considered to be the total body. Target 

organs include all source organs (except that the pulmonary lymph is 

considered to be part of the lung for dose calculation purposes) plus bone 

marrow if bone surfaces are a source tissue, and both bone marrow and bone 
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TABLE A.3. (contd) 

Svstemic Orqan Com~artments 
Compartment Deposi t ion Compartment Excre t ion  F rac t i on  Transfer  Compartmeni 

Number F rac t i on  Ha l f - 1  i f e ,  U r i  ne/Feces Rate Constant dyay- 
Element Orqan ( i  ~TCOMP(  i ) 1 (a)  JRT( i t 7) l f B Y  JORGUEX/ORGFEX~ (c)  rTCOUTl( 

Urani um 
Bone 

Kidney 

Other 

P l  u t o n i  um 
Bone 
L i v e r  
Gonads 
Pseudo 

comp 

(a) Shown as T i  i n  Figure A.3. 
(b )  Shown as l ( i  t 7) i n  F igure A.3. 
( c )  Shown as U ( i  t 7 )  and F ( i  t 7) i n  F igure A.3. 
(d) Shown as 117 i n  Figure A.3. 
(e )  NA - no t  appl i cab l  e. 
( f )  Pseudo compartment devised as a way t o  i nc lude  Jones' e m p i r i c a l l y  der ived exc re t i on  f u n c t i o n  

i n  model. To do so requ i red  s e t t i n g  the  exc re t i on  from s p e c i f i e d  organ compartments t o  0.0, 
and from pseudo compartments t o  1.0. 



TABLE A.4. GENMOD Parameters - I od ine  Model 

Model I n p u t  
Name 

TCOMP(1) 

TCOMP(9) 

ORGUEX(26) 

TCOMP(5) 

TCOUT 

ORGUEX(22) 

U EX 

RT(22) 

F EX 

RT(26) 

Parameter 
Value 

0.87 day- '  

0.00866 day" 

0.052 day-' 

0.0058 day-' 

1.9 day" 

7.5 day-' 

1 .o 
0.9 

0.0 

0.1 

( a )  Refer  t o  F igure  A.4. 

i f  bone volume i s  a  source. I f  " o the r  t i s s u e s "  i s  l i s t e d  as a  source organ, 

then  i t  i s  a l s o  cons idered t o  be a  t a r g e t  organ. 

Doses t o  t a r g e t  organs a re  c a l c u l a t e d  i n  t h e  same way as i n  I C R P  30 w i t h  

t h e  f o l l o w i n g  excep t ion .  The dose equ i va len t  t o  " o the r  t i s s u e s "  does n o t  

i n c l u d e  c r o s s f i r e  f rom a c t i v i t y  depos i ted  i n  o t h e r  organs n o r  does i t  con- 

t r i b u t e  t o  t h e  dose rece i ved  by o t h e r  organs. That i s ,  t h e  dose e q u i v a l e n t  t o  

" o the r  t i s s u e s "  i s  s o l e l y  due t o  s e l f - i r r a d i a t i o n .  Sou rce- to - ta rge t  dose 

f a c t o r s  a re  l i s t e d  by Snyder e t  a l .  (1974) and Dunning, Pleasant,  and K i l l o u g h  

(1977). Dose f a c t o r s  f o r  a c t i v i t y  depos i ted  i n  " o the r  t i s s u e s "  a re  l i s t e d  

under "T-Body" i n  these p u b l i c a t i o n s .  



TABLE A. 5. GENMOD Parameters - A1 ka l  i n e  Ear th  Model 

Model I n p u t  
Name 

TCOUT 

TCOMP ( 1 ) 

TCOMP(2) 

RT(18) 

RT(19) 

TCOMP(5) 

TCOMP (6)  

RT(22) 

RT(23) 

TCOMP (9) 

RT(26) 

Parameter 
Val ue 

(a)  Re fe r  t o  F igu re  A . 5 .  
(b) U n i t s  a re  i nve rse  days except UEX and FEX 

a re  u n i  tl ess. 



Effective Dose ~ a u i  val ent (a) 

The total stochastic risk incurred from the irradiation of body tissues 

following intakes of radionuclides is considered to be proportional to the 

effective dose equivalent. The effective dose equivalent is defined in DOE 

5480.11 (1988) as: 

HE = 1 WT HT (rem) 
T 

where HT is the dose equivalent for an organ or tissue T from all internal 

sources and wT is a weighting factor representing the ratio of the risk 

arising from irradiation of tissue T to the total risk when the whole body is 
i rradi ated uniformly. 

The weighting factors (wT) are defined in DOE 5480.11 (1988) as: 

Orqan or Tissue 

Gonads 

Breasts 

Red bone marrow 

Lungs 

Thyroid 

Bone surfaces 
Remai nder 

Weiqhtinq Factor 

0.25 

0.15 

0.12 

0.12 

0.03 

0.03 
0.30 

In the above table, "remainder" means the five other organs with the 

highest dose and the weighting factor for each such organ is 0.06. Organs 

considered in the "remainder" category include the following: 

(a) The effective dose equivalent, as defined in DOE 5480.11 (1988), 
includes contributions from internally deposited radionuclides and 
from external exposure to radioactive material and/or radiation- 
generating devices. This guide addresses the assessment of dose 
from internally deposited radionuclides and thus the term "effec- 
tive dose equivalent" when used here refers to the internal com- 
ponent only. 



Muscl e 

Liver 

Spleen 

Thymus 

Bladder wall 

Stomach wall 

Small intest ine wall 

Upper large intest ine wall 

Lower 1 arge intest ine wall 

Kidneys 

Pancreas 

Uterus 

Adrenal s 

According to  DOE 5480.11 (1988), the skin, lens of the eyes, and 

extremities are specifically excluded from the l i s t  of organs to  be con- 

sidered in the calculation of effective dose equivalent from internally 

deposited radionuclides. 

The GENMOD approach to  the computation of effective dose equivalent 

d i f fe rs  from the ICRP 30 method by summing the effective dose equivalent 

contributions from ac t iv i ty  in source organs rather than by summing the 

weighted target organ dose equivalents. 

Another difference i s  the way that act ivi ty  deposited uniformly t h r o u g h -  

out the body i s  handled, as described in the following summary of the GENMOD 

procedure. 

1. Source organs are identified.  The source organs always include the 
1 ung, pulmonary lymphatics, stomach contents, SI contents, ULI con- 
ten ts ,  and the LLI contents. The organs identified as systemic 
deposition s i t e s  in the metabolic model are also included. If the 
model predicts that  a portion of the uptake will be deposited 
throughout the body, then the source organ for th i s  deposition i s  
identified as the total  body. 

2 .  A factor that converts the act ivi ty  in a source organ to effective 
dose equivalent i s  computed for each of the identified source 
organs. These factors,  called S-prime factors (Johnson, Stewart, 
and Carver 1979), are calcul ated as fo l l  ows: 

' i s  the sum of the weighted dose equivalents t o  target 
~ ~ ~ ~ ~ s s ?  from ac t iv i ty  deposited in source organs S .  The SST 
factors are SEE(T-S) values converted into units of dose equiva- 
1 ent per unit cumulated act ivi ty  (Sv/Bq-day) . The weighting 
factors are as given previously. Thus, each SS1 factor i s  based on 
the sum of the contributions t o  each of the six "risk organs" and 
the five highest remaining organs. This procedure i s  applied to  
the calculation of SS' values for a l l  source organs except for the 



source " t o t a l  body." I n  t h i s  case, t h e  c a l c u l a t i o n  i s  performed by 
cons ide r i ng  s e l f - i r r a d i a t i o n  on ly ,  and by app l y i ng  a  we igh t i ng  
f a c t o r  o f  1.0. 

3.  The e f f e c t i v e  dose equ iva len t ,  H , i s  computed by summing t h e  
e f f e c t i v e  dose equ i va len t  c o n t r i b u t i o n s  f rom each source organ as 
f o l l ows :  

where R  Q S ( t ) d t  i s  t h e  cumulated a c t i v i t y  i n  source organ S over  t h e  
t ime  p e r i o d  o f  i n t e r e s t .  

The ICRP and GENMOD approaches t o  t h e  c a l c u l a t i o n  o f  e f f e c t i v e  dose 

equ i va len t  show e x c e l l e n t  agreement when a c t i v i t y  i s  e s s e n t i a l l y  a l l  depos i ted  

i n  a  few p r ima ry  s i t e s  such as f o r  p lu ton ium,  uranium, and s t r on t i um.  Agree- 

ment i s  a l s o  very  good f o r  r ad ionuc l i des  t h a t  d i s t r i b u t e  u n i f o r m l y  throughout  

t h e  body; however, i n  these cases t h e  e f f e c t i v e  dose equ i va len t s  computed by 

GENMOD g e n e r a l l y  exceed those computed us ing  t h e  ICRP procedure. As example 

comparisons, t h e  committed e f f e c t i v e  dose equ i va len t  c a l c u l a t e d  by GENMOD and 

ICRP 30 a re  i n  p e r f e c t  agreement f o r  i n h a l a t i o n  o f  c l a s s  D  l o 6 ~ u ;  however, t he  

GENMOD-computed dose exceeds t h e  ICRP 30 dose by 3% f o r  inhaled,  c l a s s  D 13'cs 

and by 16% f o r  c l a s s  W 6 0 ~ o .  The d i f f e r e n c e s  a re  a t t r i b u t e d  t o  t h e  a p p l i c a -  

t i o n  o f  t he  10% r u l e  i n  ICRP 30 t o  e l i m i n a t e  some t a r g e t  organs f rom t h e  

e f f e c t i v e  dose equ i va len t  computation, and t o  GENMOD's use o f  a  we igh t i ng  

f a c t o r  o f  1.0 f o r  a c t i v i t y  depos i ted  i n  " o the r  organs and t i s s u e s  o f  t h e  

body. " 
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APPENDIX B 

ORGANS OR TISSUES OF CONCERN 

The U.S. Department o f  Energy has es tab l ished l i m i t i n g  values f o r  occu- 

pa t i ona l  exposure t o  r a d i a t i o n  i n  DOE 5480.11 (1988). These values inc lude a  

l i m i t  on dose t o  i n d i v i d u a l  organs o r  t i ssues  t o  prevent de le te r i ous  non- 

s tochast ic  e f fec ts ,  and a  1  i m i t  on the  e f f e c t i v e  dose equ iva len t  based on the  

r i s k  o f  s tochas t i c  e f f e c t s .  Sect ion 9.m o f  t he  Order requ i res  the  record ing  

o f  annual and committed dose equivalents t o  organs and t i ssues  o f  concern as 

we l l  as the  annual and committed e f f e c t i v e  dose equivalent .  However, t h e  

Order does no t  e x p l i c i t l y  s t a t e  which organs and t i ssues  are t o  be considered 

i n  the  c a l c u l a t i o n  o f  e f f e c t i v e  dose equivalent ,  nor  does i t  s t a t e  what 

c o n s t i t u t e s  an organ o r  t i s s u e  o f  concern. 

For t he  purposes o f  performing i n t e r n a l  dose assessments t o  determine 

compliance w i t h  l i m i t i n g  values f o r  occupational dose, and f o r  complying w i t h  

record ing  and r e p o r t i n g  requirements i n  the  Order, organs and t i ssues  con- 

s idered i n  t he  eva lua t ion  o f  e f f e c t i v e  dose equivalent  and as "organs/t issues 

o f  concern" are those l i s t e d  as p o t e n t i a l  t a r g e t  organs i n  Pub l i ca t i on  30 o f  

t he  I n t e r n a t i o n a l  Commission on Radio logical  Pro tec t ion  (ICRP 1979). As noted 

below, doses received by l o c a l i z e d  t i ssues  are no t  inc luded i n  e i t h e r  t he  

assessment o f  e f f e c t i v e  dose equivalent  o r  i n  the  assessment o f  dose equiva- 

l e n t  t o  organs and t i ssues  o f  concern. 

Pract ices f o r  record ing  doses t o  "organs and t i ssues  o f  concern" are 

def ined i n  t he  Hanford In te rna l  Dosimetry Program Manual (PNL-MA-552). (a)  

Candidate organs are those i d e n t i f i e d  above. Chapters o f  t h i s  techn ica l  basis  

document p rov ide  organ dose f a c t o r s  f o r  s p e c i f i c  radionucl ides,  based on 

i n take  and on cumulated a c t i v i t y  a t  depos i t ion  s i t e s  f o r  organs considered t o  

most l i k e l y  meet the  record ing c r i t e r i a  i n  PNL-MA-552. I n  cases i n v o l v i n g  

(a)  P a c i f i c  Northwest Laboratory. 1989. Hanford I n t e r n a l  Dosimetry Proqram 
Manual . PNL-MA-552, Rich1 and, Washington. 

0.1 



relatively small effective dose equivalents, there may be no single organ that 
meets the recording criteria, whereas for a very significant exposure, several 
organs may qua1 i fy . 

Effective dose equivalent is calculated by summing, over specified 
tissues, the products of the dose equivalent in a tissue and the weighting 
factor for the tissue. Appendix A describes the criteria used for determining 
the organs contributing to effective dose equivalent. Chapters on specific 
radionucl ides provide dose factors that can be used to evaluate effective dose 
equivalent from intake or from cumulated activity (in nCi-day) in source 
organs. Where assessment of internally deposited activity is readily 
accomplished by in vivo measurements, effective dose equivalent factors are 
shown for cumulated activity in the lung, as well as for cumulated activity in 
the remainder of the body. The total effective dose equivalent is calculated 
by summing the contributions from these two sources. 

Intakes of radionuclides via wounds may result in the irradiation of 
local tissues at the wound site, as well as regional lymph nodes that drain 
the wound region. Because of their small mass, the absorbed dose to the 
regional lymph nodes may greatly exceed that to other tissues. Evidence from 

studies of experimental animals suggests that the lymph nodes are not primary 
sites for development of radiation-induced malignant disease (Nenot and 
Stather 1979). For this reason, there has been no attempt by either the ICRP 
(1979) or the BEIR Committee (National Research Council 1988) to derive 
stochastic risk estimates for lymphatic tissue. Similarly, the irradiation of 
local tissues at the wound site is not considered to carry significant risk of 
carcinogenesis. 

Concentrated activity in such localized sources can be expected to 
result in relatively high doses and cell death within a limited area, but 

unless this area comprises more than a minor fraction of the organ/tissue, 
there will likely be no observable nonstochastic effect at any dose. Assess- 
ment of organ or tissue dose equivalent from highly localized sources, made by 
averaging the energy deposited in the organ over the organ mass, is not a 
relevant measure for comparison to the limiting values for assessed dose based 
on nonstochastic effects. Furthermore, in most situations, it is not possible 



t o  determine the  actual  mass o f  a f fec ted  t i ssue  f o r  computing the  absorbed 

dose. Because the  absorbed dose i s  h i g h l y  nonuniform over the  t i s s u e  and on ly  

a  l i m i t e d  number o f  c e l l s  w i t h i n  the  organ/t issue are af fected,  t he  use o f  

dose equ iva len t  f o r  assessing t h i s  l o c a l i z e d  exposure i s  no t  v a l i d .  

For these s i t ua t i ons ,  the  Hanford In te rna l  Dosimetry Program w i l l  e s t i -  

mate the  q u a n t i t y  o f  rad ionuc l ide(s )  l o c a l l y  deposited and the  p ro jec ted  

r e t e n t i o n  ha l f - t ime .  These estimates become p a r t  o f  t he  i n d i v i d u a l ' s  r a d i -  

a t i o n  p r o t e c t i o n  record, bu t  are no t  used f o r  determining compliance w i t h  

e i t h e r  t he  s tochast ic  o r  nonstochast ic l i m i t s .  This  approach i s  analogous 

t o  t h e  approach requ i red  i n  DOE 5480.11 f o r  i r r a d i a t i o n  o f  l i m i t e d  areas o f  

t he  sk in.  
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APPENDIX C 

STATISTICAL METHODS FOR INTERPRETING BIOASSAY DATA 

I n e v i t a b l y  s t a t i s t i c a l  methods must be a p p l i e d  t o  bioassay da ta  t o  

p rov ide  meaning t o  t h e  d a t a  and t o  use t h e  da ta  i n  models. The more impor tan t  

s t a t i s t i c a l  methods used by t h e  Hanford I n t e r n a l  Dosimetry Program are  

descr ibed  be1 ow. 

DECISION LEVEL AND MINIMUM DETECTABLE AMOUNT 

Three fundamental ques t ions  i n  deal  i n g  w i t h  bioassay da ta  a re  1 )  when 

does a  sample r e s u l t  i n d i c a t e  t h e  presence o f  something ( t h e  a n a l y t e ) ?  i . e . ,  

when i s  t h e  ana l y te  detected? 2) what i s  t he  o v e r a l l  c a p a b i l i t y  o f  t h e  

bioassay method f o r  con t i nua l  assurance o f  d e t e c t i o n  o f  t h e  analy te?,  and 

3)  when does a  sample r e s u l t  i n d i c a t e  t h e  presence o f  ana l y te  above t h e  

n a t u r a l  background? The t h i r d  ques t ion  i s  impor tan t  mos t l y  f o r  uranium i n  

exc re ta  and i s  discussed i n  t h e  s e c t i o n  on uranium. Concerning t h e  f i r s t  two 

quest ions,  t h e  Hanford I n t e r n a l  Dosimetry Program f o l l o w s  t h e  concepts o f  

d e c i s i o n  l e v e l  (a1 so c a l l e d  c r i t i c a l  l e v e l )  and minimum de tec tab le  amount 

(a1 so c a l l e d  d e t e c t i o n  1  eve1 o r  1  ower l e v e l  o f  d e t e c t i o n )  as descr ibed by 

C u r r i e  (1968, 1984), Brods ky (1986), t h e  Ameri can Nat iona l  Standards 

1 n s t i  t u t e ( a ) ,  and many o the rs .  

The d e c i s i o n  l e v e l ,  LC, i s  t h e  parameter t h a t  i s  used t o  answer ques t ion  

1) above. The LC i s  dependent on t h e  p r o b a b i l i t y  o f  o b t a i n i n g  f a l s e  p o s i t i v e  

r e s u l t s  ( o r  p r o b a b i l i t y  o f  a  t ype  I e r r o r )  t h a t  one i s  w i l l i n g  t o  accept.  For 

i n d i r e c t  bioassay samples, a  5% p r o b a b i l i t y  o f  f a l s e  p o s i t i v e s  i s  used t o  

c a l c u l a t e  t h e  LC. The LC i s  c a l c u l a t e d  from the  r e s u l t s  o f  analyses o f  b lank  

(a )  American Nat iona l  Standards I n s t i t u t e  (ANSI). 1987. Performance 
C r i t e r i a  f o r  Radiobioassav. D r a f t  A N S I  Standard N13.30, New York, 
New York. 



samples . (b) Because the  actual  LC value f o r  a  given rad ionuc l  i d e  ana lys i s  

w i l l  vary s l i g h t l y  over time, a  s i n g l e  value i s  then chosen t o  d e f i n e  

" p o s i t i v e "  samples. This  value, c a l l e d  p o s i t i v e  l e v e l ,  i s  s e t  t o  be s l i g h t l y  

g rea te r  than t h e  temporal f l u c t u a t i o n s  of t he  shor t- term LC values and i s  a  

number t h a t  i s  convenient t o  use by a l l  concerned p a r t i e s .  Any sample r e s u l t  

t h a t  i s  equal t o  o r  g rea ter  than the  p o s i t i v e  l e v e l  i s  considered p o s i t i v e ,  

i.e., t he  ana ly te  has been detected. I t  i s  inherent  i n  t h i s  method t h a t  when 

dea l i ng  w i t h  l a r g e  numbers o f  samples many samples con ta in ing  no a c t i v i t y  w i l l  

be dec la red p o s i t i v e ,  those being somewhat l e s s  than 5% o f  t h e  t o t a l  unless a  

s u b t l e  b i a s  e x i s t s  i n  t he  populat ion o f  samples. 

The minimum detec tab le  amount ( o r  a c t i v i t y ) ,  MDA, i s  t h e  parameter t h a t  

answers quest ion  2) above. The MDA i s  a  func t i on  o f  t he  p r o b a b i l i t i e s  o f  both 

fa1 se p o s i t i v e  and f a l s e  negat ive ( type I1 e r r o r )  r e s u l t s .  For i n d i r e c t  b i o -  

assay r e s u l t s ,  t he  p r o b a b i l i t y  o f  each k ind  o f  e r r o r  i s  s e t  a t  5%. The MDA i s  

determined annual ly  from ana lys is  o f  b lank samples. Annual MDAs are compared 

w i t h  values s e t  by con t rac t  w i t h  the  bioassay labora tory .  (The MDAs must be 

l e s s  than con t rac tua l  de tec t ion  l e v e l s  o r  c o r r e c t i v e  a c t i o n  i s  immediately 

undertaken.) I t  i s  t he  cont rac tua l  de tec t i on  l e v e l s  t h a t  are referenced 

throughout t h i s  document because on l y  the  cont rac tua l  de tec t i on  l e v e l s  are 

enforceable and are genera l l y  app l icab le  over long per iods o f  t ime.  A t  any 

t ime though, ac tua l  MDAs are usua l l y  somewhat lower than the  cont rac tua l  

de tec t i on  l e v e l s  quoted i n  t h i s  document. 

For i n  v i v o  measurements, because each person provides a  d i f f e r e n t  back- 

ground spectrum r e s u l t i n g  from d i f f e r e n t  amounts o f  na tu ra l  rad ionuc l ides ,  

d e t e c t a b i l i t y  i s  determined us ing in fo rmat ion  from both b lank sub jec ts  ( w i t h  

normal a c t i v i t i e s  o f  4 0 ~ )  and from the  person being counted. Background 

counts i n  t he  reg ion  o f  i n t e r e s t  i n  t he  photon energy spectrum are  determined 

by measuring t h e  counts i n  nearby channels. From a  group o f  b lank subjects,  

t he  r a t i o  between the  counts i n  t he  reg ion  o f  i n t e r e s t  and the  counts i n  

nearby channels i s  determined. This  r a t i o  i s  then app l ied  t o  the  counts i n  

t h e  nearby channels o f  the  spectrum from the  person being counted t o  determine 

(b) Blank samples are those t h a t  are equ iva len t  t o  an actual  sample bu t  are 
known no t  t o  conta in  the ana ly te  (uranium excepted). 

C . 2  



the background in the region of interest. The standard deviation of the 
counts in the nearby channels is also calculated. If the total counts in the 
region of interest are greater than the background counts plus K times the 
standard deviation, then a photopeak in the region of interest is considered 
"detected." K is 3 for spectra obtained using germanium detectors and 4.6 for 
spectra obtained using NaI detectors. Except at very low energies, the ratio 
of nearby-channel counts to background-region-of-interest counts is considered 

to be 1 for spectra obtained using germanium detectors. Consideration is 
given to the presence or absence of accompanying photopeaks and possible 

interference from other radionucl ides before a radionucl ide is considered 
"detected. " Appl ication of complete Currie-type statistics to in vivo 
counting is under development. 

NORMALIZATION OF INDIRECT BIOASSAY DATA 

Indirect bioassay data may be normalized differently according to the 

type and processing category of the sample. Table C.l describes the types o f  

samples and Tab1 e C. 2 describes the processing categories. 

TABLE C. 1. Types of Indirect Bioassay Samples 

Medi a Descri pti on 

Urine Simulated 24-hour collection. Total excretion between just 
before sleeping and just after rising on 2 consecutive days. 
Not collected at work (NCRP 1987). 

Urine Total 24-hour col 1 ect ion, incl udi ng col 1 ect ion at work 
i f necessary. 

Urine Simulated 12-hour collection. Total excretion between just 
before sleeping and just after rising; one time, not at work. 

Urine Spot sample. A single voiding. 

Feces Single voiding. 



TABLE C.2 .  Processing Categories 

Name 

Routine 

Priority 

Exped i t e 

Description 

Longest turnaround time, most sensitive analysis 
techniques. Used for most routine samples and samples 
for which turnaround time is not critical. 

Shorter turnaround time but same sensitivity as routine 
processing. Generally used for sampling terminating 
workers and for following up on potential intakes. 

Three-day turnaround time, intermediate sensitivity. 
Used for follow-up on a potential intake, usually 
shortly after the intake. 

Emergency Turnaround in a few hours, least sensitivity. Used for 
rapid indication of the seriousness of an intake. 

Generally, the urine data are normalized to total 24-hour excretion. 
Provided the sample is collected properly, a total or simulated 24-hour urine 
sample result is used as is; no further normalization is done. A proper 
12-hour sample result is normal ized by doubling the result. 

If it is suspected that a sample has not been provided according to 
instructions, several approaches are taken. A routine-category sample that is 
supposed to contain 24-hour excretion is not analyzed if the volume is less 
than 500 mL because the volume is too small to represent a true 24-hour col- 
lection. The worker is asked to provide another sample. The minimum volume 
for other routine-category samples and for all priority-category samples is 
20 mL. When a sample is above the cutoff for analysis but is believed not to 
represent 24-hour (or 12-hour) excretion, the result may be 1) normalized to 
24-hour based on information from the provider, 2) ignored, 3) normalized by 
volume to 24-hour excretion, or 4) normalized by creatinine to 24-hour excre- 
tion. To normalize by volume, 1400 mL for males and 1000 mL for females (from 
Reference Man [ICRP 19741) should be used for 24-hour excretion unless the 

person-specific daily excretion rate is known. Normalization by creatinine 
should be used only if the person-specific daily creatinine excretion is 

establ ished. 



The one exception to the above discussion concerns analysis for tritium 
in urine. Spot urine samples are collected, and the data are reported and 
used directly in units of activity per volume (see Section 2.0). 

Concerning fecal samples, total fecal excretion over a specified period 
of time (e.g., 3 or 5 days) is obtained. If it appears that the person has 
not followed instructions, attempts are made to determine what portion of the 
time is represented by the samples collected. As a last resort, a single 
voiding is assumed to represent 24-hour excretion. (See also Appendix E.) 

COMPARISON OF RETENTION OR EXCRETION FUNCTIONS TO DATA 

Generally, following an acute intake, more than one datum of a similar 
nature (e.g., urine results) is obtained, and the appropriate retention or 
excretion function is fit to the data. Two options for fitting the function 
to the data are used ([1 isted in order of preference]: 1) weighted least- 
squares fit, 2) unweighted least-squares fit), and other methods are being 
investigated. 

The weighted least-squares fit should be used when two results of the 
measurement process are known--the result i tsel f (whether zero, negative, or 
whatever), xi, and its variance, of--and when the variances are all deter- 
mined in the same manner. The weighting factor is the inverse of the sum of 
the variances. The intake is given by 

where ri is the value of the fractional retention or excretion function at the 
same time after intake as the sample result xi (Bevington 1969). Use of the 
weighted leastlsquares fit avoids having the calculation of intake or uptake 
dominated by a few large data points that may have poor precision, such as a 
hastily analyzed urine sample collected shortly after an intake. 

If the variances are unknown, are known to be equal, or were determined 
differently (such as counting uncertainty versus total propagated 



uncer ta in t y ) ,  then t h e  unweighted least-squares f i t  should be used. The 

unweighted least- squares f i t  i s  represented by Equation (C.  1) when a1 1  v a r i  - 

ances are  s e t  equal t o  one. 

Data t h a t  are l i s t e d  on l y  as " less  than" some value are d i f f i c u l t  t o  use 

i n  a  mathematical f i t t i n g  technique. The Hanford I n t e r n a l  Dosimetry Program 

a r b i t r a r i l y  se ts  t h e  value f o r  the  measurement as one-hal f  o f  t h e  l ess- than  

value f o r  use i n  least-squares f i t t i n g  techniques. This  does n o t  work w e l l  i f  

too  many o f  t h e  da ta  are  less- than values. I f  there  are many less- than values 

and a  few we1 1  -known data, then the  eval ua to r  may need t o  use on l y  t he  we1 1  - 
known data  i n  t h e  least-squares f i t t i n g  technique, making sure t h a t  t h e  bes t  

f i t does n o t  seem unreasonable w i t h  regard t o  the  many less- than data.  

I n  a l l  cases, o u t l i e r s ,  o r  da ta  t h a t  are no t  re levan t  t o  t h e  equat ion 

being f i t , should n o t  be inc luded i n  a  f i t t i n g  technique. Examples would 

i nc lude  u r i n e  da ta  in f luenced by d ie thy lene t r i am ine  penta acetate (DTPA) 

therapy o r  a  datum w i t h  a  very h igh  less- than r e s u l t .  The assessment should 

document which da ta  are  being ignored and why. 

TREATMENT OF RECOUNTED DATA BEFORE USING I T  WITH ONCE-COUNTED DATA 

Resul ts  f rom samples t h a t  have been recounted should no t  be used 

d i r e c t l y  w i t h  r e s u l t s  from once-counted samples i n  ana lys is  programs such as 

PCPLOT. The bes t  est imate o f  t he  mean value o f  t he  recounted sample and t h e  

best  es t imate  o f  t h e  unce r ta in t y  o f  the  mean value need t o  be determined f i r s t  

so t h a t  each sample has on l y  one value. The mean value ( i )  should be de te r -  

mined by t h e  formula f o r  a  weighted average: 

i= k+  1 (n  i s  usua l l y  2 o r  3) 
i=l 2 i=l 2 

i i 

where Xi a re  t h e  r e s u l t s  from the  recounts and Si are the  t o t a l  propagated 

u n c e r t a i n t i e s .  

The bes t  est imate o f  the  unce r ta in t y  o f  the  mean value should be 

determined by t h e  formula f o r  a  weighted uncer ta in ty :  



This approach provides consistency in the way recounted sample data are 
used in dose assessments, and prevents recounted data from acquiring unwar- 
ranted weight re1 ative to once-counted data for curve-f itting purposes. 
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APPENDIX D 

ICRP LUNG MODEL 

Figure 0.1 presents the  I n t e r n a t i o n a l  Commission on Radio logical  Protec- 

t i o n  (ICRP) lung model as publ ished i n  I C R P  30 (1979). The depos i t ion  f r a c -  

t i ons ,  DN-p, DT-B, and Dp, as g iven i n  F igure D . l  apply t o  an aerosol w i t h  an 

a c t i v i t y  median aerodynamic diameter (AMAD) o f  1 pm. F igure 0.2, a lso  from 

ICRP 30, shows how the  depos i t ion  f r a c t i o n s  vary as a  func t i on  o f  AMAD. 

Deposi t ion f r a c t i o n s  f o r  p a r t i c l e  s izes  o ther  than 1 pm may be est imated from 

Figure D.2 o r  may be obtained from Table D. 1. 



Nodes 

FIGURE D.1. Mathematical Model Used to Describe Clearance from the Respira- 
tory System. (The values for the removal half-times, Ta-j and 
compartmental fractions, Fa-j , are given in the tabular portion 
of the figure for each of the three classes of retained mater- 
ials. The values given for DN-p, DT-B, and Dp [left column] are 
the regional depositions for an aerosol with an AMAD of 1 p. 
The schematic drawing identifies the various clearance pathways 
from compartments a-j in the four respirator regions, nasal 
passages [N-PI, tracheal-bronchial tree [T-B , pulmonary [PI, 
and 1 ymph nodes [L] . ) Y 



Percent Deposition 

FIGURE D.2. Deposition of Dust in the Respiratory System. (The percentage 
of activity or mass of an aerosol that is deposited in the N-P, 
T-B, and P regions is given in relation to the AMAD. The model 
is intended for use with aerosol distributions with AMADs 
between 0.2 and 10 pm and with geometric standard deviations 
of less then 4.5. Provisional estimates of deposition further 
extending the size range are given by the dashed lines. For 
an unusual distribution with an AMAD of greater than 20 pm, 
complete deposition in the N-P region can be assumed. The model 
does not apply to aerosols with AMADs of less than 0.1 pm.) 



TABLE D. l  Depos i t i on  Frac I ns as a Func t ion  
o f  Aerosol  AMAD td 

AMAD, ~m 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.9 
1 .o 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 
10.0 

D e ~ o s i  ti on F rac t i ons  
N-p(b) p (c )  

0.050 0.50 
0.088 0.43 
0.13 0.38 
0.16 0.34 
0.19 0.32 
0.23 0.30 
0.26 0.28 
0.30 0.25 
0.50 0.17 
0.61 0.13 
0.69 0.10 
0.74 0.088 
0.78 0.076 
0.81 0.067 
0.84 0.060 
0.86 0.055 
0.87 0.050 

(a )  From NUREG/CR-1962, p. 25 (Eckerman, 
Watson, and Ford 1981). The deposi-  
t i o n  f r a c t i o n  f o r  t h e  T-B r e g i o n  i s  
0.08, independent o f  AMAD. 

(b) N-P = nasal-passage reg ion .  
( c )  P = pulmonary reg ion .  
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APPENDIX E 

FECAL SAMPLING 

Fecal sampling can be a valuable aid for estimating the magnitude of an 

inhalation intake. Through application of the lung and digestive tract models 

(ICRP 1979), estimates can be made of the expected daily fecal excretion 

following an inhalation intake. For class W and class Y radionuclides, the 
expected fecal excretion can be divided into two components: that which 

represents rapid clearance from the respiratory tract and that which repre- 

sents longer-term clearance from the pulmonary region of the lung. Measure- 

ment of the quantity of a class W or Y radionuclide excreted via feces in the 
rapid clearance phase (first few days following an intake) can provide an 

early estimate of intake that is often more sensitive than other bioassay 

measurements. This estimate may be especially helpful for class Y radio- 
nuclides with little absorption from the GI tract and for which in vivo count- 

ing is difficult, e-g., class Y forms of plutonium, uranium, 1 4 7 ~ ~ .  Addi- 

tionally, fecal sampling during the rapid clearance phase may be helpful with 

more readily transported forms when the use of medication invalidates the use 

of normal systemic retention or excretion models, e.g., during chelation 

therapy. 

BIOKINETICS 

Figure E . 1  shows the expected daily fecal excretion as a fraction of 
intake of l-pm-AMAD particles for class W (curve A) and class Y (curve B) 

material for which radioactive decay, uptake from the gastrointestinal 

(GI) tract, and systemic excretion to the GI tract are negligible (from 

NUREG/CR-4884 [Lessard et a1 . 19871 using 239~u as the model). Nearly half of 

the intake is excreted via feces in the first 5 days, which makes fecal samp- 

ling a very sensitive indicator of intake at that time. Excretion during the 

next 5 to 10 days decreases rapidly, and the daily excretion beyond about 15 

days is relatively constant, representing the slowly clearing component from 

the pulmonary. Note that excretion during the rapid clearance phase is 



Days Post Intake 
R8812094 007 51 

FIGURE E.1 .  Daily Fecal Excretion of Plutonium as a Fraction of Inhalation 
Intake fo r  Three Intake Scenarios ( a l l  l-pm-AMAD pa r t i c l e  s i z e )  
A - -  inhalat ion of 1 u n i t  of c lass  W plutonium 
B - -  inhalation of 1 u n i t  of c lass  Y plutonium 
C - -  inhalat ion of 1 unit  and ingestion of 1 unit of c l a s s  Y 

pl utoni um 

r e l a t i ve ly  independent of inhalat ion c l a s s ,  and t ha t  excretion a f t e r  about 

10 days i s  unaffected by ingestion that. may have occurred along with the  

inhal at ion.  

Table E . 1  l i s t s  fecal excretion f ract ions  and accumulated f ract ional  

excretion during the  rapid clearance phase fo r  the material described in the  

above paragraph (Lessard e t  a l .  1987). Use of the  accumulated fecal excre- 

t ion data in Table E.1 i s  generally recommended over use of the da i ly  f rac-  
t ional  excretion data because of the  d i f f i cu l t y  in col lect ing (or  a t  l e a s t  in 

knowing t ha t  you have col lected)  a day's excretion. (See P i t f a l l s  section fo r  

more discussion of t h i s  problem.) 



TABLE E.1. Fraction of Intake x reted via Feces Following 
an Acute Inhalation 'i a5 

Fraction of Intake Fractional 
Excreted Duri ns Interval Accumul ated Excretion 

Days Post Intake W Y W Y 
1 ( 0 - 24 hours) 0.042 0.052 0.042 0.052 

2 (24 - 48 hours) 0.14 0.16 0.18 0.21 

3 (48 - 72 hours) 0.11 0.13 0.29 0.34 

4 (72 - 96 hours) 0.066 0.074 0.36 0.42 

5 (96 - 120 hours) 0.034 0.036 0.39 0.45 

-- - - 

(a) Assumes l-pm-AMAD particles and negligible uptake from the GI tract 
and negl igi ble systemic excretion to the GI tract. 

RECOMMENDATIONS FOR USE OF FECAL SAMPLING 

Because of problems discussed in the Pitfalls section, fecal sampling is 

best used in combination with other bioassay measurements. When the quality 

of data from the other bioassay measurements is good, e.g., the data are not 

near the detection level or are not biased by the effects of medication, then 

preference should be given to estimates of intake from the other bioassay 

measurements. 

However, for moderately or poorly ,absorbed radionuclides, fecal sampling 

during the first few days after an inhalation intake is a very sensitive indi- 

cator. Fecal sampling should be included as part of a regime of bioassay 

measurements for follow-up to a suspected intake if detectability of the 
intake using other bioassay measurements is greater than a first-year effec- 
tive dose equivalent of 100 mrem. 

The extent of use of fecal sampling depends on the expected severity of 
the intake. For intakes that are estimated (based on workplace monitoring) to 

result in a first-year effective dose equivalent of less than 100 mrem, or for 

situations where confirmation that an intake did not occur is desired, a fecal 

sample collected from 24 to 72 hours after the potential intake is recom- 

mended. If the sample shows detectable activity, additional bioassay measure- 

ments should be obtained, including additional fecal samples coll ected from 20 



t o  100 days pos t  i n t ake .  I n  some s i t u a t i o n s  these a d d i t i o n a l  f e c a l  samples 

may s t i l l  be more s e n s i t i v e  t o  i n t a k e  than o t h e r  bioassay measurements, b u t  

spec ia l  ca re  i s  necessary t o  avo id  f u r t h e r  smal l  i n t akes  p r i o r  t o  c o l l e c t i o n  

o f  these a d d i t i o n a l  samples. I f  t h e  f i r s t  sample i s  n o t  c o l l e c t e d  o r  i f  t h e  

r e s u l t s  a re  i n v a l  i d a t e d  d u r i n g  ana lys is ,  another  sample should be c o l  l e c t e d  as 

soon as poss ib l e ;  however, samples c o l l e c t e d  f rom 5 t o  20 days p o s t  i n t a k e  

should be used o n l y  as a  con f i rma t i on  ( o r  o therw ise)  o f  in take ,  n o t  as an 

e s t i m a t o r  o f  in take ,  because o f  t h e  steepness o f  t he  f e c a l  e x c r e t i o n  curve  

d u r i n g  t h i s  per iod .  

I f  workplace mon i t o r i ng  r e s u l t s  i n d i c a t e  a  more ser ious  i n take ,  a l l  

f e c a l  e x c r e t i o n  f rom about 6 t o  72 hours p o s t  i n t a k e  should be c o l l e c t e d .  The 

t o t a l  r e s u l t  f rom a l l  samples c o l l e c t e d  d u r i n g  t h i s  p e r i o d  i s  d i v i d e d  by t h e  

f r a c t i o n a l  accumulated e x c r e t i o n  f o r  t h e  f i r s t  3 days p o s t  i n t a k e  t o  p rov ide  

an es t ima te  o f  i n t ake .  Table E . l  can be used f o r  i so topes  o f  p l u ton ium and 

uranium ( a l s o  o t h e r  r ad ionuc l i des  where G I  absorp t ion  and r a d i o a c t i v e  decay 

can be neg lec ted) ;  NUREG/CR-4884 (Lessard e t  a l .  1987) can be used f o r  o t h e r  

r a d i o n u c l i d e s  (l-pm-AMAD p a r t i c l e s  o n l y ) .  

I f  t h e  es t ima te  o f  dose f rom t h e  i n t a k e  exceeds a  f i r s t - y e a r  e f f e c t i v e  

dose equ i va len t  o f  100 mrem, and e s p e c i a l l y  i f  o t h e r  bioassay d a t a  cannot p ro -  

v i d e  an adequate es t ima te  o f  in take ,  then a d d i t i o n a l  f e c a l  samples a t  beyond 

20 days pos t  i n t a k e  should be ob ta ined  and cons ide ra t i on  should be g i v e n  t o  

de te rmin ing  t h e  i n t a k e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  The f r a c t i o n a l  d a i l y  f e c a l  

e x c r e t i o n  a t  t imes  a f t e r  i n t a k e  beyond 5 days can be ob ta ined  f r om t h e  GENMOD 

code o r  f rom NUREG/CR-4884 (Lessard e t  a l .  1987). 

The f e c a l  samples ob ta ined  a f t e r  20 days pos t  i n t a k e  can h e l p  determine 

t h e  i n h a l a t i o n  c l a s s  and c learance r a t e  f rom t h e  pulmonary r e g i o n  t o  t h e  G I  

t r a c t .  But i t  needs t o  be recognized t h a t ,  d e s p i t e  appearances i n  t h e  ICRP 

l u n g  model, t h e  c learance r a t e  f rom t h e  pulmonary r e g i o n  t o  t h e  G I  t r a c t  

(compartment g  [see Appendix D l  i s  n o t  n e c e s s a r i l y  i d e n t i c a l  t o  t h e  c learance  

r a t e s  f rom t h e  pulmonary r e g i o n  t o  t h e  b lood  o r  lymph system (compartments e  

and h ) .  U r i n e  da ta  p rov ide  t h e  bes t  es t imates  o f  t h e  l a t t e r  c learance  r a t e s .  

Lack ing good u r i n e  data, d e f a u l t  va lues should be used. For example, i f  f e c a l  

da ta  i n d i c a t e  a  long- te rm c learance h a l f - t i m e  o f  400 days and u r i n e  da ta  a re  



lacking or are not def in i t ive ,  the  material should be assumed t o  be c l a s s  Y 

and clearance half-times of 500 days should be used fo r  compartments e and h .  

NORMALIZATION OF FECAL DATA 

Reference Man (ICRP 1974) excretion fo r  adul ts  ranges from 60 t o  

500 g/day, with a recommended average of 135 g/day fo r  an adult male and 

110 g/day for  an adult female. Note tha t  these values represent excretion 

"per day" not excretion "per bowel movement." When a s ingle  bowel movement i s  

col 1 ected, i t  i  s general l y  interpreted as representing excretion fo r  one day. 

I f  the  sample i s  greater  than 60 g, no normalization i s  used. If the  sample 

i s  l e s s  than 60 g, the sample r e su l t s  should be normal ized t o  135 g fo r  males 

and 110 g fo r  females. 

I f  to ta l  accumulated excretion over a time period was requested and 

there i s  no apparent reason t o  suspect tha t  to ta l  excretion was not provided, 

then a l l  sample resu l t s  should be used as i s ,  without regard fo r  the mass of 

individual samples. If excretions were missed during the time period, then 

normalization of the to ta l  mass t o  the to ta l  mass expected based on the r e f e r -  

ence values given above should be used. 

PITFALLS 

There are  problems with in terpreta t ion of fecal data for  which the  eval- 

uator needs t o  s tay a l e r t .  One i s  the poss ib i l i ty  of interference by ingested 

material.  In Figure E.1, curve C shows the expected dai ly  fecal excretion 

from a uni t  intake of c lass  Y material by inhalation and a unit  intake by 
ingestion. Note t ha t  curve C follows the same general shape of the  other 

curves, and hence a combined inhalation/ingestion intake of nearly equal pro- 

portions would not be readi ly  discernible using ear ly  fecal data.  Also note 

t ha t  the  influence of the ingestion remains s ignif icant  unti l  about 8 days 

post intake. The accumulated fecal excretion in the f i r s t  3 days from t h i s  

intake would be 3.5 times the  accumulated fecal excretion from inhalation 

alone, and hence the estimate of intake determined in t h i s  manner would be 

3.5 times too great .  The point i s  tha t  because ingested material contributes 

in to to  t o  fecal excretion, i t  has a magnifying e f f ec t  on the determination of 



i n h a l a t i o n  i n take .  For s u f f i c i e n t l y  l a r g e  in takes,  t h i s  problem can be 

overcome by sampling dur ing  the slow clearance phase. 

I n t e r p r e t a t i o n  o f  feca l  data i s  a lso  s e n s i t i v e  t o  the  s i z e  o f  t he  par-  

t i c l e s  inhaled.  For example, F igure E.2 shows f r a c t i o n a l  d a i l y  exc re t i on  f o r  

c lass  W and c lass  Y plutonium f o r  3- and 8-pm-AMAD p a r t i c l e s .  I n  these cases 

c o l l e c t i o n  o f  t h e  f i r s t  3  days' feces and assumption o f  1-pin-AMAD p a r t i c l e s  

would r e s u l t  i n  overest imat ion o f  t he  i n take  by 1.7 and 2.2 f o r  i n takes  ac tu-  

a l l y  i n v o l v i n g  c lass  W 3-  and 8-pm-AMAD p a r t i c l e s ,  respec t i ve l y ,  and by 1.6 

and 2.0 f o r  c lass  Y 3- and 8-pm-AMAD p a r t i c l e s ,  respec t i ve l y .  Add i t i ona l  

e r r o r  would then be made i n  the  c a l c u l a t i o n  o f  doses t o  t h e  l ung  and systemic 

organs because t h e  f r a c t i o n  o f  i n take  deposited i n  t he  pulmonary reg ion  o f  t h e  

l ung  and/or t r a n s f e r r e d  t o  the  blood would be overest imated also. 

10 10 
Days Post Intake 

FIGURE E.2. D a i l y  Fecal Excret ion o f  Plutonium as a  F rac t i on  o f  I n h a l a t i o n  
In take  f o r  Four In take Scenarios. 
A - -  c lass  W, 3-pm-AMAD p a r t i c l e s  
B - -  c lass  W, 8-pm-AMAD p a r t i c l e s  
C - - c l  ass Y, 3-pm-AMAD p a r t i  c l  es 
D - -  c lass  Y, 8-pm-AMAD p a r t i c l e s  



The GENMOD computer code can be used by adjusting deposition fractions to 
obtain fecal excretion fractions for particl e-size distributions other than 
1-pm AMAD. 

Another difficulty arises from single-voiding samples. These are gener- 
ally easier to obtain than total excretion over a specific period. But both 
inter- and intra-individual variation in the regularity of bowel movements can 
introduce large uncertainties if a single voiding is used to represent daily 
excretion. Normalization by mass can help reduce error when a single sample 
represents a fraction of a day's excretion, but it does not help when a single 
sampl e represents excretion for several days. 

Contamination of a fecal sample by urine should be avoided, but gener- 
ally should not introduce significant error if it should occur. 

For uranium, natural daily ingestion (about 2 pg but variable [ICRP 
19791) needs to be taken into account. 
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APPENDIX F 

OTHER COMPUTER CODES 

PUCALC COMPUTER CODE 

The computer program PUCALC i s  used t o  produce plutonium u r i n a r y  excre- 

t i o n  curves as a func t i on  o f  t ime post  i n take  f o r  a l t e r n a t i v e  values o f  

systemic t r a n s f e r  r a t e  and presystemic deposi t ion.  The computer-generated 

curve i s  superimposed on a p l o t  o f  actual  p lu ton ium- in-ur ine  da ta  t o  p rov ide  a 

v i sua l  comparison o f  f i t .  Various values f o r  systemic t r a n s f e r  r a t e  and pres-  

ystemic depos i t ion  can be entered u n t i l  an acceptable f it i s  obtained. 

Generation o f  Excret ion Curve 

The excre t ion  curve generated by PUCALC i s  based on the  exc re t i on  func- 

t i  on developed by Jones (1985) (Equation [9.1]) .  The Jones func t i on  p r e d i c t s  

the  u r i n a r y  excre t ion  o f  p lutonium fo l l ow ing  an acute uptake. For PUCALC, the  

Jones func t i on  has been extended t o  the  general case i n  which the re  i s  a grad- 

ual  t r a n s f e r  o f  plutonium i n t o  the  bloodstream from a presystemic compartment. 

The acute uptake case becomes a specia l  case where t h e  t r a n s f e r  o f  p lutonium 

i n t o  the  systemic c i r c u l a t i o n  occurs r a p i d l y .  

The equat ion descr ib ing  the  general case i s  as f o l l  ows: 

where EU(R) = the  u r i n a r y  excret ion,  i n  d i s i n t e g r a t i o n s  per  minute, on 

day R f o l l o w i n g  i n i t i a l  depos i t ion  o f  t he  plutonium i n  the  

presystemic compartment 

U(-) = the t o t a l  q u a n t i t y  o f  plutonium, i n  d i s i n t e g r a t i o n s  per 

minute, i n i t i a l l y  deposited i n t o  the  presystemic compartment 

1 = the  r a t e  o f  t r a n s f e r ,  i n  day-', from the  presystemic compart- 

ment i n t o  the  blood 



R = the  number o f  days a f t e r  i n take  t o  the  day f o r  which the  

exc re t i on  i s  t o  be ca l cu la ted  

x  = t h e  number o f  days between in take  and incremental uptake 

J(R-x) = t he  value o f  t he  Jones exc re t i on  f u n c t i o n  a t  t ime R-x. 

The J(R-x) i s  determined by s u b s t i t u t i n g  R-x f o r  t i n  Equation (9.1). 

The exc re t i on  .curve p l o t t e d  by PUCALC i s  produced by so l v ing  Equa- 

t i o n  (F . l )  f o r  75 d i f f e r e n t  values o f  R spaced equa l l y  t o  cover t he  p e r i o d  

from 1 t o  about 15,000 days. So lu t i on  o f  Equation (F . l ) ,  by i n t e g r a t i o n  over 

t he  p e r i o d  0  t o  R, g ives the  f o l l o w i n g  func t ion :  

where K i  = ai [exp(-AR) - exp(-biR)]/(bi - A )  

and - i a i . bi 

The curve generated by Equation (F.2) can be subtracted from the  

observed exc re t i on  data t o  show i f  the re  i s  res idua l  u r i n a r y  a c t i v i t y .  The 

curve-subt rac t ion  process i s  performed by so l v ing  Equation (F.2) f o r  each 

value o f  R f o r  which a  bioassay r e s u l t  e x i s t s  and sub t rac t i ng  t h i s  value from 

each data  p o i n t .  A tendency o f  t h e  adjusted data t o  show the  presence o f  ne t  

observed a c t i v i t y  i nd i ca tes  e i t h e r  a  component(s) o f  the  i n t a k e  n o t  accounted 

f o r  ( i - e . ,  p a r t  o f  t he  a c t i v i t y  i n  the  presystemic compartment i s  c l e a r i n g  

w i t h  a  d i f f e r e n t  t r a n s f e r  r a t e )  o r  an add i t i ona l  in take.  



THE GENERAL COMPARTMENT MODELER (GENCOMP) COMPUTER CODE) 

The GENCOMP computer code(a) was developed by Hanford I n t e r n a l  Dosimetry 

s t a f f  t o  so lve a  system o f  f i r s t - o r d e r  d i f f e r e n t i a l  equations f o r  catenary 

compartments us ing a  s t i f f  numerical a lgor i thm. It al lows determinat ion o f  

a c t i v i t i e s  o r  amounts i n  a  se r ies  o f  catenary compartments f o r  any t ime post  

i n take  o r  onset o f  in take.  The code a l lows a  wide v a r i e t y  o f  op t ions  f o r  

i n p u t  t o  t h e  f i r s t  compartment. For instance, i t  can accommodate a  repeat ing  

p a t t e r n  o f  x  days o f  i n p u t  f o l l  owed by y  days o f  no input ,  which more c l o s e l y  

simul ates t h e  "chroni  c-acute" i n take  cond i t i on  experienced by r o u t i n e l y  

exposed workers. A c t i v i t i e s  o r  amounts i n  each compartment can be c a l  cu l  a ted 

f o r  any t ime du r ing  t h e  pe r iod  o f  i n take  o r  a f t e r  in takes  have stopped. As an 

example o f  i t s  use, GENCOMP can model feca l  exc re t i on  by 3 days o f  no i n take  

p r i o r  t o  excret ion.  Thus, i t  can be used t o  est imate i n h a l a t i o n  i n take  r a t e s  

f o r  dose eva lua t ion  from feca l  samples. 
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