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Summary 

l. RADIOACTIVE WASTE DISPOSAL 

liquid Injection into Deep Permeable Formations 

The low-level wastes presently being considered 
for disposal by deep-well injection require con­
tainment for about 200 yr. Intermediate-level 
wastes, requiring containment for 450 yr, may be 
considered for disposal by this method if low-level 
wastes can be handled satisfactorily. It is unlikely 
that high-level wastes resulting from chemical 
processing of spent reactor fuel elements will be 
released to the ground without first immobilizing 
the fission products. 

Strontium-90, the major contributor tu the hazard 
of the waste, will move only 1 to 103 as fast as 
the transporting water because of ion exchange. 
Precipitation reactions will provide additional 
restrictions to radio strontium movement. Cesium-137 
will be expected to move much more slowly than 
Sr90 because of highly selective exchange. re­

actions. Ruthenium-106 movement is not likely 

to be hazard-controlling. 

Disposal by Hydraulic Fracturing 

Completion of the test drilling and a survey of 
the test holes at the site of the second fracturing 
experiment have shown that the rock structure in 
this area is simpler than reported last year, but 
has confirmed that the fractures themselves are 
essentially parallel to the bedding planes. A test 
well at the site of the proposed disposal plant, 
about 3000 ft southwest of the site of the fracturing 
experiment, was drilled to a depth of 3263 ft. It 
penetrated the lower half of the Conasauga for_ma­
tion, all of the Rome sandstone, all of the 
Chickamauga limestone, and about 150 ft into the 
top of the Knox dolomite. Besides the shales in 
the lower Conasauga, 400 ft of well-bedded shale 
was found in the Chickamauga in the interval 

111 

between about 1650 and 2850 ft. The next step in 
this program will be to test these shales as a 
possible disposal site. 

Waste, cement, and additives can be mixed to 
give slurries with characteristics favorable for 
hydrofracturing operations. A preliminary mix 
formulation with usable pumping time of 8 1~ hr and 
a measurable compressive strength after 24-hr 
curing has been developed. The fluid loss tests 
showed that less than 53 of the fluid will be lost 
in 30 min. 

Disposal in Salt Formations 

Current emphasis on the treatment of aqueous 
high-level wastes by converting them into solids 
has made it necessary to intensify studies related 
to the disposal of solids in salt. 

.A computer code has been programmed and run 
to determine the space requirements for solid­
waste containers of various sizes contam1ng 
waste of different ages, based on the assumption 
that the disposal operation will consist in storing 
the containers in holes drilled in the mine floor. 
Further studies on the thermal properties of salt 
have shown that thermal properties calculated from 
the results of the liquid-waste experiment are 
within 10 to 203 of the values obtained for single 
crystals. 

In order to obtain data necessary for the design 
of mine rooms to contain radioactive solids, a 
network of 11 new extensometer stations has 
been installed in the Kansas ·mines to measure 
room closure at various overburden pressures, 
percent extractions, and room ages. Calculations 
have been made of the gamma dose to the salt 
surrounding solids con.tainers buried in the mine 
floor. Results indicate that the gamma dose will 
exceed 1 x 108 r (dose at which some structural 
damage will occur) only in local areas near the 
containers. 



Laboratory studies on the effect of high temper• 
atures (high~r than 1 oo0 c) on the thermal stability 
of rock salt have been performed and ipdicate that 

. at temperatures in· excess of 200°C shattering of 
the salt near the holes may occur. Field tests to 
determine what effect this localized shattering will 
have on the temperature rise near the hole are 
being conducted. 

Clinch River Studies 

Analyses of flows in the Clinch River and 
White Oak Creek for the last 10 yr showed a mean 
annual dilution of 450, but also showed that a 
30·day dilution factor of 78 would on the_ average 
occur once in 10 yr. Two dispersion tests at 
8000 and 20,000 cfs with Au 198 showed time of 
travel to the Emory River of 31 hr and 9.3 hr 
respectively. This is in good agreement with 
.calculated values. 

Results of water' sampling and analyses indicate 
that no Ru 106 and very little Sr90 are removed 
from the river water between the mouth of White 
Oak Creek and Centers Ferry (16 miles). Some 
losses of Co60 and Cs 13 7 may occur, but further 
analyses will be necessary to determine exactly 

how much. 
Sorption of Sr9 o arid Cs 1 3 7 by the bottom 

sediments in tap water (similar to r_iver water) was 

5 and 933 respectively. 

Study of White Oak Creek Ora inage Bas in 

The Process Waste Water Treatment Plant is the 
largei"st sl.ngle contributor of radioactive waste to 
White Oak Creek in Bethel Valley; however, 
significant quantities of radionuclides enter the 
creek from the sanitary sewage, laundry, and other 
sources within the valley. The amount of strontium 
detected at temporary water·sampling stations, 
located along White Oak Creek and its. tributaries, 
was found to vary with stream discharge. Also, 
a relation exi StS. between the concentration of 
suspended solids in the creek water and cesium 
transport ~d the amount' of strontium sorbed. 
Thus, during periods of high stream discharge 
and/or high suspended solid load, there is an 
increase in the amount of strontium and/or cesium 
transported in the creek. The amount of activity 
contributed· to the creek as a result of local and 
general fallout is insignificant in comparison with 
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that contributed by other sources of contamination. 
A series of soil samples was taken within the 

bed of former White Oak Lake and radiochemically 
analyzed to determine the distribution and total 
amount of Ru 106 in the soil. The activity flows 
onto the bed from two scre·ams that drain the 
intermediate·level waste pit area. Results of the 
investigation show that (1) as of February 1962 
there was approximately 1200 curies of Ru 1 06 
along two tracts in the bed of former White Oak 
Lake, (2) the highest concentrations of Ru 106 are 
found in the uppermost 2 in. of soil, (3) about 753 
of the activity found in the lake bed is associated 
with the first 2 ft of soil, and (4) although Ru 106 
is being transported by ground water through the 
lake bed soil; a relatively small amount of it is 
_reaching the creek in this manner. 

Ion Exchange Studies of Minerals 

The cesium exchange properties of vermiculite 
were improved by collapsing "the v"ermiculite 
lattice with ammonium ions or with one of the 
heavy alkali·metal cations. Pretreatment of the 
vermiculite with potassium increased .the number 
of ~xchange sites at the edges of collapsed basal 
sp·acings, where cesium can be incorporated into 
the lattice by "edge fixation." This increased 
the cesium Kd in 0.5 M NaN0

3 
by a factor of 2.7. 

Addition of NH 
4 

+, Cs+, Rb+, or K + to· the influent 

resulted in "interlayer fixation" of cesium, as a 
result of collapse of the lattice to physically 
entrap _the cesium sorbed at the basal surface 
exchange sites. In this case the cesium Kd was 
increased by a factor of about 4.4. 

Column studies with rock phosphate showed 
excellent removals of strontium by this material. 
The main advantage of this material over calcite 
is the elimination of phosphate addition; ics .cheap 
cost and ready availability make it more app~aling 
than resins. 

A highly selective sorbent for strontium has 
been prepared by heating gibbsite [Al(OH)

3
] above 

its decomposition temperature of 150°C. The 
heating resulted in the formation of aluminum 
oxides wi~h high surface_-·area (>200 m2/g), in 
contrast to the low surface area ("" 0.3 m_ 2 / g) for 
gibbsite. Distribution coefficients (Kd) ranged 
from 4000 to 40,000 when the solid/ solution ratio 
was increased from 0.001 g per 50 ml to 0.05 g per 
50 ml. A raw aluminum ore (bauxite from Arkansas) 
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containing 403 gibbsite also exhibited good 
strontium sorbing properties when the gibbsite 
component was decomposed by heating. 

Evaluation of Engineering, Economics, and Hazards 

Shipping of calcined wastes in vessels of 6-, 12-, 
and 24-in. diameters in 5-ft-diam carriers of lead, 

iron, and depleted uranium was evaluated. Shipping 
in lead was cheaper than in iron or depleted 
uranium, but for long distances shipping in uranium 
carriers wa.c; almost as cheap as shipping in lead. 

Study of storage of calcined solids in salt 
showed chat acidic Purex waste generated the most 
heat and, therefore, required the largest spacing. 
For a 15,000-Mw (electrical) nuclear economy this 
would require 2 to 20 acres/yr, depending upon the 
type of waste calcined. Cost of storage in salt 
ranged from 6 x 10- 3 to 30 x 1o-3 mill/kwhr 
(electrical). Sixty to eighty-five percent of the 
total cost was due to salt removal. 

2. RADIATION ECOLOGY 

White Oak Lake Bed Studies 

Samples taken in 1961 from White Oak Lake bed 
showed that concentrations of radionuclides in 
plants and herbivorous insects were essentially 
unchanged since 1958. Values for Sr90 and Cs 137 

in predaceous insects were lower in 1961 than in 
1958, but the difference results from more reliable 
sampling in 1961 rather than an actual decrease in 
concentrations of radionuclides. Estimates in 
1961 for predaceous insects agree with theoretical 
expectations for transfer of radionuclides between 
insect representatives of the trophic levels of this 
ecosystem. 

Significant concentrations of ten radionuclides 
were detected in the carcasses of 26 wild small 
mammals from upper White Oak Lake bed. 
Ruthenium-106 in rice rats averaged highest and 
ranged from 5 x 102 to 8 x 103 µµc per g of dry 
carcass. The radioanalyses indicated that rice 
rats fed in the vicinity of the radioactive surface 
seeps, which are contaminated with predominately 
Ru106. 

Metaphosphate glass rods (fluorods) were adopted 
as zn vzvo dosimeters for estimation of dose 
accumulated by wild mammals on. the lake bed. 
Experiments were performed to determine the 
response of the fluorods to the radiation energy 
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spectrum from mixed radionuclides in the soil. A 
combination of measurements with shielded and 
unshielded pocket ionization chambers and film, 
and high-Z and low-Z fluorods, indicated that 
unshielded Toshiba low-Z glass rods could be 
used to obtain satisfactory dose estimates. 

Fourteen cotton rats were tagged with 100-µc 
Ta 182 wires and released into enclosures delimiting 
the uncontaminated natural habitat. The use of the 
tags permitted evaluation of the enclosures 
(designed for confining animals on White Oak Lake 
bed) for retaining cotton rats and also permitted 
quick detection of animals which had died 
presumably from a combination of cold weather 
and parasitic infestation. 

Hematological measurements are being used as a 
possible indication of radiation effects in wild 
mammals on White Oak Lake bed. Because of the 
paucity of hematological information on wild 
mammals, basic blood studies were undertaken on 
some of the wild mammals from uncontaminated t::::' 
areas. These measurements included total 
erythrocyte count, total leukocyte count, differ­
ential count, and hematocrit. Within the rodent 
family Cricetidae, an inverse relation was found 
between erythrocyte number and body weight for 
the six species studied. A comparison of total 
leukocyte counts for a small sample of rice rats 
from uncontaminated areas and the lake bed in­
dicated a lower number of cells for the lake-bed 
animals (4.2 x 103 /mm3 vs 6.0 x 103 /mm3). 

Breeding pairs of known-history cotton rats were 
released during mid-June 1962 into pens on the 
upper lake bed for the first phase of an experiment 
to test for radiation effects on blood and food 
chain transfer of radionuclides. The animals were 
sampled for blood, weighed, and tagged subcu­
taneously with glass rod dosimeters prior to re­
lease. The first resampling was carried out two 
weeks postrelease and showed for both groups a 
general drop in red blood cell number and an 
increase in white blood cell number. This change 
in blood picture was considered to be the result 

· of adaptive physioloeic mechanisms, since it was 
explicit in both groups. 

Forest Studies 

Analog computer methods were used to simulate 
changes in the succession and Cs 13 7 redistribu­
tion in a herbaceous ecosystem. A combination of 



pos1uve and negative feedback loops ·regulated the 
rapid buildup to maximum oscillations in biomass 
per unit area. Rapid buildup typifies .·plant 
succession on moist bare areas like the sediments 
exposed following drainage of White Oak Lake in 
195 5. Other studies of this lake bed previously 
showed that only a few percent of the Cs 13 7 

incorporated in sediments is readily "available;" 
and a small fraction of this percentage becomes 
circulated through plant-animal food chains each 
year. However, the rap~d turnover by herbac.eous 
plants and insects implies prompt attainment of 
maximum levels of biological contamination. 
Contamination l~vels would decrease only slowly, 

·mainly owing to radioactive decay iri soils, unless 
favorable successional changes in species compo­
sition or remedial steps of land treatment were 
·introduced. 

Litter-bag techniques are providing data on the 
functional nature of arthiopod communities 
inhabiting decaying leaf litter, whereas radioactive 
tracer techniques are providing· a means of 
quantifying the role of these organisms. De­
velopment of arthropod communities in freshly 
fallen litter is anaiogous ·to ecological succession. 
Differences in forest substrate produced greater 
effects on the type of arthropod comm.unity than 
did differences between the leaf species. The 
acc~mulation of Sr85 , Co 60 , and Cs 134 by forest­
floor millipedes (Dixidesmus erasus) ~as measured 
in both field and laboratory experiments. Stron­
tiiim-85 accumulation was constant throughout a 
40-day period ·in the laborat'ory; Co60 concen­
trations in millipedes equilibrated· with concen­
trations in food during this period, and Cs l 3 4 

body burdens peaked after 3 days and i:hen declined 
at a rate w.hich reflected loss of cesiUm from leaf 
litter due to leaching. Field experimentation 
showed similar patterns· of accumulation for these 
isotopes, but re~ults were less conclusive owing 
to low levels cif activity and the influence of 
environmental factors. Effects of arthropods and 
of microflora on rates of litter breakdown were 
studied by comparing loss of weight and Cs l 3 4 

from oak leaves decomposing in the presence and 
in the absence of arthropods. Naphthalene was 
chosen over other insecticides because it ex­
cluded arthropods from the 1-itter. without affecting 
the microflora. Over a 35-week period, 100 g of 
naphthalene· on 1 m 2 of oak litter reduced the 
arthropod numbers. by 2 orders of magnitude, in­
creased microbial plate ·counts two to three times, 
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had no effect on direct counts of 
and soil and litter respiration, 
weight loss by 153, and reduced 
by 503. 

soil microflora 
reduced litter 
loss of Cs1 3 4 

Periodic quantitative estimates of the microflora 
in various environments and subsequently of 
corresponding amounts of microbial tissue are 
essential for prediction of. microbial accumula.tion 
and turnover of minerals, including radioisotopes, 
under . various ecological conditions. Results of 
such microbial counts ·show a positive correlation 
between microflora. and rate of litter breakdown, 
temperature, and moisture. Litter-leaf species 
in.fluenced composition as well as abundance of 
the microflora. Microbial immobilization of radi~­
nuclides in decomposing leaf litter may surpass 
503 of the initial mineral content. The amount of 
mineral i.mmobilized depends on the i.sotope, leaf 
species, microbial development, weather, subsoil, 
and arthropod activity. In contrast to other leaf 
species, the microbial decomposition of mulberry 
leaves resulted in mobilization of minerals. 

The second year of a tracer study of Cs l 3 4 in 
white oak trees was completed. In 1961, as in 
1960, an average of 403 of the 2 me injected in the 
tree trunk was transferred to plants. Of this, 
approximatl'!ly one-half returned to woody tissue, 
one-third. fe 11 with leaves, and one-sixth rained 
out. Horizontal and. vertical distribution in under·­
story, litter, and mineral soil was studied around 
three trees on each of four soils· (upland and 
lowland types derived from cherty dolomite and 
Conasauga shale). A 20 x 25 m ( 1;

8 
acre) plot 

dominated by tulip poplar was tagged with Cs 1 3 7 

Except for a short delay due to drought, trans­
location to tree crowns approached seasonal 
maximum values in 2 to 4 weeks. Soon after rain 
began leaching Cs 1 3 7 from the canopy, to ~he 
litter and soil, mushrooms showed a steady 
accumulation. 

Clinch River Studies 

'Aquatic ecology studies continue to emphasiz·e 
the fate· and ·effects of radionuclides released to 
the Clinch River. A study under way suggests 
that fish populations may be. tagged with radio­
nuclides deposited in the bony tissues (scales). 
The biological half-lives of udionuclides in fish 
are being measured in connection with population 
tagging studies and with investigations pertaining 
to the role of fish in the dispersal of radioactive 
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contamination of the environment. Preliminary 
results indicate a 40-day half-life for radiocesium 
in bluegills (Lepomis macrochirus), and a I-day 
half-life for radiostrontium in soft tissues of white 
crappie (Pomoxis annularis). The stable strontium 
content of white crappie flesh and bone is being 
determined to test the possibility of predicting 
concentrations of Sr90 in fish on the basis of the 
stable strontium content of fish tissue and water. 
Preliminary results from strontium and Sr90 
analyses of bone are in good agreement with 
values expected from laboratory releases of Sr90. 

The study of the effect of radiation from low­
level radioactive waste releases on a natural 
population of Chironomus tentans is continuing. In 
October 1961, there was a significantly greater 
number of heterozygous inversions in the irradiated 
population than in a nearby nonirradiated popu­
lation. Additional control areas were established 
along the Clinch River upsueam from White Oak 
Creek in order to verify the observed difference in 
heterozygous inversions. A seasonal trend in 
chromosomal polymorphism has not been demon­
strated in the irradiated population. 

The comparative strontium con_centrations of 
contemporary and prehistoric clam shells were 
used to determine the biogeochemical strontium 
cycle in the environment. Current studies showed 
that there is a nonhomogeneous distribution of 
strontium within fresh-water clam (Unionidae) 
shells. The strontium content of annual inner 
shell layers usually increases with age, whereas 
it is relatively constant in the outer shell layers. 
The outer layers contain an average of 773 as 
much strontium as do the inner layers. B::irium 
concentrations are correlated with strontium, 
whereas the correlation of manganese, magnesium, 
and sodiu111 concentrations in the shell layers is 
not consistent and appears to depend upon the 
species. 

3. RADIATION PHYSICS AND DOSIMETRY 

Theoretical Physics of Dosimetry 

Calculations of the dose due to high-enerey 
radiations are in progress. A code has been 
partially completed to determine the depth dose in 
a tissue slab due to incident neutrons and protons 
of energies up to 400 Mev. The relationship has 
been established between the Vavilov-Cherenkov 
effect and the l.ongitudinal and hybrid instabilities 
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in plasma-beam interactions. An electron beam­
plasma interaction in the presence of a magnetic 
field was analyzed, and it has been found that for 
a wave aligned in the direction of the magnetic 
field the instability has a frequency which is 
always below the gyrofrequency of stationary ions. 
The role of physical quantities in radiation 
dosimeters has been studied in conjunction with 
the generalized principle of dosimetry. A new 
model for spontaneous and radiation carcinogenesis 
has been investigated. A study of positron 
annihilation in free-electron gas has been made 
in which one assumes a static interaction between 
a given electron pair, and the annihilation has 
been expressed in terms of ladder Feynman 
diagrams. Absorption of photons in metals due to 
electron-electron collisions has been investigated. 
A study has been made of "distant ionization" 
produced by heavy ions in tissue elements beyond 
the adiabatic limit. 

Experimental Physics of Dosimetry 

Experimental work on the amount of ionization 
produced by alpha particles in mixtures of argon 
with various atomic and molecular gases has 
continued." .It has been shown that the data fit a 
model in which two excited states in argon transfer 
sufficient energy to the added gas to ionize the 
latter. Studies of the interaction of low-energy 
(less than I ev) electrons in H

2
0 show that the 

drift velocity in mixtures of H
2

0 with gases like 
C

2
H4 , CH4 , and C02 is appreciably decreased due 

to the addition of a few percent of II
2 
0. The 

results have been interpreted in terms of long­
duration collision and have been generalized to 
other gases having .permanent electrical dipole 
moments. A new time-of-flight method for the 
investigation of properties of electron swarms has 
been developed. The distribution of the flight 
times for individual electrons is interpretable in 
terms of the diffusion coefficient, the drift velocity, 
and the attachment coefficient. 
·The electron slowing-down spectra in copper of 

positrons and negatrons from Cu64 were measured, 
the former with an anthracene coincidence 
spectrometer and the latter with the Keplertron, or 
spherical electrostatic analyzer. The primary 
slowing-down flux in the former was in excellent 
::iereement with the continuous slowing-down 
model; the secondary electron spectrum in the 
latter was of a prelimin~ry nature but nonetheless 



showed a pronounced buildup of secondary 
electrons, the number of which doubled each time 
the energy was halved from about 40 kev to 1 ev. 
Studies of the emission spectra of metal foils 
irradiated by energetic electrons (25 to 120 kev) 
were continued with considerably increased 
accuracy due to the design, construction, and 
use of a grating calibrator for concave diffraction 
gratings, and to refinements in foil preparation 
and thickness measuring techniques. Spectra are 
in agreement with the transition radiation theory 
of Ritchie and Eldridge except for foils of high 
atomic number, where, in addition, visible 
bremsstrahlung is found. A new irradiation chamber 
has been built which permits observation of light 
from 0 to 153° from the electron beam direction 
under ultrahigh vacuum conditions. 

Dosimetry Methods and Applications 

Specific accomplishments this year include the 
development of a sensitive gamma-ray dosimeter 
having a negligible response to neutrons, the 
completion and testing of the Health Physics 
Research Reactor, and extensive experiments in 
Operation BREN. BREN was the major effort 
relative to the Ichiban Program, the objective of 
which is the determination of the radiation 
exposure of the survivors of the nuclear bombings 
of Hiroshima and Nagasaki, Japan. 

Physics of Tissue Damage 

The emission spectra of x-irradiated trypsin, 
tyrosine, phenylalanine, and tryptophan in a 
helium atmosphere have been obtained at 77°K 
with an interference filter spectrograph, both 
during irradiation (immediate luminescence) and 
after irradiation during warmup (thermolumines­
cence). Calibration of the spectrometer against 
an NBS standard light source has made possible 
measurements of the total light yield, which varied 
from 0.173 of total energy absorbed for trypsin to 
3.83 for tryptophan. The ratio of energy emitted in 
thermoluminescence to that in immediate lumi­
nescence varies from 0.0004 to 0.008 for these 
materials. The intensity of thermoluminescence 
was found to be strongly dependent on the presence 
of a gas both during irradiation and during warmup; 
that is, with a vacuum of the order of io- 5 mm Hg, 
the light intensity decreased by at least a factor 
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of 50. Spectra varied from material to material but 
did not depend on the particular gas present 
(He, Ar, 0 2 ). Similar experiments on NaCl showed 
a linear increase of thermoluminescent light 
intensity with crystalline surface area, indicating 
that electron trapping by adsorbed gas at the 
surfaces of crystals may play an important role. 

4. INTERNAL DOSIMETRY 

Estimation of Internal Dose 

A computer code written to estimate the body 
burden of Pu 2 39 (exclusive of lung burden) has 
been adapted to estimate the total intake of Pu2 39 
to blood from urinalysis data on excreted Pu 2 39. 
This makes it possible to check the accuracy of 
the model and method by using data on hospital 
patients who received Pu 2 39 intravenously. By 
fitting an excretion rate curve to each individual's 
data and by using all the urinalysis data, the 
intake is estimated within an accuracy of ±303 
in all cases tested. Under practical conditions of 
sampling of employees, the error may be con­
siderably larger. 

Stable-Element Metabolism by Man 

The dose rates and annual doses of individuals 
continuously exposed to radioactive material in 
the environment will be approximately proportional 
to the concentration of the radionuclide in the 
various tissues of these individuals. A stable 
isotope of the same element should have a similar 
distribution in these tissues, and thus the form of 
the distribution of the annual dose or dose rate 
may be inferred from studies of the distribution of 
concentrations of stable isotopes m human 
tissues. Statistical methods given by Brunk and 
Massey have been applied to data for normal 
isotope distribution in human tissue as reported by 
Tipton et al., Bryant et al., and Kulp et al. The 
method by Brunk determines a band such that at 
each concentration value one may assert with 953 
confidence that the true distribution function lies 
below (above) the upper (lower) boundary of the 
band. The method by Massey has been applied to 
obtain a 953 confidence band for the entire 
cumulative distribution curve. In the majority of 
cases studied, one may assert with 953 confidence 
that not more than 53 of the population groups 
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sampled have concentration values above three 
times the sample mean, thus providing some 
quantitative interpretation of the assumption used 
in the reports of the Federal Radiation Council. 

Average values are given for 23 trace elements 
in 967 tissue samples from San Francisco, Atlanta, 
and New York. The ORNL spectrographic data 
agree with those from the University of Tennessee, 
and with wet-chemical results. A method is 
described for the determination of trace elements 
in bone ash. Experiments designed to test for 
losses of trace elements during dry ashing are 
described. . 

The use of the IBM 1620 and 7090 data processing 
machines for treatment of the data from the program 
for trace elements in human tissue makes it 
possible to achieve a much more complete and 
accurate statistical study. Since the highly skewed 
data from this program cannot be treated in the 
ordinary manner, Kendall's method for calculating 
the rank correlation coefficient is used. 

Rank correlation coefficients between elements 
in a single tissue and between tissues with regard 
to a single element have been calculated for 24 
elements and 19 tissues. The re.sults for the 
nonessential elements Al, Ba, Cd, Cr, Pb, and Sn 
and the essential element Mn are reported here. 
Aluminum is correlated for the most part with 
nonessential elements. Barium shows interesting 
correlations with essential elements which should 
be studied further. Cadmium is highly correlated 
with zinc. Chromium, lead, and tin show no con­
sistent pattern. Manganese is highly correlated 
with magnesium in all tissues, with most essential 
elements in the brain and with nonessential ele­
ments in the lung. 

Further statistical studies are under way. 

Microscopic and Autoradiographic Studies of 

Distribution of Uranium in the Rat Kidney 

The concentration ratio of uranium in the rat 
kidney, wh.ich is the ratio of the average number of 
disintegrations per field of the cortex to the 
average number of disintegrations per unit field 
for the entire organ, is now expressed as Rk, and 
is estimated by autorndiographic measurements to 
be 1.3 and by the radiochemical estimation to be 

I. 2. 

lX 

In converting from counts to disintegrations per 

minute per gram, evidence points to the conclusion 
that the photographic emulsion penetrates the 
tissue, and so essentially all tracks are visible 
under the microscope. 

A comparison has been made between the activity 
in the autoradiograms and that found by radio­
chemical analysis. Although the difficulties of 
technique may increase the variance, g1vmg con­
siderable spread in individual values, there was a 
gross check between the two methods. 

The fractions of injected dose retained in kidney 
show some nonlinearity with the dose level and, in 
general, increase with increasing dose level. 

In general, the tracks are found in the proximal 
convoluted tubules. The track count in the distal 
tubules tends to increase with increasing post­
rniection time. In one rat sacrificed at 84 days, 
the higher number of counts was in the distal 
tubules. 

Pathological conditions become apparent in 
tissues two days after injection with 1000 and 
100 µg of uranium per kg of body weight. At four 
and seven days after injection, at the high level, 
there is extensive cellular degeneration of the 
hyaline droplet type in the proximal convoluted 
tubules, and in the intermediate level mildly 
nephrotic conditions are found. At 28 days no 
abnormalities are observed except at the level of 
1000 µg/kg, where atrophy and regeneration are 
present. 

5. HEAL TH PHYSICS TECHNOLOGY 

Methods of measurement and redispersion of 
particulates are being evaluated as a function of 
surface characteristics. The likelihood of re­
dispe.rsing particulate contamination by air blowing 
over the surface is es sen ti ally the same for a wide 
range of surface roughness. The apparent hazard 
as indicated by smear and adhesive-paper measure­
ments decreases for the rougher surfaces. Surfaces 
covered with an oily film show little redispersion 
due to air currents, whereas the apparent hazard as 
indicated by smears and adhesive-paper samples 
is the same as that for clean surfaces of the same 
material. 

Submicron aerosols have been produced with the 
exploding-wire aerosol generator by the explosion 
of 18 different metals in air and in argon. The 
aerosol yield, color of deposit collected on 
membrane filters, and chemical composition are 

(,·, 



tabulated. The composition of aerosols generated 
by wire explosions in air is found to vary with the 
voltage· used. Gas pressure in the explosion 
chamber at the instant of explosion affects the 
yield and may influence particle size. Particle­
size analysis is reported for an aluminum aerosol. 

During the year the IVGS facility has been im­
proved by the addition of a transistorized 512-

. channel analyzer, three thin crystals for low-energy 
photon analyses, and development work which is 
expected to provide a counting geometry that is 
less dependent on body shape, size, and location 
of deposit. A computer program for rapid processing 
of counting data is being prepared. This method 
of data. processing will allow expansion of the 
counting program to include many additional 
routine examinations. A total of 102 people have 
been counted, and of these, 13 have shown 
measurable amounts of gamma-ray activity other 
than the normal K 40 and Cs 13 7• 

In support of the NS "Savannah" medical 
program, shipboard procedures have been es­
tablished. for detecting significant exposures to 

internal radioactive contamination and for esti­
mating radionuclide deposition in the body organs. 
Direct gamma-ray spectrometty of raw urine samples 
provides adequate sensitivity for detecting signifi­
cant exposures to .gross mixtures 'of radioactive 
corrosion .products ·or fission products. The 
employment. of a collimated 3 x 3 in. Nal(Tl) 
crystal to .scan· selected· portions of the body. 
offers sufficient . sensitivity .to estimate organ 
burdens ·of gamma-emitting radionuclides. 

Special studies carried out during this year 
include human thyroid uptake of protein-bound 
I l 3 l in milk and a comparison of cattle thyroid 

- uptake with I 131 content of milk. The application 
of the IVGS facility for the detection and measure­
ment of internal deposits of transuranic elements is 
being investigated. 

x 

A procedure has been developed for the analysis 
of milk for 1131 which is sensitive to <10 µµc/liter. 
It is based on the extraction of I 131 directly from 
liquid milk onto a strong-base anion exchange 
resrn. The 1131 .activity is counted directly on 
the· resin by summing the counts within the 0.364-
Mev gamma photopeak, using a 4 x 2 in. Nal(Tl) 
crystal with a gamma spectrometer. The recovery 
of 1131 from 3 liters of milk is about 90% . 

Detailed interpretation of the Sr90 excretion data 
resulting from an . accidental human exposure 
indicates that the total excreted during the first 
22 days represents about 71.6% of the initial 
intake. In this period the amount excreted via 
urine is approximately three and one-half times 
that eliminated in the feces. . These data have 
been fitted by using a variety of functions and a 
number o.f commonly use.cl side conditions. A 
tabulation of the parameter estimates illustrates 
one potentially maior source of disagreement 
between investigators fitting their data with 
power functions of-the form At- 8 • 

6. EDUCATION,· TRAINING, AND· 
CONSULTATION 

The need for trained. health physicists, both in 
this country and abroad, continues. The AEC 
Fellowship students and several foreign students 
completed the program at Vanderbilt University· 
and Oak Ridge, and the Fellowship group for rhe 
1962...:..63 pro.gram has been selected. Lectures and 
laboratory courses were provided for Laboratory, 
division, and civic programs. 

It is anticipated that in the future more tra.ining 
10 health physics will be provided for ORNL 
personnel and for foreign students on an individual 
basis. 
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1. Radioactive Waste Disposal 
,__T . ••. liill I . 1 it ••ru ·-· lll •WWN.79~~1·•·"~~' 

E. G. Struxness R. J. Morton F. L. Parker 

LIQUID INJECTION INTO DEEP 
PERMEABLE FORMATIONS 

D. G. Jacobs 0. M. Sealand 

Nature of the Wastes Considered 
for Deep-Well Disposal 

Early considerations of disposal of radioactive 
waste into deep wells by the American Petroleum 
Institute Subcommittee on Disposal of Radioactive 
Waste 1 dealt with the possible disposal of the 
highest levels of radioactive waste, the reactor­
fuel reprocessing wastes. These wastes are so 
highly radioactive that thermal cooling is required, 
and their handling poses severe problems in pro­
tecti~n of operating personnel from overexposure 
to radiation. The volumes of these wastes are 
low. (Over the past few years techniques have 
been implemented to drastically reduce the volume 
from 800 to about 60 gal of waste generated by 
the reprocessing of a ton of reactor fuel.) Their 
intense hazard justifies expenditure of a sub­
stantial sum of money per unit volume to ensure 
their safe handling. Because of their extreme 
hazarp, it is unlikely that such wastes will pur­
posely be discharged directly to the ground with­
out some pretreatment to reduce the mobility of 
the more hazardous radionuclides. 

It now seems likely that initial application of 
deep-well techniques will be in the disposal of 
the high-volume, low-level process waste-water 
streams. The stable-chemical composition of 
ORNL low-level waste is essentially the same 
as that of local tap water, and only Sr90 is con­
sistently above the permissible concentration 
for drinking water. The 200 yr required for Sr90 

1T. V. Moore et al., Problems in the Disposal of 
Radioactive Waste in Deep Wells, American Petroleum 
Institute, Dallas, Texas, October 1958. 

1 

to decay to the permissible drinking-water con­
centration gives an idea of the· containment time 
required for safe disposal of this waste stream. 

If deep-well disposal proves satisfactory for 
low-level wastes, it is possible that disposal of 
intermediate-level wastes will follow. Oak Ridge 
National Laboratory intermediate-level waste is 
a high-salt-content waste ("' 0.5 N Na+) to which 
excess caustic (NaOH) is added to precipitate 
most of the calcium, Sr9 O, and rare earths. Al­
though most of the Sr90 is removed during neu­
tralization, it remains the hazard-controlling radio­
nuclide in the supernate, be}ng at approximately 
100,000 times.the permissible drinking-water con­
centration. Cesium-137 and ruthenium-106 are 
also above the permissible concentration levels 
in this waste stream. 

Ion Exchange of Radionuclides 

When radioactive liquids are discharged into 
the ground, the primary means of transport of the 
activity is by the movement of water through the 
formation. The radionuclides follow the same 
paths of movement as the transporting water but 
move at a slower velocity due to the sorptive 
properties of minerals, primarily the clay minerals, 
present in the formation. Although the sands 
constituting good aquifiers are fairly "clean," 
there is a sufficient quantity of clays present to 
give them a significant exchange capacity. 
Kaufman et al. 2 measured the exchange capaci­
ties of several California oil sands and obtained 
values ranging froin 0.48 to 20 meq/100 g with a 
mean .value of "'5 meq/100 g. Movement of the 
radionuclides can be predicted by describing the 

2w. J. Kaufman, R. G. Orcutt, and G. Klein, Under­
ground Movement of Radioactive Wastes, Sanitary 
Engineering Research Laboratory, University of 
California, Berkeley, Aug. 1, 1955. 



movement of water in the formation and correcting 

for sorptive processes. 
The exchange capacity of Richfield sand, a 

typical deep-well formation, was determined by 
saturating with calcium, leaching with sodium 
acetate, and titrating the effluent calcium with 
EDTA. An average exchange capacity of 2.96 
meq/100 g was obtain.ed. 

To determine the effects of ionic competition 
on the sorption of radiostrontium, multicomponent 
exchange systems were investigated. In the study 
of sodium-calcium-strontium exchange, the columns 
were presaturated with 0.005 M Ca(N03)

2 
solution 

containing various concentrations of NaN03 . The 
columns were then saturated with chloride solu­
tions of the same cationic composition to which 
was added Sr8 5 ("' 2 x 10-8 M SrC1

2
). The ef­

fluent was sampled at 25-ml intervals and counted 
for Sr8 5• After saturation, the calcium and stron­
tium were removed by leaching the column with 
neutral 1 M sodium acetate. Aliquots of the eluate 
were counted for Sr8 5 , and samples were analyzed 
for calcium by EDT A titration. Leaching con­
tinued until the columns were depleted of calcium 
and strontium. In these experiments the exchange 
capacity of the Richfield. sand had risen to an 
average of 4.27 meq/100 g, and the selectivity 
of exchange for strontium compared with calcium 
was found to be "'1 .1. 

A second series of sodium-calcium-strontium ex­
change studies was run with the same columns 
in order to describe more adequately the exchange 

2 

between calcium and sodium and its influence on 
strontium sorption. The results of these studies 
(series II) are shown in Table 1.1. The exchange 
capacity of the sand showed a further increase 
with continued cycles of saturation and leaching. 
The selectivity coefficient for sorption of calcium 
compared with sodium is 25.0 g/ml, while it ap­
pears that the selectivity for strontium over cal­
cium increases when a smaller percentage of the 
total exchange sites is occupied by calcium. In 
the absence of calcium at pH 7, the Richfield sand 
is very selective in the uptake of strontium com­
pared with sodium. 

The selective sorption of strontium over calcium 
on Richfield sand agrees with observation of 
strontium-calcium exchange on reference clay 
minerals (Table 1.2). Divalent-exchange studies, 
made with Conasauga shale, indicated that the 
preference of the cation-exchange surface for 
strontium over other alkaline-earth cations de­
creases with decreasing size of the hydrated ion. 

Cesium Exchange. - The basal surface of the 
platelike layer lattice clay minerals is composed 
of open hexagonal networks of oxygen atoms. 
The openings in this basal surface are of such 
a size that potassium, rubidium, or cesium ions, 
which are all easily dehydrated, can partially 
penetrate the surface and come much closer to 

the seat of the lattice charge than the more com­
pletely hydrated alkali-metal and alkaline-earth 
cations. Thus, cesium is ordinarily very strongly 
sorbed by most clay minerals from waste solutions 

Table 1.1. Calcium-Sodium-Strontium Exchange Properties of Richfield Sand (Series II) 

Ca2 + Na+ 
Exchange 

Kea KSr 
Capacity KSr Na Na 

(meq/ml) {meq/ml) Ca (g/ml) (g/ml) (mcq/100 g) 

0.00 0.50 6.87 326.0 

0.01 0.00 6.59 1.06 

0.01 0.10 6.64 1.10 25.6 28.2 

0.01 0.20 7.22 1.32 21.2 27.7 

0.01 0.30 6.86 1.32 26.1 34.5 

0.01 0.40 7.04 1.39 23.4 32.6 

0.01 0.50 6.77 1.29 28.6 36.9 

Av 6.86 1.25 25.0 



Table 1.2. Strontium Exchange Properties 

of Various Clay Minerals 

Mineral KSr 
Mg 

KSc 
Ca 

KSc 
Ba 

Vermiculite 1.31±0.16 

Fithian 1.19 ± 0.17 
illite 

Kaolinite 1.21 ± 0.19 

Wyoming 1.33 ±0.29 
bentonite 

Arizona 1.26 ± 0.15 
bentonite 

Conasauga 1.44 ± 0.14 1.24 ± 0.06 1.00 ± 0.26 
sliale 

composed primarily of sodium or calcium salts and 
will usually move much more slowly than strontium 
in the ground, especially when illitic clays are 
predominant. 

Ruthenium Behavior. - The behavior of ruthe­
nium in the ground is more complicated than that 
of either strontium or cesium, due to its tendency 
to form complex ions and to the effect of pH and· 
oxidation-reduction potentials on its behavior. 
Much of the ruthenium in the ORNL low-level 
waste stream probably· exists in noncomplexed 
forms and would be deterred from movement in 
the soil by ion exchange of cationic species and 
by a combination of surface precipitation and fil­
tration of the oxides and hydroxides of ruthenium 
in oxidation states 3 and 4. However, in the 
intermediate-level wastes, which originate as 
nitric acid, the tendency for formation of nitroso­
nitrato complexes is much more pronounced. 
These complexes resist changes in oxidation state 
and are removed slowly in the ground. 

The behavior of ruthenium in the ground is dif­
ficult to predict. However, in the ground disposal 
of ORNL intermediate-level wastes, ruthenium is 
the first radionuclide to reach monitoring wells, 
but most of the ruthenium (80 to 903) is removed 
from solution while it passes through less than 
100 ft of shale. Only about 503 of the remaining 
radioruthenium is removed before the water reaches 
the surface. 

Movement of ruthenium in the ground from the 
disposal of low-level waste would pose no prob­
lem, as the Ru 106 concentration of this waste 

3 

(1.4 x 10- 5 µc/ml) is initially below the MPC . 
w 

In the disposal of intermediate-level wastes (2 µc 
of Ru 106 per ml), it would be necessary to contain 
the ruthenium for only about 12 yr to allow decay 

to the MPCw. 

Movement of Radionuclides in Relation to the 
Movement of Water 

Cations do not move through the ground as 
rapidly as the transporting water, because a por­
tion of the cations is exchanged onto the solid 
phase. The effect of sorption on the velocity of 
migration of a radionuclide can be expressed 
quantitatively by:3 

1 

where pb is the bulk density of the formation, f is 
the fraction pore space, v R/v8 0 is the ratio of 

2 
the mean velocity of the radionuclide to the mean 
velocity of the transporting water, and (Kd) R is 
the ratio of the amount of a radionuclide sorbed 
per unit weight of exchanger to the amount of un­
sorbed radionuclides per unit volume of solution. 

A solution does not move through porous media 
with uniform velocity, but becomes dispersed. 
Because anions are not actively sorbed by cation 
exchangers, they can be used to measure the 
dispersion of the solution front. In the columns 
described under "Ion Exchange of Radionuclides," 
above, chloride was determined in the effluent 
as nitrate solution ·was displaced by chloride 
solution in order to determine the velocity distri­
bution of the water. 

An equation useful for describing the concen­
tration history of the effluent from an ion-exchange 
column operated under conditions of linear flow 
has been derived by Glueckauf4 by use of the 
concept of the "theoretical plate": 

o 1 [ (V-V)] c/c = 2+ Ae VN JVV 

_3M. N. E. Rifai, W. J. Kaufman, and D. K. Todd, 
D1spers1on Phenomena in Laminar Flow Through Porous 
Media, Sanitary Engineering Research Laboratory 
University of California, Berkeley, July 1, 1956. ' 

4 
E. Glueckauf, Trans. Faraday Soc. 51, 1540 0955). 
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where 

c = concentration of the exchanging species in 
the -effluent, 

c 0 = concentration of the exchanging species in 
the influent, 

1 fy 
A e[y] = . !">= exp 

v 2rr o 
( 2) . -y 
-2- dy' 

N = number of theoretical plates in the column, 

V =throughput volume, 

V ,;;·throughput volume at. the inflection point 
of the curve, where c/c0 = \. 

99 
I I 

• CHLORIDE 
0 STRONTIUM I 
V =THROUGHPUT VOLUME 

4 
,, 

It is seen that the strontium breakthrough curve 
can be predicted on the basis of dispersion of 
the solution in the column (Fig. 1.1). This im­
plies that radionuclide breakthrough at a parcicular 
point in the environment can be predicted by ob­
serving the breakthrough of a water tracer and 
correcting for the sorptive properties of the forma­
tion for the radionuclide in question. 

Calculations based on the exchange properties 
of Richfield sand (Table 1.1) and the chemical 
characteristics of the ORNL low- and intermediate­
level waste streams indicate that Sr90 will move 
about 1% as fast as the low-level waste solution 
and about 10% as fast as the intermediate-level 
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waste solution, at pH 7. However, rn a high-pH 
system the precipitation of slightly soluble cal­
cium-stro.ntium salts is likely, and it would result 

in much slower movement of the strontium than 
predicted from simple ion exchange in a neutral-pH 

···system. 

Cesium is held more strongly by the clay mineral 
exchangers than strontium and is present in the 
waste streams in relatively less hazardous quan­
tities. Therefore, its movement would contribute 
much less to the total hazard than would the 
movement of strontium. Ruthenium movement 
would become hazard-controlling in intermediate­
level waste disposal only if its movement were 
unrestricted and the movement of strontium were 
slowed by an additional factor of 5 by precipitation 
reactions. 

·Conclusions 

The wastes presently being considered for dis­
posal by deep-well injection are high-volume, low­
level wastes; the ORNL low-level waste stream 
would require containment for about 200 yr. ORNL 
intermediate-level wastes, requiring 465-yr con­
tainment, may be considered later for disposal 
by this method. It seems unlikely that the high­
level wastes, which result from chemical proc­
essing of spent fuel elements, will be released to 
the ground without first immobilizing the fission 
products. 

Velocities of fission-product movement in the 
ground will be less than that of the transporting 
water, due to ion exchange of radiocations by 
clay minerals. Precipitation reactions and fil­
tration will provide additional restrictions on 
radionuclide migration. The restricted movement 
of radionuclides compared to water would make 
it possible to use a deep aquifier as a large ion­
exchange bed, rather than just as a storage basin. 
Such a system might employ an injection well 
and a series of producing pressure-relief wells. 
A volume of waste several times the storage· 
volume of the formation could be decontaminated 
by passing through the formation before permis­
sible concentrations of radioactivity were ex­

ceeded at the produr.ing wells. 
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DISPOSAL BY HYDRAULIC FRACTURING 

W. de Laguna T. Tamura 
B. L. Houser E. G. Struxness 

H. 0. Weeren 5 

The purpose of this investigation is to determine 
the feasibility of disposing of liquid. radioactive 
waste by mixing it with cement, or some other 
hardening agent, and then injecting the slurry 
deep into bedded rock through a specially con­
structed well. The pressure developed at the 
bottom of the well forces the rock to fracture, 
along the bedding planes under favorable circum­
stances, so that the waste-cement mixture flows 
out into the rock in a thin horizontal sheet and 
then hardens. 

Field Tests 

Three years ago (October 1959) a preliminary 
field experiment was conducted by pumping 27 ,000 
gal of cement grout into a local formation at a 
depth of 300 ft. Subsequent test drilling showed 
that this had formed a cement-filled fracture par­
allel to the bedding extending out from the inj ec­
tion well for distances up to 400 ft, largely updip. 
In a second experiment a year ago, ab'out 91,500 
gal of grout was injected into the shale at a depth 

·of 934 ft, and, a week later, 132,770 gal was in­
jected into the same well at a depth of 694 ft. 

Test drilling at this site was still in progress 
when last year's annual progress report was pre­
pared. At that time incomplete data suggested 
that the injection well had, by chance, been 
drilled into a narrow down-faulted or down-folded 
block of rock. Further drilling cast serious doubt 
on this interpretation, and a survey of the devia­
tion of the drill holes from vertical disproved it 
entirely. Except for the original stratigraphic 
test hole and the injection well, all of the test 
holes were found to have deviations of from 20 
to 30°; it is. apparent that both the subsurface 
structure and the structure and shape of the grout 
sheets are much simpler than at first believed. 
Detailed stratigraphic mapping in oil fields has, 
on occasion, been similarly complicated by test 
wells that deviated by as much as 60° from the 
vertical. 

5Member of Chemical Technology Division. 



While both grout sheets are now known to be es­
sentially parallel to the b~dding of the shale, it is 
also clear that both worked their way upward a lit­
tle stratigraphically as they moved out. In the case 

·of the upper sheet, which extended out to a max­

imum of about 500 ft to the northeast, this upward 
cross-fracturing amounted to about 50 ft. Aichough 
there· is no reason to believe that there are any 
major folds or faults in the area, both the surface 
outc~ops and the rock cores show narrow zones 
of drag folds with an amplitude of a few inches 
to a few feet. The data available are consistent 
with the explanation that the fractures . were de­
flected upward. by a foot or two where they crossed 
one of these zones, but it would almost be neces­
sary to mine out the. area to determine just what 
did happen. The general impression, however, is 
that the fracture pattern developed is favorable for 

' the proposed method of waste disposal; even 
though the fractures were defle.cted upward slightly 
as they moved out, they quickly returned in each 
case· to an orientation conformable to the bedding 
and showed no tendency to send up spurs of any 
len·gch toward the surface. 

The cores also showed that the upper grout 
sheet consisted of four or five separate· sheets, 
locally in contact with one another in the same 
fracture, but in other areas separated by from a 
few inches to a few feet of shale. Apparently 
the grout sheet moved out until. .its leading edge 
had lost enough water to the shale to materially 
increase its viscosity and so impede the advance 
of the fracture. A second fracture then formed 
at or near the well and moved out along the same 
or nearly the same level as the first, until it, in 
turn, lost water and halted, when it was followed 
by a third, a fourth, and even a fifth sheet. This 
mechanism, although somewhat speculative, sug­
gests that fluid loss additives may be used to 
influence the maximum extent of the fractures. 
Such additives are used routinely in the petroleum 
industry for the same purpose. 

Completion of test drilling confirmed chat the 
grout sheets did not extend out as far from the 
injection well as the surface uplift, nor were they 
as symmetrically arranged around the injection 
well; therefo.re, surface measurements cannot be 

used directly to map the extent of the grout sheets. 
The correlation between the amount of surface 
uplift and the thickness of the grout sheet was, 
however, somewhat better than at first believed; 
further ·measurements of the thickness of the 
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grout and allowance for the deviation of the wells 
will be required before a final comparison can 
be made. 

The volume of the uplift measured at the surface 
is greater than the volume of grout injected, and 
the injection pressures were considerably higher 
than the static weight of the overburden. These 
data can only be explained if the thinly bedded 
shale and limestone overlying the fractures had 
sufficient tensile and shear strength to act as a 
beam. .This is not generally believed to be the 
case with rock when such large spans are involved 
(the area uplifted had a maximum diameter of over 
1500 ft), but the conditions were unusual in 'chat 
seldom are such relatively impermeable and well­
bedded rocks subjected to hydraulic fracturing, 
nor are such detailed measurements of uplift 
usually obtained. The ultimate strength of the 
beam, when subjected to repeated increments of 
uplift, has a bearing on the problem of how many 
successive waste-filled fractures can be devel­
oped from a single well. It is probable that this 
can be determined only through experience. 

In the summer of 1961 a test well (Joy No. ~) 

was drilled to a depth of 3263 ft, about 3000 ft 
southwest on strike from the injection well of the 
second fracturing experiment. All of this test 
well was cored. The hard Rome sandstone was 
encountered at a depth of 1002 ft, almost exactly 
the same as the depth in the injection well used 
for the second fracturing experiment, and the 
bottom of the Rome formation was reached at 
1360 ft, where it was found to be cut off by one 
of the main thrust faults of this area. It had 
been anticipated thai: the thrust fault would be 
found at a greater depth; that is, that the fault 
plane dipped more steeply than it does and that 
the Rome formation would be somewhat thicker 
in depth than was found to be the case: Consid­
eration had even been given to the possibility 
that these deeper Rome beds might be sandstones 
of very low but significant permeability and po­
rosity, which would have made them of interest 
as a potential disposal zone. It is ·now apparent 
that no beds of significant permeability or porosity 
exist in the stratigraphic column be1ow the Lab­
oratory. 

The first hundred feet of the 358 ft of Rome 
formation was very hard .compact sandstone; .l~he 
balance consisted of interbedded sandstone a~d 
sandy shale, very much the same as the beds 
exposed in surface outcrops. The bottom hundred 



feet of the interbedded sandstone and shale, how­
ever, is distorted, folded, and crushed, but it 
has been thoroughly recemented. This folding 
and crushing is presumed to date from the period 
of overthrust faulting at the close of the Paleozoic. 
The actual fault plane, between 1357 and 1360 ft, 
consisted of sheared, soft, very fine-grained shaly 
gouge, of apparently very low permeability. This 
material was not cemented, which suggests that 
it may be due to geologically somewhat more 
recent movement along the old fault plane. The 
fault appears to provicle a marked structural dis­
continuity between the overlying and underlying 
formations. 

Below the Rome formation, auJ after passing 
through the fault zone, the well penetrated 1766 ft 
of the Chickamauga limestone. This formation 
is dominantly a hard, fine- to medium-grained lime­
stone, most of it in thin well-defined beds, and 
it is probable that a large part of it could be used 
for disposal by hydraulic fracturing. Between 
1628 or 1700 and 1847 ft, and also between 
2648 and 2852 ft, tl1e formation consists of very 
thin-bedded argillaceous limestone or calcareous 
shale. These beds are somewhat harder and more 
brittle than the red shale in the lower Conasauga, 
but break cleanly and easily along the bedding, 
and appear to provide the best possibility for 
waste disposal in the Chickamauga. Except for 
a few tens of feet of rock immediately below the 
fault zone, the Chickamauga limestone, including 
the calcareous shales, is not deformed by small­
scale folding or faulting, as are the shales in the 
Conasauga. The apparent dip of the Chickamauga 
is about 10°, but, due to deviation of the test 
well from vertical, the true dip is probably about 
20°. (All the test wells deviated updip.) 

Plans for the coming year include first some 
more relatively shallow testing in the shells be­
tween 700 and 1000 ft, and then drilling a larger­

diameter well to a depth of 2900 ft near the site 
of the deep test hole to determine the pressures 
required to fracture the calcareous shales in the 
zone between 2648 and 2852 ft, and also to de­
termine the fluid containment properties of these 
beds. Measurements of permeability and porosity 
on core samples suggest that the fluid will be 
very largely contained in the fracture. As many 
as three observation wells may be drilled around 
this injection well, but no elaborate fracturing 
or drilling program at this depth is c:-ontP.mplated. 
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This group of wells will, however, be so con­
structed that they can, later, be used for tests 
with actual disposal of waste. Plans for the 
mixing and pumping plant for these tests are 
being prepared, but little real progress will be 
possible until the operating pressures required 
have been determined by the deep field test men­
tioned above, until more is known about the waste­
cement mixtures that will be used, and until pro­
vision has been made for the consulting services 
of one of the major companies experienced in the 
hydraulic fracturing of oil wells. 

Hydrofracture Mix Development 

The primary requirements for the mix are that it 
shall (1) remain sufficiently. fluid for mixing, 
pumping, and injection, and for a long enough 
duration to assure the completion of these opera­
tions, and (2) then set up sufficiently through 
hydration so that the mix will be confined in the 
fracture. These requirements are not difficult to 
satisfy for water-cement slurries, but waste solu­
tions with significant and varying amounts of 
dissolved ions complicate the system. In order 
to take advantage of the knowledge, experieuce, 
and talents of those who are engaged in hydro­
fracruring operations, a subcontract was awarded 
to Westco Research of Dallas, Texas. 

Preliminary Testing and Evaluation of Cement­

Vlaste Compatibility. - The first objective in the 
development of the mix was to gain a general 
understanding of the properties of waste-cement 
slurries, including their pumpability. Some of 
the properties measured, in most cases by tech­
niques recommended by the American Petroleum 
I . 6 . 
nsutute, were consistency, setting time, fluid 

loss, and compression strength. 
The basic composition of the simulated waste 

used was: 

0.317 M NaN0
3

, 

0.219 M NaOH, 

0.037 M Na 2SO 4 , 

0.025 M NH 4N0
3

, 

0.022 M Al(N0
3

)
3

, 

0.006 M NaCl. 

After the slurry was mixed in a Waring blender, 
it was visually inspected for evidence of flash 
setting, initial gel strength, and viscosity. Flash 

6 A Pl Recommended Practice for Testing Oil-Well 
Cements and Cement Additives, API RP !OB, American 
Petroleum Institute, New York, March 1961. 



setting and high initial gel strength are dependent 
on the chemical composition of the cement and 
the waste solution. Viscosity is affected by the 
waste solution-to-cement ratio. Slurries had a 
high initial gel strength when prepared with Vol­
unteer type I Portland cement, 208 cc of waste 
solution per pound, but not when the proportions 
of waste solution to cement were larger. Appar­
ent! y, close attention will have to be given to 
the chemical composition of the waste and the 
.ratio of waste to cement in designing the ultimate 

m1x. 
Permissible pumping time, defined as the time 

during which the viscosity of the slurry is less 
than 100 poises, is one of the most important 
properties of the waste-cement slurry. Actually, 
100 poises is far too high for pumping; in most 
cases, the viscosity is held below 20 to 25 
poises. Pumping time was measured on the Pan 
American thickening-time tester6 which simulates 
conditions of temperature and pressure for various 
well depths; that is, for a depth of 2000 ft, a 

bottom-hole temperature of 91°C, and a bottom­
hole pressure of 1540 psi. It was found that 
increasing the volume of waste from 208 to 245 cc 
increased the pumping time from approximately 
2~4 to 3~4 hr, or the same as when 208 cc of dis­
tilled water was used. When the sodium nitrate 
co"ncentration in the synthetic waste solution was 
increased from 0.3 to 3 M, the pumping time in­
creased to 8 hr, 20 min. 

Compressive strength tests were made to de­
termine the effect of changing waste concentration 
on the setting properties. It remained relatively 
constant over a side range of compositions when 
the grout was cured at 80° F, even when the waste 
solution contained ten times the salt concentra­
tion. The compressive strength was much more 
sensitive to waste composition when the grout 
was cured at a higher temperature (Fig. 1.2). 
These mixes contained only waste solution and 
cement; they contained no additives. Additives, 
such as bentonite, fly ash, and Pozmix, are often 
used to keep the cement particl~s suspended in 
the mix during setting; such additives tend to 
decrease the compressive strength of the set 

grout. 
These initial tests show that waste solution 

and cement are compatible and will form a slurry 
which is pumpable. Ideally, one might require the 
mix to be of very low viscosity, for optimum pump­
ability; to remain pumpable only as long as neces-
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sary to complete the operation, thereby mrn1m1z1ng 
the wait for cement to set up; and to start setting 
immediately after being pumped into the fracture, 
reducing settling of the suspended cement. How­
ever, for "practical reasons, these ideal require­
ments must be modified and a compromise reached 
as to what will be expected in the way of vis­
cosity, pumping time, and setting characteristics. 
For operating purposes, the viscosity of the mix 
was required to be less than 30 poises, and the 
usable pumping time was to be greater than 8 hr. 
No minimum compressive strength was imposed 
on the mix, since triaxial loading of the grout 
will not require support of the overburden by the 
grout sheet; the requirement that the slurry will 
set was imposed, however. 
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Fig. 1.2. Effect of Changing the Waste Salt Content 

on the Compressive Strength After 24-hr Curing at 80 

and 140°F. 

Preliminary Mixes Containing Additives. - Be­
cause waste composition can vary, concentrations 
of salts ten times the original concentration were 
also considered for testing purposes. It was also 
deemed desirable that the slurry retain as much 
of the fluid as possible. The fluid loss test de­
fined by API measures the tendency of the slurry 
to dehydrate by filtration of the liquid through 
pores in the formation in contact with the grout. 
Results for two proprietary fluid loss additives, 
Cemad-1 and ET-181-6, are given in Table 1.3. 
The use of these additives is based on their 
ability to prevent dehydration of the slurry. A 
reduction in the fluid loss is observed as con­
centration of additives is increased. It is en­
couraging to note that, with concentrated wastes, 
very low fluid losses can be obtained. 
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Tobie 1.3. Effect of Fluid Loss Additives on Fluid Retention by Waste-Cement Slurries 

Concentration Slurry (cc of Waste per lb of cement) Fluid Loss 
Additive 

of Additive (3) Normal Waste 10 X Normal Waste (cc/30 min) (%) 

ET-181-6 0 208 69a 

1.0 208 91 44 

1.3 208 51.3 25 

1. 5 208 46.0 22 

1.3- 268 113 42 

l.3b 450 298 66 

Cemad•l 1.0 268 65.7 24 

1. 5 268 52 19 

1.5 298 64 21 

2.0 298 49 16 

3.0 298 37 12 

4.0 298 28 9.4 

5.0 298 20 6.7 

7.0 298 11 3.7 

aln 30 sec the slurry was dehydrated, and blowout occurred; the recorded volume is the actual volume lost during 
the 30 sec. 

bPlus 63 bentonite. 

Numerous combinations of waste-cement addi­
tives were prepared, and various properties were 
measured, including fluid loss, thickening time, 
and compressive strength. The results from se­
lected samples are shown in Table 1.4. 

The addition of bentonite is based on the fol­
lowing considerations: (1) it allows more waste 
to be used per given weight of the more costly 
cement; (2) it retards the setting time of the mix; 
(3) it reduces the dehydration or fluid-loss char­

acteristics of the mix; and (4) it helps to keep 
the cement particles in suspension. The last­
named property is extremely important, since the 
long pumping time required will be favorable for 
settling of the cement particles. Settling, which 
can occur before the cement sets, not only results 
in a grout of uneven properties, but can .cause 
bleeding or separation of liquid from the solid 

phase. 
The calcium lignosulfonate (CLS) was added 

primarily as a dispersant and retarder. Note that 
a change from 0. 7 to 1.03 CLS more than doubled 

the thickening time when tested at 3000-ft bottom­
hole conditions (Table 1.4). The use of this 
agent is highly desirable, since a small amount 
wi II extend the pumping time to meet the require­
ments and will reduce the viscosity of suspen­
sions with· high solids content. 

Calcium chloride is used to accelerate and con­
trol the setting time of a grout. When long pump­
ability times are required, it is desirable to con­
trol the setting time with CaC1 2 , as slight changes 
in conditions (i.e., lower temperature, excess CLS) 
may prevent setting for an extremely long time if 
CaC1 2 is omitted. 

Although the short-term (24 hr) compressive 
strengths shown in Table 1.4 are low after a 24-hr 
curing period, it should be remembered that longer 
curing time will increase the strength. Initial set 
is important, since this is the changeover from the 

fluid state to the solid, and causes immobilization 
of the grout. 

Studies conducted thus far have shown that 

waste solutions, cement, and additives normally 
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Table 1.4. Fluid Loss, Thickening Time, and Compressive Strengths of Selected Mixes, A II Canta ining 

332 cc of Waste per lb of Cement and Containing 63 Bentonite 

Thickening Time a 
Calcium CaC1 2 Cemad-1 Fluid Loss (hr: min) Compressive Strength 

(3) Lignosulfonate (3) (cc/30 min) (psi after 24 hr) 
(3) 1000 ft 3000 ft 

1.0 0.7 0.5 59 

1.5 0.7 0.5 34 

2.0 0.7 0.5 13 10: 25 6:35 76 

2.0 0.7 0.5 13 10: 25 6:35 76 

2.0 0.9 0.5 35 i.s. b 

2.0 1.0 0.5 22 15: 00 
c 1.s. 

2.0 0.7 0 39 8: 35 22 

2.0 0.7 0.5 13 10: 25 6:35 76 

2.0 0.7 1.0 16 8: 40 4: 40 80 

2.0 0.7 3.0 9 3: 55 142 

aThickening time determined for 1000 and 3000 ft bottom-hole conditions. 

bi.s. =Initial set. 

clnitial set observed after 1 \ days. 

used in the petroleum industry are compatible, 
and the slurry properties can be changed :;i.s well 
as controlled. One mix with promising character­
istics is composed of the following materials: 

454 g (1 lb) Volunteer type 1 Portland cement 

332 cc Simulated waste 

63 (2 7 .2 g) Bentonite 

23 (9.08 g) Cemad-1 

0. 73 (3.17 g) Calcium lignosulfonate 

0.53 (2.27 g) Calcium chloride 

This mix has been subjected to a larger number 
of tests than other mix formulations. The meas­
ured thickening time for this slurry composition 
is 10 hr and 25 min for bottom-hole conditions at 
1000 ft. The slurry viscosity was 10 poises for 
6\ hr and less than 30 poises for s\ hr. After 
curing at 80°F for 24 hr, the mix had a compres­
sive strength of 76 psi. A mix. of very similar 
composition showed 80 psi after 24 hr and 1265 
psi after 3 days, which suggests that the proposed 
mix will also have a much higher compressive 
strength after 3 days' curing. 

After curing for 5 days at 80°F, the selected mix 
was divided into three sections, and the following 
values for specific gravity were obtained: top, 

1.4807 g/cc; middle, 1.4969 g/cc; bottom, 1.5356 
g/cc. The difference in specific gravities from 
the top to bottom sections is about 43. In these 
tests bleeding was not observed. The measured 
fluid loss was 13 cc in 30 min, compared with 
160 cc loss in a mix of similar composition but 
with no fluid-loss additive. 

Further tests are being conducted, not only to 
verify these results and to evaluate the effect 
of changing waste composition on slurry proper­
ties, but to develop a mix which will have even 
better properties, particularly of reduced settling, 
and which will be cheaper to formulate. 

DISPOSAL IN SALT FORMATIONS 

W. J. Boegly, Jr. F. M. Empson 
R. L. Bradshaw H. Kubota 7 

T. W. Hodge F. L. Parker 
E. G. Struxness 

Current philosophy on the disposal of aqueous 
high-level wastes (that is, solidification of liquid 
wastes into solids followed by storage in some 
dry location) has intensified the studies related 

7Member of Analytical Chemistry Division. 



to storage of solid wastes in salt. Storage of 
solids will result in salt temperatures higher than 
those produced in previous liquid-waste studies. 
It is necessary to learn the effect on the salt 
formation of raising large volumes of salt to tem­
peratures higher than lOO°C and of raising small 
volumes of salt to temperatures higher than 200°C. 

Mine disposal of solid wastes is now visualized 
as being performed by inserting the canned wastes 
into holes drilled in the mine floor. .Thus, in the 
salt surrounding the holes high temperatures will 
be reached, and the effect of these temperatures 
on the creep and thermal expansion of salt and 
the possibility of localized shattering of the salt 
surrounding the holes must be investigated. The 
major emphasis during the past year has been on 
laboratory and field studies of these problems. 

During the latter part of the year, a feasibility 
study on a demonstration of disposal operations 
in salt with radioactive heat sources was com­
pleted. This experiment w:ould use 14 canned 
ETR fuel assemblies to simulate the solidified 
wastes in heat generation and radioactivity. The 
reason for using the fuel assemblies is that pilot 
production of solid wastes is not expected before 

1965. 

Thermal Studies 

Arrays of Cylindrical Sources. - The infinite­
slab calculation reported last year8 gives conserv­
ative estimates of mine space requirements for 
an evenly distributed heat source. However, if 
discrete sources are used, it is necessary to 

.8E. G. Struxness et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189, p 58. 

9H. S. Cars law and J. C. Jaeger, Conduction of Heat 
in Solids,· 2d ed., p 378, Oxford Press, London, 1959. 
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ascertain the temperature perturbations around 
the sources. 

In the joint Health Physics-Chemical Tech­
nology economic study (see the section, "Evalu­
ation of Engineering, Economics, and Hazards,'' 
this chapter), the waste packages to be disposed 
of are cylinders 6, 12, or 24 in. in diameter by 
10 ft long. 

As a part of this study an equation has been 
developed based on the following considerations: 
(1) With cylinders equally spaced on triangular 
centers, each will be in the middle of a hexagonal 
area which is peculiar to itself. (2) If there are 
a large number of cylinders, all containing iden­
tical heat sources and all placed in the. mine 
simultaneously, it may be assumed that no heat 
flows across the vertical boundaries of the hex­
agonal area. (3) If the hexagonal boundary is 
approximated by a circle, the problem is reduced 
to that of a single finite-length cylindrical heat 
source in the center of an infinitely long cylinder 
whose sides are perfectly insulated. ( 4) For tem­
peratures outside the hear-generating cylinder, an 
insignificant error is introduced if. the heat source 
is assumed to be a line in the center of the cyl­
inder. 

An equation for the temperature rise in an in­
finitely long cylinder due to an instantaneous 
point source of heat is given by Carslaw and 
J aeger9. This equation was integrated on the 
axial dimension to obtain an expression for an 
instantaneous line source. Since the fission 
product heat-generation rate is made up of de­
caying exponentials, the solution for the case of 
exponential heat-generation decay was obtained 
from the solution for the instantaneous line source 
by a superposition or convolution integral. The 
following equation for temperature rise in an in­
finite cylinder due to a finite line source resulted: 

{. Qi -A;l{l [ A;l b (>...1-b
2
/4Kt) ( ib )] 

V = '-' -- e - e erf -- - 1 + e ' Rw ,/T;i +--
i= 1 7Tpca 2 A; V4K1 ' V4K1 



where 

V = temperature nse m infinite cylinder at a 
radial distance r from the center of the 
continuous line source, ° F, 

Q. = heat gene·ration of ith nuclide at time of 
z b ·1 f B. h- 1 f- 1 una o waste, tu r t , 

pc = volume heat capacity of medium, Btu 
ft - 3 (o F )- 1 ' 

a = radius of infinite cylinder, ft, 

\ = decay constant of ith nuclide, hr- 1
, 

t = time after burial of waste, hi, 

2b = length of line source, ft, 

K = thermal diffusivity of medium, ft 2 /hr, 

Rw( ) = real part of complex error function w(z), 

dimensionless, 

i=R. 
ana =positive roots ·of J 1(aa), excluding 

an= 0, 

r = radial distance from center of infinite 
cylinder, ft. 

Equation (1) was programmed in FOR TRAN code 
for the IBM 7090 computer, and space requirements 
for storage of pot calciner cylinders in the floor 
were calculated. The validity of the results was 

·checked by comparison with isolated line source 
results for times short enough that no appreciable 
heat had penetrated to the insulated wall of the 
infinite cylinder, and with slab code results for 
times long enough that there was little radial 
temperature dependence in the infinite cylinder. 

Thermal Properties of Salt. - Birch and Clark 10 

have· measured the temperature dependence of the 
conductivity and diffusivity of single · natural 

halite (NaCl) crystals. Later, Schneider, Hughes, 
and Robertson, 1 1 with rock-salt aggregates from 
the Carey mine at Hutchinson, Kansas, obtained 
a conductivity curve of the same shape but show­
ing about 253 greater conductivity than the Birch 
values. 

lOF. Birch and H. Clark, "The Thermal Conductivity 
of Rocks and Its Dependence on Temperature and 
Composition," Am. J. Sci. 238, 529-58, 1940. 

11w. A. Schneider, H. Hughes, and E. C. Robertson, 
"Thermal Conductivity co 300°C of Natural Sale," Tech­
nical Letter: Special Project 2, U.S. Department of the 
Interior, Geological Survey, Washington, D.C., Apr. '20, 
1962. 
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The conductivity and. diffusivity obtained in the 
field tests with cylindrical sources and with the 
7 'l

2
-ft cubes i 2 were only 10 to 203 lower than 

those for the single crystal. In addition, labora­
tory tests at 28°C of both irradiated and unirradi­
ated aggregate samples indicated approximately 
253 lower conductivity than that. of the single 
riarural crystal. 13 This relatively close agreement 
lends confidence to theoretical calculations of 
temperature rise based on single-crystal values. 

Although both conductivity and diffusivity de­
crease rather sharply with increasing temperature, 
the theoretical equations developed to date as­
sume constant thermal properties. To be con­
servative, the theoretical calculations must be 
made with values for the thermal properties at 
the highest temperatures which may De reached 
m a particular case. It has been felt that this 

may impose an unduly severe restriction, since 
only the salt in contact with the waste or waste 
container will ever reach this peak temperature, 
while salt at greater. distances may be at much 
lower temperatures. The results obtained with 
the infinite-slab equation indicate that this need 
not be a concern for the slab geometry, since the 
peak temperature rise is not a strong function of· 
the conductivity and diffusivity. For example, 
the peak temperature rise in the slab calculated 
with the I00°C salt conductivity and diffusivity 
was only 183 less than that calculated with the 
300°C salt thermal properties, even though the 
conductivity was 703 greater and the diffusivity 
903 greater than at 300°C. A similar relationship 
was found for most cases wi.th the infinite array 
of line sources. 

It has been found that unrestrained rock-salt 
aggregates shatter rather violently wh~n l;ieated 
to temperatures of 200 to 300°C, ·due to the pres­
ence of small quantities of water trapped in neg­
ative crystals. If this shattering occurs in salt 
in situ, it may result in poorer thermal conduc­

tivity .and consequently increased waste tempera­
ture rise in the localized area near the heat 
source. 

12 E. G. Struxness et al., Health Phys. Div. Ann. 
.Progr. Rept. July 31, 1961, ORNL-3189, p 57. 

13 Leccer from F. Birch, Harvard University, co F. L. 
Parhr, June 6, 1959. 



Plastic Flow Studies 

Field Studies. - In order to obtain field data on 
the effects of mine depth, percent salt extraction, 

· and age of mine opening on the plastic flow oc­
curring in existing salt mines, an expanded pro­
gram of field measurements has been initiated. 
This information will be used to verify or imple­
ment theoretical calculations of room closure 
under various conditions of stress. 

Eleven new stations have been installed during 
the past year (seven in the Hutchinson mine and 
four in the Lyons mine). In addition to these new 
stations, the existing station installed by ORNL 
and the two stations installed by the University 
of Texas in rhe Hutchinson mine will be used. 
All of the new l~tations installed in the Hutchinson 
mine consist of "Reidometer"-type gages, meas­
uring floor movement, ceiling movement, or column 
movement, and extensometers, measuring the total 
movement between the floor and the ceiling. 

Stations have been located in the Hutchinson 
mine to show: (1) for a constant percent salt 
extraction, the effect of miue age from 3 months 
to 9 yr (four stations); (2) for a different percent 
extraction, the effect of age from 10 to 14 yr 
(two stations); (3) for a room and panel mining 
method, the effect of ages from 30 ·to 39 yr (three 
stations); and ( 4) movement in an airway of 30-ft 
width adjacent to the high-temperature array 
(39-yr-old station). Figure 1.3 shows the approx­
imate location of these stations in the Hutchinson 
mine. 

Four statiuus wt:n:: installed in the Lyons mine 
to measure flow in a mine at a greater depth (1000 
ft vs 650 ft). Two of these stations are located 
in the last rooms mined prior to termination of the 
mining operation, in rooms which show no visual 
evidence of floor ''buckling'' or ceiling ''sag.'' 
The purpose of these stations is to obtain in­
formation on flow at greater depths, both for 
comparison and as background information on the 
possible use of this area for tests with high-level 
solids. The other stations are located in an older 
section of the mine to measure flow in the floor 
and ceiling of rooms of the same dimensions. 
The basic difference between these stations is 
that the gages in the first room are attached be­
tween the salt roof and the salt floor, whereas 
the ends of the gages in the second room are 
installed in the shale and salt layers located 
about 1 ft above the ceiling and in the shale about 
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1 ft below the existing floor. It is hoped that 
data will be obtained to show that the relatively 

thin layers of salt above the roof and below the 
floor are movin.g, or being squeezed, at a faster 

. rate than the overlying shales. This assumption 
is based on observations in other parts of the 
mine, in which the upper 1 ft of salt above the 
ceiling of the room has "sagged," and the rela­
tively thin layer of salt above the shale parting 
in the floor has "buckled" due to the pressure 
transmitted to the salt by the pillars. Not enough 
measurements have yet been made to predict the 
rate of movement or expected maximum closure, 
but the few measurements made thus far indicate 
that the amount and rate of deformation are much 
less than those observed in Hutchinson; however, 
it is a much older mine, and the .flow would be 
expected to be very small. 

Cumulative Gamma-Radiation Dose in Salt-Mine 
Disposal of Pot-Calcined Solid Wastes. - Previ­
ous studies 14 on the effect of gamma radiation 
on the structural properties of rock salt have 
shown that gamma dosages to 1 x 108 r produce 
negligible changes in creep rate and compressive 
strength, but that dosages above this value may 
produce significant changes (decrease in com~ 
pressive strength, slight decrease in creep rate). 
Since the salt in rooms containing radioactive 
waste will be exposed to radiation for long periods 
of time, it is possible that the 1 x 108 r dose 
will be exceeded at the surface of the walls. 

The MIT Engineering Practice School developed 
a computer program for the IBM 7090 and with it 
estimated the gamma dose in salt and in the room 
for pot-calcined solids stored in the floor of a 
salt mine. 1 5 The variables in the computer pro­
gram are: room height and width, depth of pot 
burial, rectangular pot spacing, pot diameter, 
number of energy groups considered, activity vs 
time for each energy group, properties of the 
material, and distance of the first row of pots 
from the wall.· The output from the program gives: 
(1) the gamma dose in salt for each energy level 
per time increment and sum of increments, (2) the 
accumulated gamma dose in salt for each energy 
level at each time increment, and (3) the sum of 

14B. D. Gunter and F. L. Parker, The Physical Prop­
erties of Rock Salt as lnf luenced by Gamma Rays, 
ORNL-3027 (Mar. 6, 1961). 

lSM. H. Cornillaud, E. P. Demetri, and R. A. Loring, 
Waste Disposal in Salt Mines: Computer Code for the 
Determination of Dose, KT-581 (Nov. 8, 1961). 
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these or the total accumulated gamma dose from 
time of storage to time t. For the air dose in the 
room above the buried pots, the dose rate in milli­
roentgens per hour can be obtained at any desired 

time. 
Limitations of the computer program as written 

are that the pot spacing must be rectangular in 
plan view, that the dose cannot be calculated for 
gamma rays passing through more than two media, 
and, finally, that the pots are considered as line 
sources and the dose close to the pots cannot 

be computed accurately.· However, for the purpose 
intended, the results are satisfactory. 

As an example, calcined acidic Purex waste in 
6-in.-diam pots buried 7 ft beneath the floor of a 
15-ft-high, 50cft-wide, very long room was con­
sidered. The pot spacing was assumed to be 5 ft. 
Figure 1.4 shows the variation of total dose (for 
storage times from 2 to 106 yr) with distance from 
the wall for points on the ceiling and floor of the 
room, and points between the pots. Results indi­
cate that the gamma dose in the ceiling is less 
than that in the floor, and that the dose between 
pots is nearly constant across the room. The 
only sources that contribute significantly to the 
dose at a point are the two pots on either side 
of it. Figure ] .5 shows the variation of the total 
gamma dose between pots as a function of waste­
cooling time. If cooling time before storage is 
increased from 2 to 14 yr, the dose 1s reduced 
more than half. 

Results of this study indicate that gamma dose 
at the center line between pots will not exceed 
3 x 106 rad for 2-yr-cuuled waste and thus that 
the irradiation of the bulk of the salt surrounding 
the room will not exceed the dose at which struc­
tural damagt: will occur. In local areas near the 
pots the dose may exceed 1 x 108 r; however, 
the volume of salt will be small and the corre­
sponding effect of a decrease in compressive 
strength will also be small. These calculations 
are being extended to cover spacings of cans 
that are not rectangular and the effect of cylin­
drical vs line sources. When the extent of salt 
having a dose greater than 1 x 108 r is known, 
calculations will be made on the effect of this 
factor on the structural integrity of the room. 

Effect of Salt Extraction and Depth on Stability 
of Mine Openings. - In order to conceptually de­
sign a disposal operation in salt, it is necessary 
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to be able to predict the allowabl.e percent salt 
extraction as a function of depth for various con­
ditions of structural stability. Until equations 
have been developed to express these relation­
ships, it is desirable to attempt to relate observed 
conditions to percent extraction and depth and 
develop an empirical approach to this problem. 
This is shown in Fig. l._6 as a function of the 
calculated pillar load, assuming 1 psi per foot 
of overburden. The boundaries of the various 
conditions of stability in the figure are derived 
from observations reported on mine conditions. 
By use of these boundaries, the desired relation­
ships between depth of the mine, percent salt 
extraction, and stability conditions have Leen 
calculated. For example, if a negligible amount 
of structural flow can be tolerated, then the max­
imum allowable pillar load is 2000 psi, and op­
eration to the left of curve A of Fig. 1.6 must 
be maintained. On the other hand, if some spalling 
and a few percent closure of the rooms can be 
tolerated, then the pillar load can be increased 
to 3000 psi, and operation can be anywhere to 
the left of curve C. In the first case (negligible 
flow) it may be seen from Fig. 1.6 that the sta­
bility criterion cannot be met at depths greater 
than 2000 ft. It may also be seen that any ex­
traction of salt at depths greater than 3500 ft 
will produce large structural flows. 

The time factor involved in structural flow has 
not been included in this study, and it may take 
several years for such things as roof falls and 
floor heaves to occur. In general, the greater the 
pillar load, the faster the flow occurs. In Germany 
some mines are operated with pillar loads much 
greater than those in this country, and the rooms 
are either allowed to collapse or backfilled soon 
after excavation to prevent collapse. 

Thermal Stability of Rock Salt 

In order to determine the effect of temperature on 
salt, 1- to 2-lb salt samples have been heated to 
elevated temperatures. Salt samples removed from 
the mine are not comparable to salt in place, be­
cause the stresses are altered on mining. How­
ever, the results of the laboratory study are ex­
pected to give an insight into the possible phe­
nomena that might be expected in actual disposal 
operations. 
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Salt from the Hutchinson mine was used in the 
initial study. It was found that the· salt mass 
frac.tured with considerable violence when heated 
to about 250 to 280°C. The explosion was violent 
enough to lift the door of the muffle furnace, as 
well as to rupture the wire basket which was 
used to contain the sample. Each explosion was 
associated with the release of a clou_d of steam, 
and took place in about the . same temperature 
range regardless of the rate of heating. 

Quantitative measurement of the amount of water 
released and more detailed observations of the 
effect of temperature on the salt are being carried 
out by heating the salt in a "bomb." The moisture 
released is swept into a tared absorption bottle 
and weighed. Heating is terminated at 350°C, 
since the glass equipment begins to soften above 
that temperature. 

When the salt is heated, there is initially a 
large disintegration at a temperature above 200°C, 
followed by lesser events at random temperature 
increases up to the upper limit of heating. Nearly 
all of the water is released during the initial 
large fracture, and all is released before the 
temperature exceeds 300°C. The heating process 
reduces the original salt mass into particles 
which vary in size from fine powder to centimeter­
size crystals. 

The results thus far are shown in Table 1.5. 
There is a significant difference in the disinte­
gration temperature between the samples from the 
Hutchinson and Lyons mines. The sample showing 
the greatest moisture content was a clear crystal 
from the Hutchinson mme containing several 
visible inclusions of water. The variation in the 
water content is apparently due to the random 
distribution and size of these inclusions through­
out the salt. There is, however, a significant 
difference in the range of moisture yields from 
the two locales. Salt samples from mines in other 
parts of the country will be tested in a similar 
manner for comparative purposes. 

Three possible mechanisms for the fracturing 
have been advanced: (1) unequal thermal expan­
sion along the crystal axis, (2) chemical reactions 
such as the combustion of organics, and (3) the 
pressure effects of superheated 'steam. The salt 
from a given site "explodes" at· nearly the same 
temperature regardless of the rate of heating. 
Even a very slow rate of heating, which could 
have the effect of annealing some of the strains in 
the crystals, does not alter the temperature at· 
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which the first disintegration occurs. Analysis 
of the gas produced shows a trace of carbon 
dioxide which is of a magnitude far below that 
which would be produce·d by a reaction capable 
of causing the observed phenomenon. The vapor 
pressure of water rises sharply from 1 atm at 
l00°C to 15 arm at 200°C, 38 arm at 250°C, and 
84 arm at 300°C. These considerations, along 
with the observed release of steam, lead to the 
conclusion that the greatest single cause of the 
disintegration process is the pressure of the 
heated water. It seems likely that unequal ex­
pansiori or similar thermal effects are responsible 
for the minor splittings observed at temperatures 
over 300°C. 

Table 1.5. Thermal Analysis of Salt from the 

Hutchinson and Lyons Mines 

·weight of Disintegrating 

Source 

Hutchinson 

a 

Lyons 

aClear crystal. 

Sample 

(g) 

702 

763 

467 

530 

153 

1327 

667 

714 

709 

Temperature 
(oC) 

245 

245 

220 

265 

215 

220 

215 

215 

Water 

Released· 

(3) 

0.127 

0.182 

0.293 

0.150 

1.08 

0.090 

0.048 

. 0.100 

0.082 

. Another problem to be considered is the com­
bined effect of temperature and gamma radiation 
on the salt. Previous tests have shown that the 
radiolytic process in a confined saturated salt 
solution will attain a ste~dy-state pressure of 
about 10 atm, a pressure that is well within the 
limits of stability of the salt. The effect of 
temperature upon the radiolytic steady-state pres­
sure is not known, and tests are planned to de­
termine what effects the combined forces of 
temperature and radiation have upon salt stability. 



High- Temperature Experiments 

A large-diameter electric heat source to rnves· 
tigate the physical changes of salt in situ due to 
temperatures greater than 80°C has been run 
(experiment I). Power was applied to the heater 
at a rate of 3 kw for 70 hr before inspection of 
the interior of the hole. At that time water (or 
brine) and recrystallized salt had filled the an· 
nulus to about 6 in. below the top of the heater. 
After 84 hr· the annulus was completely filled 
with salt, and the experiment was terminated. 

The highest salt temperature measured was 
127°C (106°C rise) at 9.6 in. from the center of 
the heater (Fig. 1. 7). The maximum salt tempera· 
cure (4 in. from the heater center) is estimated 
from the computed curves of Fig. 1. 7 to be ap­
proximately 200°C. These are theoretical curves 
with thermal conductivity and diffusivity adjusted 
so that the 9. 2-in. curve coincides with the ex­
perimental points for a temperature rise from 50 
to 105°C. This procedure gives a thermal con­
ductivity of 2. 7 Btu hr- 1 ft- 1 (uF)- 1 (single 
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crystal value for 70°C) and a diffusivity of 0.08 

ft 2 /hr (130°C value). 
It was thought that the water which had caused 

the termination of experiment I had entered the 
formation due t_o the use of brine as drilling fluid 
in preparation for the experiment. It was, there­
fore, decided that additional tests should be 
carried out in a different area of the mine with 
air as the drilling fluid. Subsequent examination 
of shale samples from holes drilled with air re­
vealed that the shale contained approximately 
103 moisture, which could have been evaporated 
from the shale and condensed in the hole to supply 

the moisture found. 
Experiment II is in the floor of the mine, and 

experiment III in the wall of the column east of 
the previous experiments. Operation of these 
tests will differ from experiment I in that higher 
power inputs will be used, so that the peak tem­
perature can be increased from about 200 to 300°C. 
·In addition, instrumentation is provided for meas­
uring floor rise around the heater in the floor 
and column expansion about the wall installation, 
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~·nd a vapor purge system will be installed in 
the hole to remove any moisture from the shales. 

Direct liquid Disposal in Crushed Salt 

The major problem in the direct disposal of 
high-level liquid radioactive waste is the off-gas 
which results from radiolytic decomposition of 
water and of water vapor. It has been found that 
if liquid waste is dispersed through crushed rock 
salt, the radioactivity will be present in a film 
of. liquid on the surface of the granules, and 
radiolysis will be reduced. The mine area required 
to store the wastes from a given weight of fuel 
is the same regardless of the volume· and is a 
function of the total heat-radiating property of the 
solution. It can be shown that if a salt mine were 
being excavated for the purpose of waste storage, 
it. would be economically advantageous to stow. 
at least part of the salt extracted into another 

excavation. 
By assuming a waste ·volume of 60 gal/ton, 

which has a cooling time (approximately 3 yr) 
that requires 200 ft 2 of mine area for adequate 
heat removal, the liquid depth per square foot 
would be 0. 5 in. If this solution is poured over 
6 ft of crushed salt, most of the liquid will be 
retained as a surface frlm on salt particles, and 
very little free solution will be found .. 

Laboratory studies with gamma radiation from 
Co60 indicate that the water in such a system, 
when subjected to· temperatures about 60°C or 
more above ambient, tends to be moved upward, 
eventually collecting as a layer of liquid water 
on top of the salt. Very little pressure buildup 
associated with radiolytic gas production is ob­
served until the free liquid layer begins to form, 
at which point ther.e is a pronounced increase 
in the rate of buildup. This pressure buildup 
can be inhibited by absorbing the water layer 
that is formed on an absorbent material like 

vermiculite. 

16· U.S. Geological Surve.y. 

.1 7 Temporary summer employee .. 
18u.S. Army,·Picatinny Arsenal. 
19R. J. Morton (ed.), Status Report No. on Clinch 

River Study, ORNL-3119 (July 27, 1961). 
20 R. J. Morton (ed.), Status Report No. 2 on Clinch 

River Study, ORNL-3202 (Mar. 30, 1962). 
21 . 

R. J. Morton (ed.), Status Report No. 3 on Clinch 
River Study (in press). 
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The Clinch River Studies have been continued in 
cooperation with the U.S. ·Atomic Energy Com­
mission, the U.S. Public Health Service, the U.S. 
Geological Survey, the Tennessee Valley Au~hor­
ity, the Tennessee Game and Fish Commission, 
and the Tennessee Stream Pollution Control Board. 
In these studies the fate of radioactive releases 
to the river, the diluting capacity of the river 
system, and the long-term effects of radioactive 
contamination on th.e fluvial environment are being 
investigated. 

The Clinch Riv:er Study Steering Committee held 
meetings on October 26 and 27, 1961, and on 
April. 25 and 26, 1962. During these meetings 
progress on the Studies has been ·reported, future 
plans discussed, and reports issued. r 9- 21 Sub­

committees (of the Steering Committee) on Water 
Sampling and Analyses, Bottom Sediments, Aquatic 
Biology, and Safety. Evaluation have been ap­
pointed and are guiding work in specific fields 
of the Studies. 

Hydrology 

Dilution Factors. - For the period October 1, 
1950, to September 30; 1960, the dilution by flows 
in. the Clinch River of releases from White Oak 
Cre.ek has been computed. 2 L Based on the mean 

· annual disch~rges observed in the Clinch. River 
am! While Oak Creek, the mean annual dilution 
factor is about 450, and the median daily dilution 
factor is 570.' The range in extremes of the daily 
dilution factor is from 5.1 to 4330. 

Minimum dilution factors for periods of 1, 7, 15, 
and 30 days have been determined for recurrence 
intervals of 1 to 11 yr. Results of this frequency 
study indicate that the minimum 30-day dilution 
factor is 78 for a recurrence interval of 10 yr' 
or that once in 10 yr the average dilution factor 
for an entire month will be only 78. 

Dispersion Tests. - Dispersion tests with .Au 198 

were conducted on August 30:--31, 1961, 21 and 
February 1, 1962. The tracer was injected at 

··•. 



die mouth of White Oak Creek. Time for the tracer 
to reach the Oak Ridge Gaseous Diffusion Plant, 
6.3 miles downstream, and the mouth of the Emory 
River, 16.3 miles downstream, were 8 and 31 hr 
for a flow of 8000 cfs in the Clinch River and 
2.8 and 9.3 hr for a flow of 20,000 cfs. The time 
of travel of water in the study reach which has 
been measured in these tests has verified compu­
tations of the time of travel by TVA. These 
tests also indicated that water discharged from 
White Oak Creek is dispersed uniformly across 
the river channel within 4 to 6 miles downstream. 

During a 24-hr period on August 17-19, 1961, 
when the release of radioactivity from White Oak 
Creek was relatively constant, the variations in 
radionuclide concentration and in flow in the 
Clinch River with time were observed at the water 
quality station above Centers Ferry·. The varia­
tion in flow of the Clinch River was the result 
of hydroelectric operations at Norris Dam. As 
shown in Fig. 1.8, the variation in radionuclide 
concentration was negligible in comparison with 
the variation in flow. 
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Fig. 1.8. Effect of Power Releases from Norris Lake 

on Flow and Radioactivity in Clinch River above Centers 

Ferry, near Kingston, Tennessee. 
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Melton Hill Dam Construction. - The diversion 
canal around the Melton Hill Dam site closed 
about July 31, 1962. Water is now flowing over 
the spillway. The first generating unit is sched­
uled to begin operation in July, 1963, and due to 
its operation as a peak load plant, changes in 
the river regime will occur. 

Water Sampling and Analysis 

Sampling Stations. - The network of water sam­
pling stations was described in the 1961 Annual 
Progress Report. 22 Locations of these stations 
are shown in Fig. 1.9. Water samples from the 
stations during the past year have been analyzed 
for concentrations of suspended sediments, stable 
chemical constituents, and long-lived radioactive 
constituents. Weekly and monthly composites 
which are proportional to the flow are prepared. 
Samples are shipped to the U.S. Public Health 
Service for radiochemical analyses and to the 
Tennessee Stream Pollution Control Board for 
stable chemical analyses of major constituents. 
The network was established on November 1, 1960. 
Prior to .February, 1962, the composite of samples 
collected at the water plant of ORGDP was not 
proportional to the flow. 

Stable Chemical Analyses. - A summary of the 
results of stable chemical analyses is given in 
Table 1.6. The data indicates that the river water 
is of intermediate hardness and of low organic 
content. 

Radiochemical Analyses. - Radionuclide loads 
passing the water sampling stations at the Oak 
Ridge Water Plant, at White Oak Dam, and above 
Centers Ferry have been computed for the first 
half of 1961 by use of analyses reported by 
Morton. 2 1 The radionuclide load is the product 
of radionuclide concentration, streamflow, and 
time interval, and represents the quantity of 
radionuclide passing the sampling point during 
the stated period. The loads passing the stations 
at the water plant and at the dam have been com­
bined and compared with the load passing the 
station above Centers Ferry. 

Results indicate that essentially no Ru 106 and 
only a small amount of Sr90 were lost from the 
river water between the mouth of White Oak Creek 
and the Centers Ferry sampling station. Because 

22 K. z. Morgan et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189. 
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Fig. 1.9. Map of Clinch River Basin, Showing Locations of Sampling Stations. 

of very low sample concentrations, analytical 
results indicate only chat losses of Co60 and 
Co 1 37 may occur, and the exact loss cannot be 
computed a.t this time. Further investigations of 
the material balances for these latter two nuclides 
are being 'un.dertaken. 

Bottom Sediment Studies 

Core Samplers. - Results of work in 196020 have 
indicated that deeper penetration of the bottom 
sediments by a core sampler is necessary. Many 
core samplers have been tested. for penetration 
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Tobie l .6a. Summary of Stoble-Chemico I Ano lyses of Water Samples from ORGD P Water Plant, 

CRM 14.5, Weekly Analyses 

Concentration (ppm)a 

Constituent Standard 
Average Deviation Maximum Minimum 

Nov. 2, 1960, to Sept. 10, 1961 

Ca 21.3 3.0 30 17 

Mg 6.97 2.33 10 <2.0 

Na 2.46 0.54 4.7 1.8 

K 1.37 0.15 2.3 1.1 

N0
3 

6.01 40 0.59 

Suspended solids 23.5 19.9 104 0.75 

Total solids 154 23 231 127 

Loss on ignition 28.7 18.0 95 10.5 

Nov. 28, 1960, to Sept. 10, 1961 

Cl 1.65 0.54 4.51 1.1 

so4 10.9 4.5 . 27 0.8 

P04 0.238 0.174 <l <0.003 

HC0
3 

112 12 134 87 

pH 7.67 0.35 8.4 6.5 

Conductivity 215 14 282 190 

Feb. 6, 1961, to Sept. 10, 1961 

Cs <0.01 

Sr 0.068 

Co <0.02 

Ru <O.l 

aConductivity is in µmho/cm; pH is dimensionless. 

capabilities, compaction effects on samples, and 
retention of sample during recovery. No single 
device was found to be satisfactory throughout 
the study reach. In material finer than gravel, 
the best sampling device for long cores has proved 
to be the "Swedish foil sampler." For short 
sample runs in very flocculent material, some 
samples can be obtained by using a split-spoon 
sampler with a flap valve or a basket shoe with 
collapsible Mylar flap. For sampling sand, the 

. TVA volumetric silt sampler is useful. An ocean-
ographic-type piston core sampler with a basket 

0.0094 0.08 0.04 

shoe has proved satisfactory for sampling fine 
sediment up to 5-ft thick. ln material coarser than 
gravel, core samples cannot be obtained and small 
clamshell dredges appear to be the only recourse. 

Determination of Radioactivity in Sediments. -
From measurements of radioactivity rn core sam­
ples collected in the study reach during 1962, 
the depth of the radioactive zone is being de­
termined, the variation of fission product concen­
tration with depth of sediment is being described, 
and the total fission product acuv1ty is being 
computed. The study reach extends from the 



vicinity of White Oak Creek to the mouth of the 
Clinch River. Core sampling by Sprague and 
Henwood, Inc., Scranton, Pennsylvania, was begun 
on June 25, 1962. Seventeen sections in the 
reach, selected on the bases of cor~ sampling 

Tobie 1.6b. Summary of Stobie-Chemical Analyses 

of Water Samples from ORGDP Water Plant, 

CRM 14.5, Triweekly Analyses 

Constituent 
Concentration (ppm) 

Average Maximum Minimum 

Feb. 6, 1961, to Sept. 10, 1961 

Cu 0.028 

Rb <0.005 

NH 4 

Zn 0.139a 

Ba 0.3-<0.05 

Al 0.117 

Fe 0.081 

Mn 0.01 

Si 1. 73 

Ti 0.030 

Zr 0.032 

Ni 0.01 

F 0.20 

0.10 <0.01 

19 

0.34 

0.37 

2.4 

0.06 

0.06 

0.33 

0.02 

0.059 

0.01 

0.003 

0.24 

0.01 

0.01 

0.05 

aMaximum observed concentration is questionable and 
was not included in computing the average of nine ob· 
servations. 
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done in 1960; measurements of sediment deposi~ 
tion by TV A, and gamma counting of sediments 
in situ, are being cored. In addition, cores are 
being obtained in two sections of the Emory River 
and two sections of Poplar Creek. 

Physico-ChemiCal Characteristics of Bottom 
Sediments in Clinch River. - Surveys· of radio­
activity in the bottom sediments have indicated 
that the highest levels of activity occur at the 
mouth of and about 9 miles below White Oak 
Creek. Core samples of fine sediments which 
were obtained at five sections in the study reach 
during 1961 were analyzed to determine particle­
size distribution, mineral content, and exchange 
capacity. Core samples which were collected 
at more closely spaced sections were. analyzed 
to determine sorption capacity. These analyses 
were undertaken to ascertain whether the level 
of radioactivity in the sediments was i~fluenced 
by some bulk physico-chemical characteristic. 

The sediments are a well-graded silty loam with 
fairly constant. clay content. The minimum median 
particle size of 20 µ was found at a section 8.9 
miles downstream from White Oak Creek. The 
sand and silt fractions of the sediment were almost 
entirely quartz. The mineral content of the clay 
fraction is given in Table 1.7. 

The determined exchange capacity for the five 
composited sections was relatively constant, 
11.3 ± 0.2 meq/100 g. In all cases the determined 
exchange capacity was exceeded by the exchange­
able cation concentration, 22.0 ± 3.7 meq/100 g. 

In demineralized water the mean strontium sorp­
tion was (49.3 ± 1.7)3 for all samples analyzed. 
In Oak Ridge tap water, obtained from the Clinch 

Tobie 1.7. Mineral Contents {Ports per Ten) of Cloy-Size Particles of Clinch River Bottom Sedimenta 

Clinch River Quartz Vermiculite 
Mile 

4.7 4 ·2 

7.6 3 2 

11.9 3 2 

15.3 4 2 

19.2 4 2 

aMineral analyses by U.S. Geological Survey. 

Mica 

2 

2 

2 

Kaolinite 

2 

2 

2 

2 

Randomly 

Interstratified 

Vermiculite-Mica 

1 



Time 

(hr) 

4 

24 

168 

3 

3 

3 

3 

Tap 

3.39 

70 

7.29 

1.98 

40 

7.39 

3.38 

70 

7 .61 

3.S2 

73 

7 .79 

aDemineralized. 

bTime, 192 hr. 

cTime, 216 hr. 

4.7 

Demin. 11 

39.46 

1300 

7 .37 

41.89 

,1400 

7 .so 

44.30 

1600 

7 .Sl 

44.66 

1600 

7.82 

Tap 

3.6S 

76 

7 .7S 

6.02 

130 

7.82 

S.73 

120 

7.S9 

S.93b 

12S 

8.20 

S.8 

Demin. 

S7.67 

2700 

7.6s 

60.74 

3100 

7 .61 

62.S2 

3300 

7.SS 

S7.14b 

2700 

7.69 

25 

Tap 

2.24 

47 

7 .ls 

2.88 

S9 

7.30 

3.06 

63 

7 .Sl 

100 

8.01 

6.9 

De min. 

Sli.10 

2400 

7.16 

S0.92 

2100 

7.40 

Sl.69 

2100 

7.4S 

S0.19c 

2000 

7 .SS 

Tap 

4.SS 

9S 

7.32 

3.92 

82 

7.48 

S.43 

llS 

7.69 

4.93 

lOS 

7 .63 

Table 1.8. Strontium Sorption by Clinch River Sediments 

8.0 

De min. 

42.10 

lSOO 

7.4S 

44.41 

1600 

7 .49 

46.30 

1700 

7.S2 

S2.49 

2200 

7.89 

Tap 

3.63 

7S 

7 .17 

4.66 

98 

7.38 

3.83 

80 

7.Sl 

100 

7 .81 

9.0 

De min. 

48.23 

1900 

7 .2'1 

. 47.0S 

1800 

7.4~ 

48.41 

1900 

7.48 

49.17c 

1900 

7.80 

Clinch River Mile 

Tap 

2.90 

60 

7 .12 

3.S6 

74 

7 .35 

3.S7 

74 

7.61 

4.53c 

9S 

8.10 

10.0 

De min. 

45.24 

·990 

7 .21 

4S.4S 

1700 

7.42 

46.S7 

1700 

7.43 

46.28c 

1700 

7.58 

Tap 

4.75 

100 

7.82 

S.93 

12S 

7 .81 

4.72 

99 

7.64 

8.15 

11.0 

Demin. 

39.20 

1300 

8.0S 

37 .20 

1200 

8.20 

' 37.85 

1200 

8.2S 

36.91b 

1200 

7.90 

Tap 

4.22 

88 

7.38 

2.22 

4S 

7.SO 

4.85 

100 

7.78 

S.10 

lOS 

7.91 

12.0 

Dem in. 

3S.27 

1100 

7 .S2 

38.12 

1200 

7 .so 

43.10 

lSOO 

7.69 

46.60 

1700 

7 .91 

Tap 

3.49 

72 

7.81 

6.68 

14S 

7.90 

6.71 

14S 

7 .5S 

7.14b 

lSS 

8.11 

13.0 

Dem in. 

S2.97 

2300 

7 .74 

S4.28 

2400 

7 .72 

57.22 

2700 

7.69 

S3.20b 

2300 

7 .75 

rap 
:I 

2t64 
I~ 

54 
I, ,, 
jf lS 

3,.09 

64 
I 

71.31[ 
'I 
[i 

31.oo 
II 

6!2 

· 1l.s9 
11 

4'.79c 
1. 

loO 
I 
I, 

7i'.69 

14.6 

De min. 

4S.28 

1700 

7 .19 

46.63 

1700 

7.40 

S0.29 

' 2000 

7.SS 

S4.31c 

2400 

7 .81 

Tap 

4.72 

99 

7.39 

3.1 S 

6S 

7.50 

4.89 

10s 

7.78 

s.oo 
105 

8.18 

16.0 

De min. 

36.07 

1100 

7.44 

45.S2 

1700 

7.50 

49.40 

2000 

7.65 

50.92 

2100 

7.80 



Time 

(hr) 

Tap 

1 3 59.24 

Kd 2900 

pH 7 .24 

4 3 69.64 

Kd 4600 

pH 7.53 

24 3 80.27 

Kd 8100 

pH 7 .81 

168 3 90.90 

Kd 20,000 

pH 8.00 

a Demineralized. 

bTime, 192 hr. 

4.7 

Demin.a 

82.59 

9500 

7.26 

84.04 

14, 700 

7.50 

93.51 

28,800 

7.61 

97.18 

68,900 

7.75 

Tap 

72.03 

5100 

7.08 

77.41 

6900 

7.26 

5.8 

87.82 

14,400 

7 .55 

94.56 

De min. 

89.82 

17 ,600 

7.20 

93.39 

28,300 

7.29 

95.56 

43, 100 

7.48 

98.06 

Tap 

64.61 

3700 

7.30 

73.97 

5700 

7.40 

85.81 

6.9 

Demin. 

90.13 

18,300 

7.40 

91.32 

21,000 

7.48 

94.95 

12,100 37,600 

7.71 7.60 

34,800 101,000 33,500 80,800 

7-.91 7.59 8.20 7.78 

Table 1.9. Cesium Sorption by Clinch River Sediments 

Tap 

67 .16 

4100 

7.30 

81.72 

8900 

7.50 

89.80 

8.0 

De min. 

89.17 

16,500 

7 .35 

92.78 

25,700 

7.60 

96.52 

17,600 55,400 

7.89 7.70 

96.01 98.55 

Tap water: X = (93.10 ± 1.94)3 

Demineralized water: X=·(97.58 ±0.25)3 

Clinch River Mile 

Tap 

59.58 

2900 

7.21 

69.89 

4600 

7.39 

84.02 

9.0 

De min. 

88.55 

15,500 

7.51 

91.76 

22, 700 

7 .55 

94.91 

10,500 37,300 

7 .77 7.64 

Tap 

54.57 

2400 

7.20 

62.38 

3300 

7.43 

76.75 

6600 

7.80 

10.0 

De min. 

43.42 

10,800 

7.46 

89.16 

16,400 

7.50 

94.17 

32,300 

7.68 

48,100 

8.00 

136,000 29,900 

97.78b 

88,100 

7.80 

20,600 70, 700 

7 .89 8.20 8.30 7.83 

Tap 

62.36 

3300 

7.11 

70.24 

4700 

7.29 

83.17 

9900 

7.59 

92.01 

11.0 

De min. 

88.50 

15,400 

7 .31 

90.49 

19,000 

7.60 

95.21 

39,800 

7.69 

97.48 

23,000 77,300 

7.90 7.76 

Tap 

55.30 

2500 

7.30 

70.38 

4800 

7.60 

83.23 

9900 

7.93 

93.41 

12.0 

De min. 

83.00 

9800 

7.37 

89.76 

17' 500 

7.60 

92.63 

25,100 

7.75 

97.82 

28,400 89,800 

8.30 7.79 

26 

13.0 

Tap 

72.98 

5400 

7 .15 

81.00 

8500 

7 .30 

91.04 

20,300 

7 .56 

94.96 

De min. 

88.02 

14, 700 

7 .20 

91.26 

20,900 

7.40 

94.81 

36,500 

7. 50 

97.59 

36,700 81,100 

7.92 7.71 

Tap 

54.94 

2400 

7 .24 

64.82 

3700 

7.40 

80.79 

8400 

7 .80 

14.6 

De min. 

85.95 

12,200 

7.40 

90.79 

19,700 

7.51 

93.97 

31,200 

7.61 

22,600 80,500 

8.30 7.80 

Tap 

46.90 

1800 

7.27 

59.22 

2900 

7. 55 

76.97 

6700 

7 .90 

91.06 

29,400 

8.00 

16.0 

Dem in. 

72.09 

5200 

7 .32 

83.88 

10,400 

7 .60 

93.04 

26, 700 

7 .70 

96.50 

5 5,200 

7.80 



River, the strontium sorption decreased to (5.07 ± 
0.27)3, apparently because of the high calcium 
concentration in the tap water. Results of these 
sorption analyses are listed in Table 1.8. The 
mean cesium sorption is (93.10 ± 1.94)3 in tap 
water and (97. 58 ± 0. 25 )3 in demineralized water. 
These results, shown in Table 1.9, suggest that 
the mineralogy of the fine sediments is fairly 
uniform throughout the study reach. 

STUDY OF WHITE OAK CREEK 
DRAINAGE BASIN 

T. F. Lome nick R. M. Richardson 2 3 

H. J. Wyrick W. M. McMasters 2 3 

T. W. Hodge:, Jr. 

Sources of Contominotion ond Movement 
of Rodionuclides in the Creek 

All ORNL facilities that contribute significant 
quantities of fission products to the environment 
are located in the White Oak Creek drainage basin. 

(D Process Waste Treatment Plant Effluent 

@ 
@ 

® 
@ 

Ou1 iul C1.:iund No. 1 

Burial Ground No. 2 

Burial Ground No. 3 

Burial Ground No. 4 

Burial Ground No. 5 

Laundry Effluent 

St1WU\fl' Trculm~ml Plant Effluent 

LITR and ORR Retention Pond 

HRT Retention Pond 

Bed of Former Intermediate Pond 

Bed of Former White Oak Lake 

Wu:i.lu Pil$ 
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There are 23 known sources of contamination in the 
basin. The creek receives directly the discharges 
of partially treated process waste water, laundry 
water, sanitary sewage, reactor cooling water ef­
fluents, and eventually seepage from the intermedi­

ate-level waste seepage pits and five solid-waste 
burial grounds. Runoff from land surfaces sub­
jected to local and general fallout also contributes 
some activity to the creek. In addition, some 
radionuclides enter the creek from the beds of 
former White Oak Lake and the intermediate pond. 

Techniques and Equipment Employed in As­
sessing Sources. - Temporary water sampling sta­
tions were installed at White Oak Creek miles 
(WOCM) 2.6 and 3.9 and along the tributary stream 
draining the northwest portion of the Bethel Valley 
area to assess the amount and type of activity 
associated with fallout, burial grounds, and other 
sources that could not be monitored directly (see 
Fig. 1.10). In addition, representative samples 
were taken of the effluent from the laundry and 

2 3u .S. Geological Survey, 

UNCLASSIFIED 
ORNL-LR-DWG 69098 
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Fig. 1.10. Map of White Oak Creek Basin, Showing Sources of Rodiaoctive Contamination and Stream Monitoring 

Stations. 



the sewage treatment plant. The sampling devices 
used at the stations have been described previ­

ously. 24 

Findings at Monitoring Stations. - The Process 
Waste Water Treatment Plant (PWWTP) is the 
major source of contamination to White Oak Creek 
within Bethel Valley (ORNL plant site). However, 
significant quantities of radionuclides. enter the 
creek from other facilities in the· valley. A sum­
mary. of the activity detected at the laundry, the 
sewage treatment plant, stream sampling stations, 
and the PWWTP for the period May-October 1961 
is shown in Table 1.10. It is of interest to note 
that during the six-month sampling period, the 
sewage treatment plant contributed approximately 
150 me of Sr90 , 100 me of TRE 3+ (exclusive of 
y 90 ), 32 me of Cs 137 , 7 me of Co60 , and 7 me 
of Ru 1O6. Although the amount· detected is small 
in comparison to that released .from the PWWTP, 
it. is rather large for a facility that should be 
re la ti ve ly free from contamination. The mean 
concentration of Sr90 in the sewage water effluent 
was 1.7 x 10- 6 µc/cc or about 403 of the MPCw. 
The weekly contribution of Sr90 to the creek from 
this facility was fairly constant, but for the re­
maining radi_onuclides the releases were somewhat 
sporadic. 

The amounts of activity detected in weekly 
samples at the stream stations vary over a wide 
range. For the northwest tributary station and 

24 E. G. Stru~ness et al., Health Phys. Div .. Ann. 
Progr. Rept. July 31. 1961, ORNL-3189, pp 6-7. 
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the monitor at WOCM 3.9, the total amount of 
strontium detected appears to vary with stream 
discharge (Figs. 1.11 and 1.12). This suggests 
that most of the strontium enters the streams 
to the surface and ground water leaching and 
not to sporadic releases or spills, etc. Also, an 
rncrease in the suspended solid load in the 
streams at these stations is generally followed 
by a corresponding increase in c·esium transport 
(Fig. 1.13) and an increase in the amount of 
strontium sorbed. Thus during periods of high 
stream discharge and/or high suspended solid 
load, the transport of strondum and/or cesium is 
high. In Figs. 1.11, 1.12, and 1.13 it is noted 
that cesium and strontium transport in weeks in 
which suspended solids and/or stream discharge 
is high exceeded that in several weeks when sus­
pended solids and/or stream discharge. was low. 
For the water sampling station. at WOCM 2.6 the· 
correlations mentioned above are not as pro­
nounced. At this .station there is some indication 
that radionuclides enter the creek within the 
ORNL plant site from intermittent and/or acci­
dental releases. For the six-month sample period 
it .is noted that during most periods the transport 
of radionuclides past the stream sampling stations 
1s relatively small compare? with the amount 
discharged to the creek from the PWWTP, but for 
short times substantial amounts are transported. 

The drainage area of the sampling station at 
WOCM 3.9 does not contain any Laboratory facil­
ities or waste disposal areas. Thus, the activity 
detected at this station is the result of rainout 
and of rainfall and surface runoff leaching and 

Table 1.10. Principal Radionuclides Discharged to White Oak Creek from Sources in Bethel Valley, 

May-October 1961 

Sr89,90 T.RE 3+(a) Csl37 Co60 Rul06 
Totals Station 

. (me) (3) (me) (3) .·. (me) (3) (me) (3) (me) (%) (me) 

Northwest tributary str~am 33 0.85 34 1.38 30 2.98 0.23 7 1.98 105 

White Oak Creek Mile 2.6 123 3.17 83 3.28 153 15.21 89 20.41 43 12.15 491 

Sanitary sewage 150 3.87 100 3.95 32 3.18 7 1.61 7 1.98 296 

Laundry 9 0.24 . 11 0.44 11 1.09 6 1.37 0.28 38 

Process Waste Water 3560 91.87 2300 90.95. 780 77.54 333 76.38 296 83.61 7269 
Treatment Plant ---

Totals 3875 100.00 2528 100.00 1006 100.00 436 100.00 354 100.00 8199 

aExclusive of y 9o, 
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Fig. 1.11. Stream Discharge and Strontium Transport at Northwest Tributary. 
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transporting soils contaminated by Laboratory 
and general fallout. For the sample period May 31, 
1961 to October 6, 1961, approximately 1010 µc 
of Sr90 , 2120 µc of TRE 3+ (exclusive of Y90 ), 

1970 µc of Cs 13 7 , and 1450 µc of Ru 106 were 
detected. Although the watershed above this 
station is roughly comparable in size to that above 
the northwest tributary station, the amount of 
activity detected for the same period at this 
station, WOCM 3.9, was less than 53 of that 
detected at the northwest tributary station. For 
the station at WOCM 2.6, which has a drainage 
area about three times that above WOCM 3.9, the 
same general comparison can be made. 

Thus, assuming that the activity detected at the 
WOCM 3.9 station is representative of the quantity 
and type of radionuclides entering surface streams 
over the entire drainage system due to Laboratory 
and general fallout, it is concluded that in com­
parison with other sources of contamination, local 
and general fallout contribute an insignificant 
amount of activity to White Oak Creek. 

Vlhite Oak Lake Bed 

White Oak Lake was created in the fall of 1943 
by damming White Oak Creek at mile 0.6. The 
lake, covering some 44 acres, served as a final 

settling basin for low-level radioactive wastes 
discharged from ORNL. It was drained in 1955, 
leaving approximately 1,000,000 ft 3 of contami­
nated sediments. The dry lake bed is now being 
further contaminated by seepage from the inter­
mediate-level waste pits. An investigation is in 
progress to determine the quantity, distribution, 
and transport of radionuclides within the area. 

Hydrology. - A series of shallow auger holes, 
5-6 ft deep, was completed in the bed of former 
White Oak Lake to define the configuration of the 
water table and to determine the direction of 
ground-water movement. Water-level measurements 
in these wells, made about once each week for 
the period August 28, 1961, to January 5, 1962, 
indicated that the depth to ground water in the 
area generally varied from 3 to 5 ft below the land 
surface during the dry summer months and from 
< 1 to 1. 5 ft below the land surface during the wet 
winter months when transpiration and evaporation 
are lower. 

Water-contour maps of the area show that the 
general direction of ground-water movement is 
normal to the flow of White Oak Creek in the lower 
portion of the site; in the upper bed the pattern 
is more complex. A water table contour map for 
September 22, 1961 (Fig. 1.14), indicates that 
the configuration of the water table in the upper 
part of the area is measurably affected by the 
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flow of surface water onto the lake bed from two 
streams that drain the waste pit area. During 
the dry summer months, these streams recharge 
the ground. water in the lake bed, with little or 
no surface water flowing directly into the creek. 
However, in the wet winter months, when the 
ground water in the lake bed is close to the land 
surface, some of the· water from these streams 
flows over the surface of the bed into White Oak 

Creek. 
The rate of ground water movement in the upper 

2 ft of soil varies from 0.2 to 1.0 ft/day, while 
movement in the material 3 to 5 ft below the sur­
face ranges from 0.01 to 0.05 ft/day. 25 Thus, 
the maximum rate of travel in the upper layer of 
soil is approximately 20 times that in the lower 

layer. 
Distribution of Radionuclides. - The two streams 

that drain the waste pit area transport several 
thousand curies of Ru 106 per year onto the lake 
bed; however, less than half the ruthenium finds 
its way into White Oak Creek. During the dry 
months these streams, as mentioned above, re­
charge the ·ground water in the lake bed and thus 
allow little if any Ru 106 to travel ·over the land 
surface to White Oak Creek. However, in the 
wet winter months more of the ruthenium flows 
over the surface of the lake bed into the creek. 
Since the lake bed soil is more permeable near 
the land surface, the ruthenium moves more readily 
through the upper part of the soil column. Thus, 
it is concluded that most of the activity enters 
the upper few inches of the lake bed soil during 
the dry months when the water table is ''low,'' 
but it is transported laterally and vertically 
through the soil during the winter months when 
the water table lies relatively 1,1ear the surface. 

A series of soil samples was taken during Feb­
ruary 1962, within the lake bed and radiochemi­
cally analyzed to determine the distribution and 
total amount of Ru 106 in the soil. The cores, 
varying in depth from 24 to 60 in., were taken 
approximately 50 ft apart along lines at right 
angles to the surface flow of waste over the lake 
bed (see Fig. 1.15). Counting results from the 
samples were plotted on cross sections through 
the soil to indicate the vertical and lateral dis­
tribution of the acuv1ty. For cross section B-B' 
(see Fig. 1.16) it is noted that the highest con-

250. Kirkham, Am. Geophys. Union Trans. 32(4), 
582-90 (August 1951). 
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centrations of activity occur m the uppermost few 
inches of soil near boreholes 2 and 3. This con­
dition is as expected, since the surface flow of 
waste at this cross secti.on is largely confined 
to this zone. Although some of the highest con­
centrations of Ru 106 found in the lake bed were 
detected in this cross section, there was relatively 
little contamination of the soil below 2 ft. Near 
borehole 5 more activity was detected at depths 
of 0.5 and 2 ft than at the land .surface. This 
indicates ;hat ground water is transporting Ru 106 

through .the soil. to points of discharge in or near 
the creek. The same general pattern of Ru 106 

distribution exists at other cross sections along 
the tract, except that there is a decrease ii; max­
imum concentrations of activity in the soil along 
cross sections further from the source of .con­
tamination. For tract 2, the distribution pattern 
of the ruthenium is similar; however, the con­
tamination zone is not nearly as widespread. 

The curies of Ru 106 in each cross section were 
calculated and the results summed to yield the 
total Ru 106 in each tract. As of February 1962, 
the lake bed contained approximately 1200 curies 
of Ru 106 . It is of interest that 853 of the Ru 106 

was found along tract 1. This is due largely to 
the greater percentage of ruthenium transport onto 
the lake bed from the east stream (853 of the total 

in 1960 and 623 in 1961). 
It is likely that the amount of Ru 106 in the lake 

bed will vary greatly throughout the year. Others 26 

have shown that the amount of activity leaving 
the waste pits is largely dependent on the concen­
tration and total volume of Ru 106 pumped to the 
system. Thus, large changes in the volume and 
concentration of waste transported to the waste 
pits will measurably, affect the amount of Ru 106 

that flows onto the lake bed. In addition, less 
ruthenium is removed from the waste flow during 
the wet winter months, when most of the water · 
flows over the surface of the bed into the creek, 
than during the dry summer months, when the 
waste · streams recharge the ground water in the 
area. Finally, the short half-life of the isotope 
(1 yr) will cause the budget in the area to change 
_measurably in a relatively short period of time. 

26K. E. Cowser, "Movement of Ruthenium in the 
ORNL Waste-Pit System," Ground Disposal of Radio­
active Wastes, Second Conference Proceedings, Chalk 
River, Ontario, Canada, September 26-29, 1961, TID-
7628, pp 513-31. 



: I 
/ 

I 

PRESENT IMPJU~DMENT 

223 
o - OBSERV~TION W ELL 

200 J 200 400 600 

FEET 

Fig. l'.15 M . . 
. . • ap of White 0 k a Lake Bed Sh . ' owing Tr . ansverse Lines of Bnreh I . o es. 

ORN~~CLASSIFIED 
LR-DWG 72677 



B 

5 4 

0.5 

SCALE (ft) 

25 

34 

UNCLASSIFIED 
DRNL-LR-DWG 72678 

- GREATER THAN 10,000 x 10-
4 µ.c/g 

~ 5000-10,000 x 10-4 µ.c/g 

[:::;;;%] 1000-5000 x 10-4 µ.c/g 

G:::::.~:':J 100-1000 x 10-4 µ.c/g 

B' 

Fig. 1.16. Cross Section B-B' in White Oak Lake, Showing Ru 106 Concentration. 

In summary, results of this investigation show 
that (1) as of Febr1:1ary 1962, there was approx­
imately 1200 curies of Ru 106 along the two meas­
ured tracts in the bed of former White Oak Lake, 
(2) the highest concentrations of Ru 106 are found 
in the uppermost 2 in. of soil, (3) about 753 of 
the ruthenium found in the lake bed is associated 
with the first 2 ft of soil, and ( 4) although ruthe­
nium is being transported by ground water through 
the lake bed soil, a relatively small amount of 
it is reaching the creek in ·this manner. 

Flow Time in White Oak Creek 

To determine the minimum time of travel through 
White Oak Creek during high base flow periods, 
a 3-day study of time of travel was begun on May 1, 
with fluorescein dye and visual inspection. The 
study began at a point about 600 ft upstream from 
Building 6000 and ended at White Oak Dam. Dis­
charge at the gaging station "White Oak Creek 
below ORNL" was 5.5 cfs. Minimum time of 
travel for the 15,190 ft of channel studied was 
541 min and the average maximum velocity was 
0.48 ft/sec. Velocities ranged from 0.11 ft/sec 
in White Oak Lake to 0. 78 ft/sec below the 
Process Waste Water Treatment Plant effluent to 
White Oak Creek. 

On May 16 a time-of-travel study was made in 
White Oak Creek, with 206 me of Au 198 as a 
tracer. Discharge at the gaging station "White 
Oak Creek below ORNL" was 4.7 cfs. Although 
the background count was extremely high, stations 
in the pool below the old intermediate pond and 
at the gaging station "White Oak Creek below 
ORNL'' were able to record passage of the tracer. 
The mean velocity of the tracer from the initial 
point to the gaging station, a distance of 3650 ft, 
was 0.45 ft/sec. The tracer had a duration of 
2 hr, 13 min at the gaging station. 

ION EXCHANGE STUDIES OF MINERALS 

T. Tamura 
W. P. Bonner 
F. S. Brinkley 

D. G. Jacobs 
0. H. Meyers 
C. J. Gailledreau 2 7 

Behavior of Cesium in Vermiculite Systems 

The behavior of cesium in vermiculite systems 
is of interest for two reasons: (1) vermiculite is 
one of the few clay minerals with sufficient! y 

27 Exchange scientist from Centre D'Etudes Nucleaires 
de Saclay, France. 



large par~icle size to be of. practical use in waste 
decontamination by columns, and (2) when it is 
treated with one of the heavier alkali-metal cat­
ions, the lattice spacing changes measurably, 
producing steric effects which alter the exchange 
properties of the vermiculite. 

Pretreatment of Vermiculite with Potassium. -
Vermiculite (hydrobiotite obtained from the Zonolite 
Co., Traveler's Rest, S.C.) was pretreated with 
potassium, resulting in varying degrees of collapse 
of the interlayered biotite-vermiculite lattices. 
Lattice collapse was accompanied by a drop in 
the exchange capacity, because the exchange 
sites lying within the collapsed basal spacing 
are no longer freely accessible to the counterions. 
Seven and one-half liters of 0.5 M NaN03 con­
taining the mass equivalent of 2 µc of Cs l 3 7 per 
ml and tagged with Cs 13 7 was passed through 
10-g columns of the collapsed vermiculite at an 
average flow rate of 1. 3 ml cm - 2 min - 1. After 
the columns were saturated with cesium, they 
were divided into four sections for determination 
of the final exchange capacity, by the calcium 
tittatiofi method of Jackson, JS ancl the cesmm 

28M. L. Jackson, Soil Chemical Analysis, Prentice­
Hall, New Jersey. 
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loading. Each solution used in determination of 
the exchange capacity was counted for cesium 
and the total cesium was computed. The K d for 
cesium increased with a decrease in exchange 
capacity, because of the increased number of 
edge fixation sites made available by lattice 
collapse (Table 1.11). The leaching action of 
the sodium nitrate removed a portion of the po­
tassium from interlayer fixation sites, causing 
expansion of part of the vermiculite lattice. 

Addition of Potassium to the Influent. - As the 
potassium concentration is increased (Table 1.12), 
lattice collapse occurs and the cesium and po­
tassium are entrapped by "interlayer fixation," 
as evidenced by a drop in the exchange capacity 
and a decrease in the percentage of cesium 
leached. Although the potassium is competitiv:e 
with cesium for the interlayer fixation sites, the 
cesium Kd increases with increasing potassium 
concentration, passing through a maximum at 
0.04 M KN0 3 . /1,bove this concentration the in­
creased potass-!um concentration is not balanced 
by an increase in the number of interlayer fixation 
sites. 

The percentage of cesium leached is more di­
rectly related to the exchange capacity than to 
the cesium Kd, decreasing as the exchange ca­
pacity decreases. This is. due to a shift from 

Table 1.11. Effect of Potassiu,:., Pretreatment of Vermiculite on Cesium Sorption from 0.5 M NaN03 
Containing the Mass Equivalent of 2 µc of Cs 137 per ml 

Cesium Exchange Capacity 
Column 

No. Initial Final 

(meq/100 g) (meq/100 g) 

1 55.7 74.9 

2 48.9 73.9 

3 42.3 75.0 

4 38.0 73. 7 

5 13.0 64.2 

6 5.9 45.9 

Cesium Kd Cesium Leached 

(ml/g) (3) 

108 16.3 

112 15.1 

124 14.4 

133 16.1 

201 9.0 

272 7.0 

X-Ray Diffraction 

(before SiiltiUalio11) 

No change from sodium 

vermiculite 

Random interlayering 

with lower spacings 

Equally intense maxima 

at 10 and 11 A 

Most intense maximum 

at 10 A; also peak 

at 11 A 

10-A peak with random 

interlayering with 

higher spacings 

Sharp 10-A peak 
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Table 1.12. Effect of Addition of Potassium to the Influent on the Sorption of Cesium by Vermiculite 

from 0.5 M NoN03 Containing the Mass Equivalent of 2 µ.c of Cs 137 per ml 

Potassium 

Concentration Cesium Kd Cesium Leached 

(M) (ml/g) (3) 

0.0000 154 12.6 

0.0001 147 13.0 

0.001 137 15.2 

0.01 357 7.60 

0.02 483 5.83 

0.03 695 4.90 

0.04 727 4.63 

0.05 634 4.56 

0.08 373 4.10 

0.10 265 3.26 

edge fixation to interlayer fixation as the dominant 
sorption mechanism. As a greater fraction of the 
cesium occupies interlayer fixation sites, it is 
less readily leached. 

Addition of Other Collapse-Inducing Cations to 
the Influent. - Other heavy alkali-metal cations 
and ammonium ions also cause collapse of the 
vermiculite lattice. Since they are more strongly 
held than potassium, a smaller concentration is 

required in 0.5 M NaN0
3 

to initiate lattice collapse 
and to obtain optimum cesium removals (Table 
1.13). The behavior of the ammonium-treated influ­
ent was somewhat different from that of the other 
systems; the Kd was higher but the percentage of 
cesium leached was also much greater than for the 
alkali-metal cations. 

Step Increases in Influent Potassium Concen­
tration. - Because collapse of all interlayer 
spacings does not occur at the minimal concen­
tration for initiating lattice collapse, and because 
increases in the potassium concentration increase 
·competition with cesium for fixation sites, it 
seemed that the optimum procedure would be to 
operate at the minimum (K +)/(Na+) until the easily 

Final CEC X-Ray Diffraction 

(meq/100 g) (after saturation) 

75.4 

74.9 

70.2 

60.0 

38.1 First signs of increased 

interlayering with 

lower spacings 

26.2 10-A peak with some 

random interlayering 

with higher spacings 

17 .9 

15.3 

9.1 Sharp 10-A peak 

8.6 

collapsed lattices are all in the collapsed state. 
This would be evident by an increase in the ce­
sium activity of the effluent. Gradual increases 
of the (K +)/(Na+) would result in additional lattice 

collapse and increased cesium sorption, until 
finally a state would be reached where all pos­
sible collapse had been accomplished. Beyond 
this point, increases in potassium concentration 
would merely interfere with cesium sorption. 

Two liters of the 0.5 M NaN0
3 

solution was 
passed through a 10-g vermiculite column. Com­
plete cesium breakthrough was observed. When 
this influent solution was brought to 0.01 M KN0

3 
, 

the cesium activity of the effluent dropped to 
less than 153 of the influent activity after 200 ml 
of solution had passed through the column. A 
second breakthrough wave was observed when 
2 liters of this solution had passed through the 
column, and cesium activity in the effluent was 
decreased to less than 13 of the influent activity 
by increasing the potassium concentration of the 
influent to 0.02 M. A third breakthrough wave 
occurred after passage of 2 liters of this solution. 
This was followed by 7. 5 liters of 0. 08 M, and 
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Table 1.13. Optimum Concentrations of Collapse-Inducing Cations for Cesium Sorption by Vermiculite 

from 0.5 M NaN0
3 

Containing the Mass Equivalent of 2 µc of Cs 
137 

per ml 

Cation 

Cation Concentration Cesium Kd 

(M) (ml/ g) 

K+ 0.040 727 

NH + 
4 

0.010 1851 

Rb+ 0.0015 556 

Cs+ 0.0004 557 

0.35 liters of 0.10 M KN0
3

• After this last break· 
through wave, 0.25 liter of the 0.5 M NaN03 solu· 
tion was passed through the column before the 
final breakthrough wave was obtained. A cesium 
Kd of 2255 ml/g was obtained, 4.493 of which 
was leached off during the determination of the 
exchange capacity. The final exchange capacity 
of the vermiculite was 18.3 meq/100 g. 

The first breakthrough wave is obtained when 
the original cc::sium fixation sitc::s are satisfied. 
Addition of potassium to the influent results in 
collapse of part of the lattices, which causes 
more cesium to be entrapped by interlayer fixation 
and to be held at the additional edge fixation 
sites of the newly collapsed lattices. Successive 
increases in the potassium concentration of the 
influent result rn additional lattice collapse 
until all lattices are in a collapsed state. Since 
the partial cesium capacity is increased by each 
increase in potassium concentration, a reduction 
in the cesium activity of the effluent is observed. 
The final breakthrough wave is obtained after 
cesium satisfies the edge fixation sites in the 
absence of the highly competitive potassium. 

Effect of Temperature. - As expected, increased 
tc::mpc::ratures resulted in faster rates of the ex· 
change reactions, but the effect on cesium sorp· 
tion is influenced by other exchange reactions 
occurring in the. system. When 0.5 M NaN03 
tagged with Cs l 3 7 was passed through columns of 
sodium· or potassium-treated vermiculite, a more 
rapid release of potassium from the collapsed 
layers was favored at higher temperatures and 
resulted in a greater degree of lattice expansion. 
This resulted in a higher exchange capacity and a 
lower cesium Kd (Table 1.14). · 

Cesium Leached Final CEC 

(3) (meq/100 g) 

4.63 17.9 

13.1 42.8 

4.22 41.0 

3.38 47.7 

When the 0.5 M NaN0
3 

influent solution was 
brought to 0.04 M KN0

3 
the reverse reaction was 

favored and also proceeded at a faster rate. As a 
result, more complete lauice collapse and a re· 
duced exchange capacity was favored by higher 
temperatures. However, at 81°C, 0.04 M KN0 3 
provided too much competition for cesium (either 
the lattices were collapsed before the cesium 
could arrive at the exchange sites within the basal 
spacing or the elevated temperature reduced the 
hydration of the potassium ion, resulting in a 
higher affinity of the vermiculite surface for the 
potassium) and resulted in lower cesium sorption 
than at room temperature. In the cold system 
(0°C), collapse of the vermiculite lattices was 
not sufficiently complete, as evidenced by the 
higher exchange capacity, and by the fact that 
optimum cesium removal was not obtained. 

Rock Phosphate Columns for Strontium 
Decontamination 

The mineral, apatite, is contained rn the ore 
material, rock phosphate. This mineral has been 
shown to possess highly selective removal char· 
acteristics for strontium when used in basic media. 
The advantages of the use of rock phosphate in 
columns are its abundance, low cost, and avail· 
ability in sized particles. The samples used in 
this study, mined at Mulberry, Florida, were do· 
nated by the International Minerals and Chemical 
Corporation. 

Comparison of Efficiency with That of Calcite. -
The primary objective of this experiment was to 
compare the efficiency of rock , phosphate with 
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Table 1.14. Influence of Temperature on the Sorption of Cesium by Vermiculite 

Cesium Cesium 
Material Temperature Solution Kd 

CEC Leached 
(oC) 

(ml/ g) (meq/100 g) (3) 

Na-Vermiculite 81 6 liters of 0.5 M NaN0
3 95 84.7 22.0 

25 109 67.3 23.0 

0 115 63.4 22.4 

Na-Vermiculite 81 8 liters of (0.5 M NaN0
3 

+ 0.04 M KN0
3

) 140 8.0 3.42 

25 

0 

K-Vermiculite 81 8 liters of 0.5 M NaN0
3 

25 

0 

that of calcite, a material previously reported 
to be effective for strontium decontamination under 
appropriate conditions. The simulated waste so­
lution had the following composition: 

NaN0
3 

Na OH 

Sr2+ 

Sr85 

PO 3-
4 

0.53 M 

6.12 x 10-3 M 

0.01 ppm 

3014 counts min-l ml-lat 203 counting 

efficiency 

120 ppm 

The basic nature of the solution and the addition 
of phosphate are known to be necessary for the 
calcite columns to be effective in removing stron­
tium. 

The calcite column, which had been studied at 
the French CEA installation at Saclay, exhibited 
a decontamination factor (influent activity /effluent 
activity = D.F .) starting at LO and rising to a 
maximum value of 100 after 600 bed volumes 
(B.V.). The saturation capacity of 20.0 g of cal­
cite was of the order of 10,000 B.V. The rock 
phosphate column exhibited the same D.F. at the 
start but the D.F. was over 100 after 80 B.V. and 
averaged 200 during 1320 B.V. 

Since the effluent activity was too low to be 
conveniently monitored, a fresh 20-liter solution 

610 14.9 5.82 

379 28.0 7.06 

106 74.8 15.6 

218 62.9 13.7 

301 52.2 9.8 

of waste was prepared; the activity of the Sr8 5 

was raised to 31,610 counts min- 1 ml- 1• The 
D.F. was found to increase immediately, and 
during 72 B. V. it averaged 2000. Since the ef­
fluent activity was only 103 of the background, 
it is felt that the D.F. of the rock phosphate 
column is a minimal value. On the other hand 
the D.F. of 100 for calcite represents a more 
exact value, since the effluent activity was of 
the order of the background activity. 

In order to induce breakthrough of the column, 
the simulated waste solution was adjusted to give 
a reduced Po/- concentration of 50 ppm. How­
ever with the continued high D.F. of 1000-2000, 
no breakthrough was observed after 3075 B. V. 
Hence, it was found to be more efficient to count 
sections of the column. The results are shown 
in Fig. 1.17 as test column No. 1. Note that the 
abscissa is plotted as cumulative bed weight, 
which is directly proportional to bed depth. In the 
last section of the column there was no detectable 
Sr8 5• A "buildup" factor is reported in Table 
1.15; this factor 

q av activity per g 

c 
0 

av activity in the influent 

The maximum q / c 0 is 5 x 1 o3, and the nature of 
the curve at the intercept in Fig. 1.17 suggests 
that this may be the maximum value for this factor 
under these test conditions. 
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Table 1.15. Comparison of an Ion Exchange Resin, Calcite, and Rock Phosphate for Sr90 Removal from Waste 

pH P04 "Buildup" Effect of Ca 2 + 
D.F. Required Required Factor Cost in the Waste 

Resin a 1000 12 None 1,000 $ 50 per cubic ft Slightly detrimental 

Calcite 100 11-12 50-100 ppm 10,000 Mostly transportation Highly detrimental 

Rock phosphate 1000 10 None 5,000 Mostly transportation Slightly detrimental 

aPhenolic-carboxylic cation exchange resin Duolite CS 100 studied by R. R. Holcomb and J. T. Roberts (ref 29). 
The column's condition was similar to that used in rock phosphate study. 
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Fig. 1.17. Strontium Remova I by Rock Phosphate 

Column Under Various Conditions. 

Effect of Sodium Ion Concentrations. - The main 
purpose of column No. 2 was to test the effect of 
sodium ion concentration. A high sodium concen­
tration had been found necessary for good per­
formance in the calcite column; in this test the 
sodium ion concentration was reduced to 0.02 M 
and the phosphate ion concentration was 50 ppm. 
After 2582 B.V., the column was dismantled and 

the sections counted for strontium retention. Re­
sults are also presented in Fig. 1.17. High sodium 
ion concentration is definitely detrimental for the 
rock phosphate column; a "buildup" factor of 
3 x 104 was determined after 2582 B.V. The 
activity in the column has not moved down as 
far as that observed for column No. 1. Thus, 
unlike the calcite column, high sodium concen­
tration is detrimental for optimum performarice for 
the rock phosphate c::ulumu. 

Effect of Phosphate Additions. - Test column 
No. 3 was run to test the need for adding 50 ppm 
of phosphate. The curve in Fig. 1.17 shows that 
the strontium activity had traveled farther down 
column No. 3 after 1340 B.V. as compared with 
column No. 2, which contained 50 ppm phosphate 
and had passed 2582 B.V. of waste. This be­
havior suggests that the phosphate was necessary. 
A possible explanation for the role of phosphate 
in this rock phosphate system is the mineral 
content of the rock phosphate ore. When the 
mineral content based on chemical analysis of 
the ore was calculated, it was found that the 
material contained 803 apatite. The remaining 
minerals are likely to be quartz (from the Si0 2 
analysis) and calcite (from the excess CaO and 
from the assumed co2 content of a deficit in the 
total analysis). If the material contained calcite. 

then the phosphate may be necessary to prevent 
the calcite from interfering, as well as to aid 
strontium removal by acting as a sorbent through 
the calcite-phosphate reaction. 

2YR. R. Holcomb and J. T. Roberts, Low Level Waste 
Treatment by Ion Exchange ll: Use of Weak Acid, 
Carboxylic-Phenolic Ion Exchange Resins, ORNL TM-5 
(Sept. 25, 1961). 



In column No. 4 operation, laboratory waste 
which had been clarified and filtered was used 
to test the performance of the rock phosphate 
column. The pH of the solution was about 12, 
the calcium content was 1 x 10- 4 meq/ml. The 
sodium concentration was not known but was 
probably of the order of 10- 2 M. Column operation 
was maintained under a condition similar to that 
of column No. 3; the exception, of course, being 
the nature of the waste. The D.F. ranged in the 
order of. 1000; the contamination traveled further 
down in column No. 4 than in No. 3 after 1300 
B.V. (see Fig. 1.17). The "buildup" factor was 
approximately 5000; the reduction in "buildup" 
was likely due to the increase by about 400 times 
in the calcium-strontium concentration. 

Comparison of Rock Phosphate with Other 

Sorbents. - In order to get a better idea of the 
performance of the rock phosphate column, a chart 
is included for comparing several potentially use­
ful materials (Table 1.15). The resin data were 
obtained for columns of the same diameter but 
containing 25 cm of resin rather than 10 g of 
calcite or rock phosphate. 

Calcite requires 50-100 ppm of phosphate ions 
in addition to the high pH. Both calcite and 
rock phosphate are relatively cheap materials 
compared with the resin (Duolite CS 100); calcite 
does show a high "buildup" factor. However, if 
one reduces the concentration of sodium ion, 
which is not required for the rock phosphate 
column, "buildup" factors greater than 10,000 can 
also be· obtained for rock phosphate. 

Tests with rock phosphate columns were also 
run in which the waste solution was treated with 
sufficient EDT A to reduce the calcium ion con­
centration from 1 x 10- 4 to 5 x 10-6 meq/ml. 
The data, which are plotted in Fig. 1.17 as column 
No. 5, show that at this concentration level EDTA 
did not have a strong detrimental effect on stron­
tium removal by the rock phosphate. This latter 
observation may be significant, since complexing 
agents are known to affect the efficiencies of 
re~oval of strontium in actual waste solutions. 

Alumina as a Strontium Sorber 

Earlier reports, 30 ' 31 suggested the usefulness 
of alumina-type compounds for selective removal 
of strontium from waste solutions. These earlier 
studies dealt with reagent grade aluminum oxide 
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powder. In soils, hydrous aluminum oxides are 
commonly occurring minerals, and it was, there­
fore, felt desirable to compare the naturally oc­
curring materials with reagent grade alumina. 

Identification and Preparation of a Selective 

Strontium Sorbent. An aluminum hydroxide 
(gibbsite) source material was obtained from 
Reynolds Metal Company, Louisville, Kentucky, 
and was labeled Arkansas bauxite. Based on 
the x-ray diffraction analysis and thermal data, 
there were 60% kaolin and 40% gibbsite in the 
sample. This material was tested and compared 
with reagent grade aluminum oxide (Table 1.16). 
The analysis showed that the Arkansas bauxite 
was not as effective as alumina for strontium 
removal prior to heating, but superior to it when 
heated to 350°C. Heating was used to decompose 
the gibbsite to the oxide in order to obtain a 
comparable product. The weight of heated bauxite 
was reduced proportionately, since heating results 
in a. loss in weight. To confirm the role of the 
gibbsite in the bauxite, aluminum hydroxide from 
Fisher Chemical Company, identified as gibbsite, 
and kaolinite from Georgia were obtained and ex­
amined. The unheated aluminum hydroxide showed 
very low selectivity for strontium, but the material 
heated to 450°C was more selective for strontium. 
Kaolinite, a low-cation-capacity exchanger, showed 
a decrease in selectivity after being heated to 
600°C. The kaolinite sample had been heated and 
prepared earlier for other purposes. These tests 
not only revealed the usefulness of heated bauxite 
but established the importance of alumina-type 
materials as strontium sorbers. 

Heating Temperature Relationship for Gibbsite 

Conversion. - To establish the necessary heating 
temperature of gibbsite for improved removal of 
strontium, samples of gibbsite were heated at 
various temperatures until equilibrium weight-loss 
was attained. The temperature, time, surface­
area, and weight-loss data are recorded in Table 
1.17. Note that the material increased in surface 
area by 1000 times after heating to 200°C. The 
decomposition temperature of gibbsite is about 
150-300°C, and the observed behavior of this 
material is in accordance with the results pub-

30 T. Tamura and E. G. Struxness, Removal of Stron-
tium from Wastes, ORNL CF-60-10-43 (November 1960). 

31 K. Z. Morgan et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189, pp 33-37. 
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Table 1.16. Percentage Removal of Strontium by Several Materials at pH 10 After Several 

Solid-Waste Solution Contact Times 

Arkansas Bauxite 
Contact Aluminum (403 Gibbsite) 

Time Oxide 

(hr) 0.2500g Unheated 350°C 

0.2500 g 0.1667 g 

79.3 42.4 96.6 

4 86.0 46.4 98.6 

24 91.6 49.6 99.3 

Table 1.17. Equilibrium Weight-Loss and 

Surface-Area Data for Aluminum Hydroxide 

Heated at Different Temperatures 

Heating Heating Weight Surface 

Temperature Duration Loss Area 
(OC) (hr: min) (3) (m2 /g) 

100 15: 00 0.00 0.3 

200 173: 20 25.00 303 

300 23: 20 29.71 

400 17: 25 31.33 280 

500 6: 35 33.3 7 202 

800 25: 50 34.22 74 

Al203 a 6.6 

a Aluminum oxide ignited powder from Allied Chemical 
Co. 

lished by Weiser. 32 The decomposition of gibbsite 
may be written as: 

heat 
2 Al(OH)

3 

and the weight loss should be 34.643 for the pure 
compound. The measured value for the 800°C­
heated sample used in these tests is 34.223. 
From the data in Table 1.17, it appears that for 
maximum development of surface area the minimum 
decomposition temperature is best. It is however, 
apparent that a long heating time is required. 

32H. B. Weiser, Textbook of Colloid Chemistry, p 313, 
Wiley, New York, 1949. 

Aluminum Hydroxide Kaolinite 

Unheated 450°C Unheated 600°C 

0.2500 g 0.2500 g 0.2500 g 0.2150 g 

2.44 99.8 17 .3 15.2 

4.40 99.9 38.2 18.5 

3.44 99.9 46.4 23. 7 

Strontium-removal data by the materials heated 
as shown in Table 1.17 is given in Table 1.18. 
For comparison, the gibbsite sample which had 
been used and heated at 450°C for 3 hr is included 
and reported in the last column. The pH for these 
tests was adjusted initially to 10.0 and no further 
adjustments made. The decrease in strontium 
sorbed noted after the 24-hr contact is believed 
due to the gradual decre".lse in pH which must 
have occurred with longer contact time, since 
earlier tests with alumina had shown that the 
higher pH is better for strontium removal. 

The best heating temperature for strontium re­
moval by aluminum hydroxide is 400°C in these 
tests. It is interesting to note that heating at 
this ·temperature did not generate as much surface 
area as in the 200°C-heated sample but that the 
sample did lose more weight. These tests are 
exploratory in nature and not many conclusions 
can be drawn; however, these results do strongly 
indicate surface area as an important parameter 
in alumina's effectiveness as a strontium sorbent. 

Efficiency of Heat-Treated Gibbsite for Stron· 
tium. - The removal of strontium by a sample of 
gibbsite heated at 500°C for 3 hr; with different 
amounts of the heat-treated material, is given in 
Table 1.19. In addition to the removal percentage, 
the distribution coefficient (K d) was calculated 
and included. in Table 1.19. The increasing. Kd 
with increasing amount of material is interesting, 
since this type of behavior was noted for illite­
cesium reactions reported elsewhere. 33 The 
interpretation for this observation assumed the 
presence of a small amount of sites very selective 

33 D. G. Jacobs and T. Tamura, 7th Intern. Congr. Soil 
Science 2, 206 (1960). 
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Tobie 1.18. Percentage Removal of Strontium by Heat-Treated Aluminum Hydroxide 

Contact Time Equilibrium Heating at Specified Temperature 3-hr Heating 
(hr) 100°C 200°C 400°C 500°C 800°C at 450°C 

1 0.13 67.5 78.8 73.9 42.0 73.5 

3 1.45 72.1 81.0 74.1 38.8 74.7 

24 1.86 72.1 78.5 66.0 37.4 71.6 

pH a 7.34 7.90 8.08 7.90 7.74 8.54 

aThe pH was initially adjusted to 10.0 and no further adjustments were made. The pH readings were taken after 
50-hr contact. 

Table 1.19. Percentage Strontium Removal and 

Distribution Coefficient (Kd) of Aluminum Oxide 

Prepared by Heating Al(OH)
3 

to S00°C for 3 hr 

Volume of waste: 50 ml in each case 

Weight of 

Aluminum Oxide 

(g) 

0.001 

3 Removal 

0.005 

3 Removal 

0.010 

3 Removal 

0.020 

3 Removal 

0.030 

3 Removal 

0.050 

3 Removal 

Contact Time (hr) 

8.17 

4450 

28.75 

4030 

52.42 

5500 

80.84 

10,600 

90.54 

16,000 

94.53 

17 ,300 

4 

7 .25 

3900 

32.49 

4810 

59.20 

7250 

87.38 

23,100 

94.10 

97.29 

35,900 

24 

8.33 

4550 

34.47 

5260 

60.74 

10,400 

86.90 

15,800 

93.78 

25,200 

97.50 

39,000 

for the radionuclide. If highly selective sites 
are present in heated aluminum hydroxide, chis 
suggests the use of this material as a "final 
scrubber" for strontium decontamination. Since 
activated alumina of high surface area is used 
widely and is available commercially, chis makes 
the material even more attractive as a sorbent. 
Further work is being done on chis material to 
obtain a better understanding of the reaction. 

EVALUATION OF ENGINEERING, 
ECONOMICS, AND HAZARDS 

R. L. Bradshaw 

A study has been undertaken in cooperation with 
the ORNL Chemical Technology Division to eval· 
uace the economics and hazards associated with 
alternative methods for ultimate disposal of highly 
radioactive liquid and solid wastes. All steps 
between fuel processing and ultimate storage 

will be considered, and the study will define an 
optimum combination of operations fur each dis· 
posal method and indicate the most promising 
methods for experimental study. 

A 6-conne/day (metric ton, 2200 lb) fuel process­
ing plant is assumed, processing 1500 tonnes/yr 
of uranium converter fuel at a burnup of 10, 000 
Mwd/tonne and 270 tonnes/yr of thorium converter 
fuel at a burnup of 20,000 Mwd/tonne. This hypo­
thetical plant would process all the fuel from a 
15,000-Mw e nuclear economy, which may be in 
existence by 1975. 

Cost studies on interim liquid storage and con­
version of high-activity solutions to solids by 



pot calcination were reported last year. Details 
are given in ORNL-3128 34 and ORNL-3129, 3 5 

respectively. 

Shipping of Calcined Solids 

Shipping costs of calcined solids were calcu­
lated· assuming cylindrical carriers of iron, lead, 
and uranium with an inside diameter of 5 ft. Car­
riers would contain thirty-six 6-in.-diam vessels 
or four 24-in.-diam vessels of calcined solids. 

A minimum age for each waste before shipping 
is necessary, because the temperature of the waste 
rriust not be allowed to rise above the maximum 
calcination temperatures and because the tem­
perature of the lead carriers must not approach 
the melting point of lead. The carriers are air­
co.oled and have no mechanical cooling equipment. 
Minimum ages for shipping 6-in.-diam and 24-in.­
diam cylinders were 2.4 and 11 yr for acidic 
Purex, 1.0 and 3.0 yr for reacidified Purex, 0.66 
and 3.4 yr for acidic Thorex, 0.33 and 0.82 yr 
for reacidified Thorex; minimum age for shipping 
acidic Thorex glass in 6-in.-diam cylinders was 
0.33 yr. 

Weights and costs for carriers at mm1mum ages 
were about 100 tons and $50,000 for iron carriers, 
80 tons and $120,000 for lead carriers, and 65 tons 
and $650,000 for uranium carriers. The total ship­
ping costs calculated for round trip distances of 
1000, 2000, and 3000 miles were the sums of car­
rier, rail freight, and handling charges. Shipping 
costs were lowest in all cases for lead carriers, but 
in some cases the use of lead carriers required 
higher minimum ages. At 1000 miles the use of 
iron carriers costs less than uranium carriers, 
but at 3000 miles the cost of uranium carriers is 
less than iron carriers and approaches the cost 
of lead carriers. Costs in lead carriers range 
from 0. 70 x 10- 3 mill/kw he for four 24-in.-diam 
acidic Purex cylinders per carrier at 1000 miles 
to 32.3 x 10-3 mill/kwhe for the shipment of 

34R. L. Bradshaw et al., Evaluation of Ultimate Dis­
posal Methods for Liquid and Solid Radioactive Wastes. 
I. Interim Liquid Storage, ORNL-3128 (Aug. 7, 1961). 

35J. J. Perona et al., Evaluation of Ultimate Disposal 
Methods for Liquid and Solid Radioactive Wastes. ll. 
Conversion to Solid by Pot Calcination, ORNL-3192 
(Sept. 27, 1961). 
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reacidified Thorex m smaller cylinders at 3000 
miles. Details of this study will be published 
in ORNL-3356. 36 

Storage of Calcined Solids in Salt 

Tentative costs were calculated for the storage 
of cylinders of calcined waste buried in a vertical 
position in the floors of rooms in salt mines. 
The distance between cylinders is determined by 
the necessity for dissipating the heat of fission­
product decay without exceeding the calcination 
temperature of the cylinders or an assumed max­
imum salt temperature of 200°C. Acidic Purex 
waste requires the largest spacing, from 20 ft 
at 2.3 yr to 11 ft at 30 yr for 6-in.-diam cylinders, 
from 36 ft at 5.5 yr to 23 ft at 30 yr for 12-in.-diam 
cylinders, and 56 ft at 30 yr for 24-in.-diam cyl­
inders. Corresponding areas of mined space range 
from about 20 to 2 acres/yr. 

In the conceptual design of the disposal opera­
tion, the waste container shipping cask will be. 
remove·d from a rail car and carried into a hot 
cell which encloses the top of the waste shaft. 
Waste containers are then unloaded. into a storage 
area, from which they are removed for lowering 
down the shaft into a motorized carrier at the 
working level of the mine. The carrier moves 
out to the current disposal area, lowers the con­
tainer into a hole in the floor, and backfills the 
hole with fine crushed salt. Concurrently with 
this operation, salt is being mined in another 
corridor. A one-mile-square area is assumed to 
be served by a waste shaft. The operations will 
be conducted in •one quadrant of the mine at such 
a time that the salt mining is completely isolated 
from the disposal operations. Disposal operations 
personnel and equipment will use the mining shaft 
for ingress and egress, however. 

Ventilating air will come down a compartment in 
the mining shaft, with a portion being split off 
into the disposal tunnel. The disposal tunnel air 
will travel completely around the quadrant and 
exit up the waste shaft. The air will be drawn 
from the shaft, through the hot cell, through an 
absolute filter, and up a 200-ft stack. In order 

36J. J. Perona et al., Evaluation of Ultimate Disposal 
Methods for Liquid and Solid Radioactive Wastes. IV. 
Shipment of Calcined Solids, ORNL-3356 (in press). 



that ventilating air never passes a filled storage 
area before it reaches the current working .area, 
the disposal operations will start at the most 
remote point and work back toward the shaft. 
The criteria of isolation and ventilation require 
that a double tunnel be driven completely around 
the quadrant and the rooms on the outside of the 
peripheral tunnel be excavated before disposal 
operations start. 

Cost figures were calculated for disposal at a 
depth of 1000 ft for two conditions of stability: 
one with very ·small structural flow and 2 \ 3 
dimensional closure due to thermal flow, and one 
with considerable structural flow and 1003"thermal 
closure of the rooms. These figures for typical 
waste combinations are shown in Table 1.20 for 
waste ages at burial of 1, 3, 10, and 30 yr. The 
costs of developing peripheral tunnels and storage 
space are based on an assumed cost of $2 per ton 
for salt removal. Shafts and life-of-shaft items 
were amortized over the period of time required 
to fill the entire· square mile (8 \ yr for 1-yr 

cooling and 2 \ 3 closure to 89 yr for 30-yr cooling 
and 1003 closure). · 

Total costs ranged from 6 x 10- 3 mill/kwhe for 
1003 room closure and 30-yr-cooled wastes to 
30 x 10- 3 mill/kwhe for 1-yr cooling and 2 \ 3 
closure. Salt removal was 60 to 853 of the total 
cost. 

Waste 

Table 1.20. Costs of Ultimate Storage of 

Calcined Wastes in Salt at a Depth of 1000 ft 

Costs, Mills/kwhe 

Age Waste Combination 2.53 1003 

(yr) Closure Closure 

Reacidified Purex, 3.06 1.60 

6-iri.-diam; 

acidic Thorex, 6-in.-diam 

3 _ Acidic Purex, 6-in.-diam; 1. 54 0.84 

acidic Thorex, 12-in.-diam 

10 Reacidified Purex filled 1.25 0. 70 

twice, 12-in.-diam; 

acidic Thorex, 12-in.-diam 

30 Acidic Purex, 12-in.-diam; 1.00 0.60 

acidic Thorex, 24-in.-diam 
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RELATED COOPERATIVE PROJECTS 

Geologic ond Hydrologi c Stu di es 
by U.S. Geological Survey 

The U.S. Geological Survey continued to operate 
eight continuous-record gaging stations and a 
network of 24 partial-record, base-flow, and crest­
stage stations. These stations are being used 
to obtain information on base-flow and flood 
characteristics of streams m the area and for 
qualit¥-of-watei sampling. 

A generalized geologic map of the Oak Ridge 
Reservation and vicinity at a scale of 1 : 31,680 
was prepared by the U.S. Geological. Survey and 
the U.S. Army Map Service for the Research and 
Development Division of the U.S. Atomic Energy· 
Commission. The map shows locations of major 
geologic contacts and faults on a topographic base 
of the Oak Ridge Area. 

The detailed geologic mapping of White Oak 
Creek basin was begun in April 1962, with large­
scale aerial photographs as a mapping base. 

As a part of the detailed investigation of the 
hydrology of the White Oak Creek basin, four 
additional continuous-record· stream-gaging sta­
tions and three crest-stage gages have been in­
stalled on White Oak Creek. 

To obtain information regarding ground-water 
conditions in th.e-:{S:nox Dolomite and the massive 
limestone unit of the Conasauga Shale underlying 
Melton Hill, a 610-ft-deep well was drilled in May 
1962. Several cav1ues were penetrated, the 
largest of which was 6-ft thick. The ground­
surface altitude of the well is about 1180 ft, and 
the well extends 170 ft below Clinch River level. 
At the time of completion of the well the water 
level stood at a depth of 185 ft. By July the 
water level had declined to 320 ft. No pumping 
test has been made on the well, but indications, 
based on response t'o bailing during and after 
drilling, are that the well has a yield of less than 
100 gal/min. 

The Knox Dolomite underlying Chestnut Ridge 
is the major water-bearing unit in White Oak Creek 
basin. Ground-water disch:il-rge from this belt of 
Knox sustains the flow of White Oak Creek 
throughout the year. Three wells were drilled on 
Chestnut Ridge in June 1962 - one at the. base 
of the ridge, one at an intermediate elevation, 
and one at the crest - to obtain information on 
quantity and movement of ground water in this 
area. 

'' 



Cooperation of Other Agencies in ORNL Studies 

The research and development program of the 
Radioactive Waste Disposal Section of this Divi­
sion is of special interest to various public and 
private agencies. Several study projects provide 
an opportunity for others to participate, both to 
supplement the Laboratory's research effort and 
to gain information and experience of value to 
the other agency. The ways in which another 
agency may cooperate include assignment of 
on-loan personnel as temporary additions to the 
ORNL staff, performance of specific work under 
cooperative agreements to augment ORNL pro­
grams, work authorized under ORNL subcontracts 
and performed by the contracting agency, or co­
ordination of related work projects with ORNL 
projects for mutual benefit. 

Clinch River Study. - This is a cooperative 
study under the guidance of the Clinch River 
Study Steering Committee, which coordinates ar­
rangements for participation of the agencies rep­
resented by membership on the Committee. These 
include, in addition to ORNL, the U.S. GP.ologic:al 
Survey, the U.S. Public Health Service, the Ten­
nessee Valle.y Authority, the Tennessee Depart­
ment of Public Health and Stream Pollution 
Control Board, the Tennessee Game and Fish 
Commission, the Divisions of Reactor Develo·pment 
and Biology and Medicine of the U.S. Atomic 
Energy Commission, Washington, D.C., and the 
Biology Division of the U.S. Atomic Energy Com­
mission, Oak Ridge Operations. The activities 
of the .Steering Committee participation by the 
several agencies, and the results during the past 
year are presented in a preceding section (see 
"Clinch River Studies," this chapter). 

Disposal in Salt Formations. - Agencies par­
ticipating in this program during the past year 
have included the Geotechnical Corporation of 
Dallas, Texas, under an ORNL subcontract; the 
Department of Sanitary Engineering of the Uni­
versity of Texas, by cooperative agreement; and 
the Carey Salt Company of Hutchinson, Kansas, 
ORNL subcontractor. The· results of this co­
operative program are given in a preceding sec­
tion (see "Disposal in Sale Formations," this 
chapter). 

Disposal in Deep Wells. - The subcommittee of 
the Committee on Research of the American As­
sociation of Petroleum Geologists continued its 
study of the deep sedimentary basins of the United 
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States to identify those best suited to radioactive 
waste disposal. Cooperation between this group, 
the U.S. Geological Survey, and the Oak Ridge 
National Laboratory has been active but informal. 
Somewhat more formal collaboration has been 
developed between the Laboratory, the U.S. Geo­
logical Survey, the U.S. Bureau of Mines, and the 
University of California for the planning and 
eventual operation of certain field experiments and 
demonstrations in the disposal of liquid wastes 
into permeable formations. The U.S. Geological 
Survey is at present searching for sites suitable 
for certain small-scale experiments on the in­
jectivity of these wastes and on ion exchange 
phenomena under field conditions. 

Vi siting Investigators from Abroad 

During the year, two "noncitizen guests," were 
on assignment as temporary members of the re­
search staff of the Waste Disposal Section. A. L. 
Mohan of India and C. Gailledreau of France have 
completed their assignments. A. L. Mohan's 
studies on the removal of ruthenium from solutions 
by mineral sorption were reported last year. 3 7 

C. Gailledreau's studies have been concerned with 
the mechanism and kinetics of strontium removal 
by mineral columns and with the use of ion ex­
change and paper chromatography in the study of 
ruthenium complexes in waste streams. 

Nuclear Safety Review 

One member of the Section served on the staff of 
Nuclear Safety as assistant editor. During the 
year, several individuals in the Section contrib­
uted review articles which were published under 
the category, "Consequences of . Activity Re­
lease." 

. Committee Work 

American Standards Association. - As described 
in the report a year ago, 38 several members of the 
staff of the Radioactive Waste Disposal Section 
have continued to serve on ASA committees and 

37E. G. Struxness et al., Health Phys. Div. Ann. 
Progr. Rept. July. 31, 1961, ORNL-3189, pp 37-38. 

38 E.· G. Struxness et al., Health Phys. Div. Ann. 
Prbgr. Rept. July 31, 1961, ORNL-3189, p 79. 



working groups. Two are members of ASA Sec­
tional Committee N5, "Nuclear Fuel Cycle Engi­
neering," as designated representatives of the 
American Society of Civil Engineers and of the 
Health Physics Society. These two and four 
others of the Section staff have participated in 
the work of ASA Subcommittee N5.2, "Radioactive 
Waste Disposal," and of Working Group N5.2.2 
on "Site Selection Criteria." 

International Commission on Radiological Pro­

tection - Committee V. - The Section leader 
served on Committee V - Handling of Radioiso­
topes and Waste Disposal with Special Tasks on 
Defining Site Criteria. 

American Public Health Association Committee 

on Radiological Health. - One member of the Sec­
tion has continued to serve on the APHA Program 
Area Committee on Radiological Health and has 
attended two meetings of the Committee. The 
purpose of the Committee is to assist public 
health departments to obtain and interpret infor­
mation and to develop sound state and local 
programs of radiological health. This is done 
by means of information memoranda, program 
guides, reviews of existing or proposed laws and 
regulations pertaining to radiation control, and 
recommendations regarding training of public health 
personnel in radiological health. 

AEC Advisory Committee on Deep-Well Dis­
posal. - Two staff members have served on the 
AEC Advisory Committee on Deep-Well Disposal. 
This committee is advising the AEC in the co­
ordination of effort in the Deep-Well Disposal 
Program and is reviewing plans for engineering­
scale field tests. 

ASCE - Committee on Sanitary Engineering 

Aspects of Nuclear Energy. - The Section leader 
served as a member of the Committee on Sanitary 
Engineering Aspects of Nuclear Energy of the 
American Society of Civil Engineers. 

ORNL Committees and Special Working Groups. -

One member of the staff has served on the "Lab­
oratory Director's Ad Hoc Water Committee," This 
committee was organized to consider expansion 
of work at ORNL to CO'\"er saline water conversion 
and to make recommendations regarding the feasi­
bility of setting up a National Water Laboratory 
at ORNL. During the past year an agreement 
has been signed with the Office of Saline Water, 
Department of the Interior, providing for ORNL 
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participation m the Saline Water Conversion 
Program. 

Two sanitary engineers of the staff have been 
designated to provide advisory service to engi­
neering design groups regarding protection of the 
potable water supply of the Laboratory against 
"crossover" conta'mination where it is necessary 
to lay water mains and waste pipes across one 
another or in close proximity. Upon request of 
the design engineers during the year, a number 
of designs have been reviewed and discussed in 
the preliminary stages, and final plans have been _. 
checked for approval of the methods of protection ,• 
provided. 

Participation in Educational Programs 

The Section leader gave two 2-hr lectures in the 
AEC Fellowship Course in Radiological Physics, 
conducted by the Education and Training Section 
of the Division at Vanderbilt University in Nash­
ville, Tennessee. Also during the ten weeks of 
field training in this course at ORNL, two students 
per week were assigned to work one week in the 
Waste Disposal Section under the supervision of 
two staff members. 

In the Health Physics Course primarily for 
foreign students conducted by the Health Physics 
Division in the Oak Ridge School of Reactor 
Technology (ORSORT), four members of the Sec­
tion gave six lectures and a field tour on radio­
active waste problems and waste disposal studies 
at ORNL. Also, the course in physical geology 
conducted by ORSORT, given again by one member 
cf the Waste Disposal staff, comprised approxi­
mately 30 lectures to the class of about 60 stu­
dents, some American and some from other coun­
tries. 

Four lectures and a field tour of the Laboratory's 
waste disposal facilities and ecological research 
activities were provided at ORNL by the staff of 
the Section as part of the course conducted by. 
the U.S. Public Health Service on "Reactor Safety 
and Environmental Health Problems," in Septem­
ber 1961 and May 1962. 

Two staff members gave lectures on "Radiation 
Problems Related to Public Health" for the Col­
lege of Education, University of Tennessee, as 
part of the program in public health education 
for teachers. 
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Transfer of Fission Products Through Plant 
to Insect Food Chains 

D. A. Crossley, Jr. C. L. Corley 
W. L. Tietjen 

The movement of fission produc.ts through nat­
ural ecological systems is being investigated 
through studies on the soil-plant-herbivorous 
insect-predaceous insect food chain. This work 

contributes to basic ecology through information 
on the flow of milterials and energy in ecosystems,' 
and also is· of immediate practical value in under­
standing the environmental behavior of hazardous 
radionuclides. Work previously reported3 has 
shown the extent to which insects accumulate 
Sr90 and Cs13 7 , estimated the amounts of these 
radionuclides which pass through insects in the 
food chain, and estimated the annual consumption 
of ·plants by ·insects. Work reported here, per­

formed in the summer of 1961, involved further 
sampling of plants and insects on White Oak Lake 
bed to meet two objectives: (1) to obtain reliable 
data on the herbivore-predator transfer of radio­
nuclides, and (2) to detect changes in radio-

10R TNS research participant. 
2 Temporary summer employee. 
3 D. A. Crossley, Jr., and H. F. Howden, Ecology 

42, 302 (1961). 
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nuclide distribution in the ecosystem which might 
have occurred since the last major sampling in 

1958. 
Results of radioanalyses performed on 1961 

collections are presented in Table 2.1, which 
compares 1961 results with those obtained from 
the 1958 samples. For both Sr90 and Cs 1 3 7 , the 

plant and herbivorous insect samples indicate 
no significant change in radionuclide concentra­
tion over the 3-yr interval. Previous conclusions 

concerning feeding rates for the insect community 
and amounts of radionuclides transferred through 
plant-insect food chains thus remain unaltered. 

Coefficients of variation in radionuclide content 
are smaller for_ insects than for vegetation (14 
vs 45 for Cs 13 1, 18 vs 32 for Sr90). This is· 
indicative that herbivorous insects function as 
integrating samplers by feeding over a large area, 
so that local variation in radionuclide content 
in plants is minimized. Several samples of pre­
daceous insects were taken, but all of them had 
to be composited for estimates of radionuclide 
concentration because of the small masses in­
volved. Results (Table 2.1) show less Cs 1 37 

d S 90 . d . . 6 . an r rn pre aceous rnsects 1n 19 1 than 1n 
1958, but the discrepancy is probably due to less . 
reliable sampling in 1958. The 1961 results show 
a decrease in radionuclide concentration in trans­
fer from herbivore to predator. This decrease is 
greater for Sr90 than for Cs 13 7• Previous findings 
for herbivorous insects were that they eliminate 
strontium more rapidly than cesium and thus reach 

lower equilibrium concentrations for strontium. 
Evidently similar phenomena occur in the her­
bivore to predator transfer of strontium and 
cesium. If the same model used for calculating 
food consumption by herbivores is indeed appli­

cable, then it may be estimated that 43 of the 
radionuclides accumulated by herbivores pass 
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Table 2. 1. Camparisan of 1958 and 1961 Estimates of Cs 137 and Sr9° Concentrations in the 

Plant-ta-Insect Faod Chain an White Oak Lake Bed 

Mean ± standard error 

Cs 137 (µµ.c per g of dry weight) Sr90 (µµc per g of dry weight) 

1958 1961 1958 1961 

Soil 7300a b 450a b 

Plant (leaves) 110 ± 22 (4f 160 ± 32 (5) 700 ± 188 (4) 690 ± 91 (6) 

Herbivorous insects 87 (1) 78 ± 4.8 (5) 91 (1) 117 ± 9.5 (5) 

Predaceous insects 97 (1) 73 (8 samples lumped) 81 (1) 55 (8 samples lumped) 

aSoil values based on grand means from core samples. 
b No samples taken. 
cNumbers in parentheses indicate number of samples. 

through predaceous insects. By contrast, it was 
estimated that 6% of the radionuclides accumu­
lated by plants pass through herbivorous insects. 

Soils were not sampled in 1961, owing to the 
large number of samples and careful treatment 
that past experiences show would be necessary. 
Soil samples studies in 1956-1958 suggested a 
50% loss of Sr90 in 1.25 yr, 4 so that estimated 
soil concentrations of this radionuclide should 
be only about 20% of the 1958 values. The fact 
that no change occurred in Sr90 concentration in 
vegetation does not necessarily suggest no change 
in concentration in soil, since ions competing with 
strontium will also have been lost. Probably the 
plants and animals now contain a greater fraction 
of the total radionuclides in the system than was 
estimated in 1958. 

Bioaccumulation of Radionuclides by Mammals 
Resident on Upper White Oak Lake Bed 

S. V. Kaye 
P. B. Dunaway 

H. E. Childs, Jr. 
W. K. Willard 

The upper White Oak Lake bed is an important 
area for radiation ecology research, because it 
is one of the few large areas available in the 
United States which is thickly vegetated and has 

4s. I. Auerbach et al,, Health Phys. Div. Ann, Progr. 
Rept. July 31, 1960, ORNL-2994, p 156. 

radiation fields ranging as high as 2 to 5 rads 
per day from fission products in the soil. In the 
first large sample of wild mammals from this area 
(collected August 1961), significant concentra­
tions of ten radionuclides were detected in the 
carcasses. Five species were represented in 
the sample, and the whole carcass (less GI tract) 
was prepared for radioassay for each specimen: 

Species 

Rice rat (Oryzomys palustris) 

Cotton rat (Sigmodon hispidus) 

White-footed mouse (Peromyscus 

leucopus) 

Norway rat (Rattus norvegicus) 

Short-tail shrew (Blarina brevi· 

cauda) 

Total 

Number of Specimens 

Assayed 

10 

5 

7 

2 

2 

26 

The nuclides Sr90 and Co 60 were found in all 
animals; Ru 106 and Cs 137 . were found in all 
animals except one. A distribution of the con­
centrations of these four radionuclides is shown 
in Fig. 2.1. The occurrence of Cs 134, zn65, 
zr9 5-Nb95, and Ba140-La140 was limited to a 

smaller number of the animals. All the isotopes 
mentioned except Ba 140-La 140 have previously 
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Lake Bed. 

been found in mammals from the l::ike becl. 5 The 
presence .of Ba 140-La 140 can no doubt be attrib­
uted to waste released at ORNL and not to nu­
clear testing, because the sample collections 
antedate the recent atmospheric test series by 
Russia and the United States. 

Ruthenium-106 concentrations m whole car­
casses tended to be higher than the concentra­
tions of the other isotopes and were highest in 
rice rats (5 x 10 2 to 8 x 10 3 µµc per g of dry 
carcass .:... Fig. 2.1). These concentrations .of 

5s. V. Kaye and P. B. Dunaway, Health Phys. 7, 
205-17 (1962). 
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Ru 10.6 in rice rats are explained on the basis 
of the environmental behavior of released ru­
thenium and the semiaquatic habitat requirements 
of rice rats. The Ru 106 seeps through the 
Conasauga shale formation underlying the liquid­
waste pit system and reaches the lake bed in a 
highly mobile chemical state. This radioruthenium 
can be readily detected in surface seeps on the 
upper lake bed; these sur:face seeps constitute 
an ideal habitat for rice rats. The high Ru 106 

in rice rats from White Oak Lake bed indicates 
that they confine most of their feeding to the 
seepage areas. 

In Vivo Dosimetry with Miniature Glass Rods 

S. V. Kaye R. ], Pryor 

The measurement of external dose accumulated 
by wild mammals in radioactive areas is neces­
sary in evaluating the effects of chronic exposure 
to ionizing radiation. This dose measurement is 
complicated by the heterogeneous radiation field 
on White Oak Lake bed and the movements of 
animals between high- and low-radiation areas. 
Silver metaphosphate glass rods (fluorods) ap­
peared to be ideal dosimeters for this purpose, 
because they are only 1 x 6 mm, they integrate 
doses from a few rads to thousands of rads, and 
they can be implanted in the mammals. 

These dosimeters give accurate estimates of 
dose when the energy spectrum is above a certain 
threshold, but they have a peak energy-dependent 
response at "'50 kev. Unshielded glass dosim­
eters were exposed to the radiation field on the 
lake bed to determine whether the photon energies 

. were high enough to produce a linear or near-
1 inear radiophotoluminescence response. A linear 
response would lend strong support to the hypoth­
esis that unshielded fl uorods can be used for 
accurate integration of in vivo dose in an area 
contaminated by mixed fission products. Several 
experiments were designed to test this hypothesis 
with Bausch and Lomb high-Z rods, Toshiba low­
z rods, pocket ionization chambers (PIC's), and 
the ORNL film badge dosimeter. 

In one series of experiments, five high-Z and 
five low-Z glass rods were attached to the under­
sides of 0.125-in.-thick Plexiglas platforms placed 
about I. 2 in. above the soil surface in several 
different locations. The rods were contained 
separately in tiny nylon cylinders (wall thickness 



was 0.047 in.) which were designed for in vivo 
use. One-hour dose readings were made with 
shielded and unshielded PIC' s several times 

while the rods were being exposed. The shielding 
material was 0.040-in.-thick tin; this results in a 
PIC response which is linear and independent of 
photon energy down to ""'25 kev. 6 The cumulative 
doses from continuous exposure of fluorods during 
the days that 1-hr PIC readings were taken are 
shown in Table 2.2. Five rods each of Bausch 
and Lomb high-Z composition and Toshiba low-Z 
compos1tlon were exposed in seven different 
locations. In each case the high-Z rods recorded 
a higher dose than the low-Z rods, ranging from 
15.0 to 51.43 higher. Obviously, the higher doses 
by the high-Z rods are due to energy dependence 
at low photon energies. Actually the high-Z rods 
are much more energy dependent than the un­
shielded PIC' s and thus are even better indicators 
of the presence of low energies than the un­
shielded PIC's. The results of these experiments 
indicated that there are enough low energies on 
White Oak Lake bed to preclude the use of high-Z 
rods in favor of the less energy dependent low-Z 
rods for dosimetry. 

In further studies the two kinds of fluorods were 
irradiated at three different dose levels with 

6F. W. Sanders, J. A. Auxier, and J. S. Cheka, Health 
Phys. 2, 308-9 (1960). 
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gamma rays from an Ra 226 calibration source to 
test the relative sensitivities of the rods. These 
results are plotted in Fig. 2.2 and demonstrate 
a greater response (2.15) of Toshiba glass to a 
given dose than Bausch and Lomb glass. This 
finding is in good agreement with the factor of 
2.3 determined experimentally by Auxier et al., 7 

7 J. A. Auxier et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189, p 175. 
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Table 2.2. Responses of Toshiba Low-Z Fluorods and Bausch & Lomb High-Z Fluorods 

to Mixed Radiations on Upper White Oak Lake Bed 

Low-Z Dose 
Location (rads ±standard deviation) 

13.3 ±0.47 

2 11.3 ± 0.99 

3 14.0 ± 0.69 

4 16. 7 ± 0.99 

5 17.4±1.5 

6 25.6 ± 1.4 

7 12.1 ±0.95 

High-Z Dose 

(rads ±standard deviation) 

16.0 ± 1.2 

17.1 ±2.7 

16.1 ± 2.8 

22.4 ± 0.86 

25.6 ± 1.6 

32.3 ±4.2 

15.2 ± 2.1 

Percent Difference 

(
High-Z - Low-Z ) 
------- x 100 

Low-Z 

+20.3 

+51.4 

+15.0 

+34.2 

+47.2 

+30.1 

+25.7 



and lends strong support for the use of Toshiba 
low-Z glass rod dosimeters over the use of Bausch 
and Lomb high-Z glass rods. 

Standard ORNL filtered-film packets were paired 
with Toshiba low-Z fluorods and exposed on the 
upper lake bed. The doses estimated independ­
ently by the two types of dosimeters are shown 
in Table 2.3. The percent differences between 
film estimates and glass rod estimates range from 
- 25. 7 to + 31.3 and signify the range of agreement 
by the two kinds of dosimeters. These results 
are considered good in view of the fact that they 
were conducted under field conditions, which 
included bright sunlight and darkness, daily tem­
perature gradients of about 30° F, and one period 
of rain. 

Field Studies of Mammals Labeled 
with Radioactive Tags 

S. V. Kaye 
P. B. Dunaway 

G. E. Cosgrove 
R. ]. Pryor 

Fourteen laboratory-reared cotton rats of wild 
parents were tagged with 100-µc Ta 18 2 wires and 
released into the six 100-m 2 pens on Mammal 
Study Area No. 4 during January and February of 
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1962. A description of these pens and their in­
tended use for radiation effects studies on mam­
m~ls have been reported elsewhere. 8 The ob­
jectives of this labeli~g experiment were to 
determine the effectiveness . of the pens for re­
taining animals and to evalllate the intraspecific 
behavior of wild cotton rats released into the 
pens. 

Tantalum-182 wires measuring 1 x 6 mm were 
encapsulated in nylon cylinders of the same kind 
utilized in the glass rod experiments reported 
above. The method of insertion was similar to 
that reported by Kaye. 9 Nylon cylinders con­
taining the Ta 18 2 wire were inserted subcuta­
neously by passing them through a hypodermic 
needle inserted between the scapulae. All of 
the released c·otton rats were Jound dead in the 
pens from 4 to 14 days after release. Although 
the winter weather had been very severe during 
this period, complete mortality did not seem a 
likely result for animals which had been precon­
ditioned to cold weather for six weeks in an 
unheated outdoor shed. Since the daily movements 

8s. I. Auerbach et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189, p 104. 

9s. V. Kaye, Science 131, 824 (1960). 

Table 2.3. Comparison of Dose Estimates by Toshiba Low·Z Fluorods and ORNL Filtered-Film 

Packets Exposed on Upper White Oak Lake Bed 

Location 

2 

3 

4 

5 

6 

7 

8 (control) 

Low-Z Glass Rod Dose 

(rads) 

10.4 

8.3 

13.1 

10.5 

8.6 

9.9 

11.6 

0 

ORNL Filtered-Film Packeta 

(rads) 

10.9 

9.7 

10.0 

7.8 

9.7 

13.0 

12.3 

0 

aE. D. Gupton of Applied Health Physics performed the film dosimetry. 

Percent Difference 

(

,Film - Low-Z Glass ) 
--------x 100 

Low-Z Glass 

+ 4.8 

+16.9 

-23.8 

-25.7 

+12.8 

+31.3 

+10:6 

0 



and acuv1tres of these animals in the pens were· 
being studied by locating the Ta 18 2 wires, each 
of the animals was retrieved shortly after death. 
The livers of all 14 of these rats were found to 
be infested with cysts of larval tapeworms 
(Hydatigera taeniaeformis), a species whiCh re­
quires a carnivorous intermediate host. The 
number of cysts per liver ranged from 4 to 67, 
and the cysts were 45-60 days old. Each cyst 
contained one larval worm. 

Since the rats had not lived in the pens long 
enough to become infected by larval tapeworms 
which had developed to this size, it was felt 
that they must have become. infected during their 
growth period in the animal colony. The 14 
animals involved were offspring of three different 
mothers. One mother which had borne 11 of the 
infected rats was sacrificed, and no tapeworms 
were found. No tapeworm cysts were found in 
any other autopsied rats which had been reared 
in the laboratory. It was recalled that a feral 
cat had been discovered once in the animal­
conditioning shed. Ten cats from the adjacent 
area were trapped, sacrificed, and examined for 
parasites. Seven of the ten harbored adult 
Hydatigera taeniaeformis in numbers ranging from 
1 to 25. The conclusion reached was that the 
14 cotton rats had ing~sted ova or segments of 
the tapeworm from a cat, or cats, with subsequent 
development of larval tapeworm cysts in the liver 
of the rats. If these animals had not been radio­
labeled, it would not have been possible to have 
1003 retrieval of animals, nor would it have been. 
possible to find the animals so soon after death. 
These two advantages of radiolabeling made pos­
sible the solution of what would have been a baf­
fling biological problem. Although some of the 
animals survived as long as two weeks, none of 
them escaped from the pens. About 75 cotton rats 
subsequently have been stocked in the pens for 
various experiments. None of these animals has 
escaped, attesting to the efficiency of the pen 
structures for retaining animals. 

Hematology of Native Mammals on White Oak 
Lake Bed 

P. B. Dunaway 
L. L. Smith 

R. ]. Pryor 
S. V. Kaye 

A study was initiated this year on the effects 
of chronic environmental radiation on the blood 
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of native small mammals living on White Oak Lake 
bed. Seasonal mean values for total erythrocytes 
(RBC) per cubic millimeter, total leukocytes 
(WBC) per cubic millimeter, differential counts, 
and hematocrits are being established. It is 
necessary to establish these counts because there 
is a paucity of hematological information for wild 
mammals, particularly for the small species. 

Calibration and operating procedures for the 
Coulter electronic blood counter1 O were com­
pleted. Diluting solutions recommended for blood 
from humans and from laboratory rats and 
mice 11 - l 3 were found to be unsatisfactory. A 
successful method was developed which consisted 
in initially diluting the blood sample with .acetate­
buffered saline. Subsequent treatment for eryth­
rocyte or leukocyte counting utilized a gelatin or 
Triton X-100 (Rohm and Haas) solution. These 
solutions provided the required stability for de­
termination of total counts and cell-size distribu­
tion. 

Hematologi'cal measurements are shown in Table 
2.4 for six species of the Cricetidae, the most 
important family of rodents in this area. An 
important relationship was discovered for RBC 
number and volume in the Cricetidae. The number 
of erythrocytes per cubic millimeter is inversely 
related to the body weights of the species studied 
(Fig. 2.3). Mean erythrocyte volume is directly 
related to body weight (Table 2.4). Our incom­
plete results for other families of small mammals 
and a survey of the scanty data in the literature 
for other wild mammals indicate that this relation­
ship is present in other taxa of mammals. This 
finding may be of great value to such fields as 
hematology, physiology, evolution, radiation bi­
ology, and radioecology. 

Leukocyte numbers in the wild mammal popula­
tions exhibit wide variations, even within a 
species. Such variations are to be expected in 
mammals exposed to the stresses acting on a 
natural population. For instance, certain diseases 
can cause alterations in the WBC count. A cotton 

10coulter Electronics, 590 \Vest 20th Street, Hialeah, 
Fla. 

11 G. Brecher, M. Schneiderman, and G. z. Williams, 
Am.]. Clin. Pathol. 26, 1439-49 (1956). 

12w. J. Richar and E. S. Breakell, Am. ]. Clin. 
Pathol. 31, 384-93 (1959). 

13c. F. T. Mattern, F. S. Brackett, and B. J. Olson, 
j. Appl. Physiol. 10, 56-70 (1957). 
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Table 2.4. Hematological Measurements for Six Species of Cricetid Rodents 

Erythrocytes 
Mean Body Weight Leukocytes Hematocrit 

Species (g) Mean Number Mean Volume (x 10 3/mm3) (3) 
(x 106/mm3) (µ3) 

Eastern harvest mouse, 8.4 ± 1.11 (4)a 12.36 ± 0.689 (4) 39.5 4.5 (4) 51.0 (2) 

Reithrodontomys humulis 

White-footed mouse, 19.4 ± 1.49 (30) 11.72 ±0.526 (29) 41.0 4.4 (29) 48.4 (24) 

Peromyscus leucopus 

Pine mouse, 20.8 ± 2.40 (14) 10.22 ± o. 709 (14) 42.5 7.6 (14) 42.9 (14) 

Microtus pinetorum 

Rice rat, 53.4 ± 5.98 (19) 8.04 t0.345 (21) 60.7 4.5 (16) 48.R (16) 

Oryzomys palustris 

Cotton rat, 95. 7 ± 6.97 (76) 7.21 ±0.197 (76) 66.5 6.1 (72) 47.2 (72) 

Sigmodon hispidus 

Muskrat, 1283.6 ± 150.59 (6) 5.79 ±0.415 (6) 74.0 18.5 (6) 42.8 (6) 

Ondatra zibethicus 

aNumber of variates in sample shown in parentheses. 
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Fig. 2.3. Corre lotion Between Erythrocyte Number 

and Species Weight in Six Species of the Cricetidoe. 

rat with a squamous cell carcinoma had leuko­
cytosis (19.3 x 10 3 WBC), and a white-footed 
mouse infested with two para.sitic bot-fly larvae 
also exhibited leukocytosis (13. 7 x 10 3 WBC). 
The average WBC number for the Cricetid rats 
and mice ranged from 2.2 x 10 3 to 7.6 x 103, but 
the average count for muskrats was 18.5 x 10 3 

(Table 2.4). The muskrats may have been suf­
fering from disease or some other stress, but they. 
appeared to be in excellent condition. However, 
it may be that some larger mammals have higher 
WBC counts. Two woodchucks, Marmota monax 
(av wt, 4000 g), one opossum, Didelphis mar­
supialis (3003 g), five feral cats, Pelis domes· 
ticus (2980 g), and one Norway rat, Rattus 
norvegicus (325.8 g) have been sampled. The 
WBC counts for these species were, respectively: 
11.6, 16.0, 11.9, and 17.2 (x 10 3). The reason 
for these relatively high WBC counts in these 
larger mammals may not be a simple size relation­
ship. Larger species of mammals generally live 
longer than the smaller species and consequently 
have a longer time to develop diseases and 
parasite loads. The smallest species of mammals 
examined (least shrew, Cryptotis parva, av wt 
4.9 g) had an average count of 1.8 x 10 3 WBC. 

Hematocrits ranged from 42."8 to 51.03 in the 
Cricetidae (Table 2.4). Hematocrits of the other 
species tested fell within this range except for 
the woodchucks and the opossum, which had 
hematocrits of 35. 3 (av) and 38.0. The wood-



chucks are hibernators and had not been out of 
hibernation long (samples taken Mar. 14, 1962). 
Opossums belong to the primitive order Marsu­
pialia. 

Preliminary data for two species of lake bed 
mammals are shown in Table 2.5. The white­
footed mice from the lower lake bed were caught 
in area~ with a radiation field of 15 mrads/hr or 
less. This species is found mainly in the rela­
tively uncontaminated periphery of the lake bed. 14 

The rice rats from the upper lake bed were taken 
from areas with radiation fields ranging from 50 
to 500 mrads/hr. As pointed out in a previous 
section, the rice rats have the highest body 
burden of radionuclides and probably range into 
the most radioactive parts of the upper lake bed. 
Both the RBC and WBC counts of the white-footed 
mice from the uncontaminated and the lower lake 
bed were similar, but both the RBC and WBC 
counts of the rice rats from the upper lake bed 
were lower than the respective counts for the 
rice rats from uncontaminated areas. Although 
the results for the rice rats are suggestive, more 
species and greater numbers of mammals must 
be sampled. 

Penned~Ma mma I Study 

P. B. Dunaway 
S. V. Kaye 

L. L. Sinith 
R. J. Pryor 

This project encompasses studies of radiation 
effects on blood and supporting bioaccumulation 
and dose estimates for mammals penned on White 

14P. B. Dunaway and S. V. Ka e, Trans. 26th N. 
Amer. Wild!. Natl. Res. Con/., pp 16'7-85 (1961). 
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Oak Lake bed. An important feature of this ex­
periment is that animals of selected parentage, 
age, sex, size, and species can be introduced 
into a radioactive environment after preexposure 
blood sampling, marking, and implantation of glass 
rod dosimeters have been accomplished. The 
length of exposure time, as well as resampling 
and observation schedules, can be varied ac­
cording to experimental design. 

The first cotton rats for this project were re­
leased on June 13 and 15, 1962. About 1 yr of 
preparation was needed before stocking could be 
initiated. It was· necessary to work out new 
techniques and procedures for electronic blood 
cell counting and glass rod dosimetry. A total 
of 21 pens were constructed, and a laboratory 
colony of known-history cotton rats was bred. 

In the first phase of this project, one male and 
one female cotton rat from different parents were 
stocked in each of the seven pens on the upper 
White Oak Lake bed. Males and females from the 
same litters as the lake bed pairs were stocked 
in the six pens on Mammal Control Area No. 4, 
so that for each male or female on the lake bed, 
there was a littermate of the same sex on the 
control area. These pairs are allowed to repro­
duce in the peris so that the young are born to 
irradiated parents and receive in utero as well 
as postnatal irradiation. Blood samples are to 
be taken from the adults and young at monthly 
intervals. The glass rod dosimeters will be 
removed and the accumulated dose read when the 
animals ar.e sacrificed at the end of the experi­
ment. Tissues from the animals will be radio­
analyzed so that bioaccumulation and dose rates 
can be estimated. 

A soil core (1 in. in diam and 4 in. in depth) 
was taken at the intercepts of a 2. 5-m grid within 

Table 2.5. Erythrocyte ond Leukocyte Total Counts for White-Footed Mice and Rice Rats. 

on White Oak Lake Bed and Uncontaminated Areas 

Species 

White-footed mouse 

Rice rat 

Uncontaminated 

Areas 

11.8 (19)a 

8.1 (11) 

Lower 

Lake Bed 

11.8 (8) 

aNumbers in parentheses indicate number of animals. 

Upper 

Lake Bed 

7 .8 (12) 

Uncontaminated 

Areas 

3.9 (18) 

6.0 (5) 

Lower 

Lake Bed 

3.8 (8) 

Upper 

Lake Bed 

4.2 (12) 
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Table 2.6. Hematological Data for Penned Cotton Rats on White Oak Lake Bed and Control Area No. 4 

Weight (g) RBC (x 106/mm3) WBC (x 103 /mm3) Hematocrit (3) 

Code Number Two Weeks Two Weeks Two Weeks Two Weeks 
Prerelease Postre lease Prerelease Postrelease Prereleaae Postrelease Prerelease Postre lease 

White Oak Lake S..d 

Males 63 112.9 91.6 6.84 6.57 4.5 8.1 43.5 47.5 

96 132. 7 117.2 7.03 6.48 3.7 5.6 46.0 44.0 

137 131.2 130.3 7.81 6.99 8.2 10.8 50.0 45.0 

144 184.1 144.2 7.56 6.96 6.6 7.5 42.5 43.0 

151 139.4 128.4 7.85 7.64 3.5 6.1 51.5 52.0 

154 110.5 115.5 7.12 6.41 3.6 5.2 49.0 46.5 

Average 135.1 121.2 7.37 6.84 5.0 7.2 47.1 46.3 

Females 98 121.0 127.8 6.59 5.31 5.9 9.1 42.0 34.5 

122 114.9 119.2 6.72 5.27 3.2 7.2 37.0 

125 121.0 112.6 6.84 6.40 3.5 7.1 44.0 40.5 

138 94.2 102.2 6.87 6.08 3. 7 6.2 42.0 38.5 

142 102.7 114.0 6.51 6.00 3.5 5.6 41.5 40.5 
157 86.3 97.0 7.36 6.61 4.9 7.2 49.5 44.0 

Vl 
. 160 92.6 89.6 6.51 5.88 2.6 6.0 43.5 41.0 Vl 

Average 104.7 108.9 6.77 5.94 3.9 6.9 43.8 39.8 

'· Average for both sexes 118. 7 114.6 7.05 6.35 4.4 7.0 45.4 43.1 

Cantrel Area No. 4 

Males 97 153.5 127.9 7.11 6.50 3.4 5.9 45.0 43.5 
139 115.5 106.7 8.49 7.04 3.5 2.3 50.0 39.5 
145 137.8 108.6 7.11 6.91 6.8 6.0 47.5 45.0 
152 139.1 119.8 7.72 7.07 4.8 7. 7 51.0 43.5 

Av!,' rage 136.5 115.8 7.61 6.88 4.6 5.5 48.4 42.9 

Females 123 118.2 138.5 6.32 5.49 3.7 8.3 43.0 35.0 
128 97.9 6.77 6.15 3.5 3.6 44.0 39.0 
140 105.4 6.47 5.94 3.6 3.6 41.5 37.5 
141 100.3 107.2 6.84 6.31 2 .. 2 7.4 44.5 41.5 
159 79.4 92.9 6.26 6. 74 4.5 5.5 43.5 42.0 
161 97.8 6.51 5.75 3.2 12.3 41.5 36.0 

Average 99.3 112.9 6.53 6.06 3.4 6.8 43.0 38.5 

Average for both sexes 120.3 114.5 6.96 6.39 3.9 6.3 45.2 40.2 



each pen on the lake bed. The top inch of each 
of the nine cores from each pen was removed, 
and these samples were composited, as were the 
nine bottom 3.;in. samples from each P.en. Vege­
tation cover maps were made for all pens, and 
samples of the dominant species from each cover 
type were taken. Radioanalytical data from the 
soil and vegetation samples will be utilized for 
investigation of soil-plant-animal transfer of ra­
dionuclides. 

A flood on June 27 inundated six of the seven 
pens on the lake bed and necessitated re·moval 
of the animals. All 12 animals from the flooded 
pens were retrieved alive. Since it was necessary 
to remove the · animals, it was decided to take 
blood samples at that time (two weeks postre­
lease). Accordingly, 13 individuals from the 
lake bed and 10 from the control area were 
sampled and returned to the pens. Hematological 
data for these specimens are shown in Table 2.6. 
It is immediately obvious that the RBC decreased 
and the WBC increased in all lake bed animals. 
The RBC also decreased in all but one of the 
control animals, and the WBC increased in seven 
out of ten of the controls. The decrease in 
average hematocrit percentages reflects the de­
crease in RBC. The reasons for the .decrease in 
erythrocytes and increase in leukocytes are not 
apparent at present, but these changes probably 
reflect responses of physiologic adaptive mecha­
nisms ·to the environment. 

The average weight decreased in both groups, 
. with most of the weight loss occurring in the 
-heavie~t males. Weight loss was a common phe­
nomenon in adult rats released into the pens 
during earlier experiments. Most of the females 
in the present experiment gained weight, which 
may be attributable to pregnancy. 

Significant differences are not appare,nt in the 
results for the cotton rats on the radioactive lake 
bed and the rionradioactive control area. How­
ever, this experiment was designed to continue 
for several months in the expectation that effects 
of chronic radiation on the blood, if they occur, 
may not be manifested in a short time. If effects 
do appear, they may be detected during the 
monthly sampling schedule •. 
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Witherspoon 1 5 

Analog Computer Model for Biomass and Cs 13 7 

in a Herbaceous Ecosystem 16 

J. S. Olson 

Analog computer models of ecological systems 
simulate the development of the system and the 
transfer of elements and isotopes within it. The 
accumulation of biomass and energy is important 
in the establishment or reestablishment of plants 
and animals on areas bared by natural or artificial 
disturbances, including erosion, flooding, sedi­
mentation, fire, and perhaps blast or radiation 
from nuclear weapons. The transfer of elements 
within. such a system is needed to attain and 
maintain its nutrient status. The pathways and 
rates of nutrient transfer also help regulate the 
redistribution of radioactive contaminants in the 
environment. 

Methods described earlier1 7 - 19 have been used 
to develop an analog "Ecological Computer,. Or­
ganizer, and Simulator'' (ECOS-A). Data froin 
Auerbach et al., 20 DeSelm and Shanks, 21 and 
Crossley and Howden, 22 based on studies of the 

150RINS Fellow. 
16The aid of E. R. Mann and O. W. Burke of the 

Instruments and Controls Division in the use . of the 
· ORNL Analog Computer Facility is gratefully ac­

knowledged. 
17 R. B. Neel and J. S. Olson, Use of Analog Com· 

puters for Simulating the Movement of 'Isotopes in 
Ecological Systems, ORNL-3172 (1962). 

18 J. S. Olson, "Analog Computer Models for Move­
ment of Nuclides Through Ecosystems," Radioecology. 
Proceedin_gs of the First National Symposium on Radio· 
ecology, in press. . 

19J. S. Olson et al., Health Phys. Div, Ann, Progr. 
Rept. July 31, 1961, ORNL-3189, pp 124-28. 

20s. I. Auerbach et al., Health Phys. Div. Ann. 
Progr. Rept. July 31, 1960, ORNL-2994, pp 147-56. 

21 . . 
H. R. DeSelm and R. E. Shanks, "Accumulation 

and Cycling of Organic Matter and Chemical Con­
stituents During Early Vegetational Succession on a 
Radioactive Waste Disposal Area," Radioecology. 
Proceedings of the First National Symposium on Ra· 
dioecology, in press. . 

22 D. A. Crossley and H. F. Howden, Ecology 42, 
302-17 (1961). 
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drained bed of White Oak Lake, have suggested 
certain magnitudes for accumulation of biomass 
and transfer of Cs 13 7. Simplifications have been 
made for illustrative purposes, so that corre­
spondence between the model and detailed be­
havior of this or any other specific ecosystem is 
not to be expected. Relations typical of a large 
class of herbaceous systems in temperate climates 
can be seen, but differences among these systems 
would depend on changes in certain parameters 
and elaborations of the general moqel. 

Figure 2.4a illustrates a delay in the production 
P of vegetation during its first year of establish­
ment on a new bare area which is not preenriched 
with nutrients. (Actually, White Oak Lake bed 
was enriched with nitrates from fuel processing 
effluents prior to drainage of the lake, and showed 
high early production like that illustrated in an 
earlier report. 2 3) A high positive feedback of 
production rate was assumed, proportional to 
vegetation and food energy already accumulated. 
This feedback accounts for the faster buildup in 
production in second and later growing seasons. 

A maximum upper limit in productivity is as­
sumed, which is 11 g m- 2 day-l "gross" pro­

duction. (''Gross" production excludes any 
photosynthesis which is immediately counterbal­
anced by respiration rates that increase in direct 
proportion to photosynthetic rates.) The upper 
limit is self-imposed by the ecosystem's inter­
ception of all available light by different strata 
of species and leaves. Net production falls below 
"gross" photosynthetic rate due to an amount 
of respiration, R, which is represented in the 
model and computer circuit by a negative feed­
back. Here R is assumed directly proportional 
to total accumulated above-ground plant biomass, 
M. Accumulated "gross" and net production 
[ft P dt, ft (P - R) dt] over a series of growing 
seasons are represented by the ascending steps 
in Fig. 2.4b. 

The earlier restriction to models with differen­
tial equations with constant coefficients has been 
relaxed. A servomultiplier was used to make the 
transfer rate from vegetation to litter fluctuate 
with s.eason, as in the case of actual seasonal 
litter fall, 

23R. B. Neel and J. S. Olson, op. cit., Fig. 19. 

57 

where 

L 
1 

= instantaneous rate of litter fall and death 
of standing plant tissue, 

M 
1 

= mass per unit area of above-ground vege­

tation, 

km 16 =transfer rate of mass to compartment 6 
as a fraction of M 

1
, 

(1.2 +cos wt)/1.2 = function varying from \ to 
1 \ of the average rate. 

As intended, in order to simulate the killing of 
vegetation by autumn frost, the maximum of L 1 
(Fig. 2.4c) falls between that of M 1 (Fig. 2.4d) 
(late summer) and that of cos wt (January 1). The 
amount of dead organic matter (M 6) that accumu­
lates before production approximately balances 
decay is governed by the rates of degradation by 
microorganisms, Km 67 , and direct incorporation 
of organic matter into mineral soil, Km 68 • These 
rates are here taken as 0. 5 and 0 for simplicity. 
A seasonal oscillation around this steady state 
is maintained. Damped oscillations in root 
biomass M

2 
(Fig. 2.4d) result from the lag in 

food storage and the export of food from roots 
to tops in the spring. 

Results of Crossley and Howden 24 imply very 
rapid turnover of biomass as well as radioisotopes 
by herbivorous and predatory insects (M 

3 
and M 4). 

If their biomass were regulated in proportion to 
the total vegetation biomass, they would show 
annual oscillations lagging slightly after those 
given for Ml" Actually, insect biomass averaged 
300 mg of dry weight per m 2 throughout the 
summer, which suggests that it may be regulated 
by production rates, and amounts of tender new 
growth and other factors besides total plant 
biomass. 

On freshly deposited sediments, low in initial 
content of humus, an accumulation of both rapidly 
decomposing and slowly decomposing organic 
compounds would take place. Levels and rates 
of accumulation would be regulated by decompo­
sition rates of microorganisms acting on both the 
unincorporated and incorporated organic debris. 2 5 

In areas previously contaminated by Cs l 3 7 from 
radioactive waste, or contaminated suddenly as 

240. A. Crossley and H. F. Howden, op, cit., 
pp 310-12. 

25 R. B. Neel and J. S. Olson, op, cit., Figs. 17-20. 
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in the area downwind from a surface burst of a 
thermonuclear bomb, Cs 137 activity in soil would 
have maximum values at or near time t = 0. It 
would decrease at a rate controlled mainly by 
radioactive decay (Fig. 2.5a). Only a few percent 
of the total Cs 13 7 (here about 2. 53) seems to 
be "available" for extraction with neutral ammo­
mum acetate. The "available" fraction can 
probably be slowly replenished by loosely fixed 
Cs 13 7 on mineral lattice edges but only to a very 
slight extent from ions trapped between clay 
layers. ~ 6 Some redistribution would take place 
into lower horizons of the soil. 2 7 However, 
complete removal of Cs 13 7 atoms from the profile 
normally would be slight, barring erosion of soil 
particles at the upper surface. 

Lags in the promptness of maximum Cs l 3 7 con­
centration along the chain of transfer from soil 
to . roots to foliage to herbivores and predators 
are shown in a normalized graph of radioactivity 
(Fig. 2. 5b ). The absolute levels of plant activity 
in µc per g of dry weight decrease by a factor of 
0.1 to 0.3 in transfer from roots to tops, 28 and 
by a factor of about 0.5 in transfer to insects. 2 9 

The Cs 137 per unit area in biological com­
ponents is the product of (isotope per g of ma­
terial) and (g per m2 of ground surface), and would 
show seasonal oscillations as well as slow 
radioactive decay (Fig. 2.6b). The fall of radio­
active plant materials (Fig. 2.6a) to the. ground 
surface would provide a potential reservoir of 
contaminated plant nutrients. These conceivably 
might be absorbed by surface roots in addition 
to the \.s 13 7 subsequently ahsorhed from mineral 
soil, but such recycling is not incorporated in the 
model illustrated here. 

Arthropod Populations Associated with Decaying 
Leaf Litter 

D. A. Crossley, Jr. C. L. Corley 

Arthropod populations which are instrumental 10 

the breakdown of fallen-leaf litter are being 

26 T. Tamura, personal communication. 
27 J. P, Witherspoon, S. I. Auerbach, and J. S. Olson, 

Cycling of Cesium-134 in White Oak Trees on Sites of 
Contrasting Soil Type and Moisture, ORNL-3328, in 
press. 

28 r. V. Guliakin and E. V. Yudintseva, Plant Uptake 
of Fission Products from an Aqueous Solution, AEC­
TR-2867 (translated from Russian, 1957). 

29n. A. Crossley and H. F. Howden, op. cit., 
pp 308-10. 
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studied with litter bag techniques. 30 Different 
types of leaf litter, enclosed in nylon net bags, 
can be placed in different forest types, and de­
veloping arthropod populations can be extracted 
from the bags with Berlese techniques. A pre­
vious report 31 dealt with gross numbers of arthro­

. pods and environmental factors affecting these 
numbers. More detailed analyses of arthropod 
populations are now nearing completion; these 
form the basis for conclusions concerning the 
relationships between arthropod population sizes, 
species, and rates of leaf-litter breakdown. 

The experimental design involved three leaf 
species (pine, oak, and dogwood) in two forest 
stands (pine and oak). Each week a set of six 
litter bags (three leaf species in two stands) was 
brought into the laboratory, the arthropods were 
extracted, and the bags weighed, counted for 
radioactivity, and returned to the field. (Weight 
loss and radioisotope loss from these bags were 
discussed in. a previous report. 3 2) Eight such 
sets of bags were used, so that each litter bag 
was brought into the laboratory every eighth week. 
Analysis of the arthropod samples has included 
sorting by species, estimation of population 
sizes, and identification by microscopic exami­
nation. 

The results of analyses of arthropod populations 
suggest that the development of animal commu­
nities in freshly fallen leaf litter is analogous 
to the more familiar phenomenon of ecological 
succession. The arthropod community which de­
veloped in freshly fallen leaf litter was composed 
of few species but many individuals. As litter 
decomposition proceeded, more arthropod species 
became established in litter bags, but these 
species were represented by few individuals. 
Whereas the development of the more complex 
community type was gradual, the major influx of 
species occurred in early summer. The most 
complex communities . (i.e., the greatest number 
of species) were found in bags sampled in 
September and October, preceding additional leaf 
fall. Successional phenomena were exaggerated 
in the oak stand, and were evident in the pine 

30D. A. Crossley and M. P. Hoglund, Ecology, in 
press. 

3l J. S. Olson et al., Health Phys. Div. Ann. Progr. 
Rept. July 31. 1961, ORNL-3189, pp 120-22. 

32 J. S. Olson et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189, pp 115-18. 
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stand also. Probably the freshly fallen leaf litter 
forms a fairly homogeneous substrate which is 
being attacked by rapidly growing fungus colo­
nies, and only later does a diversity of micro­
habitats become available for exploitation by 
microarthropods. 

Type of forest stand (oak vs pine) proved to 
be of greater significance than leaf type (pine, 
oak, or <logwood) in determining the type of 
arthropod community which developed. One of 
the characteristics of leaf-litter communities 1s 
the diversity of arthropod species which occur 
there. The inclusion of three leaf types in the 
experimental design was to test the hypothesis 
that some of the species of arthropods have a 

marked preference for particular types of le.aves. 
· Thus the diversity of arthropod species found in 

litter of pine stands might partially be due to 
the presence of species which function primarily 
in the breakdown of other leaf types. However, 
similar arthropod communities developed in pine, 
oak, and dogwood litter within each forest type. 
At any one of the later sampling intervals, some 
differences in arthropod population sizes in dif­

ferent, leaf types were demonstrable, but these 
could be explained by differences in stage of 
litter breakdown between leaf types. Species 
tended to appear first in rapidly decaying dogwood 
leaves and last in slowly decaying pine needles. 

.Some of the diversity of species in arthropod 
. communities can be related to time if not to 
differences in food preferences. Communities 

in litter bags can be separated into at least 
three general stages: (1) early invaders which 
are primarily fungus eaters; (2) a middl'e group 
·consisting of litter and fungus ingesters; and 
(3) a later group which attacks the more decay­
resisrant fraction of the litter. Ordinary_ core 
samples of the forest floor include members of 
all three of these groups, but· litter-bag sampling 
permits them to be separated. Thus it beconi~s 

.possible to place importance values on many of 
the species of litter-inhabiting arthropods. Further 
evaluation of the relative importance of the 
various ~rthropod species to leaf-litter breakdown 
requires that the population data be transformed 
into biomass estimates and that metabolic rates 
and feeding rates be estimated for these species. 

Radioactive Tracer Studies witli Millipedes 

D. A. Crossley, Jr. C. L. Corley 

Of the larger forest floor arthropods, millipedes 
(Dixidesmus erasus) are the most abundant ones 

in mixed mesophytic forests which occur in lime­
stone sinks in the Oak .Ridge area. Numbers of 
millipedes may exceed 100/m 2• These animals 
undoubtedly contribute to the rapid rate ·of break­
down of leaf litter in· the limestone sink forest 
stands. A series of laboratory and field experi­
ments has been initiated with objectives of esti­

mating the feeding rates for the millipedes (by. 



use of radioactive tracer techniques) and meas­
uring the amounts of radioisotopes which pass 
through this trophic level of reducer organisms 
in contaminated areas. 

Whole-body burdens of millipedes. feeding on 
contaminated leaf litter were measured in the 
laboratory for a 40-day period. Figure 2. 7 shows 
the accumulation of Co 60 , Sr8 5, and Cs l 3 4 by 
millipedes in these experiments. The pattern of 
accumulation of Co 60 indicates that concentra­
tions in millipedes equilibrated with concentra­
tions in food; this conclusion is supported by 
laboratory estimates of a biological half-life of 

about 7 days for Co60 in this millipede species. 
By contrast, Sr8 5 accumulation resulted in in­
creasing body burdens over the 40-day period; 
the biological half-life was estimated to exceed 
15 days. Unlike most arthropods, millipedes have 
a calcareous matrix in the exoskeleton; therefore, 
strontium accumulation by these animals might 
be expected. Cesium-134 concentrations in milli-

Q) .., 
" Cl. 

·e 
' E 
Cl. 

" 

Q) .., 
" Cl. 

·e 
' E 
Cl. 

" 

" .., 
Q) 

~ 
·e 
' E 
Cl. 

" 

60 

40 • ;.•" 
20 

./ 
).r-

. 

0 
[;-.~· 

100 

80 

60 

40 • 
Y-~< 

v• 
20 

0 

~.%. 

l;Y I • 
400 

300 

200 

~~ 
··~ 

I '-! 

'·· 100 • ~ 

. 
• -. .. 

co6o 

I 

5 ,es .. 
•./ 

./. 
,,. . 

• 

Cs 134 

•-' 

• 

• /J 
• 

UNCLASSIFIED 
ORNL-LR-OWG 72686 

·- .!.._ . 

IY""" 
/ . . 

0 
0 5 10 15 20 25 30 35 40 45 

TIME (days) 

Fig. 2.7. Accumulation of Radioisotopes by Milli· 

pedes (Dixidesmus erasus) in Laboratory Experiments. 
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pedes reached a peak after 3 days of feeding and 
then declined, since Cs 13 4 was being leached 
from the leaf litter which served as food for the 
millipedes. The biological half-life for Cs 1 34 

was estimated to be approximately 2 days; the 
half-time for loss of Cs 134 from leaf litter was 
about 6 days under these laboratory conditions. 
Iron-59 and zinc-65 were fed to millipedes, but 
only l9w activity was obtained, presumably be­
cause concentrations used were too low. 

These laboratory results led to field studies 
involving similar experimentation under natural 
conditions. Millipedes were confined in Plexiglas 
pens, 0. 5 m square. Recapture of marked milli­
pedes released into the pens indicated no move­
ment into or out of the pens during the period of 
study, but movements of millipedes down into the 
soil still prevented complete recaptures. Accu­
mulation of Cs l 34, Co 60 , and Sr8 5 by millipedes 
in these pens produced results similar to those 
found in laboratory experiments; however, data 
were less conclusive due to incomplete recaptures 
and longer elimination rates for the radioisotopes. 

. The biological half-life for Co 60 was estimated 
at 17 days in the field vs 8 days in the laboratory; 
for Cs 134 , 5 days vs 2 days. Also, field data 
suggested that periods of low temperature may 
have a pronounced effect on elimination rates and 
thus on accumulation rates. 

Additional field experimentation, with proven 
techniques of containing and counting millipedes 
in the field, will attempt to relate radioisotope 
concentrations in millipedes to those in food 
materials. 

Gross Effects of Arthropods and Microflora 
on Rates of Leaf Litter Breakdown 

D. A. Crossley, Jr. 
M. Witkamp 

C. L. Corley 
G. Dodson 

The processes of breakdown and decay of leaf 
litter are the result of intera.ctions between micro­
flora and soil animals. While the microflora is 
responsible for decay per se, arthropods fragment 
leaf material and mix it intimately with soil. The 
·importance of the contribution of the soil fauna 
is obvious in some situations, but in forest floors 
of the mor type the effects of arthropods are not 

readily discernible. In the experiments reported 
here, an !nsecticide was used to suppress in­
vertebrate animal populations, and weight loss 



by leaf litter was then used as a criterion for 
evaluation of gross effects on breakdown. 

In a preliminary experiment the influence of 
four insecticides on microbial respiration, fungal 
colony counts, development of fungal mycelium, 
and arthropod population sizes in oak litter was 
evaluated. p-Dichlorobenzene, dieldrin, and chlor­
dane increased soil plus litter respiration and 
colony counts and decreased mycelium growth 
more than did naphthalene. p-Dichlorobenzene and 
naphthalene decreased arthropod numbers by 2 
orders of magnitude; dieldrin and chlordane pro­
duced reductions of 1 order of magnitude. Naph­
thalene was chosen over p-dichlorobenzene for 
further experimentation on the basis of these 
findings and also because of its slower rate of 
evaporation. 

In the -subsequent experiment, twelve 1-m 2 plots 
of leaf litter in an oak forest stand received levels 
of 100, 35, 10; or 0 g of naphthalene (three rep­
licates each). Weekly measurements on litter bags 
provided data on weight loss and Cs 13 4 loss by 
leaf litter as well as numbers of arthropods. 
Biweekly measurements were made of soil plus 
litter respiration and microflora. 

Figure 2.8 shows contrasts of weight retention 
by litter in plots which received 100 g of naph-
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thalene with control plots (without naphthalene). 
After the initial period of rapid weight loss, the 
litter weight in the naphthalene-treated plots de­
creased at a slower rate than did the controls .. 
By the 35th week (midsummer) there was 153 
more litter in the treated plot than in the untreated 
one. Plots receiving 35 g of naphthalene were 
intermediate; those receiving 10 g were no dif­
ferent from controls. Cesium-134 loss was less 
rapid from treated than from control plots. After 
correction to specific activity (dis/min per g of 
litter), midsummer samples receiving 100 g of 
naphthalene had twice as much Cs 134 as did 
untreated litter. 

Arthropods were not completely excluded from 
the treated plots so that the reduction in weight 
loss is no more than relative. Numbers in the 
plots with 100 g of insecticide were reduced 
approximately 2 orders of magnitude, to about 
1000 per m2• Most of the arthropods found in 
treated plots were those capable of either flying 
or running rapidly. During winter, numbers of 
arthropods in the latter plots began to increase 
after about 6 weeks; therefore an additional appli­
cation of naphthalene was necessary. Continued 
applications were made at 6-week intervals during 
winter and spring, but by summer biweekly or 
weekly applications were necessary to exclude 
arthropods from the 100-g plots to offset loss by 
evaporation. 

No significant effect of naphthalene was ob­
served on direct microbial counts in the soil and 
on litter plus soil respiration. Bacterial and 
fungal colony counts from litter tended to increase 
with increasing amounts of naphthalene and were 
two to three times as high in plots with 100 g 
of naphthalene per m 2 as in control plots. In­
creased fungal growth on oak leaves in the ab­
sence of arthropods was also observed in a 
parallel in vitro experiment in the laboratory. 

These results indicate that the absence of 
arthropods decreases loss of weight by litter. 
The simultaneously observed increase in micro­
flora is insufficient to counteract effects produced 
by the absence of arthropods. The failure of 
respiration measurements to detect reduced litter 
breakdown in the treated plots results from the 
fact that respiratory activity in soil was measured 
along with the activity in the litter, thus masking 
any effect on litter respiration only. Reduced loss 
of Cs 13 4 in litter ~ithout arthropods is assumed 
to be the result of increased cesium release from 



comminuted leaf tissue m plots with arthropods 
and of increased microbial growth and subsequent 
microbial immobilization of cesium in plots with­
out arthropods. Whereas trends in the experiment 
are clear, final results will not be obtained until 
the end of the annual cycle, when additional litter 
fall occurs. 

Microbiology of Forest Litter 

Marcin Witkamp G. J. Dodson 

Measurement of microbial densities of forest 
litter is important, since (1) the forest floor is 
the environment with the most extensive organic 
matter decomposition, (2) the microflora is the 
main agent in litter breakdown, and (3) perpet­
uation of nutrient supply in forests depends on 
litter decay and subsequent remineralization. In­
tegrated knowledge of microbial masses· and of 
their ability to accumulate and cycle minerals 
will enable prediction of microbial uptake, ac­
cumulation, and release of radioisotopes and 
fertilizer minerals. 

.Microbial densities were measured by serial 
dilution plate techniques on the assumption that 
the counts will parallel microbial masses. The 
influences of leaf species, type of forest stand 
(coniferous vs hardwood), altitude (1600, 1000, 
and 250 m), exposure (north and south slopes), 
and season were evaluated. Bacterial as well 
as fungal counts differed significantly for leaf 
species, altitude, and season. Bacterial counts 
were significantly higher in hardwood than in 
coniferous stands. Bacteria dominated on mul­
berry leaves and fungi dominated on oak leaves. 
Microbial numbers increased from high to low 
altitudes and were highest in spring and lowest 
in winter. The chief factors controlling microbial 
population and the rates of breakdown of the 
various litter species were initial substrate, stage 
of decomposition, and moisture content. Stand 
differences of the microflora were assumed to be 
controlled by soluble inhibitors or pH. Microbial 
populations at the different altitudes and in the 
different seasons were influenced by temperature, 
moisture, and stage of decomposition. A sig­
nificant interaction was found between microbial 
counts ol different leaf species and seasons, 
primarily as a result of sharp decline of microbial 
densities on mulberry leaves that rapidly reached 
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completion of decomposition. Bacterial counts 
showed a significant interaction between stand 
and exposure, presumably as a result of the 
insolation and subsequent low moisture content 
of litter on south slopes in hardwood stands. 

In perhumid East Tenness.ee the influence of 
temperature on microbial populations dominates 
over the influence of moisture. The results show 
that a one-time measurement is inadequate to 
characterize the microflora, but that four microbial 
counts in different seasons already produce con­
sistent and interpretable results. Future work 
will be aimed at obtaining factors to convert 
present microbial colony counts into microbial 
masses. 

Microbial Immobilization of Radionuclides 
in Forest Litter 

Martin Witkamp . G. J. Dodson 

The rapid microbial uptake of radionuclides and 
their slow leaching from living microbial tissue 
as reported last year results in microbial immo­
bilization of minerals in forest floors with profuse 
microbial growth. In vitro cultures of a P eni­
cillium species growing on pulverized tulip poplar 
(Liriodendron tulipifera L.) leaves immobilized 
453 of the Cs 134 and 203 of the Co 60 present, 
thus reducing leaching of both elements by more 
than 503 in two weeks. Rates of leaching equaled 
average precipitation at Oak Ridge. Leaching 
and microbial immobilization from pulverized 
tulip poplar leaves decreased in the order 
Csl34 > zn65 > c 0 60 > Ca45 > Srss > Fe59. 

Mineral immobilization was observed in whole 
leaves as well as ground leaves of dogwood, 
redbud, tulip poplar, white oak, and white ash 
and on pine needles with monocultures or mixed 
microflora. On whole leaves with mixed micr<;>­
flora, leaching as well as immobilization was 
two to four times lower and averaged about 103 
of the minerals present in all leaf species. Re­
lease of radionuclides from microbial tissue that 
has been damaged by freezing or drying is partly 
masked by subsequent absorption of the remiri­
eralized isotopes by the litter. The microbial 
immobilization of minerals is positively correlated 
with microbial development measured as respira­
tion, depends on the mineral and leaf species 
used, and is independent of the mineral concen­
tration. Rapidly decomposing mulberry leaves 



showed a mobilization of minerals as a result of 
microbial decay. This mobilization was observed 
on both ground and whole leaves with one fungal 
species as well as with natural microflora. The 
thick leachate from decomposing mulberry leaves 
lost only 313 of its Cs 134 after a 24-hr dialysis 
against distilled water, whereas leachate from 
white oak lost 963 of its Cs 134 . The mobilized 
Cs 13 4 may be leached out with amino acids re­
sulting from the breakdown of protein-rich mulberry 
leaf tissue or by part of the abundant bacterial 
flora washed from these leaves. 

In pot experiments with Cs 13 4-tagged white oak 
leaves with and without microflora, soil, and 
leaf-eating millipedes, it was found that the 
microflora decreased the amount of Cs 134 leaching 
from the litter layer by 30 to 503. The millipedes 
increased leaching by 15 to 203; presumably by 
comminution of the leaves. The presence of soil 
increased loss of Cs 134 from the overlying leaves 
by 17 to 203 of the initial amount, possibly by 
diffusion and adsorption and by increased moisture 
content of the leaves. The soil adsorbed all but 
1 to 23 of the Cs 13 4 leach.i ng from the leaves. 

These results indicate that under favorable con­
ditions, such as exist on fresh moist leaves in 
the fall when temperatures are still adequate for 
microbial development, a larger percentage of 
nutrients in tl1t: leaves may be immobilized. How­
ever, unfavorable weather conditions, such as 
prolonged rain and low temperatures, will cause 
rapid loss of minerals from the litter layer. High 
arthropod activity will increase nutrient minerali­
£ation. Future work will be concerned with 
microbial immobilization in soil and testing of 
the above-mentioned laboratory results in the 
field. 

Cycling of Cs 134 in White Oak Trees 

J. P. Witherspoon, Jr. 

A 2-yr study of natural cycling of Cs 134 inocu­
lated into 12 white oak trees was concluded rn 
the spring of 1962. This study showed some of 
the major pathways and rates of movement of an 
individual isotope in a forest ecosystem. The 
ecological significance of this information lies 
in the basic knowledge gained on the biogeo­
chemistry and physiology of alkali metal elements 
and in the practical implications concerning the 
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behavior of radiocesium which may enter a forest 
system as fallout or as a waste product. 

Gains, losses, and transfer rates in various 
forest system compartments were reported last 
year. 33, 34 This year a similar pattern was seen, 
with radiocesium moving into tree foilage early 
in the growing season, reaching a maximum 
accumulation in June, and decreasing during the 
remainder of the growing season. 3 5 Rapid move­
ment of this isotope from trees to understory 
vegetation, litter, and soil was effected by the 
leaching action of ram. Rapid movement from 
1960 litter to soil to plants was also demon­
strated. 

The radiocesium cycle in white oak trees is 
illustrated in Fig. 2.9. In addition to tree-to-soil 
transfers via rain, over half the Cs 13 4 contained 
in the annual litter fall was transferred into the 
mineral soil over the winter months. In both 
years the total annual loss from trees was esti­
mated at 193 of the original 2 me inoculated in 
tree trunks. With only small quantities being 
taken up by vegetation (recycled), it is estimated 
that in 5 to 6 yr the soil will contain most of the 
radiocesium in the system. 

Abrupt horizontal gradients of soil radiocesium, 
presumably related to rain leaching and stem flow, 
were found under inoculated trees. Eighty percent 
of the total soil burden was confined to the area 
within crown perimeters, and 193 was concen­
trated in a small area around the trunks. Vertical 
distribution studies showed that soils on moist 
sites (bottomlands) h.ad a significantly ere.ater 
percentage of radiocesium at depths down to 12 in. 
than soils on drier (upland) sites. However, 923 
of the total suil burden remained in the top 4 in. 
for 1 yr and 7 months after tree inoculations. 

Approximately 2 x 10 3 times more naturally 
occurring stable cesium (determined by activation 
analyses) than tracer Cs 134 was involved in tree 
gains and losses. The amount of stable cesium 

33 J. S. Olson et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189, pp 113-15. 

34J. P. Witherspoon, "Cycling of Cs 134 in White 
Oak Trees on Sites of Contrasting Soil Type and 
Moisture. I. 1960 Growing Season," Radioecology. 
Proceedings of the First National Symposium on Ra­
dioecology, in press. 

35 J. P. Witherspoon, S. I. Auerbach, and J. S. Olson, 

Cycling of Cs 134 in White Oak Trees on Sites of Con­
trasting Soil Type and Moisture, ORNL-3328, in press. 
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in the top inch of mineral soil was 5 x 106 ·to 
6 · x 106 times greater than the ·annual addition 
of radiocesium from trees. Thus, whereas tracer 
quantities used in this study (2.0 me per tree) 

. were adequate for following cyclic behavior of 
this element, they were · small compared with 
natural levels occurring in a forest ecosystem. 

Mobility of Cs 137 Tracer in a Forest 
of Tulip Poplar 

]. S. Olson 
D. A. Crossley 
M. Witkamp 

w. L. 

H. D. Waller 
W. C. Cate 
C. L. Corley 

Tietjen 

One objective of tracer studies in several Oak 
Ridge forests is to help predict the movement of 
radionuclides rn ecosystems having a large 
biological capacity for storing contamination. 
A second objective is to understand the processes 
which. maintain these systems and which explain 
the movement of nuclides in natural environments. 
Expedments have dealt with progressively larger 
areas: 1 dm square, 1 to 2 m square, and cur­
rently a 20 x 25 m (Ya acre) plot in a productive 
forest of tulip poplar (Liriodendron tulipifera). 
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Methodology and early results of experiments 
starting with decimeter bags of tagged litter have 
been reported. 36 Further studies of breakdown 
rates with bagged and unbagged litter are being 
sampled or analyzed.· The new large plot was 
mapped and tagged in May 1962. Cesium-137 
was introduced into the trunks through chisel cuts 
through the bark. Application per tree was made 
approximately proportional to . tree biomass, as 
estimated from previous weighing of harvested 
trees in the same vicinity .3 7 

Almost all tagging was completed m a 4-day 
period at the end of a prolonged spring drought. 
The first tree showed relatively slow upward 
movement of Cs 13 7 , suggesting that limited water 
reserves and transpiration rates were impeding 
upward translocation of inorganic ions in. the 
xylem. This tree and others tagged within 1 day 
prior to drought-breaking rain showed rapid sub­
sequent movement throughout the crown. Within 
2 to 4 weeks, foliage radioactivity averaged al­
most 1 µc per g of dry weight. 

As in earlier studies of white oak, leaching 
from rainfall proceeded promptly, but distribution 
on litter and soil varied greatly from centimeter 
to centimeter. In one plot area after 6 weeks, 
523 of the leachate was retained in litter, 403 
in 1. 5 cm of niull A 

1 
horizon, but. only 83 had 

leached through the 1. 5-cm soil. 

Mushrooms collected 2 weeks after tagging con­
tained 'l

40 
as much Cs 13 7 as the litter on a volume 

basis. After 6 weeks, Cs 13 7 in wood and litter­
decaying fungi had increased to 2 to 3 times as 
high as that in the substrate. Absolute activities 
for Clavaria increased to 63,000, 85,000, and 
100,000 dis/miu per g of dry weight after 5, 7, 
and 8 weeks, respectively. Large v.ariations in 
insect radioactivity seemed related to food chain 
relations. Higher concentrations of Cs 1 3 7 were 
found in caterpillars feeding directly on foliage 
and in predators which feed on these caterpillars 
than were found in litter-feeding· insects and their 

predators. 

36 J. S. Olson and D. A. Crossley, "Tracer Experi­
ments on the Breakdown of Fore st Litter," Radio· 
ecology. Proceedings of the First National Symposium 
on Radioecology, in pre.ss. 

37J. S. Olson et al., Health Phys, Ann, Progr. Rept. 
July 31, 1961, ORNL-3189, p llO. 



, CLINCH RIVER STUDIES 

D. J. Nelson R. E. Martin3 8 

B. G. Blaylock38 R. C. Early 

N. A. Griffith 

Strontium in White Crappie (Pomoxis annu/oris) 
Flesh and Bone 

D. ]. Nelson N. A. Griffith 

When the distribution of strontium between fish 
and water is known, it should be possible to 
predict the levels of Sr90 to be found in fish 
living in river water receiving a constant release 
of Sr90 . Therefore, the relation 

or 

Sr in fish tissue Sr90 in fish ti:s:sue 

Sr in water Sr9 O in water 

Sr90 Sr in fish tissue x Sr90 in water · 
in fish=--------------

tissue Sr in water 

may be used to calculate the expected burden for 
a continuous release of Sr90. The flesh and bone 
of white crappies (Pomoxi~ annularis) from the 
Clinch River are being analy7.ed for strontium and 
Sr90 in order to test the validity of the above 
relation. 

The average strontium content of the flesh of 
nine white crappies analyzed was 6.6 x 10-8 g 
per g of wet we.ight. This strontium content in 
flesh represents a concentration factor of 1.12 
times over that in Clinch River water. Preliminary 
data on the strontium and Sr90 content of white 
crappie bone indicate a good agreement between 
the value expected on the basis of Sr90 releases 
and the analytical results. Strontium is concen­
trated in bone by a factor of 3.85 x 103 times that 
of river water. The average Sr90 ~oncentration 
in bone was 1.2 x 10-lO curie/g. This Sr90 

concentration ·in bone is equal to 31% of the MPC 

f S 90 . . h . or r 10 water 10 t e neighborhood of an atomic 
installation. Laboratory releases of Sr90 to the 

river vary from 10 to 30% of the MPC. 
Stable strontium concentrations in bone were 

much less variable than were Sr90 concentrations 

380RINS Fellow. 
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10 the same samples (Table 2. 7). Since a long 
biological half-life is expected for strontium in 
fish bone, the variability of Sr90 values may be 
associated with the movement of fish into and 
out of White Oak Creek, where there is a higher 
concentration of Sr90 . The series of stable 
strontium and Sr90 analyses is being continued. 

Tobie 2.7. Strontium and Strontium-90 in 

White Crappie Bone 

Strontium Strontium-90 

(µg per g of bone) (µµc per g of bone) 

217 36.7 

250 24.5 

218 10.0 

204 277.0 

189 12.6 

234 295.0 

251 3.0 

230 9.4 

244 l.97.0 

233 232.0 

Av 1.1.7 120.0 

Biological Half-Life of Strontium and Cesium 
in Fish 

D. ]. Nelson R. C. Early 

The biological half-life of fission-product ele­
ments in fish is being measured, since this pa­
rameter affects the dispersal of radionuclides by 
fish as they move from contaminated to uncon­
taminated areas of the river. Also, knowledge of 
the uptake rates is an important consideration in 
the event of acute environmental contamination. 

Preliminary experiments with Cs 134 in bluegills 
(Lepomis macrochirus) suggest a biological half­
life (whole-body) of about 40 days. Scott39 found 
a biological half-life of 47. 2 days in the brook 

39D P S "R d. . . C · · • • cott, a 10active aes1um as a Fish and 
Lamprey Mark,"]. Fisheries Res. Board Can. 19 149 
(1962). . , 
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trout (Salvelinus fontinalis). Radiocesium con­
centrations in the bluegill were highest in the 
soft tissues (gonad, muscle, digestive tract, and 
skin) and lowest in hard tissues (bone, scales, 
and fins). 

The biological half-life of Sr8 5 in soft tissues 
of the white crappie (Pomoxis annularis) appears 
to be approximately one day. On the other hand, 
there has been no detectable loss of this isotope 
from bone. 

Fish Marking and Population Studies 

R. E. Martin D. J. Nelson 

Scales of fish taken from White Oak Lake, White 
Oak Creek, and the Clinch River have shown the 
possibility of accumulation of radionuclides in 

· definite patterns of concentric circles. Autora­
diographic analysis has shown that all the normal 
scales from an individual have the same pattern 
(Fig. 2.10). Low-level radioanalyses of fish 
scales have shown the presence of Co 60 and 
Ru 106, although analyses of fish bones have shown 
the presence of Zn65 , Zr95-Ni95 , and Cs 137 in 
addition to Co60 and Ru 106 . Strontium-90 may 
be expected to accumulate in· bones and scales 
also, because of its affinity for bony tissues. 

Fish from the contaminated areas are being 
sampled regularly, and scales from these speci­
mens are being autoradiographed to evaluate the 
correlation of radionuclide accumulation with 
growth and movement of the individuals as part 
of ·a broader goal of developing a radioisotope 
tagging· method for population studies. Large 
numbers of smallmouth buffalo (Ictiobus bubalus), 
a_ commercially i'mportant fish, are being collected 
from Watts Bar. Lake for the determination of 
instantaneous growth rates and for radiometric 
analy_sis to determine movement in and out of the 
Clinch River. The relation between radionuclide 
accumulation in scales and environmental con­
tamination is also being tested in the laboratory 
with Cs 13 4 , as well as the possibility of trans­
location of radionuclides from other tissues into 
the scales. 
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Radiation Effects on Chironomus tentans 

B. G. Blaylock 
D. J. Nelson 

S. I. Auerbach 
N. A. Griffith 

The larvae of Chironomus tentans live m the 
radioactive bottom sediments of White Oak Creek 
and the Clinch River. The larvae are exposed 
to ionizing radiation which is 20 to 1000 times 
that of natural background. 40 •41 The frequency 
of chromosomal aberrations in salivary gland 
chromosomes is being compared in irradiated and 
nonirradiated populations to determine whether 
there is an effect of increased radia,tion levels 
on the genetic constitution of the natural popula­
tion. 

Photographs of the chromosomes from a non­
irradiated population were taken, to construct 
cytological maps. Besides faeilitating the scoring 
of chromosomes, these maps are to be compared 
with the cytological maps of C. . tentans from 
Europe and used to establish the standard chro­
mosomal arrangement for this area. 

Permanent slides are prepared of salivary glands 
of larvae collected from each population, observed 
microscopically, and scored for aberrations. 
Thirty-three larvae collected in October 1961 from 
White Oak Creek had a total of 43 aberrations of 
12 different types, and 29 larvae from a control 
area had a total of 4 aberrations of 3 different 
types. These differences were significant (P < 
0.01). 

From a total of 141 permanent slides of material 
collected in the contaminated area from August 
to December 1961, the .mean chromosomal aber­
ration per individual was 0.86. The mean chro­
mosomal aberration per individual per. month was 
computed for testing for a change in frequency 
of chromosomal polymorphism. An analysis of 
variance among these monthly means, which. were 
0.59, 0.77, 1.22, 0.95, and 0.95 (August through 
December) showed no significant difference among 
them. 

40s. I. Auerbach et al., Health Phys. Div. Ann. 
Progr, Rept. July 31, 1961, ORNL-3189, p 129. 

41 Clinch River Study Steering Committee, Status 
Report No, 2 on Clinch River Study, ORNL-3202, p 71 
(Mar. 30, 1962). 
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Fig. 2.10. Autoradiogram of Scales from a Smallmouth Buffalo. Rings are apparent except in regenerated scales 

such as the one in lower left corner. 



Strontium in Fresh-Water Clam Shells 

D. J. Nelson R. C. Early 

A comp arison of strontium concentration m con· 
temporary and prehistoric mollusk shells has been 
used as a basis for interpreting paleoecological 
conditions and for determining the biogeochemical 
cycle of strontium. Current work shows that there 
is a nonhomogeneous distribution of strontium 
within fresh-water mollusk shells and that this 
distribution is associated with growth and struc­
ture of the shell. 

Previously published descriptions of the struc­
ture of fresh-water clam shells were found to be 
inadequate; consequently, a new structural anal­
ysis was developed. Shells of the clams (Union­
idae), when viewed in cross section, consist of 
three calcareous layers . The external prismatic 
layer is relatively thin, covers the whole of the 
shell under the periostracum, and contributes 
little to the total shell. The remaining two layers, 
both nacreous, comprise the bulk of the shell, 
and the relative contribution which each makes 
to the total shell differs with the species. The 
medially located peripheral nacreous layer con­
sists of imbricate lamellae deposited by that 
portion of the mantle which is peripheral to the 
pa_llial line. The inner laminar nacre is also 
composed of lamellae and is deposited within the 
area bounded by the pallial line. When a clam 
grows, the shell increases in size at the circum­
ferences by the addition of peripheral layers and 
mcreases in thickness by the addition of laminar 

layers. 

Cross sections were cut from the shells of eight 
species of Unionidae and ashed, after which it 
was possible to separate the annual growth in 
the respective shell layers. The annual increment 
of growth from each layer was analyzed for 
strontium by emission spectroscopy. Barium, 
sodium, magnesium, and manganese were obtained 
simultaneously from some of these same layers. 

Strontium concentrations in the laminar layers 
mcrease noticeably, beginning with the shell 
deposited in the 6th year (Table 2.8). The anal­
ysis of this clam is typical of the average for 
most clams analyzed. Strontium concentrations 
in the laminar layers are relatively constant 
during the first five years; in the 6th-year layer 
and older layers, strontium is approximately 25% 
greater (Table 2.9). Exceptions to this generali-
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Table 2.8. Strontium Concentrations in Laminar and 

Peripheral Layers af One E/Jiptio crassi dens Shell 

Ag e C la s s of Strontium (µ g per g of sh e 11) 

L a ye r L a min ar Layers Peripheral Lay ers 

240 210 

2 230 210 

3 220 210 

4 250 210 

5 240 190 

6 300 180 

7 300 190 

8 350 200 

zation include two shells from Elliptio dilatatus 
and one from Lasmigona complanata in which the 
strontium content of the laminar layers decreased 
with age. Strontium concentrations in the periph­
eral layers were relatively constant, and no 
change with age was suggested by the data 
(Tables 2.8, 2.9). However, there was less 
strontium in the peripheral layers than in the 
laminar layers. Strontium concentrations in the 
peripheral annual layers ranged from equal 
amounts to 46% of that in the corresponding 
laminar layers, averaging 77% . 

The correlation of the occurrence of barium, 
manganese, magnesium, and sodium with strontium 
was studied with the Olmstead and Tukey corners 
test (Table 2. 10). Of these elements only the 
distribution of barium was correlated consistently 
with strontium. This correlation may be expected 
because of the chemical relationship of barium 
and strontium. Manganese appears to be cor· 
related with strontium in most clams, but the few 
correlations of magnesium and sodium with stron· 
tium may be by chance. 

Related Activities 

The section chief served as chairman of the 
Radioecology Committee of the Ecological Society 
of America. Under his direction this committee 
sponsored the first institute for the teaching and 
application of radioisotope techniques in eco­
logical research. This institute, which was held 
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Table 2.9. Normalizeda Data on the Change in Strontium Concentration with Age in Laminar 

and Peripheral Layers of Clam Shel Is 

Age Class of 

Layer 

2 

3 

4 

5 

6 

7 

8 

9+ 

Laminar Layersb 

Number Normalized Valued 

5 1.02 ± 0.045 

8 1.00 ± 0.013 

10 1.00 

10 1.00 ± 0.044 

9 1.05 ± 0.030 

10 1.22 ± 0.098 

10 1.26 ± 0.067. 

8 1.20 ± 0.074 

15 1.26 ± 0.057 

Peripheral Layersc 

Number Normalized Value 

3 1.10 ±0.10 

6 1.06 ± 0.071 

8 1.00 

8 1.00 ± u.u:w 

8 0.99 ±0.045 

8 1.08 ±0.10 

8 1.06 ±0.061 

7 1.05 ± 0.084 

9+ 1.09 ±0.18 

aData ~ere normali~ed to 3d year layer because layers from years 1 and 2 were not always recovered, that is, 
3d year layer= 1.00. 

bClams include four Elliptio crassid,,ns, two AnodoTlla corpulenta, one Actinonaias carinata gibba, one Cyclonaias 
tuberculata, one Quadrula pustulosa, and one Plagiola lineolata. 

cClams include three E. crassidens, two A. corpulenta, one A. c. gibba, one C. tuberculata, and one P. lineolata. 

d All normalized values ±one standard error. 

Table 2.10. Correlationa of Barium, Manganese, Magnesium, and Sodium with Strontium 

in the Shells of Eight Species of Clams 

Probabilityb if Correlation Is Observed. 
Species 

Ba Mn Mg 

Plagiola lineolata <0.001 <0.003 c 

Elliptio dilatatus <0.005 no no 

E. crassidens <0.0002 <0.0002 

Actinonaias carinata gibba <0.0002 <0.0002 <0.0002 

Anodonta cnrp11.lenta <0.01 no <0.05 

Lasmigona complanata <0.0002 <0.0002 no 

Cyclonaias tuberculata <0.0002 <O.l 

Quadrula pustulosa <0.07 <0.005 no 

aCorrelation determined by the method of Olmstead and Tukey, Ann. Math. Stat. 18, 496 (1947). 

Na 

<0.02 

no 

no 

d <0.05 (neg) 

<0.002 

<0.02 (neg) 

bThe probability that the arrangement of plotted points in a sample will have a quadrant sum equal to or greater 
than Olmstead and Tukey's indicated absolute values. 

cNo data. 
dN . 1 . egat1ve corre at10n. 



in Oak Ridge, was attended by 20 college and 
university teachers and researchers of ecology. 

The section chief also served as chairman of 
the Aquatic Biology Subcommittee of the Clinch 
River project. 

One person served as a member of a USAEC 
scientific team that reviewed the University of 
Pittsburgh project "Radioecology of Fossorial 
Rodents.'' 

Three staff members lectured and gave guided 
field tours to two classes of radiological health 

72 

trainees from the R. A. Taft Sanitary Engineering 
Center, Cincinnati, Ohio. 

One staff member prepared materials for evalu­
ating the possible ecological implications ~f a 
nuclear attack, following a request of the National 
Academy of Sciences - National Research Council 
Committee on Civil Defense. 

One staff member was chairman of a subcommit­
tee on Chemical Cycles in Ecological Syst.ems 
and submitted a report to the Ecology Study 
Committee of the Ecological Society of ~.meriqi .. 



3. Radiation Physic~ and Dosimetry 
••. - ,.- .-_.--..... -~- ,_,~;:-:s~-~;:_, __ .:_~-==:.:::.-=-~-------=-=--===-=--=---=---:..:.. __ -_:____ _____ ~ 

THEORETICAL PHYSICS OF DOSIMETRY 
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J. L. Feuerbacher 3 
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W. S. Snyder 
J. b. Turner 

H. A. Wright 

Electromagnetic Properties of a Plasma-Beam 
System 

There are two electromagnetic modes in a 
plasma-beam system: the unstable "hybrid" mode 
characterized by the occurrence of a longitudinal 
component of the electric intensity E, and the 
traverse mode which does not show an instability 
and is characterized by the occurrence of a longi· 
tudinal component of the magnetic induction B. 
The behavior of this system has been described 
in terms of macroscopic quantities such as the 
electric displacement D and the magnetic intensity 
H. 5 The unstable hybrid mode in a plasma-beam 
medium is compared to related hybrid instabilities 
produced by n beam in a medium comprising har­
monic oscillators. It is thus shown that the 

hybrid instability produced in a plasma is of 
type "l." Applying the appropriate criterion, it 
is found that the hybrid instability and the associ· 
ated longitudinal instability are convective for 
() ~ 0, where ()is the angle formed by the direction 
of the beam and the direction of the growing waves 
resulting from these instabilities. For ()approach· 
ing rr/2 the instability produced by the beam be· 
comes aperiodic. The plasma-beam system is elec· 
tromagnetically anisotropic, and its anisotropy has 

1Summer employee. 
2Visiting professor from University of Leeds. 
3summer employee. 
1Consultant. 
5J. Neufeld, "Electromagnetic Properties of a Plasma­

Beam System," to be published in Phys. Rev. 
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been investigated with reference to transverse 
and hybrid waves. For transverse waves the 
anisotropy is described in terms of a dependence 
between <P and (), where <P is the angle formed 
by the vectors H and 8. For hybrid waves the 
anisotropy has been investigated in the "region 
of transparency" and in the "region of insta­
bility." In the region of transparency there is a 
dependence between t/l and (), where t/l is the 
angle formed by the vectors D and E. In the 
region of instability there is a similar angular 
dependence and also a phase difference between 
the longitudinal and transverse components of the 
electric intensity E. Some of the effects produced 
by a beam in a thermal plasma have been investi­
gated in hydrodynamic representation. A formal 
analogy has been established between the Vavilov· 
Cherenkov effect produced by a single particle 
passing through a thermal plasma and the longi­
tudinal instability produced by a beam having the 
same velocity as the particle. This analogy does 
not apply to hybrid waves. 

Vavilov-Cherenkov Effect and "Bohr Radiation" 
Produced by a Beam of Charged Particles in 

a Dispersive Medium 

An electron beam interacting with a dispersive 
(atomic or molecular) medium produces two in­
tense sources of instability that are represented 
by a growing longitudinal wave and a growing 
transverse wave. The longitudinal wave has 
frequencies that are equal to the atomic binding 
frequencies of the surrounding medium and is 
designated as the "Bohr wave." The transverse 
wave has frequencies determined by the Vavilov­
Cherenkov criterion and is similar to the Vavilov­
Cherenkov wave produced by a single particle 
interacting with the medium. These sources of 
instability are "continued" into lower frequency 
ranges in which they produce growing waves of 
a "hybrid" type that are characterized by an 



electric vector having both longitudinal and trans­
verse components. The longitudinal and trans­
verse waves represent the "fundamental modes" 

that exist in the medium in the absence of the 
beam. The perturbation produced by the beam is 
responsible for the instability of the fundamental 
modes and for the occurrence of the coupling be­
tween these modes. The coupling produces elec­
tromagnetic waves in which the electric field has 
a longitudinal component. The conditions for 
coupling and the character of the instabilities 
h b . . . d 6 ave een investigate . 

/ 
"DistantAonization" Produced by Heavy Ions 
,/ in Tissue 
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The current estimate of RBE for ions of various 
energies is based on linear energy transfer and 
is therefore related to the rate of energy absorbed 
longitudinally per unit length of particle track. 
A possible biological significance may be at· 
tributed to the character of the "lateral" distri­
bution of. the energy losses, that is, in the di­
rection perpendicular to the particle track. .In 
accordance with the .customary representation 
based on the theory of Bohr, the lateral dis­
tribution comprises the region of "close col­
lisions" and "distant collisions." In the region 
of "close collisions" the dominant process is 
ionization, and in the region of "distant col­
lisions" the corresponding process is the ex· 
citation of tissue atoms. In accordance w.ith this 
mech_anism, there is no energy transfer from the 
moving ion to the surrounding tissue beyond a · 
maximum distance designated as the adiabatic 
limit, and consequently the initial "~idth" of the 
particle track does not extend beyond this limit. 
It is the purpose of this investigation to point out 
and to evaluate qualitatively an additional mecha­
nism that produ"ces ionization at distances. ex· · 
ceeding the adiabatic limit. This additional contri­
bution shall be designated as "distant ionization" 
and thus differentiated from "close ionization" 
which is accounted for by Bohr's theory. The 
"distant ionization" has been discussed by W. E. 
Lamb in connection with energy losses of fission 
products. In accordance with this process an 
approaching ion lowers the Coulomb barrier of 
orbital electrons in the tissue atoms and allows 
some electrons to escape, thus leaving the atom 

6J. Neufeld and H. Wright, Phys. R~v. 124, 1 (1961). 

in an . ionized state. Investigations have been 
carried out dealing with the qualitative features 
of distant ionization and indicating the distances 
from the particle track for which this ionizing 
mechanism is dominant. These dis~ances have 
been determined for various ions and ionic ve­
locities of biological interest. 

Dosimetry of High-Energy Radiations 7 

A calculation of the dose due to high-energy 
radiations was begun. The Neutron Physics Di­
vision at ORNL is developing machine codes to 
provide tapes with the histories of particles 
arising in shielding materials or tissue phantoms 
from bombardment with protons and neutrons of 
energies up to several billion electron volts. 
These codes may be used to generate the fol­
lowing i~formation for any number of protons or 
neutrons of a given energy .incident on a speci· 
fied target: 

1. type· and number of particles ansrng from in­
teractions of incident and secondary particles, 

2. the positions of these partides in the target 
at birth, 

3. the energies at birth, 
4. direct cosines of the velocities at birth, 
5. ultimate fate of the particles, that is, capture, 

escape, stopping_, etc. 

The Health Physics Division is writing a code 
for the calculation of the rad and rem dose in a 
tissue slab, with the particle histories mentioned 
above as the input. This is now essentially 
complete for incident nucleon energies up to 
400 Mev, and is written to provide for an arbitrary 
choice of RBE. The rad dose results from assign· 
ing an RBE o_f 1 to all absorbed energy. 

The handling of RBE values in the calculation 
of rem dose in this flexible way is done .in order 
to avoid repetition of the entire calculation for 
each particular choice of RBE. In this way RBE 
values can be adjusted over a considerable range 
so that additional information can be relatively 
easily incorporated as it becomes available~ 

The procedure is based on a polynomial ex· 
pansion of expressions for rem dose in powers 
of particle energies. The· sums of powers of 
particle energies can be printed out and weighted 

7These studies are supported by the National Aero­
nautics and Space Administration. 

• 



with vanous coefficients (corresponding to partic­
ular choices of RBE) to obtain rem dose. 

Above 400 Mev the contribution of rr-mesons to 
dose will be included in a code of similar design. 
A systematic study of the dosimetric importance 
of interactions involving elementary particles is 
being made. 

Role of Phys ica I Quantities in Radiation 
Dosimetry 8 

The dependence of RBE on the purely physical 
characteristics of. radiation is being investigated. 
In particular, ways are being sought to use phys­
ical quantities in addition to energy absorbed per 
unit mass in the basic definition of radiation dose 
in a way which will describe the observed de­
pendence of RBE on the purely physical param­
eters governing the interaction of radiation with 
tissue. For example, it has been found9 that if 
radiation dose is defined as a new quantity, cu, 
which includes a term proportional to the magni­
tude of momentum absorbed per unit mass in 
addition to the usual rad dose, then cu has a 
fixed value for a given rt:m dose of neutrons and 
gamma photons in any relative amounts and with 
any energy spectra in the range 0.4 to 10 Mev. 
This work is being combined with the generalized 
principle of dosimetry 10 in undertaking a broad 
investigation of the fundamental principles and 
concepts which are the basis for radiation dose 
and radiation dosimetry. 

Model for Spontaneous and Radiation 
Carcinogenesis 

Conventionally, it has been assumed that a 
knowledge of the dose-response relationship in 
human radiation carcinogenesis would enable the 
etiology of cancer induction to be derived. Thus, 
a linear relationship would· be interpreted as being 
indicative of a "one-hit" mechanism. Unfortu• 
nately, the numerous uncertainties in the avail­
able human data - statistical, dosimetric, clinical, 

8Supported in part by the National Aeronautics and 
Space Administration. 

9J. E. Turner and Hal Hollister, "The Possible Role 
of Momentum in Radiation Do,; i rndry," to be published 
in Health Phys. 

10G. S. Hurst and R.H. Ritchie, Health Phys. 8, 117 
(1962); G. S. Hurst et al., Health Phys. Div. Ann. 
Progr. Rept. July 31, 1961, ORNL-3189, pp 149-54. 
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and interpretational - preclude the unambiguous 
estimation of dose-response patterns. It is pro­
posed that in order to understand the phenomenon 
of radiation carcinogenesis, a prior knowledge of 
certain aspects of spontaneous carcinogenesis 
is necessary. 

A study of this latter problem was begun in 
the University of Leeds and continued in the 
Health Physics Division. Attention has been 
concentrated on the leukemias, partly because 
they have been intensively investigated and 
partly because they are rather readily induced 
by ionizing radiation. The carcinogenic (in which 
is included the leukemogenic) process can be 
divided into two principal stages - "initiation" 
and "promotion" or "development". The latter 
"promotion" or "development" stage occurs 
during the latent period - the interval elapsing, 
for example, between a single acute irradiation 
and the onset of a malignancy. 

Various alternative models of the initiation 
stage of spontaneous carcinogenesis have been 
reviewed, but these have been based upon mor­
tality statistics for cancers in adults, and the 
phenomenon of childhood and adolescent tumors 
has been previously disregarded. By exploiting 
a wide range of epidemiological and clinical 
evidence, by considering growth from the zygote 
co the mature organism, and by adopting some 
plausible biological principles and criteria, a 
new mathematical model has been constructed to 
be drawn. The complexity of the problem defies 
brief description, but, broadly, it appears that 
most spontaneous malignancies in adult humans 
arise from one· or more cells containing four 
specific mutant genes, one of which is generally, 
though not necessarily, inherited. Most malig­
nancies of childhood and adolescence arise from 
one or more cells containing three specific mutant 
genes, one of which is normally inherited, though 
occasionally two are. When only one mutant gene 
is inherited, a "stress factor," such as a bacterial 
or viral infection, or a hormonal stimulus, is 
needed to complete the malignant transformation of 
a cell containing three specific mutant genes. 
In certain environments, it is probable that viral 
or bacterial agents sometimes complete the malig­
nant transformation of a pre-leukemic cell in 
adult nongenetic carriers. The popular view cur­
rent among oncologists that all human malig­
nancies are exclusively of viral origin only sur­
vives critical quantitative examination when 



extremely implausible postulates are adopted. A 
summary of the initiating ·requirements for SJX>n• 

taneous .human leukemias is given in Table 3.1. 
The application of the theory of the initiation 

stage to radiation carcinogenesis has been con­
sidered. It is assumed that radiation ~is able 
to simulate the spontaneous somatic mutation 
process. A highly consistent ".interpretation is 
obtaiI}ed of the dose-respon_se and the age-de­
pendence aspects of leukemia and cancer induc­
tion at Hiroshima. The great differences between 
the characteristics of leukemia and cancer in­
duction are all a consequence of the value of 
a (the radiation mutation' coefficient - mutations 
per gene at risk, per cell at risk per rem) which 
is about 10 times larger for leukemias than for 
nonleukemic malignancies. Excellent agreement 
is obtained between theory and the observations 
of leukemia induction in x-irradiated . ankylosing 
spondylitis patients. The leukemogenic (and also 
cancerogenic) effect of small doses of pelvimetric 
x rays to the fetus is correctly pr~dicted. 

A hypothesis of the promotion or development 
stage has been evolved in conformity with the 
theory of the initiation stage, and clinical, a'nd 

; 
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experimental evidence. The bearing of the overall 
argument on the problems of cancer therapy and 
prophylaxis has been considered. 

In view of the quantitati~e applicability of the 
theory of the initiation stage to extensive evi­
dence from both spontaneou~ and radiation car­
cinogenesis, it is considered that the essential 
features of the initiation stage have been cor­
rectly analyzed. 

Positron Annihilation in a Free Electron Gas 

The experimental. work of Bell and Jplrgensen I I 

has established an approximate total annihi­
lation rate of positrons in a free electron gas . 
at various electronic densities. Their work has 
been compared· with the theory of Kahana I 2 who 
solved, by approximate means, a. Bethe-Goldstone. 
equation for the relative wave function of an 
electron-positron pair in the free electron gas. 

I IR. E. Bell and M. H. }ptgensen, Can. J. Phys. 38, 
652 (1960). 

I2s. Kahana, Phys. Rev. 117, 123 (1960). 

Table 3.1. Initiating Requirements for Spontaneous Human Leukemias 

Character of leukemic cell 

Childhood and Adulta Acute Lymphatic 

Adolescent Acute and Lymphosarcoma 

One inherited mutant geneb One inherited mutant gene 

Somatic mutation of two Somatic mutation of three 

genes genes 

Plus stress (growth and· 

pyogenic infection, espe­

cially pneumonia) or on­

cogenic virus 

·m ~ 3 X 10_6c 
s 

"' 6c m = 5 X 10-
g 

m ~5 X 10-6 
s 

m ~ 5 X 10-6 
g 

Adulta Chronic Lymphatic 

One inherited mutant gene 

Somatic mutation of three 

genes: hyperplasia of 

cells containing three 

of four mutant genf:!s 

m ~ 2 X 10-6 
s 

m ~(3to4)X10-6 
g 

Adulta Chronic Myeloid 

One inherited mutant gene 

Somatic mutation of two 

genes and Phb chromo­

some; or somatic muta­

tion of three genes 

m ~ 2 X 10-6 
s 

m ;;:;- (3 to 4) X 10 - 6 
g 

aSome adult leukemias involve no inheritance factor, and normally four somatic mutations are then required. 

bGiven one inh~rited mutant gene, the probability of death from acute stem cell or lymphatic leukemia i~ the age 
range O to 9 yr is about 2 to 33. Occasionally two mutations will be inherited. The change of leukemia development 
during growth is then virtually 1003. No stress or infection factor is ·required for this inheritance. 

cThe term ms is the somatic mutation frequency; m
8 

is the· germ cell mutation frequency, both 10 terms of muta­

tations per gene at risk per cell at risk per year; The terms m and m are calculated-independently. 
s g 



The experiment and theory differ by a factor of 
2 for the annihilation rate. 

An alternate theoretical approach has been made 
in which one assumes a static screened inter• 
action between a given electron pair and ex• 
presses the annihilation rate in terms of ladder 
Feynman diagrams. Thus, the annihilation ampli· 
tude is represented as a sum of amplitudes cor­
responding to: (1) annihilation between a zero 
energy positron and an undisturbed electron in 
the Fermi sea plus (2) an interaction between the 
positron and an electron, resulting in the exci­
tation of the electron outside the Fermi sphere, 
followed by annihilation with the positron plus 
(3) two successive excitations of an electron, 
which .must remain outside the occupied region 
in momentum space, followed by annihilation plus 
(4) the sum of all possible higher-order successive 
excitations of this sort, followed by annihilation. 

It is found that the annihilation rate f'(s) at the 
momentum s due to these interactions is given by 

res)= m~ c l/C :s, x)l 2 , 

where /(s, x) is the solution of the integral equa­
tion, 

f(s, x) = 1 + {3 fay v(lx - yi) 

x f(s ,fl/(y 2 + 5i • s), 

and when the integration over y does not include 
· the occupied region in momentum space. The total 

annihilation rate f' = (2rr)- 2 r~ cf dS f'(s), where 
the integral covers only the interior of the Fermi 
sphere. Her~ r 

0 
is the classical electron radius, 

. {3 = (16rr~ a 0)- 1 , and a0 is the Bohr radius. The 
term v(lk I) is the Fourier transform of the static 
interaction potential between an electron and a 
positron in the electron gas. A numerical sol u­
tion of this integral equation and the associated 
annihilation rate is in progress. 

Absorption of Photons in Metals Due to 
Electron-Electron Collisions 

Until about a decade ago, absorption of photons 
in metals was interpreted chiefly in terms of the 
Drude theory of the optical constants of metals 
and was thought to involve the same mechanisms 
giving rise to de resistivity. It was recognized 
at an early stage that optical absorptivity in the 
alkali metals is considerably larger than would 
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be predicted on this basis. Among the possible 
explanations advanced for this discrepancy are: 
(1) additive absorption due to interband tran­
sitions, and (2) anomalously large absorptivity 
in a thin surface layer having properties different 
from the bulk metal. The possible importance 
of electron-electron collisions in the photon 
absorption process has been suggested, 13 but a 
quantitative study of this phenomenon has been 
made only recently, 14 by use of a manrbody 
theory of the high-density electron gas. 

We have considered the contribution of electron• 
electron collisions to photon absorption in detail 
and have shown that the absorption cross section 
in a free electron gas may be derived on a simple 
semiclassical basis. We find that ~ , th~ in-

a 
verse mean free path for absoi:ption, may be 
written 

x Im [ 
1 

] Im (E(z , x ')] , 
E(z, x - x ') · 

where a= e 2/hc, a 0 is the Bohr radius, x =.fJUJ/EF, 
xp =/;UJ /EF, UJ is the photon angular frequency, 
UJP is tfie plasma frequency of the free electron 
gas, and E F is the Fermi energy. The term 
E(z, x) is the longitudinal dielectric constant of 
the electron ·gas for disturbances having wave· 
length rr/zk F and frequency xE p/15, m which 

.IJ 2k~/2m = F.F. 
Calculations of the reflectivity of a metal sur­

face in the range of frequencies UJ < UJP have been 
made from this theory for electronic densities 
corresponding to those of the conduction band· in 
the alkali metals. Reflect.ivity measurements for 
some of the alkali metals are available in the 
literature and show good agreement with these 
results for sodium and potassium and somewhat 
less satisfactory agreement in the case of ru· 
bidium and cesium. In all cases the present 
approach shows great improvement over the pre• 
dictions of the Drude theory. Contributions from 
absorption due to the anomalous skin effect and 
due to mechanisms contributing to de resistivity 

13c. W. Bentham and R. Kronig, Physica 20, 293 
( 1954). 

14N. Tzoar and A. Klein, Phys. Rev. 124, 1297 (1961). 



have been taken into account in making these 
comparisons. The results will be discussed in 
detail elsewhere. 

Surface Absorption of Photons in Metals 

When a transverse electromagnetic wave im­
pinges normally upon an ideal metal surface, real 
intra-band excitation of conduction electrons 
cannot occur in the first order. An allowed second­
order process, which is important in the infrared 
region, is virtual excitation of an electron by the 
incident wave and de-excitation through inter­
action with the surface. 

The metal surface plays an even more explicit. 
role in the case of nonnormal incidence. Induced 
currents may assume a nontransverse character 
due to the constraint imposed upon electronic 
motion by the surface. · This constraint results in 
a coupling of the incident transverse wave with 
the longitudinal field inside the metal. 

The problem of photon absorption in an ideal 
semi-infinite free electron gas. may be solved 
readily if one assui:nes that electrons are reflected 
internally in a spec.ular mode when they .strike 
the surface and if one restricts attention to photon 

frequencie~ UJ >> UJP vp/c, where UJP is the plasma 
frequency of the free electron gas and v F is its 
Fermi veloc.ity. One finds that Al_, the surface 
absorptivity for photons incident at angle 0 with 
respect to th~ surface normal and with the polari­
zation vector perpendicular to the plane of inci­
dence, may be written as 

wh.ere 

(i) 

s-­'..1- TTC 

'

cos 0 - i/Sl.(UJ,0) 2 

A = 1 -
1- cos 0 + i/Sl_ (UJ, 0) ' 

while photons polarized parallel with the plane 
of incidence are characterized by absorptivity 
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A11 '.where 

(i) 

S11 =-
rrc 

where k 2 = k 2 + UJ 2 sin 2 O/c 2• In these equations, . z 
E11 (k, UJ) and E_J_ (k, UJ) are the longitudinal and 
transverse dielectric constants of the electron 
gas, respectively. 

. The antithetical case of diffuse electron re­
flection at the bo.undary may also be solved with 
a classical perturbation-theoretic approach. One 

finds by assuming UJP vp << UJ < UJP' that 

Al.= 3vp cos 0/4c, 

[ 

· 2 0 ] 2 Slfi . 
A I I = Al./ cos 0 + 2 • 

(UJP/UJ) - 1 

The result for A11 shows clearly the strong effect 
of coupling between incident transverse and m­

ternal longitudinal fields for 0 close to rr/2. 

Experimental measurements of absorptivity for 
0 << rr/2 have been made; 15 •16 Measurements of 
this sort at grazing angles would· test the pre­
dictions of the present theory and would allow 
one to decide which of the two conditions for 
surface reflection of electrons is more. nearly 
correct. 

Optical Bremsstrahlung in a Dielectric·Medium 

There ha.s recently been much interest in trans­
ition radiation from dielectric media irradiated by 
charged particles. Bremsstrahlung from charged­
particle scattering on ion cores in a dielectric is 
an unavoidable concomitant of trans~tion radiation. 
Bremsstrahlung from isolated scattering centers 
has been thoroughly in.vestigated, but very -little 
attention has been given to the influence of the 

15M. Biondi, Phys. Rev. 102, 964 (1956). 
16L. G. Schulz, Advan. Phys. 6, 102 (1957). 



medium on these photons. They may be refracted 
at the surface of the medium or absorbed in its 
interior; coherency effects between equivalent 
currents generated in the scattering process must 
also be taken into account. 

A general treatment has been carried out for 
the bremsstrahlung distribution from a foil of 
thickness a with dielectric permiuivity E(cu) = 
E1(cu) + iE2(cu) bombarded normally ·by charged 
particles with velocity v(v2/c 2 << 1) and charge 
Ze. The foil is assumed to contain n scattering 
centers per unit volume, each with effective charge 

za P.. 

The number of bremsstrahlung photons per inci­
dent particle per unit solid angle in a direction 
making an angle e with the foil normal and per 
unit frequency range cu may be writteu 

where a= e2/'6e, (3 = v/c, and (02) is the mean 
square angle for ionic scattering per unit length 
in the foil. If one divides the distribution into 
photons with electric vector parallel with (II) 
and perpendicular to (1.) the plane containing the 
foil normal and the photon propagation vector, 
the components of G are: 

1 
G.1 = -,------:--:===:::::::::;=-1 

2Re[ (icu/c) .Jc - sin 2 e] 

cos 2 e 
x .-----::=:===:;='i I cos e + .J E - sin 2 el 2 

' 

2 ( E - 1) sin 2 0. 
c11 = G ..L cos e + -----;:====I E cos e + IE - sin 2 

() 

if acu/ c >> 1 and 

if acu/c << 1. This result shows that the medium 
may have a very strong effect upon bremsstrahlung 
in condensed media in Lhe region of optical fre~ 
quencies. The formulas for the case of a foil 
of arbitrary thickness are very long and will be 
published elsewhere. 
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Ionization of Gas Mixtures 

Studies of alpha-particle ionization of binary 
mixtures of gases containing argon have con­
tinued. If one assumes that two excited sta.tes 
in argon may transfer energy to the added gas, 
provided that the ionization potential, Ix' is less 
than the metastable levels in argon, E 

2 
(11.5 ev), 

and that energy may be transferred to ionization 
of x from only one level E 

1
, where E 

1 
> E 

2 
if 

E 1 > Ix > E 
2

, then a semiempirical equation for 
the W of a mixture Wm may be shown to be 

_1 =l .. (~--1 )z+-1] 
Wm Wx W Ar W Ar 

where 

!,IC 
Z=----

fx +a/ Ar 

and where f and /A are the mole fractions of gas x r 
x and argon, respectively. In this equation a, 
a 1 , a 2 , c 

1 
, and c 

2 
may be regarded as empirical 

parameters (see Table 3.2). Experimental data of 
W as a function of f were fitted to the equation, 

m x 
and values of the parameters shown in the table 
were obtained. The generalized least-square code 

17 Consultant. 
18AEC Health Physics Fellow, 

l9summer employee. 
20 Alien guest from Australian Atomic Energy Re­

search Establishment, Lucas Heights, Sydney, Australia. 
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Table 3.2. Parameters Appearing in the Equation Which Expresses W 

for Binary Mixtures Containing Argon 

Gas, x I a cl °'I c2 x 

Krypton 13.9 0.412 0.0617 0.00456 

Carbon Dioxide 14.4 0.637 0.351 0.00209 

(C0 2) 

Methane 12.8 0.487 0.016 0.00114 

(CH 4) 

Nitrous Oxide 12.3 0.521 0.00656 0.00193 

(Np> 

Ethane 11.6 0.167 0.000138 0.000804 0.0122 0.00401 

(C2H6) 

Acetylene 11.25 0.256 0.0000101 0.00185 0.000117 0.00924 

(C2H2) 

Propane 11.2 0.158 0.0000611 0.00324 0.00556 0.00255 

(C3Hs) 

n-Butane 10.8 0.210 0.0000296 0.003 73 0.000852 0.00234 

(C
4
H 10 ) 

Ethylene 10.56 0.255 0.000055 2 0.00254 0.001'43 0.00193 

(C2H4) 

lsobutane 10.34 0.195 0.000108 0.00469 0.00437 0.00129 

(C 4H 10> 

Cyclopropane 10.23 0.197 0.0000584 0.00429 0.00351 0.00213 

(C3H6) 

Propylene 9.8 0.262 0.0000137 0.00242 0.0.00645 0.00206 

(C3H6) 

Butene-I 9.72 0.203 0.0000197 0.00329 0.00209 0.00248 

(C4HB) 

written for the IBM 7090 21 gave rapidly converging 
results for most of the mixtures. For cases where 
Ix > 11.5 v, the three-parameter equation (i.e., 
dropping the third term) did not give a good fit 
to the experimental data, which indicates that at 
least two excited levels must be taken into 
account in these cases. 

that: (1) electron capture takes place only in the 
H

2
0-C0

2 
mixture; thus permanent electron cap­

ture to form a negative ion of water does not take 
place; (2) the drift velocity in mixtures of H

2
0-

C02, H 20-C2H 4, and H 20-CH4 decreases appreci­
ably due to the addition of a few percent of H

2
0 

to the nonpolar molecular gases when the total 
pressure ranges between 100 to 400 mm Hg. In 
fact, the . transport time per centimeter, w- 1, can 
be represented by Interaction of Low-Energy Electrons with Binary 

Gas Mixtures Containing a Polar Component 

Experimental studies of low-energy (less than 
1 ev) electron capture and drift velocity in mix­
tures of H 20 with N2, C02, CiH 4, and CH4 show 

(1) 

21we are grateful for computation assistance given by 
D. Bagwell, Central Data Processing, Oak Ridge 
Gaseous Diftusion Plant. 



where w01 is the drift time per centimeter in the 
pure nonpolar gas, f 1/f 2 

is the ratio of pressures 
for water and the nonpolar gases, and S(E/P) is 
a function of E/P only. When water is replaced 
with other polar molecules (e.g., acetone, D20, 
methyl alcohol, dimethyl ether, H2S, toluene, and 
nitrous oxide) in mixtures with ethylene, Eq. (1) 
also fits the experimental data for these mixtures. 

The results quoted above for the water-vapor 
mixtures combined with the Bradbury-Tatel 22 data 
for pure water vapor suggested 2 3 the interesting 
idea that P.lectrons make collision of long duration 
in H 20, and successive collision of the quasi­
negative ion leads to a state in which the electron 
is trapped in a potential well supported by col­
lective interaction with many water molecules, 
that is, the polaron. 2 4 Recent unpublished re­
sults 2 5 do not confirm the Bradbury-Tatel data 2 2 

for pure H
2
0, and this may require revision of the 

mechanism suggested above. 

Electron Swarm Measurements with a 
Time-of-Flight Method 

A new method has been developed which permits 
the study of the motion of individual electrons in 
a swarm. The one-dimensional differential equa­
tion describing the motion of electrons is 

an(x. t) 

at 
D a 2n(x, t) W an(x, t) 
---

2
-- - - {:3Wn(x, t) , 

ax ax 

where n(x,t) is the number density of free elec­
trons, D is the diffusion coefficient, W is the 
drift velocity, and {:3 is the probability of capture 
in moving 1 cm in the field direction. The time­
dependent solution of the differential equation, 
neglecting boundary effects, is 

N 2 · 
n(x, t) = __ t-l/2 e-(x-Wt) /4Dt e-f.3Wt 

p;;;D 

22N. E. Bradbury and H. E. Tatel, ]. Chem. Phys. 
2, 835 (1934). 

23 . 
G. S. Hurst, L. B. O'Kelly, and J. A. Stockdale, 

Nature 195, 66 (1962). 
24 S. Pekar,]. Phys. U.S.S.R. X(4), 341 (1946). 
25J. L. Pack, R. E. Voshall, and A. V. Phelps, 

Drift Velocities of Slow Electrons in Krypton, Xenon, 
Deuterium Carbon Monoxide, Carbon Dioxide, Water 
Vapor, Nitrous Oxide, and Ammonia, Westinghouse 
Technical Report No. 11 (Mar. 19, 1962). 
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where N is the number of free electrons per square 
centimeter on the plane x = 0 at time t = O. 

Experimental measurement of the time-of-arrival 
of electrons at a point on a plane x = L is achieved 
by means of a Geiger-Mueller counter operating 
with a low efficiency so that the number of elec­
trons detected by it is a small fraction of the 
number of ultraviolet light pulses releasing elec­
trons at t = 0 on the plane x = 0. In this way 
it may be shown that the distribution of time 
intervals between the ultraviolet pulse and the 
registration of a pulse in the Geiger-Mueller de­
tector provides the distribution function n(L,t). 

A measurement of n(L,t) with a multichannel 
pulse-height analyzer provides simultaneously the 
parameters D, W, and {:3. Preliminary results with 
C 2H 4 appear to be in agreement with Forester 
and Cochran 26 for the quantities D and W. 

Measurement of Light Emission from Irradiated 
Metal Foils 

The investigation of visible and ultraviolet light 
emitted by thin metallic foils irradiated by high­
energy electrons as reported in the last annual 
report (ORNL-3189, p 162) has been continued. 
Typical results are shown in Figs. 3.1 and 3. 2 

260. W. Forester and L. W. Cochran, Diffusion of Slow 
Electrons in Gases, ORNL-3091 (Sept. 29, 1961). 
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for silver and gold foils, respectively, the silver 
foil showing the sharp emission peak as predicted 
theoretically 27 from optical reflectivity data. 

A brief period was also spent in the investi-. 
gation of radiation from foils bombarded by low· 
energy (50-100 ev) electrons as suggested by 
Silin and Fetisov. 28 They report that the sharp 
emission line expected from the plasma oscil• 
lation of free electrons in metals can only be 
observed if the incident electron energy is of the 
order of the Fermi energy. No sharp line was 
observed experimentally. However, the results 
were not considered completely conclusive due 
to the large amount of background light from the 
electron-emitting filament and the fact that the 
lowest-energy electrons used were substantially 
above the Fermi energy ("' 10 ev). 

A grating calibrator hiis been designed, con­
structed, and used extensively during this period 
to determine the absolute transmission of the 
optical spectrometer in the visible and into the 
far ultraviolet. An accurate knowledge of the 
grating and spectrometer efficiency has made 
possible a much more precise analysis of the 
spectra distribution of the light emitted by the 
foils. The results for two gratings are shown m 

27R. H. Ritchie and H. B. Eldridge, Phys. Rev. 126, 
1935 (1962); A. L. Frank, E. T. Arakawa, and R. D. 
Birkhoff, Phys. Rev. 126, 1947 (1962); A. L. Frank 
et al., Optical Emission from Irradiated Thin Metallic 
Foils, ORNL-3114 (July 2, 1962). 

28v. P. Silin and E .. P. Fetisov, Phys. Rev. Letters 
7, 374 (1961). • .f;.'. . ,,..., 
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Fig. 3.3. This study shows that large differences 
may exist in the absolute efficiencies of various 
gratings and also that the efficiency does not 
vary smoothly with wavelength but shows distinct 
peaks at several wavelengths. Spectral data 
taken with these gratings will show similar peaks 
which may be misinterpreted as representing true 
emission peaks from the material investigated if 
grating efficiency is not known accurately • 

For the coming year a detailed investigation will 
be made of the angular distribution of radiation 
emitted by various foils under high-vacuum condi­
tions (10- 8 to 10-9 torr). An irradiation chamber 
has been designed and constructed which makes 
possible a continuous rotation of the spectrometer 
fr.om 0 to 153° with reference to the electron beam 
direction and which will operate at the vacua 
mentioned above. 
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Spherical Electrostatic Analyzer 

The spherical electrostatic beta-ray analyzer (the 
Keplertron) described in the last progress report 
has undergone extensive tests and development. 
The Keplertron consists of two concentric spheres 
with the source spread on the inner sphere in an 
area around the axis of symmetry as shown in 
Fig. 3.4. The electron spectrum is analyzed by 
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Fig. 3.4. Schematic Diagram of the Keplertron, a High· Transmission, Law-Energy Beta Spectrometer. 

varying the voltage on the outer sphere. The in­
strument is to be used for making absolute in­
tensity measurements on electron slowing-down 
spectra over the energy range 1 ev to 40 kev. 
Therefore a precise knowledge is required of the 
transmission of the instrument as a function of 
electron source energy and the resolution as de­
termined from spectral line shape for monoener­

getic electrons. 
An electron gun was used to simulate a radio­

active source giving monocncrgetic electrons of 
known energy and intensity, since sufficiently 
intense line sources of accurately known intensity 

are not available in the region of interest below 
40 kev. It was extremely difficult to build a gun 
simulating the isotropic emission expected of a 
beta-ray source and postulated in the theoretical 
analysis of the Keplertron. Also, in spite of the 
large <?Verall size of the instrument, the gun 

. structure had to be very tiny to avoid distorting 
the electric field on which the · Keplertron op­
eration depends. Two completely different gnn 
structures and about a dozen different cathode and 
filament designs were tried. The most satis­
factory design consisted of a tungsten ball 0.2 in. 
in diameter heated internal:ly£;by a double-wound 

~:.•f 



tungsten helical filament. The ball is at the 
center of a 0. 7-in.-diam hemispherical grid of 
gold wires. 

A typical calibration curve is shown in Fig. 
3.5. The line shape closely resembled the theo­
retical shape; and the energy resolution, defined 
as the width of the line at half maximum intensity, 
is 7% compared with a calculated value of 6.25%. 
The transmission of the instrument is 25% as cal• 
culated after correction for the transmission of the 
screen grid used to reduce the capacity between 
the Faraday cup and the outer sphere to 10- 16 f. 
Similar line shapes were observed from 40 to 
2000 v, and the transmission and resolution re­
mained constant over this range. At lower elec­
tron energies, the energy spread of the electrons 
from the gun affected the natural line shape, but 
the instrument operated satisfactorily down to 
about 2 ev. 
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A preliminary measurement of the negatron 
spectrum from a thick plane Cu64 source over the 
energy range 14 ev to 41 kev is shown in Fig. 3.6. 
The flux may be seen to go through a minimum at 
about 20 kev and to double each time the energy 

below this value is halved. No comparison with 
the Spencer-Fano theory is possible because a 
flat source was used. Further measurements will 
use cavity sources where such comparison is 
valid. 
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Slowing-Down Spectrum of Positrons in Copper 

A previous measurement 29 of the slowing-down 
electron flux in an infinite beta radioactive (P 3 2) 

medium (bakelite) revealed close agreement with 
a simplified version of the continuous slowing­
down theory of Spencer and Fano 30 above 350 
kev; between this energy and 50 kev, the experi­
ment fell below theory by as much as 20%. In 
order to determine whether this disagreement was 
due to experimental uncertainty in spectrometer 
transmission or was a consequence of the use of 
the simplified slowing-down model, a similar study 
has been made of positrons in a pile-irradiated 
copper medium. Because the positrons may be 
distinguished experimentally from the secondary 
electrons they generate, this experimental arrange­
ment permits an observation of the primary 
slowing-down flux. 

An anthracene button 2 ml thick on a 6199 photo­
multiplier and a 256-channel analyzer served as a 
scintillation spectrometer. Deviations from line­
arity in a Fermi plot of Pm 147 were found to be 
explainable by a theory of the scintillation process 
by Birks, and positron data were corrected accord­
ingly. An Nal(Th) spectrometer, adjusted to count 
annihilation photons from positrons dying in the 
anthracene, served to gate a coincidence arrange­
ment which rejected all positron pulses not accom· 
panied by an annihilation photon. Thus, the nega­
tron and secondary electron spectrum from Cu64 

29R. D. Birkhoff et al., Health Phys. 1, 27 (1958). 

30L. V. Spencer and U. Fano, Phys. Rev. 93, 1172 
(1954). 
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did not contribute to the anthracene spectrum. 
Plane and cavity sources were used, and cor· 
rected spectra are shown in Figs. 3. 7 and 3.8 
along with the theoretical spectrum for an m· 
finitely thick source. The data in the former 
case fall below the theoretical curves at low 
energies as expected, because the absence of 
source material adjacent to the emitting surface 
results in a loss of backscattered positrons of 
degraded energy from the spectrum. For the 
cavity source the agreement is very good, sub­
stantiating the recent Monte Carlo calculations of 
electron slowing down by Schneider and Cormack. 3 l 

3 1D. O. Schneider and D. V. Cormack, Radiation Res. 
11, 418 (1959). 
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Radiation Measurements over Simulated 
Plane Sources 

Preliminary mockup and circuitry to he used 
with the 9 x 9 in. Nal crystal in the BREN pro­
gram 2 (Bare Reactor Experiment in Nevada) ex­
periments have been made. These experiments 
will entail spectral measurements of ~amma rays 

scattered from the air and ground from various 
configurations of sources including point and 
distributed sources· of various energies. The 
9 x 9 in. cry3tal will be supported 100 ft to one 
side of the 1500-ft tower by cables, thus allowing 
measurements to be made from ground level to 
1200 ft. Measurements will include the effect 
of ground roughness on the ratio of ground readings 
to those taken in aircraft. Such scattering ex­
periments will lead to a better understanding of 
the measurement of dose due to fallout from 
weapons and reactor incidents. 

Energy Response of G-M Tubes 

During numerous experiments involving both pure 
gamma radiation and mixed component field ra­

diation with the G-M gamma-ray dosimcter,36,3 7 

the need for further development of this type of 
dosimeter was suggested. The original dosimeter 
has been improved by designing a new energy 

3 2Neutron Physics Division. 

3 3 Applied Health Physics Section, Health Physics 
Division . 

34Engineering and Maintenance Group, Health Physics 
Division. 

35Engineering and Mechanical Division. 

36F. J. Davis et al., Health Phys. Ann. Progr. Re pt. 
July 31, 1960, ORNL-2994, p 226. 

37E. B. Wagner and G. S. Hurst, Health. Phys. 5, 
20-26 (1961). 
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Fig. 3.10. Relative Angular Response of Philips 18509 Small Counter, with a Perforated Shield far Co60 Gamma 

Rays. 
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Fig, 3.11. Relative Angular Response of RCL 10-60 G-M Counter for Cs 137 with Energy Correction Shield. 

correction shield which extends its response down 
to 55 kev. To fill the need for a more sensitive 
gamma dosimeter for low-level gamma dose meas­
uren1ents, an energy correction shield has been 

designed for an RCL 10-60 halogen-filled G·M 
counter which is '"37. times more sensitive than 
the Philips 18509 counter. 

The new energy correction shield for the Philips 
18509 counter is similar to the original shield 
with the three following changes: 

1. Thirty holes, 0.081 in. in diameter, were drilled 
in the wall of the shield along the axial di­
rection. 

2. An additional 0.00 3 in. of lead was used around 
the outside walls of the shield covering all 
of the shield, including the 30 holes but not 
covering the end of the shield. 

3. Eight holes, 0.040 in. in diameter, were drilled 
in the end of the shield. 

As shown in Fig. 3.9, the response of the dosim­
eter with the new perforated shield is independent 
of gamma-ray energies down to 55 kev within ±6%. 
The polar response obtained with the same counter 
and shield is shown in Fig. 3.10. 

The energy correction shield for the RCL 10-60 
G-M counter consists of 0.040 in. of tin around 
the walls of the counter with 20 holes, 0.156 in. 
in diameter, and 24 holes, 0.186 in. in diameter. 
The end of the shield is also 0.040 in. of tin 

with 5 holes, 0.106 in. in diameter, and 4 holes, 
0.095 in. in diameter. From Fig. 3.9 it can be 
seen that the response of the RCL 10-60 dosimeter 
is independent for gamma energies down to 50 
kev ± 123. The polar response of the larger G-M 
dosimeter is shown in Fig. 3.11. 

Fast-Neutron Spectrometer 

The dual-crystal scintillation proton recoil fast­
neutron spectrometer described in the preceding 
annual report 38 has been in use at the Nevada 
Test Sire for Operation BREN (Bare Reactor Ex­
periment in Nevada). 

In Nevada the device was used to measure the 
fast neutron spectrum from the HPRR (Health 
Physics Research Reactor) as a function of dis­
tance and angle. 

Several improvements in the electronics were 
made in the field; the major improvements were 
iu the coincidence circuits. A tunnel diode cir­
cuit was designed, which allowed a coincidence 
timing of less than 0.1 µsec. This resulted in 
improved gamma-ray rejection. Further monoener­
getic neutron studies with the neutron spectrometer 
and a computer program to allow machine reduction 
to the BREN data are contemplated. 

38J. A. Auxier et al., Health Phys. Ann. Progr. Rept. 
july31, 1961, ORNL-3189, p 177. 



Gamma-Ray Spectrometer 

The gamma spectrometer described previously 39 

proved to have too low a sensitivity to allow truly 
sig~ificant measurements to be made in the low­
radfation ·fields at large distances from the BREN 
tower. However; it should be satisfactory for use 
closer to the HPRR ·(Health Physics Research 
Reactor), for example, 100 ft or less. 

Additional work on the spectrometer is planned. 
The gamma spectrometer will be redesigned, and 
measurements of the ga.mma spectrum will be 
attempted after the HPRR is in operation at the 
DOSAR (Dosimetry Applications Research) facility. 

Health Physics Research Reactor (HPRR) 

The HPRR was completed and tested and was 
used in experiments at the Nevada Test Site 
(Operation BREN). Operation has included steady­
state runs of up to 1250 w for periods of several 

hours and bursts of approximately 10 17 fissions. 
Figure 3.12 shows the reactor mechanism without· 
the core but with the safety plate installed in an 
afominum hoist car o.n the 1527-ft-high BREN tower 
at NTS. Figure 3.13 shows the preamplifier cabinet 
mounted on a second (higher) level of the sam.e 
car. A view of the aluminum car with doors re" 
moved is shown in Fig. 3.14. The control console 
and weather recording instruments located in an 
underground bunker are shown in Fig. 3.15. 

A histogram showing neutron flux and percent of 
tot~l _dose as a function of neutron energy is shown 
in Fig. 3.16. The threshold detector station was 
located 44 in. from the center of the core, on a 
line perpendicular to the central axis of the core. 
The exposure was 15 min at a power level of 
1250 w; the total dose was 822 tissue rads of 
fast neutrons. At 1 rh from the core, operated in 
this configuration, the dose rate should be approxi­
mately 3200 tissue mrads hr- 1 w- 1• The gauuna­
radiation dose was about 153 of the. neutron dose; 
the. neutron-gamma ratio s_hould increase when die 
reactor is operated at the DOSAR facility. 

Nuclear characteristics of the reactor and the 
{ 

results of criticality studies have been ·reported 
elsewhere .. 40 - 4 2 

Ga.:nma-Radiation Source. - A nominal ·1200-curie 
Co 60 source was fabricated for use at the DOSAR 

391. A. Auxier et al., Health Phys. Ann. Progr. Re pt. 
July 31, 1961, ORNL-3189, p 176. 
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facility and for B~EN. Figure 3.17 shows the 
capsule designed to be operated pneumatically at 
the DOSAR and to.provide for low "self-absorption" 
in the source capsule. 

Other DOSAR Facilities. - A plot plan of the 
DOSAR structures is shown in Fig. 3.18. A plan 
view of the control and reactor buildings is shown 
in Figs. 3.19 and 3. 20, respectively. The major 
facilities have been completed and are shown 
in Figs. 3.21-3.23. The reactor positioning de­
vice, Fig. 3.24, will be completed by early August 
1962. 

Bare Reactor Experiment in Nevada (BREN) 

Operation BREN 43 · 44 was the major effort in the 
Ichiban Program. During BREN the radiation 
fields from nuclear weapons were simulated by 
means of an ·unshielded nuclear reactor, the ORNL 
Health Physics Research Reactor (HPRR), 4 5 sus­
pended at several - elevations on a 1500-ft tower 
located at the Nevada Test Site. The reactor-tower 
facility provided a good simulation of the neutron 
field due to_ a nuclear weapon, because in both 
devices the leakage neutrons escaped from the 
assembled fissile material and were moderated 
by air. At distances from the source greater than 
a few hundred yards, equilibrium obtains in the 
neutron-energy. distribution, and energy and angular 
distributions are not strongly influenced by the 
design of the neutron source. Use of a reactor 
operated 1n the steady-power mode permitted· use 
of sensitive "in-laboratory" 'type instruments that 
could not· be used for brief intervals at high dose 
rates' or with blast conditions present. 

Several components of the gamma-ray field of a 
nuclear device are well simulated by means of 
a bare reactor. Because the neutron field so 

40w. E. Kinney and J. T. Mihalczo, ORNL Fast Burst 
Reactor: Critical Experiments and Calculations, ORNL 
CF-61·8·71 (Aug. 24, 1961). 

41 ]. T. Mihalczo, Reactivity Calibrations and Fission 
Rate Distributions in an Unmoderated, Unreflected 
Uranium-Molybdenum Alloy (__Research Reactor, ORNL 
TM-189 (May 10;--1902). - · 

42 .r . . -
J. T. Mihalczo, Superprompt Critical Behavior of an 

Unreflected Unmoderated, Unreflected Uranium-Molyb­
denum Alloy Assembly, ORNL TM-230 .(May 10, 1962). 

43]. A. Auxier et al., Technical Concept - Operation 
BREN~ CEX-62.01 (] anuary 1962). 

44F. W. Sanders et al., Operation Plan and Hazards 
Report - Operation BREN, CEX-62.02 (April 1962). 

45M. I. Lua,din, Health Physics Research Reactor 
H.azards Summary, ORNL-3248 (June 27, 1962). 
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Fig. 3.12. HPRR Installed in an Aluminum Hoist Car on BREN Tower. 
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Fig. 3.13. Preamp! ifier Cabinet Ins ta I led in an Aluminum Hoist Cor on BR EN Tower. 
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Fig. 3.14. Aluminum Hoist Car Containing HPRR and Preamplifier Cabinet Installed on BREN Tower. 



Fig. 3.15. HPRI'. Control Console and Weat '.,er Recording lnstrumants Installed in Undersround Bunker. 
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closely approximates that from a weapon, ne­

glecting hydrodynamic effects, the gamma rays 

originating in neutron-air interactions will have 

the same energy and angular distribu tion s as the 

corresponding weapons gamma rays . Prompt gamma 
ra ys from fission leak through the assembled 

fissile material as do those from fission in 

weapons. The gamma rays from fission products 
in a reactor, however, leak from the assembled 

fissile material, whereas fi ssion products from a 
weapon detonation are di s tributed in an expanding 

and rising cloud . 
To separate, at least semiquantita tively, the 

components of the gamma-ray field, dose meas­

urements (as a function of angle of incidence and 
distance from the reactor) were made during steady­

power-level operation of the HPRR. Measurements 
were also made of the energy distributions as a 

function of time after the reactor was operated 
in the burst mode. A 1200-curie Co 6 O point gamma­

ray source was then substituted for the HPRR, 
and energy and dose distributions (as functions 

of angle of incidence) were measured a t distances 

of 750 and 1000 yd from the tower. 
Although most of the data are being processed 

at present, some typical angular distribution 

curves are shown in Figs. 3. 25-27. Figure 3.25 
shows the neutron distribu tion at 750 yd from the 

to v, er for a reactor operating height of 1125 ft , 
and Fig. 3.26 shows the gamma-dose distribution 
for the same configuration. The gamma-ray curve 

is subject to some modification, since the re­
sponse of the detector to the high-energy gamma 

rays from neutron interactions with nitrogen must 
yet be determined . Figure 3. 27 shows the angular 
distribution of gamma radiation from the 1200-curie 

Co60 source for the same configuration. 

Metaphosphate Glass Microdosimeters 

Experimental evaluation on the additivity of 
small doses noted in the previous annual report 

(ORNL-3189, p 175) is continuing with the addi­
tional exposure of 500 mr of radium gamma ex­

posure per working day. The weekly readings 
have been suspended due to the demands of the 

Ichiban and BREN projects. Meanwhile, partial 
results on dose integration and fading have been 

obtained. In July 1960, an experiment was initi­

ated wherein a group of badges were exposed to 

10 mr of radium gamma per working day for 1 yr, 
another group was s tored in a lead pig to serve 
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as controls, and others were exposed to single 
doses of 2.5 r in July 1960, January 1961, and 
July 1961, respectively. The net readings and 
standard deviations as of July 1961 are shown in 
Table 3. 3. 

F.xpos11res are also being made periodically over 
a wide range of doses to three kinds of glass to 
get a better determination of effects of dose on 

regression (i.e., decrease of fluorescence with 
time) rate and the comparison of regression rates 
after single exposures to the three types of glass. 
In this experiment the fluorods are exposed at dif­
ferent times to the same doses and will be read 
a l one time. Previously, one exposure was made, 
and tlie fluorods were read repeatedly thereafter. 
In many cases the rods became chipped and the 
results were consequently erroneous. 
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Fig. 3.21. Exterior View of Control Building. 
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Fig. 3.23. Interior View of Reactor Building . 

Table 3.3. T i me-Dependence of Low-Dose Response of Fluorods 

Number of Av 
Exposure Rods 

Av Predose Av July 1961 Difference 

10 mr per working 24 B.4G ±0.33 10.07 ±o.n i.61 :Lo .79 

day, "'2.5 r 

2. 5 r, July 1960 6 8.58 ±0.27 9.50 ±0. 23 o.n ±o .35 

2.5 r, January 1961 6 8.68 ±o.41 10.40 ± 1.23 1. 72 ± 1. 30 

2.5 r, July 1961 6 8.60 ±o .53 10.44 ±0 .91 1.84 ± 1.05 
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PHYSICS OF TISSUE DAMAGE 

R. D. Birkhoff 

]. G. Carter D. R. Nelson 

Emi5sion Spectra of the Low-Temperature 
Thermoluminescence from X-lrradiated 

Biochemicals 

The Physics of Tissue Damage Program has 
continued the study of the dispo·sition of energy 
(in biologi~~l materials) absorbed from ionizing 
radiation. The interference filter spectrograph, 
described in the previous annual report (ORNL-
3189, p 160), was calibrated absolutely with a 
NBS standard light source in order to determine 
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the absolute light yields from the materials. In 
addition,· the ass.ciciated experimental ·.apparatus 
was modified so as to permit a better measure of 
the effects produced when the samples are placed 
in different gas atmospheres. 

Thin layers of powdered trypsin, tyrosine, phen­
ylalanine, and ·tryptophan were irradiated under 
an atmosphere of helium with 230 kvp x rays at 
77°K. The intensities of the immediate lumi­
nescence (IL) emitted during the irradiation and 
the thermoluminescence (TL) emitted upon sub­
sequent heating were recorded through a series 
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of interference filters spanning the spectral region 
2500 to 7500 A. From these values it is esti­
mated that of the total energy absorbed by these 
biochemicals at 77°K, the amount reemitted as 
visible or near-ultraviolet light in IL and TL 
varies from about 0.13 for trypsin to about 3 .83 
for tryptophan. This compares with an IL of 
12.63 for anthracene at room temperature under 
the same conditions. For the IL, a quantum is 
emitted for about each 80.4 ev (for tryptophan) 
to 314 5 ev (for trypsin) absorbed. The ratio of 
energy emitted in TL to energy emitted in IL 
varies from 0. 0004 to 0. 008 for the four com­
pounds studied. 
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In contrast to the intensity of IL, the intensity 
of TL is dependent upon the pressure of gas 
present during the irradiation and heating. That 
is, the better the vacuum, the lower the TL in­
tensity. Furthermore, if the gas was present 
during irradiation at low temperature and then 
pumped off before the sample was warmed, light 
was emitted during this pumpoff. The amount. of 
light emitted was approximately the same as 
would have been given off if the sample had 
been warmed at the normal rate. With vacua· of 
the order of 10- 5 mm Hg, the TL from the various 
samples was reduced by at least a factor of·50. 
Furthermore, upon adding gases (helium, argon, 
oxygen), it was found that there was no differen.ce 
in the resulting spectrum. Each amino acid ?or· 
protein had a characteristic spectrum which w·as 
independent of the type of gas present but was 
dependent on gas pressure. A series of experi­
ments were made on the effect of surface area 
of the sample. Since it was not possible to obtain 
our biochemicals in various crystalline sizd·s, 
another substance (NaCl) was chosen which was 
easily obtainable in various crystalline size:~. 
At a given gas pressure of 500 µ of 0 2, theie 
was a linear increase in the total amount of TL 
as a function of sample surface area. Similar 
results were obtained with helium, H

2
0 vapor, 

and argon. 

These results with NaCl point out the im­
portance of surface effects on the phenomenon 
of TL. Similar measurements of a qualitative 
nature on the amino acids showed a similar de­

. pendence on crystalline size. 

The dependence of TL on surface gas absorption 
indicates that this phenomena may be quite in­
directly related to radiation effects in biological 
systems. Although some additional study is nec­
essary to confirm and evaluate the above observa­
tions, it is possible that future experimental effort 
may better be devoted to a more direct study of 
the interactions of electrons and biological mole­
cules. As examples, an electron time-of-flight 
energy analyzer is being developed which may 
make possible measurement of the cross section 
for exchange of energy of as little as 0.01 ev 
between fast electrons and molecules. Or, the 
application of the new electron tunneling tech­
niques to the measurement of electronic mean 
free paths in biological materials for electrons 

of energies between 1 and 20 ev may be attempted. 
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4. Internal Dosimetry 

ESTIMATION OF INTERNAL DOSE 

Estimation of the Intake of Pu 239 to Blood 

W. S. Snyder 

Two computer codes for estimation of the body 
burden (exclusive of lung burden) of Pu239 from 

urinalysis data were reported previously . 1 These 
codes are basically similar, both depending upon 

the metabolic model developed by Langham. 2 

Langham found that urinary excretion and total 
excretion of Pu 2 3 9 on day t following a single 
intravenous injection of a unit amount were approxi­
mately expressed by th~ equations 

Y u(t) = at- a, 

Yu+/f) = bt-/3, 

(1) 

(2) 

with a = 0.0023, a = O. 77, b = 0.0079, and /3 = 
0.94. 

If /CT) dT designates the amount of Pu239 

entering the blood in time interval dT about T; 
then the urinary excretion resulting from total 
exposure up to time t days is given by 

U(t) =a ftdT f(T) (t - T)-a. (3) 
0 

Equ::ition (3) c::in be inverted to obtain 

1 Lt = dT U(T)(t-T)a-l, (4) 
ar( a)['(I - a) o 

1w. S. SnydN, HP.a.lt.b Pby.~. Diu. A1111. Pr11gr. RP.pt.. 
July 31, 1961, ORNL-3189, P 191. 

2w. H. Langham et al., Distribution and Excretion of 
Plutonium Administered Intravenously to Man, LA-1151 
(1950). 
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where f'(x) is the well-known gamma function. Thus, 
the total intake of Pu 2 3 9 to blood before time t 
can be obtained from Eq. ( 4) if the urinary excre­

tio'n data symbolized by U(T) .are known. In. 
practice the function U is only partially known 
since only occasional urine specimens will be 
analyzed. However, even ii!\ approximate estimate 
of intake is desirable since it is very difficult to 

obtain a reliable ~stimate of exposure to Pu 239 

by other means. 
To test the accuracy of Eq. (4), the data of the 

hospital patients studied by Langham 2 have been 
used in Eq. (4). The amount of Pu 239 excreted.in 

the urine by a given patient was used to establish 
the values of U(t) on the sampling days, and excre­
tion 'rates at intermediate times were obtained by 
linear interpolation. A code for the IBM 7090 was 
prepared which evaluated Eq. (4) f_or the function 
U(t) obtained. Table 4.1 shows the results for ten 
patients studied, giving the amounts injected and 

the percent of error of the estimate: 
To determine the major sources of error contri­

buting to the inaccuracy of the method, the urine 
data of each patient were approximated by a power 
function. The power function at- a was fitted to 
the daca in three ways: 

1. a least-squares fit to the daily excretion 
values, 

2. a fit by minimizing 

n-1 

E 
i=l I 

il-a...:.(i-1)1-al 
S. - a , 

1 1-a 

3. a fit minimizing 

n-1 

E 
i=l 

il-a_ (i-1)1-~2 
s.-a------

l I - a 
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Table 4.1. Estimation of Plutonium Intake 

Case 

(Average curvea) 

Plutonium Injected Estimated 

Injection (µ.c) 

Percent of 

Error 

Hp 1 

Hp 2 

Hp 3 
Hp 4 
Hp 5 
Hp 7 

Hp 8 

Hp 9 
Hp 10 

Hp 12 

aLA-1151, 0.0023t-O. 77. 

The expression 

(µ.c) 

0.283 

0.314 

0.302 

0.302 

0.314 

0.388 

0.401 

0.388 

0.376 

0.289 

dt at-a a 
iI-a_ (i-I)I-a =Ji 

1 - a i- I 

represents the amount excreted on the ith day if 
the excretion rate is at-°; and methods (2) and 
(3) minimize the sum of the deviations and the 
sum of squares of the deviations of this quantity 
from the sample value. Methods (2) and (3) seem 
more appropriate for the use of the function at- a 
in the code reported here since this code uses the 
function to describe a continuous excretion rate 
and does not use it to define a discrete set of 
amounts excreted on each day. Figure 4.1 illus­
trates the difference in principle involved here. By 

method (1) the daily values Si are compared with 
the height of the curve, while in methods (2) and 
(3) the areas under the curve for each day are com­
pared with the daily excretion values. Table 4.2 
shows the values of a and a obtained by each of 
these methods. It is clear that whichever method 
is used, there is considerable difference in the 
values ofa and a obtained for different individuals, 
indicating that there are significant individual 
differences and that no ''average curve" or single 
set of values of a and a can be expected to repre­
sent any individual's data with great precision. 

The values of a and a obtained by the above 
methods were used in the code, and the individual's 

0.173 
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0.140 

0.186 

0.344 
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0.310 
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17 

intake to blood was then estimated at various times 
postinjection. Table 4. 3 shows the results obtained· 
with all the urine data of each patient and with the 
parameters a and a as determined by fitting the 
data to the area under the curve by methods (2) 
and (3). Comparison with Table 4.1 shows that 
these methods significantly improve the accuracy 
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Table 4.2 Individual Retention Functions 

Average excretion (Langham), 0.23t-O. 77 

Least Squares Least Deviations Least Squares 

Case (point fit) (area fit) (area fit) 

a a a a a a 

Hp 1 0.2603 0.811 0.1050 0.422 0.1188 0.416 

Hp 2 0.6843 1.224 0.1733 0.633 0.2090 0.581 

Hp 3 0.4799 1.171 0.1645 0.711 0.2069 0.645 

Hp 4 0.687l 1.081 o. 7.200 0.500 U.2281 0.508 

Hp 5 0.1898 0.844 0.1110 0.625 0.1218 0.599 

Hp 7 0.3926 1.201 0.0797 0.633 

Hp 8 0.3352 0.832 0.1561 0.586 0.1780 0.556 

Hp 9 0.1137 0.455 0.0950 0.406 0.0960 0.402 

Hp 10 0.6009 1.137 0.1650 0.602 0.2119 0.535 

Hp 12 0.1192 0.470 0.0844 0.383 0.0851 0.333 

Table 4.3. Individual Retention Functions and Estimates of Intake 

Least Squares Least Deviations 

Case Injection (area fit) Estimated Error (3) (area fit) Estimated Error (3) 
(µc) Intake Intake 

a a a a 

Hp 1 0.283 0.1188 0.416 0.224 -26.3 0.1050 0.422 0.256 - 9.5 

Hp 2 0.314 0.2090 0.581 0.219 -43.4 0.1733 0.633 0.293 6.7 

Hp 3 0.302 0.2069 0.645 0.217 -39.1 0.1645 0.711 0.284 6.0 

Hp 4 0.302 0. 2281 0.508 0.222 -j6.0 o.noo 0.500 0.225 -25.4 

Hp 5 0.314 0.1218 0.599 0.265 -18.5 0.1110 0.625 0.295 - 6.0 

Hp 7 0.388 0.0797 0.633 0.487 +25.4 

Hp 8 0.401 0.1780 0.556 0.320 -25.3 0.1561 0.586 0.394 1.8 

Hp 9 0.388 0.0960 0.402 0.382 - 1.6 0.0950 0.406 0.393 + 1.4 

Hp 10 0.376 0.2119 0.535 0.265 -29.5 0.1650 0.602 0.388 + 3.1 

Hp 12 0.289 0.0851 0.333 0.326 +11.3 0.0844 0.383 0.383 +32.5 

of the estimate, so that individual variation and 
the method of fitting the curve to the data seem to 
be significant sources of inaccuracy. The results 
obtained when the intake was estimated at earlier 
times were essentially comparabl~. 

may be expected to introduce further inaccuracies 
in the estimate. Table 4.4 shows the results 
obtained when only the sample values for alternate 
days (every third day) are used. There is no very 
marked effect on the estimate in these cases. It is 
not feasible to use gaps of 20 to 30 days in these 
data since they do not extend far in time, so the 
practical question is not resolved by this study. 

In using the code with data from employees, 
there will be rather large intervals between the 
dates at which urine specimens are collected. This 
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Table 4.4. Effect of Sample Spacing ·on· Estimated Intake 

Least Deviations Daily Samples 

Case (area fit) 
Estimated Error (3) 

a a 

Hp 1 0.1050 0.422 0.256 - 9.5 

Hp 2 0.1733 0.633 0.293 - 6.7 

Hp 3 0.1645 0.711 0.284 - 6.0 

Hp 4 0.2200 0.500 0.225 -25.4 

Hp 5 0.1110 0.625 0.295 - 6.0 

Hp 7 0.0797 o.633 0.487 +25.4 

i-Ip 8 0.1561 0.586 0.394 1.8 

Hp 9 0.0950 0.406 0.393 + 1.4 

Hp 10 0.1650 0.602 0.388 + 3.1 

Hp 12 0.0844 0.383 0.383 +32.5 

It is concluded that the model and programming 
methods developed here for estimating intake of 
Pu 2 3 9 to blood from urinalysis data are sound in 
principle. It is clear that the estimate will not be 
highly accurate if one must use an excretion curve 
representing an "average" individual or if sampling 
is infrequent. Perhaps accuracy within a factor of 
2 might be a measure of the average error to expect, 
although it seems highly probable there will be 
cases where the error is greater than this. With 
more adequate data the error can be reduced sub­
stantially, particularly if individual variation can 
be taken into account in some way. The optimum 
type of program to use with this model. is being 
explored, particularly with respect to the first few 
days following intake. 

STABLE-ELEMENT METABOLISM BY MAN 

Statistical Evaluation of Dose Resulting from a 
Constant Level of Contamination in the 

Environment 

W. S. Snyder M. ]. Cook 

Because recommended limits on intake of ingested 
radionuclides are. frequently based upon a'' standard 
man," individual variations correlated with age, 
sex, weight, individual habits, etc., are not· taken. 

Alternate Day Every Third. Day 

Estimated Error (3) Estimated Error (3) 

0.259 - 8.5 0.249 -12.0 

0.310 1.3 0.309 - 1.6 

0.298 1. 2 0.347 +14.9 

0.247 -18.1 0.249 -17.5 

0.301 - 4.1 0.334 + 6.4 

0.476 +22.7 0.486 +25.3 

0.393 2.0 0.426 + 6.2 

0.398 + 2.6 0.412 + 6.2 

0.393 + 4.5 0.417 +10.9 

0.344 .+19.0 0.420 +45.3 

into account. These various individual charac­
teristics might plausibly be considered as pro­

ducing differences in dose among a chronically 
exposed population. In an attempt to delineate as 
objectively as possible the extent of this dose 
variation, two statistical treatments have been 
applied to the data of Tipton et al., 3 Kulp et al., 4 

and Bryant et al. 5 If the exposure is chronic, the 
distribution of doses should be, within a factor of 

31. H. Tipton and M. J. Cook, ''Trace Elements in 
Human Tissue. Part II. Adult Subjects from the United 
States," submitted to Health Physics J.; I. H. Tipton, 
"Work Book: Raw Data for Spectrographic Analysis of 
Human Tissue. One Hundred and Fifty Subjects from 
the United States," unpublished ·data (August 1961); 
I. H. Tipton and M. J. Cook, "Inorganic Analysis of 
Human Tissue," Health Phys. Div. Ann. Progr . . Repts.: 
July 31, 1958, ORNL-2590, p 149-55; July 31, 1959, 
ORNL-2806, p 194-200; July 31, 1960, ORNL-2994, 
p 256-64; and July 31, 1961, ORNL-3189, p 203-6; I. H. 
Tipton, "The Distribution of Trace Metals in the Human 
Body," Metal-Binding in Medicine (ed. by M. J. Seven 
and L. A. Johnson), p 27-42, Lippincott, Philadelphia, 
1960. 

4J. L. Kulp and A. R. 
Environment, Vol. 11: 
(September 1961). 

Schulart, Sr90 in Man and His 
Analytfral Data, NY0-9934 

5F". J. Bryant et al., Radioactive and Natural Strontium 
in Human Bone, United Kingdom Results ·for Mid and 
Late 1958, AERE-R-2988 ( 1959); F. J. Bryant et al., 
Radioactive · and Natural Strontium in Human Bone, 
United Kingdom Results for 1957, AERE-C/R-2583 
(1958); J. W. Arden et al., Radioactive and Natural 
Strontium in Human Bone, United Kingdom Results for 
1959. Part I, AERE-R-3246 (1960). 
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proportionality, that of the concentration of a 
corresponding stable isotope present in the envi­
ronment. 

The distribution of a real-valued, random variable 
in a population, for example, average concentration 
of Ra 2 26 in the skeleton of an individul;ll, is usually 
characterized by the cumulative probability func­
tion f of the distribution. This function may be 
defined by f(x

0
) = probability that an individual 

selected randomly in the population will have a 
value (concentration) less than x 0• Thus, f(x 0) is 
the fraction of the population whose value for the 
d1aracteristic in question is less than x

0
• It is 

clear that in the case of a concentration in a tissue, 
f(O) = 0 and f(x) = 1 for very large values of x. The 
function is nondecreasing within these extreme 
values. In most cases uf practical inceresc, che 
function f fur a given staciscic is unknown, and 
inferences concerning it must be based on sampling 
of the population. 

Suppose a sample of n individuals is selected 
randomly from a given population. Let xi, i = 
1, 2, ... , n, be the values of the random variable 
being sampled; for example, 100 individuals may 
be selected randomly and their body burdens of 
Cs l 3 7 may be determined. We may suppose the 

1 kd h . < < < < va ues are ran e , t at 1s, x 
1 

= x 
2 

= x 3 = ... = 
xn, although this is not intended to imply that x 

1 
was the value determined for Lhe first inili vidual 
sampled, x 

2 
for the second, etc. The sample 

cumulative will be denoted by f s and is defined as 
follows: f s(x) = the fraction of the sample with 
values less than x. Thus, if a value x lies between 

xi and xi+l of th~ sample, then f/x) = i/n. It 
would be expected that a second sample of n 

individuals selected randomly from the same popu­
lation would show a somewhat different sample 
cumulative. However, if the sample size is large 
and the sampling sufficiently unbiased, one would 
expect that f s would approximate fin some sense. 
The statistical methods used here permit one to 
infer objectively certain conclusions about f from 
the study of f s· In particular, a band about the 
graph of f s will be indicated within which the 
graph of f may be expected to lie with rather high 
probability. 

Brunk 6 has given a method of determining a 
confidence interval in which a given percentile of 

6tt. D. Brunk, An Introduction to Mathematical Sta­
tistics, Finn, New York, 1960. 
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the population must lie. By a slight modification 
of the argument, one can determine confidence 
bounds on the cumulative distribution function at 
a given value x

0
• That is, given an arbitrary but 

fixed value. x
0

, one wishes to determine a value 
P 

0 
such that the statement f(x

0
) > P 

0 
can be 

asserted with 953 confidence. The statement 
"f(x

0
) > P 

0
" is equivalent to asserting that the 

P 
0

th percentile of the distribution is less than 
x 0• If x k + 1 is the ranked sample value immediately 
above x

0
, then it follows that the P 

0
th percentile 

is less than x k + 1• The probability for this to 
occur is easily seen to be 

k 

.!: nCjP~( 1 - p O)n-j. 

j=O 

If P 
0 

is selected to make this sum equal to 0.05, 
then the statement f(x

0
) > P 

0 
implies that an event 

of probability 0.05 has occurred, that is, one has 
953 confidence that the statement f(x

0
) > P 

0 
is 

wrong. Thus, if x k + 1 is the observed sample value 
immediately. greater than x 

0 
and if P 

0 
is selected 

so that 

k 

.!: nC;Pb(l- P 0)n-j = 0.05, 
j=O 

then the statement f(x
0

) ~ P 
0 

can be asserted with 
953 confidence. 

By a similar argument, if x k is the sample value 
immediately less than x

0 
and if p

0 
is determined 

so that 

n 

l"" C.pi(I - p )n-i = 0 05 
~ n J 0 0 • · 

j=k 

then the statement f(x
0

) ~ p
0 

can be asserted with 
95 3 confidence. It will be noted that while p 

0 
and 

P 
0 

as defined above depend on the choice of x
0

, 

they are constant for any choice of x
0 

such that 

xk < x 0 < xk+l· Moreover, if x 0 is selected to 
exceed xn, the method does not determine a 
corresponding P 

0
, and one has only the trivially 

correct bound f(x
0

) ~ L Likewise, if x
0 

is less 
than x 1 , then one can only assert the trivially 
correct f(x 0) ~ 0. It is clear that this type of 
analysis can be applied for other degrees of con­
fidence, but if the sample size n is small, P 

0 
and 

P 0 may differ greatly and thus not give a good 
indication of the position of the value of the 



cumulative distribution function at x 
0

• This has 
been discussed somewhat in ref 1. 

The band obtained by Brunk' s method is not a 
confidence band for the entire distribution curve 
but rather gives an upper (lower) bound for the 
distribution at each point of the range with 953 
confidence. Massey 7 has defined a somewhat 
wider band for which the statement "the cumulative 
of the distribution lies within the band" can be 
asserted with 953 confidence. The band is of 
width 2da, where dais a function of the confidence 
1 - a that is desired and also of the sample size. 
For sampJesize Ngreater than50, d

0
•
05

is approxi­
mately 1.36/VN, and for sample size below 50, 
da is tabulated by Massey. 

Figures 4. 2 - 4.4 show the sample cumulative, 
the 953 confidence band for the population cumu­
lative distribution as given by Massey, and the 953 

7w. J. Dixon and F. J. Massey, Jr., Introduction to 
Statistical Analysis, 2d ed., McGraw-Hill, New York, 
1957. 
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confidence bounds at each concentration as ob­
tained by the method of Brunk for the tissues and 
isotopes analyzed in this report. The median and 
the mean of the sample also are shown. 

The concentration of aluminum in lungs as meas­
ured by Tipton in 123 adults from U.S. urban popu­
lation is shown in Fig. 4. 2. Because the sample 
mean is greater than the sample median, it is 
likely that the distribution is skewed toward the 
high values and therefore is not a normal di stri­
bution. The shape of the confidence bands gives 
further confirmation of this skewed distribution. 

Aluminum is considered to be a nonessential 
element, that is, there is no known metabolic 
function. Such nonessential elements generally 
are found to show a greater degree of variability 
m the population than the elements which are 
known to have a metabolic function or which are 
chemically similar to an essential element. Thus, 
the 803 range of aluminum, defined as the differ­
ence P 90 - P 10 of the 90th and the 10th percentile 
of the sample distribution, is 40. 5 µg/ g, and the 
ratio of this 803 range to the sample median is 

UNCLASSIFIED 
ORNL-LR-DWG 66430A 

MASSEY: m + .:;.! AND m - ,:;:. 95% CONFIDENCE BAND FOR THE POPULATION CUMULATIVE DISTRIBUTION 
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O.B 

0.6 
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0.2 
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BRUNK: 95% CONFIDENCE BOUNDS AT EACH CONCENTRATION (c) 
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Fig. 4.2. 953 Confidence Bands for the Distribution of Aluminum in Lungs of Adults in U.S. Urban Populations 

(Ages: 20-59). 
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Fig. 4.3. 953 Confidence Bonds for the Distribution of Ra 226 .in Total Skeletal Ash of Cadavers from New York 

City (Ages: 20-91). 

found to be 1.93. This statistic is invariant under 
a change of scale and may be considered as one 
measure of variability of the distribution. 

As an illustration of the use of these curves, 
the percent of the adult urban population with con­
centration of aluminum in the lungs exceeding 
three times the sample median may be E;Stimated. 
This amounts to estimating the percentage of the 
U.S. adult urban population with concentration 
values in excess of 63 µg/g. Using the Massey 
test, one can assert with 95% confidence that the 
population cumulative at 63 µ.g/ g is greater than 

86%, and thus one can assert with 95%. confidence 
that the percent of the population with concentra­
tion values about 63 µg/ g does not exceed 14%. 
However, the Brunk method can also be used and 
is always more efficient in making a test at a. 
single value of the concentration. . Thus, the 
method of Brunk indicates with 95% confidence 
that the population cumulative at 6 3 µg/ g is above 
95% and thus with 953 confidence that the adult 
urban population with concentration values above 
63 µg/ g is no more than 5%. While the Brunk test 
is more efficient for such estimates, the band 



108 

UNCLASSIFIED 
ORNL-LR-DWG 66136R-1 

MASSEY• m+ g:. And m-~ 95%Confidence Band For The Population Cumulative 
.., 72 .., 72 

Distribution 

m•Sample Cumulative; Sample Size, nc72 AERE-R-2988 

.Lam·..£.. =m· ... li.m 
72 • 72 t '72 

AERE - C/R-2583 
AERE- R- 3246 

Brunk: 95%Confldence Bounds At Each Concentration (c) 

1.0 r-~~~~~~~~~~~~~~~~~~~~~r~...r=-=-~~:r-_-::::~:=~.r.=.=.=.==.=.=.~1~ •• ~.1~-~-~-~-~--~-~:::::::::~ 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

r 
I 

r_J 
I 

r...J 
I .......... 

r 
I 
I 

r...J 
..r...J 

I 

r....1 
I 
I 

_..r 

•. .'..r-- .... ----­
r-- - _. 

..r..J 

_________ ..r __ _r 

SAMPLE MEDIAN 

0.1 
SAMPLE MEAN 

50 100 150 200 250 300 350 

C,µ.g Sr/g Ca 

Fig. 4.4. 953 Confidence Bands for the Distribution of Sr/Ca Ratios in British Stillbirths. 

given by the Massey method must be used for 
assertions concerning the behavior of the curve as 
a whole. 

The distribution of Ra 226 in the total skeletal 
ash of 125 cadavers of adults from New York City 
as reported by Kulp and Schulert 4 has been 
analyzed similarly, and the results are shown in 
Fig. 4.3. Again the distribution seems skewed to 
the right and thus is not a normal distribution. The 
803 range divided by the sample median is 1.38; 
th us, this variability seems somewhat smaller 
than in the case of alwninum in lungs. 
_Three times the median of the sample is 2.4 x 

10 14 g of Ra 226 per g of ash, which exceeds all 
125 values of this sample. By the use of Brunk' s 
test, one may assert with 95% confidence that the 

population cumulative at 2.4 is above 97.53 and 
tl1al the adult urban populations with concentration 
values above 2.4 is not more than 2.53. 

The distribution of strontium-calcium ratios in 
7 2 British stillbirths as reported by Bryant et al. 8 

is analyzed in Fig. 4.4. The distribution appears 
more nearly symmetrical. It is found, however, 
that the distribution is not normal. There are 

8F. J. Bryant et al., Radioactive and Natural Strontium 
in Human Bone, United Kingdom Results for Mid and 
Late 1958, AERE-R-2988 (1959); F. J. Bryant et al., 
Radioactive and Natural Strontium in Human Bone, 
United Kingdom Results for 1957, AERE-C/R-2583 
(1958); J. W. Arden et al., Radioactive and Natural 
Strontium in Human Bone, United Kingdom Results for 
1959. Part I, AERE-R-3246 (1960). 



vanous tests that may be applied to show this. 
Perhaps the simplest is to estimate the mean and 
standard deviation and to compare these with the 
80% range of the distribution. It is found that the 
mean is 184 and that a=· 511. From standard 
tables the 80% range is 2.56, a= 1308. However, 
Fig. 4.4 indicates that the 90th percentile P 90 lies 
between 230 and 310. Similarly, with 95% confi­
dence P 

10 
lies between 100 and 130. Thus, the 

80% range is between 100. and 310. Thus, the 
variance is too large for the assumption of normal­
ity to be valid. The ratio of the 80% sample range 
to the sample median is found to be 120/ 180 = 
0.67, indicating rather less variability in these 
data than in the case of aluminum in the lungs and 
Ra 226 in the skeleton. 

These three examples have been chosen to 
illustrate two types of statistical analysis. A 
slight modification of the test by Brunk determines 
confidence bounds on the cumulative distribution 
function at a given value. The method of data 
analysis by Massey defines a confidence band 
within which the cumulative distribution of the 
population lies. From such tests it is possible 
to estimate the extent of the dose variation in the 
case of certain nuclides and tissues for the case 
of chronic, low-level exposure. 

Tissue Analysis Laboratory Progress Report 

S. R. Koirtyohann C. Feldman 

Sample Analyses. - Spectrographic analysis of 
all the samples from San Francisco ancl about one­
half of the soft tissues from Atlanta and New York 
was completed. . This is a total of 967 samples 

· (27 types of tissues) that were analyzed for 23 
elements. Averages of the values obtained for each 
tissue are given in Tables 4.5 - 4.7. The analyti­
cal method was reported previously. 9 The only 
significant change is that K 

2
S

2
0 

7 
was substituted 

for NaBr in the arcing mixture. 
Several samples of tissue ash which were pre­

viously analyzed at the University of Tennessee 
were receive.cl. These were run, and the agreement 
was found to be generally good. In 59 of 96 com-

9s. R. Koirtyohann and C. Feldman, "The Spectro­
graphic Determination of Trace Elements in Human 
Tissue," Analytical Chemistry in Nuclear Reactor 
Technology, Fourth Conference, Gatlinburg, Tennessee, 
October 12-14, 1960, TID-7606, p 56. 

109 

parisons, the UT-ORNL agreement was 20% or 
better and was 50% or better in 91 of the 96 cases. 
These comparisons were made on 11 samples, 
representing 4 different tissues, and include most 
of the commonly detected elements. 

Wet chemical checks on the spectrographic 
analysis were made in a few case·s. These com­

parisons are given in Table 4.8. Other attempts to 
get wet chemical analyses were hampered by the 
low concentrations of the elements of interest 
and by the small samples that are available. 

Previous estimates of the precision of the spectro­
metric analyses were based on replicate exposures 
made during a short time ("-'l hr). A measure of the 
long-term stability of the method was needed. Com­
posite samples were made for each of four different 
tissues by mixing equal portions of ash from each 
San Francisco sample of that tissue. These were 
run on the Quantometer, in duplicate, on five 
different days covering a five-month period. Stand­
ard deviations were calculated from the ten Quanto­
meter values in the cases where the data were 
sufficiently complete. They are summarized below: 

Standard Deviation (%) 

2. 5 - 10 

10 - 15 

15 - 21 

No. of Vol ues 

12 
10 

6 

The results obtained. from these "physically 
averaged" composite samples should agree with 
the mean of the individual values for the tissue 
samples used to make the composite. These 
values were compared, and the results are sum­
marized below: 

Difference Between Analytical 

Result for Composite Sample 

and Mean of Individual Results 

for Component Samples (3) 

0 - 5 

5 - 10 
10 - 20 

>20 

No. of Cases 

11 

7 

5 
7 

In most cases the larger differences were obtained 
for elements that were near their detection limits. 

Analysis of Bone. - Bone samples have been 
collected and ashed throughout the program, but 

very few have been analyzed. These samples are 
now being analyzed for the elements of interest 



Table 4.5. Average Values for San Francisco Tissues 

Dry Ash 
Tissue 

(3) (3) Co Cu Ni Cr V 

Adrenal 

Glands 50.9 0. 72 237 20 8.8 
Aorta 28.8 2. 3 87 19 

Bone 68 27 4.3 

Brain 27 .1 1. 5 460 5. 7 
Cartil~ge 41.8 2. 7 38 19 
Diaphragm 29.2 0.72 170 16 6.1 

Esophagus 21.1 0.78 150 13 8.5 

Fat 83.9 0.11 6.6 240 48 29 

Gall 

Bladder 38. 3 0.67 10 350 32 

44 

16 

2.3 Heart 26.0 0.91 5.1 370 
Intestine 

Jejunum 

Rectum 

Sigmoid 

Colon 

Kidney 

Liver 

Lung 

Muscle 

Omen tum 

Pancreas 

Prostate 

Skin 

Spleen 

Stomach 

Testes 

Trachea 

Thyroid 

Urinary 
Bladder 

Uterus 

19.6 0. 79 

28.0 0.86 

27.8 0.61 

23.3 1.1 

31. 5 1.2 

19.8 1.0 

26.0 0.89 

85. 7 11 

42.9 1.0 

22.2 1.1 

35.4 0.48 

25.2 1.3 

25.9 0.66 

19. 9 1.0 

34.7 1.3 

27.1 1.1 

31.8 0.68 

22.6 1.6 

250 

88 

200 

220 

8.2 660 

3.4 100 
1.6 110. 

12 340 

150 

110 

3.9 94 

100 

1.8 220 

100 

1. 5 59 

85 

140 

120 

J.2 

8.0 13 

18 10 

34 3.9 

21 2.2 

24 17 5.7 

7.3 3.4 

28 22 

2.5 2.4 

29 6.2 

24 11 

1.7 

17 5,3 

6.2 3.0 

15 9 
20 5.5 

11 

16 

11 

1.3 

{µg per g of ash) 

Pb 

39 
220 

51 

70 

34 

33 
240 

54 

Al 

140 

65 

19 

17 

24 

60 

88 

430 

Mn 

58 
18 

2.3 

21 

8.3 

18 

16 

37 

44 100 51 

8.8 33 24 

35 

20 

72 60 

86 10 

25 280 47 

56 26 68 

160 65 150 

5.6 2400 18 

13 58 7.4 

92 240 73 

65 45 130 

22 39 17 

17 170 13 
50 57 12 

24 81 47 

19 33 18 

80 42 23 

25 47 28 

43 

17 

110 22 

125 13 

Mo Sn 

18 88 

54 

2.0 

22 

3.0 59 

1.9 82 

6.1 100 

Ti Sr 

29 14 

8 110 

130 

5.4 4.2 

6.3 42 

66 11 

12 12 

41 36 

Ba 

6.9 

19 

4.1 

9.4 

Ag 

1.1 

26 4.9 

9.7 68 22 

10 

27 11 1.8 

3. 7 28 

5.4 240 

2.0 34 11 

280 10 

16 74 6. 7 

55 130 5.7 

2.7 100 279 

7.4 

12 100 25 

3.3 52 

3.9 0.36 

2.0 47 21 

4.1 24 5.6 

3.1 93 32 

3.2 41 

69 7 
3. 2 120 

49 

55 

9 
18 

7.5 

23 

9.4 

58 

7.6 

5.0 

11 

6.9 
62 

8,7 

30 

14 

4.0 

20 

7.8 

64 

20 

20 

30 

5.1 6.3 

3.9 

11 

3.0 

16 

6.4 o. 76 

15 4.0 

4.5 2.3 

4.0 4.3 

8.4 1.0 

9.6 2.2 

16 

14 

7.4 

10 

Zn 

2300 
2150 

180 

1140 

700 

5000 

2300 

1800 

1800 

3300 

3100 

6200 

Cd 

77 

33 

12 

5.8 

33 
20 

39 

76 

7.9 

77 

17 

3800 35 

3500 2500 

5100 160 

1200 3 3 

6000 15 

2900 65 

4100 120 

10000 28 

600 13 

1800 11 

3100 4. 7 

1700 29 

950 22 

3700 140 

2900 

1600 

27 
38 

Fe Mg 

490 4800 

Zr Ga 

6.3 

10. 2 3.4 

,_. ,_. 
0 



Tissue 

Adrenal 

Glands 

Appendix 

Aorta 

Brain 

Breast 

Cartilage 

Dry Ash 

(3) (3) 

50.2 0.74 

56.8 0.90 

33. 3 1.5 

25.4 1.4 

69.2 0.37 

48.8 .9.1 

Diaphragm 27.1 0.94 

Esophagus 27,0 0.87 

Fat 84. 7 0.23 

Gall Bladder 36.3 0.89 

Heart 

Intestine 

Cecum 

Ileum 

Jejunum 

Rectum 

Sigmoid 

Colon 

Kidney 

Lung 

23.6 1.0 

33.6 0.60 

28.0 0.72 

24.8 0.92 

39.7 0.76 

· 35.4 o.66 

23.5 1.1 

20.9 1.1 

Table 4.6. Average Values for Atlanta, Georgia, Tissues 

Co Cu Ni Cr 

4 

230 20 25 

230 32 5 

91 

460 

125 

27 

9 

3 

7 14 

4 

160 9 11 

140 13 10 

150 20 28 

620 8 14 

400 23 10 

270 32 18 

350 22 18 

340 10 11 

190 10 17 

230 14 10 

320 14 2.7 

110 8 28 

v 

4 

4.4 

(µg per g of ash) 

Pb Al Mn Mo Sn Ti 

34 310 58 14 

20 1000 500 14 

37 

180 

14 

86 

70 

99 

14 

23 

38 

11 

20 

27 

43 

10 

40 

29 

16 

42 

16 

140 

22 

150 

17 

64 

260 

280 

110 

56 

12 

24 

14 

11 

17 '4 

23 2 

18 

59 

22 

4.2 

8.5 

6.2 

14 

18 

14 

12 

16 

5.6 

11 

8.5 

29 

41 

11 

5 

420 130 5.3 220 110 

330 110 

160 100 

330 52 

55 

8.0 170 95 

7.6 140 

4.3 59 

5.4 130 

23 

32 

280 

40 97 19 13 

12 

12 

56 3800 24 3,9 33 610 

Sr 

6.2 

100 

36 

2.1 

5.3 

54 

3.2 

6.5 

9.3 

9.7 

1.7 

48 

27 

12 

20 

20 

4.2 

9.8 

Ba 

14 

100 

12 

5.0 

6.3 

6.5 

8.5 

Ag 

2 

Zn Cd Zr 

2300 51 

3100 54 10 

1700 16 

960 

880 27 

790 5.8 

4500 16 

2400 16 

1000 18 

4.4 1.0 1100 30 

39 
32 
12 

14 

li 

29 

3300 8 

1.0 2900 29 

3400 38 

3800 52 

3500 20 

2800 23 

4300 29 

1500 47 8.8 



Table 4.7. Average Values far New Yark Tissues 

(µg per g of ash) 

Tissue 
Dry Ash 

Co Cu Ni Cr v Pb Al Mn Mo Sn Ti Sr Ba Ag Zn Cd Zr 
(3) (3) 

Adrenal Glands 56.0 0. 55 6.5 440 310 12 9.9 60 390 78 13 45 43 13 12 3100 140 

Aorta 32.1 2.1 120 58 5.0 160 84 15 19 10 72 8.9 1500 37 

Brain 23.0 1.4 480 16 20 18 25 2.8 1200 

Breast 84.6 0.18 140 51 18 20 140 14 2.3 19 15 12 3.6 2100 23 .... .... 
Diaphragm 29.2 0.94 170 44 4.3 11.4 120 23 2.0 16 10 8.5 4.6 3300 16 N 

Esophagus 23.9 0.86 180 65 10 29 330 25 4.6 26 81 12 7.7 2600 27 

Fat 88.3 0.11 440 260 30 25 230 29 5.6 20 21 9.6 6.7 1. 7 980 8.5 

Gall Bladder 36.2 0.85 480 65 5.8 29 81 84 6.4 7.6 11 21 4.9 0.9 830 30 

Heart 21.9 1.1 5.2 370 44 3,5 14 65 28 6.3 13 9.4 4.9 2900 8.8 

Intestines 32.0 0.66 550 88 8.7 6.6 42 150 130 8.3 100 25 35 14 3100 43 

Kidney 21.9 1.1 260 30 91 47 88 43 32 6.4 8.9 2.2 4200 3000 

Lungs 19.3 1.2 130 39 29 17 58 1700 46 1. 3 55 520 14 15 1100 30 28 
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Table 4.8. Comparison of Wet Chemical and Spectrographic Results 

(µg per g of ash) 

Sample 

160 H 

C·78 L 

250 L 

276 K 

Colorimetric 

270 

590 

800 

240 

Copper 

ORNL 

Spectrographic 

280 

690 

780 

200 

U.T. 
Spectrographic 

370 

700 

960 

240 

in the internal dose program. The complete anal­
ysis will require several separate procedures. 

First, the samples are being examined for general 
trace element content by an arc method quite 
similar to that used for soft tissues. Standards 
are prepared by fusing a trace element mix with 
K

2
S

2
0

7 
and mixing this fusion cake. with purified 

Ca 3(PO 
4
) 2 (ref 10) to give the desired trace ele­

ment concentrations. The samples are exposed on 
the Quantometer and photographically by the same 
methods as for the soft tissues. The elements 
sought by this method and their detection limits 
are given in Table 4.9. The elements Fe, Cu, Pd, 
Al, Mn, Mg, Sr, and Zn are detected in almost all 
samples; Co, Cr, Mo, Cd, and Au are seldom ob­
served, while Ni, Sn, and Ba are detected occa­
sionally. 

The next step planned in the analysis of bone is 
to determine the major constituent concentrations 
(Ca, P, Na, K). This will be done on the Quantom­
eter with either a flame source or porous-cup ex­
posures. 

Methods for the chemical concentration of specific 
elements or groups of elements (Cesium, rare 
eiuths) are being cons.idererl. 

Ashing Loss Experiments. - Experiments were 
run to test if any of the trace elements of interest 
are lost during dry ashing of the tissues. The 
apparatus used for this work is shown schemati­
cally in Fig. 4. 5. Exhaust gases from the furnace, 
along with ab.out 0.8 liter/min of air, are drawn 

lOR. L. Mitchell, "The Spectrographic Analysis of 
Soils, Plants, and Related Materials," Commonwealth 
Bur. Soil Sci. (Gt. Brit.), Tech. Commun. No. 4, p 129. 

Polarographic 

1310 

Cadmium 

ORNL 

Spectra graphic 

1300 

U.T. 
Spectra graphic 

1850 

Table 4.9. Detection Limits in Bone 

Element 

Co 

Cu 

Fe 

Ni 

Cr 

Pb 

Al 

Mn 

QUARTZ 

(µg per g of ash) 

Detection Detection 

Limit Element Limit 

2 

2 

20 

2 

2 

5 

5 

2 

0.2 liter/min 
02 

+ 

Mo 

Sn 

Mg 

Sr 

Ba 

Zn 

Cd 

Au 

2 

5 

1 

10 

50 

5 

2 

UNCLASSIFIED 
ORNL-LR-DWG 70724A 

POLYETHYLENE ________ ) 
TO VACUUM 

WOOL FILTER 

ICE-

ORY 0.1% 0.1% 
ICE Co (OH)2 H2S04 

Fig. 4.5. Apparatus for Ashing Loss Experiments. 



through a heated quartz tube ("-'700°C) where the 
vapors undergo complete combustion. The burned 
gases are then cooled, passed throu.gh a trap 
packed in dry ice, bubbled through a 0.13 solution 
of Ca(OH) 2, and then through 0.13 H 2S0 4• All 
parts are made of quartz or polyethylene. A quartz 
wool filter is used to avoid "fly ash" contamina­
tion in. the tube. Furnace operation is not affected 
by the trapping system. All ashings are started in 
a cold furnace. The temperature is raised slowly 
to 450°C and held there until ashing is complete. 
The tube is then cooled, and the inside is rinsed 
into the dry-ice trap. The trap solutions are con­
centrated and analyzed for the trace elements of 
interest. 

This system collects and analyzes the material 
which is actually volatilized from the sample. It 
correctly reflects any volatilization characteristics 
of a given element which may be affected by the 
element's state of chemical combination in the 
sample. It thus avoids the ambiguities which are 
possible in the interpretation of experiments in 
which the recovery of added inorganic material is 
measured. It also allows the use of large samples 
with corresponding high sensitivity. 

The efficiency of the trapping system was tested 
by heating a sample of H 

3
BO 

3 
along with a sample 

of- plant ash in separate dishes. The recovered 
boron (nearly all from the dry-ice trap) indicated a 
minimu~ trapping efficiently of 503. The actual 
efficiency may be considerably higher, because 
part of the boron was undoubtedly absorbed by the 
basic plant ash. 

Samples of kidney and liver have been run with 
this system. Liver ashes very slowly at 450°C. 
For this reason the ashing was divided into two 
parts. The temperature was raised slowly ("-'18 hr) 
to 450°C and held there for 24 hr. The trap solu­
tions were then changed, and a separate run was 
made for the rest of the ashing ("-'48 hr). 

The results from these experiments are given in 
Table 4.10. In cases where the elements were not 
detected in the trap solutions, the detection limit 
and corresponding percent loss figures. are given. 
In !IlO st cases where positive results were ob­
tained, the losses we~e very small. The. apparent 
loss of aluminum fro;ri' both tissues and of nickel 

from the liver is soine~hat surprising, especially 
since it occurred to an equal or greater extent 
during the second phase of the liver ashing when 
the sample was completely carbonized. These 
experiments will be repeated to verify the. findings. 
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A special effort will be made to avoid nickel and 
aluminum contamination. 

Conclusions. - The analysis of both soft tissue 
and bone is being carried out on a routine basis. 
About two man-hours per sample is required for 
the ashing and analysis_. The agreement between 
ORNL and UT spectrographic data is generally 
good. Wet chemical and spectrographic resuhs 
agree in the cases that were tested. The precision 
of the method, tested over a five-month period, is 
satisfactory. 

Most of the trace elements of interest are not 
lost during dry ashing. Apparent losses of small 
amounts of nickel and somewhat larger amounts of 
aluminum were found. More experiments are needed 
to verify these findings. If they are accepted as 
true, however, they are not large enough .to seriously 
affect the data that have been collected. 

Further Statistical Interpretations of Trace 

Element Concentration in Human Tissue 

I. H. Tipton 
Jane Shafer 

M. J. Cook 
Fred Roberts 

Various statistical operations on the IBM 1620 
and 7090 data processing machines have been per­
formed on the data from a group of 150 adults (age 
> 20) who died suddenly and whose tissues showed 
no gross pathologies. The data from this group 
will serve as a base line in future studies of other 
groups. 

In a study such as this, where the occurrence of 
possible causes contributing to the variation of 
the concentration of an element in an organ cari be 
observed but cannot be controlled, the correlation 
coefficient is an important, descriptive, observa­
tional feature of the population. Granted it. does 
not measure the influence of one element on another, 
but it does measure, on a conventional scale, the 
importance of factors which (on a balance of like 
and unlike action) act alike on both elements as 
against the remaining factors which affect the two 
independently. The interaction is proportional to 
the square of the correlation coefficient. . 

To determine the similarities of action among 
elements .in a tissue, the rank correlation coeffi­
cient was calculated by Kendall's method and the 
significance of its difference from zero was deter­
mined for 24 elements taken two at a time. This 
calculation was made for each tissue. To assess 
the similarity of action of the various tissues with 
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Table 4. 10. Ashing Loss Results 

Element 

Co Cu Ni ~Cr -Pb j\] Mn -Mo , Sn - Sr · •Ba Ag -Zn -ca Fe 

Kidney (2 g of ash) 

µg in ash 2000 20 4 lOD 170 260 80 1500 20 120 2 4000 70 20,000 

µg trapped 8 <3 <1 < 12 20 < 1.2 <5 <0.1 <5 <0.4 40 <4 25 

3 trapped 0.4 < 15 <25 < 12 12 0.4 < 1.5 <0.3 <0.5 <4 <20 <6 0.1 

...... 
Liver (6 g of ash) 

...... 
VI 

µgin ash 90 8000 200 30 1000 610 1200 580 90 8 15 50,000 1200 60,000 

µg trapped 

Run No. 1 <6 8 3 <1 < 12 40 2 < 1.2 <5 <0.1 <0.4 <10 <4 200 

µg trapped 

Run No. 2 <6 8 3 <1 < 12 60 2 < 1.2 <5 <0.1 <0.4 20 <4 . 50 

µg trapped 

total < 12 16 6 <2 <24 100 4 <2.4 < 10 <0.2 <0.8 20 <8 250 

3 trapped < 14 0.2 3 <7 <2.4 16 0.3 <0.4 <11 <2.5 <5 0.04 <0.7 0.33 



regard to a specific element, the same kind of 
study was made for each element, taking the tissues 
two at a time. 

In addition to the strong correlations between 
certain pairs of essential elements such as copper 
and iron, strong correlations, some positive, some 
negative, between certain nonessential elements 
and essential elements were observed. This report 
includes the correlations for five nonessential 
elements, aluminum, barium, chromium, lead, and 
tin which were observed in over 803 of all samples 
of all tissues, and one, cadmium, which occurred in 
every sample of kidney and over 903 of the samples 
of liver and pancreas. Included, in addition, is one 
essential element, manganese, which is highly 
correlated with essential elements in brain, with 
nonessential elements in lung, and with both ·in 
the other tissues. 

Although aluminum (Table 4.11) was observed 
above the limit of detection ( 4 µg per g of ash) in 
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every sample o_f every tissue, the concentration in 
the lung was 10 to 100 times as great as in other 
tissues. The concentration in the lung was also 
observed to increase with age, although this was 
not observed for other tissues. In the lung this 
element was highly correlated with other non­
essential elements, some of which are contami­
nants from the inhalation of dusty air. In fact, in 
every organ aluminum was found to be more highly 
correlated with nonessential than essential ele­
ments. There was no significant correlation, how­
ever, between me concentration of aluminum in the 
lung and that in the other organs (Table 4.23), al­
though the correlations among most other organs 
were significant (Tables 4.18-4. 22, 4. 24). 

Barium (Table 4.12) was observed above the 
detection limit (0. 2 µg per g of ash) in about 903 
of all samples. This element showed high corre­
lations in most tissues with all essential ele­
ments, except cobalt and molybc!.enum, and with 

Table 4. 11. Aluminum Rank Correlation Coefficients Significantly Different from Zero 

at a Confidence Level > 993 

Essential Nonessential 
Tissue 

Ca Co Cu Fe Mg Mn Mo Zn Ag Ba Cd Cr Ni Pb Sn Sr Ti v 

Adrenal 

Aorta 0.43 0.40 0.29 0.27 

Brain 

Heart 0.26 0.26 

Intestine 0.44 0.29 0.42 0.46 0.43 0.44 0.45 0.30 0.29 0.38 0.43 

Kidney -0.27 0.25 

Liver 0.23 0.35 

Lung 0.43 0.68 0.49 0.35 0.28 0.37 0.65 0.59 

Muscle 0.28 0.27 0.26 0.34 0. 25 

Ovary 0.67 

Pancreas 0.27 0.39 0.48 0.24 0.23 0.41 

Prostate 

Skin 0.51 0.62 0.62 0.68 0. 58 

Spleen 0.26 

Stomach 0.28 0.32 0.23 0.40 0.26 0.33 0.22 

Testis 

Thyroid 0.63 0.52 0.58 

Uterus 



Table 4. 12. Barium Rank Correlation Coefficients Significantly Different from Zero 

at a Confidence Level >993 

Essential Nonessential 
Tissue 

~Cd 
,,.., 

Ca ·Co Cu ,.. Fe Mg , Mn r Mo ,,.Zn • Ag Al Crr Ni Pb S,n Sr Ti v 
I I 

Adrenal 0.74 

Aorta 0.23. 0.27 0.26 

Brain 0.38 0.35 0.44 0.24 0.24 . 0.24 

Heart 0.34 0.34 0.41 0.38 0.26 0.21 0.34 0.24 0.23 

Intestine 0.44 0.42 0.32 0.54 0.67 0.31 0.45 0.37 0.43 0.39 0.32 0.48 0.34 

Kidney 0.24 0.31 0.21 0.24 

Liver -0.33 0.21 0.21 0.39 0.23 0.23 0.30 0.26 ...... 
...... 

Lung 0.50 0.68 0.43' 0.30 0.40 0.39 0.64 
-...J 

0.58 

Muscle 0.41 0.39 0.26 0.58 0.35 0.22 0.34 0.30 0.49 0.22 0.22 0.22 

Ovary 0.60 

Pancreas 0.34 0.52 0.26 0.33 0.27 0.48 0.31 0.36 0.33 

Prostate 0.38 0.40 0.33 0.54 

Skin 0.58 0.74 0.62 0.62 0.50 

Spleen 0.22 0.25 0.52 0.26 0.3~· 0.25 0.38 

Stomach 0.28 0.26 0.28 0.23 0.40 0.24 0.26 0.27 0.32 

Testis 0.32 0.30 0.38 0.35 0.34 0.41 

Thyroid 

Uterus 0.47 0.47 
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most nonessential elements. Although barium was 
positively correlated with calcium in many organs, 
in liver the two were negatively correlated. This 
fact plus the two occurrence of barium in liver 
(only 473 of the total number of samples had 
values above the detection limit) would indicate 
that calcium had an action antagonistic to barium 
in liver. In general, an elevated concentration of 
barium in one organ was accompanied by an in­
creased concentration in most others (Tables 
4. 18-4. 24). The physiological effects of barium 
need to be investigated. 

Cadmium (Table 4.13) was observed above the 
detection limit of the method (50 µg per g of ash) 
in every sample of adult kidney and liver and in 
about 903 of the samples of pancreas. It was 
highly correlated with zinc in all organs in which 
it. was ·ordinarily observed. This supports the 
observations that the metabolism of these ele­
ments is similar. 11 • 12 The case for cadmium as 
an essential element has been weakened by the 
observation 13 that cadmium does not obey homeo­
static control. Both Cotzias' and Gunn's observa­
tions imply that cadmium is an antimetabolite for 
zinc. The concentration of cadmium in kidney was 
highly correlated with that in the other organs in 
which it is observed (T~ble 4. 21). 

Chromium (Table _4.14) was observed above the 
detection limit (0.1 µg per g ash) in over 903 of 
all samples of all organs and in every sample of 
lung, -ovary, and skin. The highest concentration 
occurred in the lung, for which the median value 
was some ten times that for most of the other 
tissues. Visek and his co-workers 14 observed that 
after.intravenous injection of cr5 1cl2 the lungs 

of sheep contained 2 to 20 times more Cr 5 1 than 
than any other organ, which would indicate that 
the high concentration of chromium in the lung 
which we observed was not due just to the inhala­
tion of insoluble dust containing chromium. This 
element was highly correlated with nickel and, to 
a lesser extent, with barium and lead. The high 

11s. A. Gunn, T. C. Gould, and W. A. D. Anderson, 
Acta Endocrinologica. 37, 24-30 (1961). 

12G. C. Cotzias, D. C. Borg, and B. Selleck,· Am. ]. 
Physiol. 201, 63-66 (196la). 

13 . 
G. C. Cotzias, D. C. Borg, and B. Selleck, Am. ]. 

Physiol. 201, 927-30 (196lb). 
14w. J. Visek et al., Proc. Soc. Exptl. Biol. Med. 

84, 610-15 (1953). 

correlation of chromium with manganese and copper 
in liver and in other organs, while it gives no 
particular support to, is not at variance with the 
observation of a chromium-activated glucose toler­
ance factor in the liver. 15 Except for the aorta, 
there appeared to be a high correlation between the 
organs with resp_ect to the concentration of chro­
mium (Tables 4.18-4. 24). 

Lead (Table 4.15) was observed above the limit 
of detection in every sample of the adrenal, aorta, 
kidney, liver, lung, pancreas, and in over 903 of 
the samples of the other .tissues except the brain 

. (693) and muscular tissues such as the heart, 
muscle, and uterus, where it occurred i_n only about 
one-half the samples. The highest concentrations 
of lead occurred in the aorta, liver, kidney, 
pancreas, and lung. In the aorta, lead was corre­
lated with calcium, magnesium, strontium, and 
barium, whereas in the kidney it was correlated 
with copper, manganese, zinc, and cadmium, It 
was correlated with manganese in nine organs, but 
otherwise showed no consistent behavior. The 
concentration of lead in the lung was highly corre­
lated with that in other organs (Table 4.23). 

Tin (Table 4.16) was observed above the limit of 
detection ( 5 µg per g of ash) in about $03 of all 
samples of all organs, though much less frequently 
in the brain (53) and muscle (193). The highest 
concentrations occurred in the sigmoid colon and 
lung. Tin was correlated with zinc and with barium 
in most organs. It is the only element of the group 
included in this paper that was not correlated with 
manganese in most tissues. With the exception 

of the brain, most other organs showed a high 
correlation with respect to tin (Tables 4.18-4. 24). 

Manganese (Table 4.17) was observed above the 
limit of detection (2 µg per g of ash) in every 
sample of every: tissue. Tht: highest concentrations 
occurred in the liver and pancreas, intestine, and 
stomach. Manganese was very highly correlated 
with magnesium in most organs. A similarity in 
the behavior of these two elements has been ob­
served in vitro, and this high correlation would 
indicate that there are some common factors 
affecting the distribution of these in vivo. In the 
brain,. manganese was observed to be most highly 
correlated with the essential elements. This is 

15K. Schwarz and W. Mertz, Arch. Biochem. Biophys. 
85, 292 (1959). 
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Table 4. 13. Cadmium Rank Correlation Coefficients Significantly Different 

from Zero at a Confidence Level >.993 

Essential Nonessential 
Tissue 

Ca Co Cu Fe Mg Mn Mo Zn Ag Al Ba Cr Ni Pb Sn Sr Ti v 

Adrenal 0.82 

Aorta 0.32 

Brain (no cadmium observed) 

Heart 

Intestine 0.29 0.25 

Kidney 0.23 0.70 0.40 

Liver 0.27 0.30 0.29 0.31 0.35 0.23 0.36 ..... ..... 
'O 

Lung 0.23 0.26 

Muscle 0.25 0.22 

Ovary 

Pancreas 0.26 0.35 

Prostate 0.40 0.44 

Skin (no cadmium observed) 

Spleen 0.23 0.33 0.26 0.30 

Stomach 0.28 0.26 0.36 0.23 0.31 0.50 0.33 

Testis 0.40 0.29 

Thyroid 

Uterus 0.44 0.48 

\ . 



Table 4. 14. Chromium Rank Correlation Coefficients Significantly 

Different from Zero at a Confidence Level >993 

Essential Nonessential 
Tissue 

Ca Co Cu Fe Mg Mn Mo Zn Ag Al Ba Cd Ni Pb Sn Sr Ti v 

Adrenal 0.82 

Aorta 0.29 

Brain 0.23 0.24 

Heart 0.23 0.30 0.38 0.47 0.28 0.21 0.38 0.41 0.28 . 

Intestine 0.27 0.27 0.29 0.34 0.37 0.49 0.29 0.24 

Kidney 0.24 0.25 0.42 0.27 -0.48 0.31 0.32 0.22 

Liver 0.33 0.35 0.31 0.30 0.41 .... 
N 

Lung 0.53 0.49 0.43 0.63 0.37 0.45 0.37 0.48 
0 

Muscle 0.31 0.39 0.29 0.43 0.32 0.30 0.44 0.34 

Ovary 0.62 

Pancreas 0.29 0.34 0.24 0.44 

Prostate 0.35 

Skin 

Spleen 0.31 0.35 0.30 0.21 0.30 

Stomach 0.24 0.33 -0.30 0.34 0.27 

Testis 0.33 0.35 0.35 

Thyroid 

Uterus 0.44 0.47 0.54 0.57 

.. 
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Table 4. 15. Lead Rank Correlation Coeffic:ients Signific:antly Different from Zero at a Confidenc:e Level >'993 

Essential Nonessential 

Tissue Ca Co Cu Fe Mg Mn Mo Zn Ag Al Ba Cd Cr Ni Sn Sr Ti v 

Adrenal 

Aorta 0.26 0.37 0.27 0.34 

Brain 0,27 0.24 0.24 

Heart 0.27 D.28 0.24 0.44 0.36 0.34 0.41 0.22 

Intestine 0.28 0.29 0.50 0.39 0.29 0.34 0.27 0.33 

Kidney. 0.22 0.36 0.36 0.40 0.22 

Liver 
...... 

Lung 0.40 0.26 0.37 N ...... 

Muscle 0.31 D.35 0.25 0.43 0.22 0.23 0.24 0.49 0.22 0.34 0.35 

Ovary 

Pancreas 

Prostate 0.44 0.33 0.44 

Skin 

Spleen 0.40 0.23 0.21 

Stomach 0.27 0.43 0.44 0.34 0.50 0.28 

Testis 0.33 0.34 

Thyroid 0.52 

Uterus 0.43 0.48 0.57 



Table 4. 16. Tin Rank Correlation Coefficients Significantly Different fram Zera at a Confidence Level >993 

Essential Noriessential 

Tissue Ca Co Cu Fe Mg Mn Mo Zn Ag Al Ba Cd Cr Ni Pb Sr Ti v 

Adrenal 

Aorta 0.33 0.26 

Brain 0.42 

Heart 0.24 0.27 0.26 0.24 0.22 

Intestine 0.27 0.39 0.25 0.27 0.32 0.29 0.32 0.34 0.32 0.26 

Kidney 0.21 

Liver 0.35 0.36 ...... 
IV 

Lung 0.38 0.28 0.40 0.45 0.31 0.27 0.34 IV 

Muscle 0.29 0.22 

Ovary 

Pancreas 0. 25 0.29 0.26 0.25 0.27 0.31 0.25 

Prostate 0.41 0.37 

Skin 0.64 

Spleen 0.24 0.28 0.28 0.25 0.30 0.21 

Stomach 0.26 

Testis 

Thyroid 0.55 0.67 

Uterus 
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Table 4. 17. Manganese Rank Correlation Coefficients Significantly Different from Zero at a Confidence Level >993 

Essential Nonessential 

Tissue Ca Co Cu Fe Mg :\10 Zn Ag Al Ba Cd Cr Ni Pb Sn Sr Ti v 

Adrenal 0.70 

Aorta 0.42 0.44 0.29 

Brain 0.54 0.61 0.61 0.44 0.27 

Heart 0.41 0.41 0.30 0.55 0.44 0.41 0.47 0.24 0.44 0.40 

Intestine 0.32 0.56 0.46 0.51 0.38 0.43 0.67 0.25 o.34 0.44 0.50 0.39 0.51 0.29 0.25 

Kidney 0.25 0.46 0.44 0.40 -0.27 0.23 0.42 0.36 

Liver -0.32 0.43 0.48 0.39 0.31 .... 
Lung 0.40 0.28 0.43 0.50 o. 53 0.55 0.38 0.42 0.53 N 

\..>.) 

Muscle 0.54 0.49 0.37 0.43 0.27 0.58 0.43 0.43 0.23 0.27 

Ovary 

Pancreas 0.23 0.52 -0.29 

Prostate 0.41 0. 51 0.44 

Skin 0.61 0.62 0.74 0.56 

Spleen 0.28 0.31 0.22 0.52 0.33 0.31 0.23 0.28 0.23 

Stomach 0.28 0.46 0.24 0.39 0.32 0.34 0.23 0.36 0.33 0.44 

Testis 0.69 0.42 0.30 0.35 0.33 

Thyroid 0.63 0.54 0.55 0.56 

Uterus 0.53 0.52 0.44 



consistent with the observation that chronic man­
ganese poisoning results in a disturbance of the 
central nervous system similar to "Parkinson­
ism" 16 in the lung, manganese was correlated 
with the nonessential elements. Although the 
aorta showed no correlation with other organs so 
far as manganese was concerned, all other organs 
showed a high correlation (Tables 4.18-4. 24). 
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In general, the correlations between the elements 
and percent ash and percent dry were not signifi­
cantly different from zero; that is, the ashing 
method was not a factor in the correlations between 
two elements. 

16G. C. Cotzias, Federation Proceedings Supplement 
No. 10, p 98-102 (196lc). 

Table 4. 18. Aorta Rank Correlation Coefficients Significantly Different 

from Zero at a Confidence Level > 993 

Nonessential Essential 
Tissue 

Al Ba Cd Cr Pb Sn Mn 

Adrenal None None 

Brain 

Heart 60 

Intestine 36 28 

Kidney 31 28 43 35 62 

Liver 39 35 56 

Lung 28 38 38 

Muscle 34 41 

Ovary 67 

Pancreas 25 33 

Prostate 59 51 40 

Skin 

Spleen 

Stomach 40 44 57 

Testis 44 54 33 49 

Thyroid 60 

Uterus 61 55 
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Table 4. 19. Brain Rank Correlation Coefficients Significantly Different from Zero at a Confidence Level >993· 

Nonessential' Essential 
Tissue 

Al Ba Cd Cr Pb Sn Mn 

Adrenal None 

Aorta 

Heart~\ 23 52 51 47 65 

Intestine- 29 30 

Kidney 24 41 54 43 49 

Liyer 55 54 23 57 

Lung 25 28 57 29 50 

Muscle 40 61 59 50 35 54 

Ovary 

Pancreas 32 37 41 42 

Prostate 50 41 

Skin 

Spleen 

Stomach 24 52 43 35 

Testis 37 55 37 

Thyroid 

Uterus 55 51 46 61 

Table 4.20. Heart Rank Correlation Coefficients Significantly Different from Zero at a Confidence Level> 993 

Nonessential Essential 
Tissue 

Al Ba Cd Cr Pd Sn Mn 

Adrenal 71 71 

Aorta 60 

Brain 23 5~ 51 47 65 

Intestine 31 32 

Kidney 46 57 63 27 63 63 

Liver 44 53 50 59 

Lung 28 35 37 48 54 

Muscle 37 48 58 ·60 49 56 

Ovary 63 71 80 

Pancreas 35 53 51 50 

Prostate 35 49 43 41 61 59 

Skin 

Spleen 

Stomach 30 34 51 52 37 57 

Testis 56 52 52 64 53 

Thyroid 60 

Uterus 48 42 50 51 75 69 
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Table 4.21. Kidney Rank Correlation Coefficients Significantly Different from Zero at a Confidence Level > 993 

Nonessential Essential 
Tissue 

Al Ba Cd Cr Pd Sn Mn 

Adrenal 79 67 87 

Aorta 31 28 43 35 62 

Brain 24 41 54 43 49 

Heart 46 57 63 27 63 63 

Intestine 32 37 52 30 26 

Liver 41 47 55 54 59 76 

Lung 27 42 34 66 45 33 

Muscle 43 45 47 30 33 38 

Ovary 68 76 62 

Pancreas 35 41 60 49 58 

Prostate 38 51 39 53 

Skin 

Spleen 

Stomach 31 46 47 51 59 58 

Testis .33 52 49 66 43 59 32 

Thyroid 69 71 53 

Uterus 44 50 63 61 52 

Table 4.22. Liver Rank Correlation Coefficients Significantly Different from Zero at a Confidence Level >993 

Nonessential Essential 
Tissue 

Al Ba Cd Cr Pb Sn Mn 

Adrenal 78 

Aorta 39 35 56 

Brain 55 54 23 57 

Heart 44 53 50 59 
Intestine 37 25 

Kidney 41 47 55 54 59 76 

Lung 34 35 45 44 3.4 

Muscle 50 23 52 23 45 

Ovary 59 64 

Pancreas 22 49 52 42 51 

Prostate 36 41 51 

Skin 

Spleen 

Stomach 23 29 49 48 51 52 

Testis 43 29 38 63 39 56 

Thyroid 

Uterus 53 65 68 55 
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Table 4.23. Lung Rank Correlation Coefficients Significantly Different from Zera at a Confidence Level> 99% 

Nonessential Essential 
Tissue 

Al Ba Cd Cr Pd Sn Mn 

Adrenal None 81 

Aorta 28 38 38 

Brain 25 28 57 29 50 

Heart 28 35 37 48 54 

Intestine 47 

Kidney 27 42 34 66 45 33 

Liver 34 35 45 44 34 

Muscle 27 26 42 38 56 

Ovary 81 42 -

Pancreas 45 25 26 

Prostate 50 

Skin 54 

Spleen 
~. 

S~omach 33 25 40 42 33 

Testis 33 41 53 31 39 

Thyroid 63 

Uterus 71 76 

Table 4.24. Muscle Rank Correlation Coefficients Significantly Different from Zero at o Confidence Level > 99% 

Nonessential Essential 
Tissue 

Al Ba Cd Cr Pb Sn Mn 

Adrenal 67 81 

Aorta 34 41 

Brain 40 61. 59 50 35 54 

_, Heart 37 48 58 60 49 56 

Intestine 33 27 

Kidney 43 45 47 30 33 38 
·"'!, Liver 50 23 52 23 45 

Lung 27 26 42 38 56 

Ovary 69 

Pancreas 33 35 49 31 

Prostate 36 48 41 37 59 

Skin 

Spleen 

Stomach 23 52 33 39 42 

Testis 32 49 11 34 30 30 30 

Thyroid 59 61 

Uterus 61 62 48 77 

.. 



MICROSCOPIC AND AUTORADIOGRAPHIC 
STUDIES OF URANIUM DISTRIBUTION IN 

THE RAT KIDNEY 

E. S. Jones 

Studies by the autoradiographic method of the 
distribution of uranium in rat kidney have been 
_carried forward to confirm previous studies on the 
phenomenon of prolonged retention of uranium by 
kidneys of animals given an intravenous injection 
of a large mass of uranium. This retention of 
uranium has been discussed in the last three 
annual reports. 17 • 18 • l 9 When the mass of uranium 
is varied, there is a greater fractional retention at 
the higher levels. This retention, however, is not 
always linear, for, in some cases, the retention of 
uranium from a 100 µglkg injection is higher than 
from a dose of 1000 µg/kg. 

A change in the concept of the factor used 
in converting counts to disintegrations per minute 
per gram, additional figures for the concentration 
ratio (previously called the nonuniform distri­
bution factor), and a study of the comparison 
between the disintegrations as found by autoradio­
graphic and by radiochemical methods are presented 
in this report. Also, studies of the location of 
uranium tracks in the histological units and of the 
pathological conditions observed in the tissues of 
rats given different dosages and sacrificed at 
different postinjection times are included. 

Methods 

The methods used are the same as previously 
reported 17 except that in calculating the conver­
sion . factor to change autoradiographic counts to 
disintegrations per minute per gram, the factor now 
used is 27.46. In the last paper, this factor was 
doubled ·to include tracks radiating from the lower 
part of the section. A study was made of this. 
Since the tracks were visible under low power, the 
slide could be reversed, making possible the 
counting of tracks in identical fields from both 

17E. S. Jones, Health Physics Div. Ann. Progr. Rept. 
July 31, 1959, ORNL-2806, p 194. 

18E. S. Jones, Health Phys. Div. Ann. Progr. Rept. 
July 31, 1960, ORNL-2994, p 274. 

l9E. S. Jones and S. R. Bernard, Health Phys. Div. 
Ann. Progr. Rept. July 31, 1961, ORNL-3189, p 210. 
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upper and lower sides. The number of tracks ob­
served from above and from below coincided. This 
led to the conclusion that the liquid photographic 
emulsion penetrates the tissue so that essentially 
all tracks are visible microscopically. 

Concentration Ratio 

The contrast between activities in cortex and 
medulla is illustrated by the photographs in Fig. 
4.6. This shows tracks in the cortex and in the 
medulla of a rat injected with 1000 µg of uranium 
per kg of body weight and sacrificed at 1 day 
postinjection. 

The data of the distributions of the me:µi 
concentrations of uranium in the cortex and 
medulla are expressed in terms of the concen­
tration ratio. This is defined as the ratio of 
the average counts in the fields in the cortex to 
the average number of tracks per unit area assuming 
the entire activity spread evenly over the whole 
kidney. In the previous papers this has been 
called a "nonuniform distribution factor" and has 
been estimated to be 1.3. The term Rk is now 
used for data from autoradiographic tissues and 
Rk 1 for that from radiochemical analysis. The 
method of calculations is the same as in the 
previous report. 18 

The average counts per field observed in auto­
radiograms from 32 injected half kidneys are shown 
in Table 4.25: R k is 1.28 with a range of 1.11 to 
1.41 and a probable error of 0.07. The factor 
Rkl from 24 half kidneys ashed (Table 4.24) was 
1.22 with a range of 0.82 to 1. 37 and a probable 
error of 0.10. 

Larger amounts of activity in the medulla were 
observed in one animal injected with 100 µg/kg and 
sacrificed at 4 days so that the concentration 
ratios were 1.03 and 1.07 in the autoraJiographic 
material for the two half kidneys. A similar result 
was found in a rat injected with 1000 µg/kg and 
sacrificed at 10 days postinjection, giving the 
ratios of 1.19 and 1.06. There was a reversal of 
activity from the cortex to the medulla in the two 
half kidneys -of rats injected with 100 µg/kg and 
sacrificed at S4 days, giving ratios of 0. 79 and 
0. 56. The values from the last two half kidneys 
are excluded in estimating the concentration ratio 
which thus represents the situation only at earlier 
times, perhaps for as much as 60 days. 
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UNCLASSIFIED 
PHOTO 58585 

Fig. 4.6. Autorodiogrorm; of Kidney Cortex and Medulla from a Rat Injected with 1000 µg / kg of Uranium and 

Sacrificed 1 Day Postinjection. 



Dosage 

(µg/kg) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

10 

10 

10 

10 

10 

10 

10 

10 
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Table 4.25. Concentration Ratio Between Cortex and Medulla of Rat Kidney 

Based on Autoradiographic Data and Radiochemical Analysis 

Postinjection 

Time (days) 

2 

2 

2 

4 

4 

7 

10 

10 

28 

28 

2 

4 

4 

7 

10 

10 

28 

5G 

56 

2 

2 

4 

4 

7 

A utoradiographic 

Concentration 

Ratio Rk 

1.37 

1. 36 

1.36 

1. 39 

1. 38 

1.35 

1.26 

1.2 4 

1.30 

1.06 

1.19 

1.36 

1.36 

1.28 

1. 31 

1.22 

1.03 

1.07 

1.28 

1. 20 

1. 24 

1.16 

1.33 

1.11 

1. 35 

1. 39 

1. 38 

1. 41 

1.40 

1.32 

1.31 

1.38 

Average 1.28 

Radiochemical 

Concentration 

Ratio Rk 

1.34 

1.33 

1.34 

1.16 

1.37 

1. 31 

1. 26 

0.8 

1.37 

1.19 

1.06 

1. 31 

1.37 

1.13 

1.02 

1.11 

1.20 

0.97 

1. 24 

1.37 

1.10 

1.28 

1. 34 

1.27 

1.22 



Comparison Between Activity Counted in Auto. 
radiograms and Activity Measured by 

Radiochemical Analysis 

At the time of sacrifice the kidneys were bi· 
sected; 1 7 one half was used for autoradiograms 
and the other half was analyzed radiochemically. 
These values, when compared, gave a gross check, 
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and the results appear in Table 4.26. Activities 
in the whole half kidneys observed in autoradio­
grams are calculated with the formula given in the 
earlier report, 18 namely, 0.7c + 0.3m = K, where 
c = average counts per field in cortex, m = average 
counts per field in medulla, and K = calculated 
average counts per field over entire half kidney. 
Activity recorded for the ashed material was cal­
culated with relation to the weights, that is, the 

Table 4.26. Arithmetic Means in Half Kidneys Autoradiographic 

Method Compared with Radiochemical in dis min-l g- l 

Level 

(µg / kg) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

100 

100 

100 

100 

100 

100 

100 

100 

10 

10 

10 

10 

10 

Postinjection 

Time (days) 

1 

2 

2 

2 

4 

4 

10 

10 

28 

28 

2 

4 

4 

10 

10 

28 

2 

2 

4 

Part I 

Autoradiographic 

Mean (dis min - l g- 1) 

8,923 

10, 579 

5, 793 

7,807 

8,129 

2,03 2 

2, 101 

1,337 

805 

1,065 

917 

6,923 

6,437 

6,418 

2,208 

2,057 

836 

1,022 

2, 192 

2,882 

4,896 

3, 753 

3, 122 

169 

Radiochemical Ratio Between 

Mean (dis min - 1 g- 1) the two Methods 

11,64 2 0.76 

6, 209 1. 7 

6,807 0.85 

4,84 1 1.6 

6,227 1.3 

2,98::S U.7 

4,347 0.48 

614 2.17 

1, 209 0.66 

1, 115 0.96 

1,393 0.66 

7,286 0.95 

4,68 1 1. 38 

5,570 1.15 

2,590 0.85 

3,073 0.67 

605 1.38 

840 1.22 

4, 47 1 0.49 

1,987 1.45 

3,626 1.35 

2,556 1.47 

2,380 1. 31 

184 0.92 

Av 1.1 



amount m the cortex plus that in the medulla 
divided by the weight of the total half kidney. 

The methods were not as accurate as desired for 
detailed comparison due to the difficulties of 
rapidly separating the fresh medulla from the 
cortex 20 and weighing the proportionately very 
small amount of the medulla. In general, the 
radiochemical data showed greater variance than 
the autoradiographic data. 
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The ratio of mean activity per field by autoradio­
graphic counting to the estimate of activity by 

20one experiment was performed to check on the 
accuracy of separating the cortex and medulla. The 
two t ypes of tissue were separated and cut into serial 
sections. The separa tion appeared clean except for two 
small bits of cortex which had been included in the 
medulla. The amount of cortex was so slight that the 
separation of the cortex and medulla seemed a justifi­
able procedure. 

Table 4.26. Arithmetic Means in Cortex Autoradiographic 

Method Compared with Radiochemical in dis min- 1 g-l 

Level 

(µg/kg) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

100 

100 

100 

100 

100 

100 

100 

100 

10 

10 

10 

10 

10 

Post injection 

Time (days) 

2 

2 

2 

4 

4 

10 

10 

28 

28 

2 

4 

4 

10 

10 

28 

2 

2 

4 

Part II 

Autoradiographic 

Mean (dis min-l g- 1) 

12, 181 

14,447 

8,031 

10, 736 

11,012 

2, 546 

2, 568 

956 

1,415 

1,458 

1, 245 

8,827 

8,413 

7 ,832 

2,282 

2, 189 

994 

1, 252 

2, 537 

3,902 

6,8 19 

5,306 

4,404 

222 

Radiochemical Ratio Between 

Mean (dis min - l g- 1) the two Methods 

13, 124 0.93 

6, 740 2. 14 

7,790 1.03 

5,482 1.96 

7, 251 1. 52 

3,218 0.79 

4, 538 0. 57 

1,509 0.63 

512 2. 76 

1,275 1.14 

1, 504 0.83 

7,693 1.15 

4,93 5 1. 7 

5,815 1. 35 

2,622 0.87 

3,059 0.72 

645 1. 54 

82 1 1. 52 

4, 731 0. 54 

2,274 1. 72 

3,694 1.85 

2,953 1.80 

2, 766 1. 60 

200 1.11 

Av 1. 32 



radiochemical analysis was averaged. A mean 

ratio of 1.32 with a range of 0.57 to 2.76 was 
obtained for the cortex, a mean ratio of 0.87 with 
a range of 0.13 to 2.13 for the medulla, and a 
mean ratio of 1.1 with a range of 0.48 to 2.17 for 
the whole half kidney. 

Aggregates 

An aggregate may be defined as a set of tracks 
which emerge in such proximity to each other that 
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light may not be observed through its central core 
when studied under a light microscope . With the 
method used in this study, the number of tracks 
counted cannot be considered to be highly accurate. 
The possible biological significance of such high 
local concentrations led to the counting of aggre­
gates on all slides. 

Aggregates estimated to contain 200-600 or 
600-1000 tracks are recorded in Table 4. 27. They 
are found mainly in the cortex and in tissues of 

Table 4.26. Arithmetic Means in Medulla Autoradiographic 

Method Compared with Radiochemical in dis min- l g- l 

Level 

(µg/kg) 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

100 

100 

100 

100 

100 

100 

100 

100 

10 

10 

10 

10 

10 

Postinjection 

Time (days) 

1 

2 

2 

4 

4 

10 

28 

28 

2 

4 

4 

10 

10 

28 

2 

2 

4 

Part Ill 

Autoradiographic 

Mean (dis min-l g- 1) 

1321 

1552 

569 

973 

1401 

799 

969 

1154 

147 

151 

2180 

1826 

312 

2038 

1752 

467 

483 

1386 

503 

410 

129 

132 

44 

Radiochemical Ratio Bi> tween 

Mean (dis min -l g - 1) the two Methods 

2015 0.65 

1124 1.38 

1155 0.49 

2913 0.33 

782 1. 79 

709 1.13 

1436 0.67 

877 1.32 

591 0.25 

1203 0.13 

1701 1. 46 

524 1.23 

3527 0.88 

2452 0.83 

1743 1.00 

290 1.61 

904 0.53 

1705 0.81 

236 2. 13 

2545 0.16 

829 0.16 

439 0.3 

58 0. 76 

Av 0.87 
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Table 4.27. Number of Aggregates Observed on Every 40th and 4lst Section 

in Rats Injected with 1000 µg / kg 

Pos tinjection 

T ime 

(days) 

2 

2 

4 

4 

10 

Aggregates 

Co ntaining 

200 - 600 T racks 

390 

592 

159 

2 19 

77 

155 

3 

animals sacrificed at 1, 2, 4, 7 , and 10 days post­
m1ection. None were observed in tissues sacri­
ficed at longer postinjection times. An occasional 
aggregate was found in the medulla. 

In tissues of animals injected with 100 µg / kg, 
no aggregates were observed except one on a sec­
tion from a rat sacrificed 2 days postinjection. 
None were found in rats injected with 10 µg / kg. 

Fraction of Injected Dose to the Kidney 

Figure 4. 7 shows the kidney cortex of a rat m­
j ected with 1000 µg / kg and contrasted with that of 
a rat injected with 10 µg/kg and both sacrificed at 
1 day. The fractions of injected dose to the kid­
ney, as recorded by counting tracks in autoradio­
grams, are listed in Table 4. 28. In animals sacri­
ficed at 1, 2, and 10 days postinjection, the 
fractions are consistently higher with increasing 
dose levels. On the other hand, at 4 and 7 days 
the fractions found in the kidneys of animals in­
jected with 100 µg/ kg are slightly higher than in 
animals injected with 1000 µg/kg. With the kidneys 
analyzed radiochemically (Table 4. 29 ), the slightly 
higher fraction in rats injected with 100 µg / kg 1s 
observable at 1 day and at 4 and 28 days. 

Retention as Shown By 953 Confidence Limits 

Figure 4.8 shows the arithmetic means of the 
autoradiographic data obtained from cortices at the 
various dose levels and postinjection times. Figure 

Aggregates Autoradiographic 

Conta ining Expos ure Time 

600 - 1000 Tracks (days) 

55 28 

164 28 

20 28 

16 28 

0 28 

3 28 

0 35 

4.9 shows the arithmetic means of the data obtained 
from radiochemical analysis of the cortices. Al­
though there is some overlapping of the 953 con­
fidence limits, in general, greater retention at the 
high levels is evident. 

Location of Uranium Tracks in Histological Units 

A study was made of the cells 2 1 from which the 
uranium tracks seemed to originate. The data from 
four different animals, two injected with 1000 µg / kg 
of uranium and two with 100 µg/kg, are shown in 
Table 4.30. The postinjeccion times are 1, 28, 56, 
and 84 days, respectively. A high percent of the 
tracks was found in the proximal convoluted tubules, 
their epithelial cells, nuclei, and cellular debris in 
the autoradiograms from animals sacrificed at 1, 
28, and 56 days and a low percent in the distal 
tubules. However, in those sacrificed at 84 days 
the high percent of tracks was found in the distal 
tubules. There was a trace of uranium found in 
the glomeruli at both dose levels and at all four 
injection times. 

Pathological Conditions 22 

Additional work has been done on the pathologi­
cal conditions observed and recorded in Table 

21 A. W. Ham, Histology, 2d ed ., p 595 , Lippincott, 
P hilade lphia, 1953 . 

22By Dr. A. C. Upt on , Biol ogy Division. 
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Fig. 4.7. Kidney Cortex from Rat Injected with 1000 µg / kg and Sacrificed at 1 Day. Kidney Cortex from Rat 

Injected with 10 µg / kg and Sacrificed at l Day. 
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Table 4. 28. Fraction of Injected Dose in the Kidney 

Based on Autoradiographic Counting 

Dosag e P o stinj e ction Fraction of 

Level Time Injected Dose 

(µ g/kg) (days) to Kidney 

1000 0. 209 

100 0.1 46 

10 0.087 

1000 2 0. 205 

100 2 0.107 

10 2 0.07 3 

1000 4 0.047 

100 4 0 .0 53 

10 4 0. 004 

1000 7 0 .073 

100 7 0.074 

10 7 0.00 7 

1000 10 0.0 34 

100 10 0.0 23 

1000 28 0.0 20 

100 28 0.0 52 

100 56 0.001 

100 84 0.0 37 

4.31 and Fig. 4.10. These conditions become 
apparent in tissues 2 days after injection. These 
are seen in the animals injected with 100 µg/kg 
and are striking in animals injected with 1000 
µg / kg. The lumen and lining cells of scattered 
proximal, distal, and collecting tubules show 
mucoid or waxy material. Other tubules of the 
cortex, primarily in the junction of cortex and 
medulla, show hyaline droplet degeneration of 
epithelium. Four and seven days after injection 
these conditions are increased in the tissues with 
1000 µg, indicating injured kidneys, and mildly 
nephrotic conditions are found in the tissues with 
100 µg. In the former there is extensive cellular 
degeneration of the hyaline droplet type in proximal 
convoluted tubules. Mucoid or waxy casts are 
found at all levels of the nephrons. At 10 days 

St a ndard N umbe r Number 

De viation of of Half 

Anima ls Kidneys 

0.01 5 2 3 

2 

0. 008 2 3 

0.001 2 3 

2 

2 

2 

1 

2 

2 

2 2 

1 

2 

2 

the diffuse hyaline droplet degeneration in the 
proximal convoluted tubules is less severe than 
at 7 day s, and regeneration is beginning. Focal 
calcification is seen occasionally at both the 
1000- and the 100-µg levels. Waxy change seems 
to show at the cortico-medulla ry junction. At 28 
days the tissues from animals injected with 100 
µg / kg show no abnormalities, whereas those from 
animals injected with the higher amount of uranium 
are very abnormal. Atrophy and interstitial lymph­
oid infiltrations are present. Many tubules show 

regeneration, and there is associated hydropic 
change in the epithelium. 

Kidneys of rats injected with 10 and 1 µg/kg 

show no easily recognizable pathological condi­
tions. 
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Table 4.29. Fraction of Injected Dose in the Kidney Based on Radiochemical Analysis 

Dosage Postinjection Fraction of 

Level Time Injected Dose 

(µ g/kg) (days) to Kidney 

1000 O. l 52a 

100 0.159a 

10 O.lla 

1000 2 0 . 228 

100 '2 0.193 

10 2 0.074 

1000 4 0.115 

100 4 0.1 21 

10 4 0 .006 

1000 7 0.134a 

100 7 0.095a 

10 7 0.04a 

1000 10 0.052 

100 10 0.0 31 

1000 28 0.049 

100 28 0.147 

100 56 0 .00 2 

100 84 0.035 

u:Contains unpublished data of S. R. Bernard. 

Conclusions and Discussion 

Although the number of animals used in these 
experiments is too small for firm general con­
clusions, several trends are suggested. These 
expand and corroborate earlier studies. 

The concentration ratio of uranium in the rat 
kidney is usually 1.3 but tends to approximate 1 
at the 10-day postinjection time at the 1000 µg / kg 
level. At the 100 µg/kg level and at 4 days post­
miection, the concentration ratio also approxi­
mates 1, and this may indicate a time when active 
removal of uranium from the kidney takes place. 
The relatively greater concentration of uranium in 
the medulla of the kidney at these periods may be 

Standard Number Number 

Deviation of of Half 

Animals Kidneys 

0.024 4 8 

0.027 5 10 

0.016 5 10 

0.035 3 6 

2 

2 

2 

2 

72 

0.056 3 6 

0.004 4 8 

0.045 4 8 

2 

1 2 

2 

1 2 

2 

indicative of the time at which the process of 
clearance of uranium occurs. 

More data are needed to establish any possible 
relation between the injury to the kidney at the 
high dose which might have delayed clearance or to 
establish that at the lower level, where there is 
less injury, clearance takes place earlier. 

The comparison between the autoradiographic 
and the radiochemical methods of measuring activity J_ 
gave a gross check in spite of the experimental 
difficulties and large variance of some of the 
estimates. 

The apparent greater retention at the higher 
levels is indicated by the data on the fractions of 
total injected dose found in the kidney at the 
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var10us levels and postinjection times. Although 
these fractions do not differ greatly, the non­
linearity of this retention with dose also appears 
at the 4-, 7-, and 28-day fractions found by auto· 
radiographic counting and at the 1-, 4-, and 28-day 
fractions found by radiochemical a nalysis. How­
ever, they do corroborate the findings of Muir. 2 3 

2 3]. R. Mu ir, Health Phys. Div. Ann. Prog r. Rept. 
] uly 3 1, 1960, ORNL- 2994, p 272. 
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The retention pattern is shown in Figs. 4.8 and 
4.9. There is some overlapping of 953 confidence 
limits, especially in the radiochemical material. 

Whether there is a relationship between the 
pathological conditions caused by the mass of 
uranium and the retention with its nonlinearity is 
a matter for which more data are needed. Whether 
the destruction of cells will prevent the nephrons 
from functioning, ca using the uranium to be re­
tained in the kidney with high doses, needs to be 



Table 4.30. Histologic Units in Cortex in Which Tracks Were Observed 

Dose Pos tinj e ction Total No. No. of T:acks 3 of T racks 3 of Tracks in 3 of Tracks 3 of 3 of Tracks 

(µg/kg) Time of Sacrifice of Tracks in Identified in Identified Proximal Convoluted in Di s ta l T racks in in Other 

(days) Counted Cells Ce lls Tubules Tubules Glomeruli Uni t s 

1000 1 43 ,969 40, 458 92 96 2 

1000 43 ,231 43 ,055 99.6 97 0.6 0.5 1.9 

1000 28 2,403 1, 279 53 72 7 3 18 
...... 
\.>.) 

\D 

1000 28 2,267 884 39 47 4.8 1.8 53 .6 

100 56 82 79 96 80 10 3.6 6.4 

100 56 107 10 7 100 72 10 2.8 15.2 

100 84 2,774 2,549 92 30 61 0.5 8.5 

100 84 3,288 2, 199 67 9.6 77 0.2 13.2 



Level 

990,.gu 238 
+ w µg u2B 
per kg body 
weight 

90µgU238+ 

lo µg u 233 

per kg 

0 µg u 238 + 
lOµgU 233 

per kg 

0 µg u 238 + 
l µg u233 

Number 
o f 

Animals 

2 

2 

1 Day 

Occasional tubules 
show waxy casts; 
small foci of calcifi­
cation are al so noted 
sporadically 

Occasional waxy 
casts at all level s 
of nephron; focal 
calcification 

Negative 

Negative; a few des­
quamated epithelial 
cells in lum en of 
p roximal and di seal 
convoluted tubules ; 
these were also 
found in controls 

Number 
o f 

Animal s 

3 

2 Days 

Scattered tubule s with 

mucoid or waxy material 
in lum en as well as in 

lining cells including 
p roximal , distal and 
coll ecting rubule s; other 
tubule s show hyaline 
droplet degeneration o f 
epithel ium; these are in 
the cortex, not in 
medulla, but prim arily 
in junction of cortex 
a nd medull a 

Hyal ine droplet change 
diffuse throughout 
proximal convoluted 
tubules 

Negative 

Negative 

Number 
of 

Animals 

0 

Table 4. 31. Pathological Anatomy of Rat Kidney After Injection of Uranium-238 + Uranium-233 

4 Days 

Shows extensive cellular 
degeneration o f hyaline 
droplet type in proximal 
convoluted tubule s; many 
tubules a t all level s of 
nephron s s how waxy casts. 
Thi s i s a s ick kidney 

Hyaline dropl et change 
diffuse throughout 
proximal convoluted 
tubules; mild; also 
waxy cas t s in many 
tubules 

Negative 

Number 
of 

Animal s 

Pos tinjeccion Time and Anima l s Inj ected 

7 Days 

Extens ive degeneration; 
epichechial cells s loughed 
off; mucoid or waxy ma­
terial in lumen; hyaline 
droplet degenera tion 

Slight degeneration; some 
waxy cases; s imila r but 
not so severe as high 
level 

Negative 

Negative 

Number 
of 

Animal s 

0 

10 Days 

Diffuse hyaline drop-
l et degenera ti on in 
proximal convoluted 
tubules; l ess severe 
th an a t 7 days with 
beginning regeneration; 
occasiona l foca l cal­
cification 

Focal cal ci fi cation . 
Seems to show waxy 
change a t corti co-
medullary junction 

Negati ve 

Number 
of 

Animal s 

0 

0 

0 

14 Days 

Focal calcifi-

cation; o ther-
wise nega ti ve 

Number 

of 
Animals 

0 

0 

0 

Number 
15 Days of 

Animals 

Negati ve 0 

0 

140 

28 Days 

Atrophy and inters titi al 
lymphoid infiltrations; 
many tu bules show di la­
tation and con tain pre­
cipi ta te in lumen; proxi­
mal convolut ed tubules 
show regeneration but 
there i s assoc iated 
hydropic change in the 
epith elium 

Nega tive 

Numb er 
o f 

Animal s 

0 

0 

56 Days 

Focal interstitia l 
lymphoid infil-
tration s; other-
wise negati ve 

Negative 

Number 
of 84 Days 

Animals 

0 

Negative 

0 



investigated. The possibility that the greater 
amounts of uranium cause a malfunctioning at 
first which prevents clearance cannot be over­
looked. 

The obs erved location of the uranium tracks is 
consistent with the pathological conditions , and 
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the pathological conditions corroborate earlier 
findings on chemical injury. 2 4 

24T. B. Barnett and R . G. Metcalf, Pharma cology and 
T oxicology of Uranium Compounds (ed by Carl Voeg tlin 
and H. C. Hodge) , p 214, Mc Graw-Hill , New York, 19 49. 
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Fig. 4.10. Hyaline Droplet Degenerat ion of Tubules with Desquamatiorl of Cells. 



5. Health Physics Technology 

B. R. Fish 

AEROSOL PROJECT 

G. W. Royster, Jr. 

Studies of Surface Contamination 

Comparisons of methods of measurement of 
. . b • d 1-3 surface contanunat1on have een repor.e . 

Three methods of measurement have been investi­

gated : (1) the smear or wipe technique; (2) the 

adhesive paper technique; and (3) a procedure 

which employs air impingement to remove loose 

contamination from a surface. The air impinge­

ment samples are referred to as "smair" samples. 

Table 5.1 shows the results of testing a number 

of common building materials that were uniformly 

contaminated with a solid particulate. There are 

no consistent correlations between these methods 

of measurement for the different test surfaces. 

The rougher surfaces, in general, showed a lower 

percentage of contamination removed by the smear 

technique, and a more detailed study was begun 

to investigate the influence of surface roughness 

on contamination measurements by these three 

methods. 

The dust settling chamber used rn this study is 

shown in Fig . 5 .1. The sides of this chamber are 

removable and may be raised to permit insertion 

1G. W. Royster, Jr., and B . R. Fish, ORNL CF-61-
3-39 (1960). 

2
G. W. Royster, Jr., and B. R. Fish, Studies of Sur­

face Contamination . I. Intercomparison of Methods for 
Measuring " Removable" Contamination, presented 
at the Annual Health Physics Society Meeting, June 
12-16, 1961, Las Vegas, Nev . 

3G. W. Royster, Jr., and B. R. Fish, Studies of Sur ­
face Contamination . /I, Surfac.e Characteristics_ Affect­
ing the Measurement and Redzsperszon of Particulates, 
presented at the Annual Health Physics Society Meet ­
ing, June 11-16, 1962, Chicago, 111. 
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of the test surface. Thorium-dioxide dust is in­

troduced into the chamber by means of a Wright 

dust feed, and a uniform suspension of the dust 

is obtained by operating a fan in the chamber. 

After the dust feed and fan are turned off, the 

chamber is le ft undisturbed for 5 min so that any 

large aggregrates may settle to the bottom. A 

test surface is inserted into the chamber, and 

the ThO particles are allowed to settle over-
2 . 

night. Total activity on the test surface is 

measured by using an alpha scintillation probe 

and by measuring deposited act1vlty on thin 

metal disks which are spaced over the test sur­

face. An indication of the uniformity of deposi­

tion for 18 different surfaces is shown in Fig. 

5.2. The average dis min- 1 cm- 2 for 12 measure­

ments on each surface is shown along with the 

standard deviation which is expressed as a per­

centage of the mean. Particle size of the de­

posited dust was approximately 1 µ., and the 

concentration was in the order of 10 6 particles 

per cm 2• 

The effect of surface roughness was examined 

for a series of Plexiglas sheets which were 

treated to produce a selectiun of surface finishes 

while keeping the surface. composition constant 

(Fig. 5. 3). A root-mean-square deviation of 100 

µ.in. represents about the same finish as that 

of masonite; 1000 µ.in. is approximately the rough­

ness of coarse sandpaper. The data indicate that 

the potential hazard associated with the re­

dispersion of contamination by air blowing over 

the surface is essentially the same for a wide 

range of surface roughness. The relative hazard 

as indicated by the smear and adhesive paper 

measurements is a factor of 6 lower for the 

roughest surface than that for smooth finishes. 

At the other extreme, smooth surfaces that are 

covered with an oily film or grease (Table 5.1) 
show the same fractions removed by the smear 



and adhesive paper techniques as do clean sur­
faces of the same material, whereas it is very 
difficult to redisperse dust adhering to greasy 
surfaces. In this case the potential hazard re-
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sulting from air currents blowing over an oily 
surface is small, whereas the apparent hazard 
measured by smears and adhesive paper is the 
same as that for a clean dry surface. 

Fig. 5.1. Dust Settling Chamber. 
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Table 5.1. Percentage of Total Rad ioact iv ity on Surface s Measu red by Different Sampl ing Techn i ques 

Composition of Surface 
Radioactivity Removed (3) 

Adhesive Paper Smear Sm air 

Po lye thylene 70 .3 56.6 10.9 
Gl ass 75 .0 64.6 27 . 2 
P lexi gl as 78 . 0 71.3 15 .8 
Fi be rboard treat ed with Pol yme r Ma 53.8 44.3 10.2 
Fibe rboard treated wi t h Soi l Re t arda~ t b 75.9 34.4 20.0 
Fiberboard scrub bfe'dc 56 .9 23 . 5 9.0 
F i berboard un treated 73.4 23 . 5 6.6 
Formi ca 73 .4 70.6 26 . 5 
Alumi num paintedd 70.0 50 .3 24.8 
Al uminum painted, treated with Soi l Retardan t b 86 .0 67 .1 33.0 
Asphal t floor t i le untreated 58 .6 48 . 5 14.6 
Asphal t floor t ile waxed e 74.5 74 . 5 30.3 
Concret e unsealed 55.5 39.5 22.0 

Concrete seal ed (Onex-Seal and wax/ 62 . 2 59.5 24.0 
Concret e sealed (Gellman and Du-Ev wax)g 54.8 47 . 7 27 .2 
St a inless steel 67.7 50.5 10 . 5 
Concret e , greasedh 43 .5 3 7 .5 1.32 

aPolymer Mis a floor t r eatme n t manufac tured by the J ohn son Wax Company. 

bSoi l Ret ardan t F inish Conce n t r a t e (E ng . 8474, VM- 5642), manufactured by E . I. du Pont de Nemour s and Company. 

cScrubbed for 10 min with Babbie's cleanser, a soft cloth, and water . 

dAme rcot e No. 74. 

eD u-Ev Wax (Do everything Wax), Du-Ev Products Company, Inc. 

fonex-Seal, Hilliard Chemical Company , used wi th Pol ymer M. 

gGe llman Seal e r , Gellman Paint and Varnish Company, used with Du-Ev wax . 

hGreased light ly wit h stopcock grease. 
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Production of Submicron Aerosols 

F. G. Karioris 4 A. J. Moll 4 

The exploding wire aerosol generator 5 • 6 has 
been used to produce aerosols from 18 different 
metals by wire explosions in air and in argon at 
barometric pressure. In this apparatus, 7 the cur­
rent surge from a 20-µf capacitor bank charged 
to voltages up to 20 kv can be made to pass 
through small wires in an explosion chamber with 
controlled atmosphere. The sudden release of 
of energy explodes the wire and fills the chamber 
with smoke which can be sampled with a thermal 
precipitator, collected on a membrane filter, or 

withdrawn and used for other studies . Table 5 .2 
shows that a large variety of aerosols can be 
produced and dispersed efficiently. These aerosols 
differ in chemical composition, crystal structure, 

4Temporary summer employees of Marquette Univer­
sity, Milwaukee, Wisconsin, and University of Washing­
ton, Seattle, Washington, respectively. 

5F. G. Karioris et al., Health Phys. Div. Ann. Progr. 
Rept. July 31, 1960, ORNL-2994, pp 266-69. 

6F. G. Karioris and J. W. Youngblood, Health Phys. 
Div. Ann. Progr. Rept. July 31. 1961, ORNL -3189, 
pp 227-29. 

7F. G. Karioris and B. R. Fish, J. Colloid Sci. 17, 
155-61. (1962). 

Table 5.2. Aerosols from Exploding Wires 

All explosions at 10 kv with 20 µ£; aerosols collected on membrane filters 

Metal 

Ag 

Al 

Au 

Cd 

Cu 

Fe 

In 

Mg 
Mu 

Ni 

Pb 

Pt 

Sn 

Ta 

Th 

u 

w 
Zr 

Color of 

Deposit 

Black 

Gray 

Chocolate 

Yellow-brown 

Brown 

Brown 

Gray 

Gray 

Teal blue 

Gray 

Cream 

Black 

Pale tan 

Gray 

Violet 

Gray 

Purple 

Cream 

Exploded in Air 

Relative Composition 

Yield a by X-Ray 

(3) Diffraction 

76 Ag, AgSb 

136 Al203 c 

59 Au 

92 

98 Cu, Cu 20, CuO 

111 Fe
3
0 4 

91 

100 MgO 

98 Mo0 2, Moo 3 

73 Ni, NiO 

82 2PhC0
3 

•Pb( OH)/ 

40 Pt 

106 Sn0 2 

43 Ta, Ta 2o 5 

103 Th0 2 

100 up8, U0 2 

55 w, wo/ 

110 

~eight of aerosol collected/ weight of wire exploded times 100. 

bProbably formed after collection by exposure to laboratory air. 

cSeveral crystal forms. 

Exploded in Argon 

Recovery from 
Color of Aerosol a 
Deposit (3) 

Black 77 

Dark gray 44 

V1dvet hlack 72 

Dark gray. 80 

Velvet black 75 

Velvet black 37 

Dark gray 68 

Gray 68 

Black 14 

Velvet black 26 

Dark gray 73 

Velvet black 35 

Dark gray 73 

Velvet black 26 

Black 86 

Black 33 

Dark brown 8 

Velvet black 34 



density, electrical and thermal conductivity, di­
electric permittivity, magnetic properties, melting 
point, boiling point, and other physical properties 

which may be related to the mechanisms of for­
mation or other aerosol characteristics. Samples 
have been collected for the electron microscope 
with the oscillating thermal preci pi tat or and 
membrane filter to explore any relationship be­
tween bulk properties of materials and the basic 
particle size and structure of aerosol particles. 

Qualitative analyses by x-ray diffraction have 
been completed for aerosols produced previously, 
and yield studies have been done for uranium 
and copper as a function of mass of wire ex­
ploded and voltage on the capacitor bank used 
for explosion. It is found that the amount of 
aerosol produced varies with the voltage used 
for explosion and the mass of wire exploded. 
Recovery of metal in the aerosol approaches 1003 
for explosion of small wires with high voltages. 
The composition of aerosols from uranium and 
copper wires exploded in air also varies with 
the voltage used for explosion. For uranium 
wires the percentage of uo2 decreases rapidly 
with increasing voltage, and the aerosol con­
sists almost entirely, of u

3
o

8 
for explosions 8 

above 6 kv. The aerosol from copper wires ex­
ploded in air consists of the mixture Cu-Cu

2
0-

Cu0 whose composition varies with the voltage 
used for the explosion. 9 A small percentage of 
copper is present, which decreases rapidly with 
increasing voltage. The CuO/Cu

2
0 ratio tends 

to increase with increasing voltage but depends 
also on the inductance in the circuit. At 5 kv 
this aerosol is predominantly CuO. 

There is evidence that the pressure of an in­
different gas influences the particle size of the 
condensate from metal vapors 10 as well as the 
electrical characteristics of the exploding wire 
phenomenon. 11 Copper wires have been exploded 
in air at pres sure s below barometric to determine 

BF. G. Karioris, B. R. Fish, and G . W. Royster, 
"Aerosols from Exploding Wire s ," to be published in 
the Proceedings of the Second Conference on the Ex­
ploding Wire Phenomenon, Boston, Nov. 13-15, 1961. 

9A. G . Barkow, F. G. Karioris, and J. J. Stoffels, 
"X-Ray Diffraction Analysis of Aerosols from Ex­
ploding Wires ," to be presented a t the Eleventh Annua l 
Conference on Applications of X-ray Analysis , Denver, 
Aug. 8-10, 1962. 

10w. E . Gibbs, Clouds and Smokes, p 33, J. S. 
Ch urchill, London, 1924. 
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whether the primary particle size varies signifi­
cantly with the pressure in the explosion chamber. 
It is found that the aerosol yield tends to decrease 
with decreasing pressure. At low air pressures, 
wires which can sustain the electrical discharge 
at pressures of about 100 /1 will explode when the 
pressure is reduced below 0.5 /1· Such explosions 
are studied by placing glass slides in the vicinity 
of the wire inside a vacuum chamber. With high 
vacuum it is found that only a small fraction of 
the exploded mass condenses on the slide from 
the vapor state and that the thin film formed is 
subsequently struck by large, very hot droplets 

which splatter and form small spheres which are 
visible under low magnification (0 to 40X). 

The primary particles formed by the generator 
are spheres having diameters ranging from 0. 01 
to 0.1 fl· These spheres agglomerate rather 
rapidly to form the chains and complex agglom­
erates which are typical of metallic smokes. 7 ' 8 

Polyhedral particles frequently present in some 
arc smokes 12 have not been observed rn the ex­
ploded wire smoke. 

Particulate material of the size range given 
above are of interest in health physics because: 

( 1) Such particles frequently are formed in proc­
ess operations. 13 (2) Radioactive materials ab­
sorb readily on naturally occurring dust or smoke 
particles. 13• 14 (3) Such particles are retained in 
the alveoli with relatively high efficiency. 13 ,l S 

( 4) Such fine particles are difficult to filter. 13 

Primary particles from the explosion of alumi­
num wire in argon with 5 kv on the capacitor 

bank are shown in Fig. 5. 4 . These were collected 
from the explosion chamber on a membrane filter 
and redispersed for the electron microscope. 
Pr irnary particles of metallic aerosols are chosen 
for study because the bulk properties are well 
kuowu anJ the composition is not complicated 

11T. Korneff, J. L. Bohn, and F. H. Nadig, Exploding 
Wires (ed. by W. G. Chace and H. K. Moore), pp 104-
107, P lenum Press, New York, 1959. 

12J. H. Harvey, H. I. Mathews , and H. Witman, Dis­
cus s ions Faraday Soc. 30, 113-23 (1960). 

l 3J. J. Fitzgerald and C . G. Detwiler, A.l.H.A. 
Quart. 18(1), 47-58 (1957). 

14A. C . Chamberlain, Aspects of the Deposition of 
Radioactive and Other Gases and Particles in Aero· 
dynamic Capture of Particles (ed. by E. G. Richardson), 
Pergamon Press, London, 1960. 

15P. E . Morrow, Health Phys. 2, 366-78 (1960). 
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Fig. 5.4. Primary Particles from the Explosion of Aluminum Wire in Argon Redispersed from Membrane Filter. 

by the products of simple c ombustion. The dis­
tribution of aluminum particles produced by a 
wire explosion in argon with 5 kv on the capacitor 
bank is shown in Fig. 5.5. The mass median 
particle diameter is about 0.06 µ , and approxi­
mately one-half the mass is accounted for by 
particles 0.05 to 0.08 µin diameter. 
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Fig. 5.5. Distribution of Primary Particles from the 

Explosion of Aluminum Wire in Argon. 

APPLIED INTERNAL DOSIMETRY 

ORNL In Vivo Gamma-Ray Spectrometry Facility 

P. E. Brown 
L. B. Farabee 
S. A. Helf 17 

D. L. Mason 16 

J . L. Thompson 
W. H. Wilkie, Jr. 

S. Wood 18 

Introduction. - During the second year of op· 
eration of the IVGS Facility, several improvements 
have been made in the counting equipment. Two 

new 8 x 4 in. Nal(Tl) crystals have been put into 
use for IV counting and a Nuclear Data 512-channel 

analyzer-computer has been installed. Use of 
the larger crystals has made it possible to reduce 
the necessary counting time, and the new analyzer 
enables the facility to record data and to make 
rough estimates of internal contamination more 

160RINS undergr aduat e trai ne e , Austin Peay St a t e 
College, C larksville, Tenn . 

17P icatinny Arsenal, Dover, N . J. 
18

0RINS research participant, Austin Peay State 
College, C larks ville, Tenn. 



rapidly by automatic stripping operations. A 

computer program is being prepared for rapid and 

accurate processing of large volumes of spec­

trometer data by locally available high-speed 

computers. Formerly, all human gamma-ray spectra 

were obtained with a 200-channel analyzer, and 

the punch paper tapes from those examinations 

are presently being converted to new tapes in a 

format compatible with the paper tape input 

system of the new 512-channel analyzer. 

Operation. - Pending completion and testing of 

the computer program, now under development, 

the scheduling of whole-body counter examinations 

has been directed primarily toward investigating 
known or suspected contamination exposures. A 

total of 142 whole-body counts have been made 
on 102 people. Of these, 12 have shown meas­
urable amounts of activity other than the normal 

K 40 and Cs 13 7 (Table 5. 3). 

Table 5.3. Measurable Activity Found in 

Suspected Exposures 

Highest 

Isotope Number of Activity 
People (/le) 

Csl37 3 0.36 

z r95_Nb95 0.011 

Sbl25 5 0.16 2 

Ru 106_Rh 106 3 0.131 

Co60 4 0.013 

Ce 144 (+Pr 144) 0.03 

co58 3 0.02 

Fe59 3 0.04 

Cr51 3 0.32 

1131 4 0.20 

zn65 1 0.04 

Hg203 0.5 x 10-6 

Three employees were exposed to radioactive 

corrosion products while working on an in-pile 
loop. Figure 5.6 shows the gamma spectrum of 

one employee approximately one day after ex­

posure. This was the first of a series of chest 

counts made on two of the exposed persons. Ex­

trapolation to zero time of the values obtained 
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m this series of counts produced estimates of 
lung burdens at the time of the exposure (Table 

5.4). 
Physical Equipment. - One of the major prob­

lems in applied internal dosimetry is the de­

tection and measurement of low-energy photons. 

At present the only available method that may 

be used for routine personnel monitoring for 

low-energy gamma emitters is the analysis of 

excreta. This approach is limited by the dif­
ficulty m obtaining unequivocal estimates of 

internal deposits. Two approaches to in vi vo 
counting of low-energy photons, attempted by 

var10us groups, have included the use of thin­

window proportional counters and the application 

of thin NaI crystal spectrometers. Three thin 

Nal(Tl) crystals, each \ 6 in. thick and 5 in. in di­
ameter, have been obtained and are being installed 
in the iron room. These crystals have a 0.005-in. 

beryllium window and are expected to be about 
100% efficient for 90-kev gammas. This instal­

lation is about 75 % completed. 
Calibrations. - Basic calibrations have been 

completed for most of the gamma-emitting isotopes 

encountered at ORNL. Rapid calibration for other 

isotopes and source geometries can be done, as 

necessary, with the available phantoms and 

mannikins. Table 5.5 summarizes calibration 

data for some of the isotopes encountered at 

ORNL and gives an indication of the relative 
sensitivity by use of 4 x 4 and 8 x 4 in. NaI(Tl) 
crystals. 

Additional calibrations are being performed with 

an arc geometry. The arc position is expected 

to result in less variation in counting efficiency 

than is experienced with the "standard" chair 

geometry for persons of differing size, shape, and 
location of internal deposit. Present studies are 

directed toward the selection of the best geometry 

for utilizing the available spectromt:uy equipmcn t 

in an expanded routine program. 

Some work has been done toward detecting and 

measuring Cf252 and Cf 254 in the lung, utilizing 

the thick crystals to detect the spontaneous fis­
sion gamma spectrum produced by these two iso­
topes. With these crystals approximately 75 % of 

the maximum permissible lung burden for insoluble 
Cf 2 5 2 particles can be detected. 

1131 in Milk and In Cattle Thyroids. - During 

the summer of 1%0, a study was begun in which 
cattle thyroids were collected and analyzed for 

113 1. The purpose of this study, initially, was 
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Fig. 5.6. Gamma Spectrum of Corrosion Product. Exposure. (CAM refers to continuous air monitor.) 

Tuble 5.4. Estimates of Lung Burden Following on 

Accidental Exposure (µc) 

Isotope Case A-5644 Case A-5414 

c. 0 60 0.008 0.008 

Fe59 0.042 0.041 

Co58 0.021 0.021 

Cr51 0.28 0.32 

to improve the sensitivity of available environ­
mental monitoring procedures. In this connection 
a correlation was sought between ORNL ·stack 
releases, meteorological data, and 1131 . content 
in the catrle thyroids. 

As a result of the Soviet weapons· tests m 

September 1961, a sizable increase in the amount 
of I l 3 l was observed in cattle thyroi.ds. Milk 

samples collected in the same general area from 
which some of the thyroids were obtained provide 
a rough indication of the relative concentrations 
of 113 1 in these materials. Figure 5. 7 illustrates 
the changes in I 131 levels and the correlations 
observed between average pc (picocuries) of I 13 1 

per gram of thyroid and the observed pc of I l 3 1 

per liter of mi_lk. 

Analysis of Milk for 1131 by Anion Exchange 
Resin: The Effect of Protein-Bound 1131 

L. B. Farabee 

The high fission yield and the volatility of 113 1 

make it one of the most probable and in many 
cases the controlling radiocontaminant in gaseous 
wastes from nuclear installations. Radioactive 
iodine is strongly adsorbed on pasture grasses; 
thus, cattle grazing. on such grasses may secre.te 
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Table S.S. Summary of Calibration Data 

Photo peak Band Width 
Isotope Used (Mev) 

(Mev) 

K40 1.46 0.184 

Cs 13 7 0.662 0.152 

Na24 2.76 0.300 

zn65 l. ll 0.136 

zr95_Nb95 0.75 0.136 

I 13 l 0.364 0.096 

Pa 233 0.310 0.080 

Hg203 0.28 0.056 

Ce 144_pr 144 0.134• 0.096 

Sbl25 0.427 0.080 

cf252 Fission Gamma 2.7 

(+ 43 Cf 254) Spectrum 

aMaximum Permissible Body Burden in critical organ. 

bLung burden. 

quantities of I 13 1 m milk such as to be hazardous 
to human beings, particularly infants. In experi­
ments to simulate conditions of prolonged ex­
posure to continuous feeding of dairy cows with 
grass contaminated with I 131 , it has been found l 9 

that 5 to 10% of the daily dose appeared in milk 

each day. The measurement of 11 3 1 in milk from 
cows grazing in the vicinity of a nuclear facility 
gives a reliable reflection of the contamination 
of the cow's diet consumed within the past few 

·days. Such a measurement can be used to de­
termine the fitness of milk for human consumption. 
The Federal Radiation Council 20 has suggested 
a graded series of contamination levels as criteria 
for guidance on intake of I l 3 1 in exposed popu­
lation groups; thus, in order to comply with Range 
I (0 to 10 pc .intake per day), it is necessary that 

the I 131 analysis procedure be sufficiently sensi­
tive to detect less than 10 pc/liter of milk. 

19
F. W. Legemann and E. W. Swanson "A Study of 

the Secretion of Iodine in Milk of Dairy Cows, using 

Daily Oral Doses of I 131," ]. Dairy Sci. XL(3), 216-
24 (1957). 

20R d. . p . a zatzon rotectzon Standards, Report No. 2, 
Federal Radiation Council, September 1961. 

Background in Band 

(counts/min) 

4 x 4 in. 8 x 4 in. 

9 50 

15 95 

9 21 

10 41 

16 70 

20 136 

20 13 5 

61 llO 

59 397 

50 120 

80 

Net counts/min per MPBB a 

4 x 4 in. 

1.02 x 10 5 

0.963 x 10 4 

o.642 x 105 

1280 

5.16 x 10 5 

1.87 x 10 4 

8 X 4 in. 

2.7 x 10 5 

3.4xl0 4 

2.07xl0 5 

1.39 x 10 5 

5.53 x 10 4 

2.47 x 10 4 

l.135xl0 5 

12b 

A procedure has been developed for the analysis 
of a large volume of milk for I 131 , which is sensi­
tive to less than 10 pc/liter. It is based on the 
removal of I 131 from liquid milk onto a strong-base 
anion resin column. Measurement of the I 131 

which is collected on the resin is made by sum­
ming the counts within the 0.364-Mev gamma 
photopeak using a 4 x 2 in. Nal(Tl) crystal with 
a gamma spectrometer. Boni 21 has de scribed a 
method for the determination of I l 3 l in milk by 

the use of an anion exchange resin. However, 
no indication has been given of the inadequacy 
of this technique whereby losses of the 113 1 may 
be incurred by failure of the resin to remove that 
portion of the I 13 1 in milk which is chemically 
bound to the protein. 

The efficiency of the anion exchange procedure 
for the recovery of I l 3 1 from liquid milk was 

tested by analyzing the milk from cows that had 
been given single intravenous doses of I 13 1 in a 
study being performed at the. UT-AEC Agricultural 

21
A. L. Boni, Rapid Determination of 1131 in Milk, 

paper No. 37, presented .at the Seventh Annual Health 
Physics Society Meeting, June 11-16, 1962 Chicago 
Ill. ' ' 
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Research Laboratory. Three liters of this milk 
was passed over a resin column (2.5 cm ID con­
taining 25 ml of Dowex 1-X8, 50-100 mesh, in 
the Cl - form), at a flow rate of 20 ml/min. The 
loss was checked by counting the I 131 in the 
effluent milk and was found to average about 103 

as shown in Table 5.6. 

Table 5.6. Loss of 1131 in Effluent from Resin Column 

Alternate 200-ml aliquots analyzed 

Volume Put 

Through 

(ml) 

0-200 

400-600 

800-1000 

1200-1400 

1600-1800 

2000-2200 

2400-2600 

2800-3000 

Cow No. 1 

9.7 

10.2 

11.1 

11.1 

11.2 

11.6 

11.6 

12,0 

Av 11.0 

Loss (3) 

Cow No. 1 

Repeat 

7.9 

8.6 

9.3 

9.5 

9.7 

10.1 

10.8 

11.6 

9.5 

Cow No. 2 

8.1 

8.9 

9.5 

9.8 

10.3 

10.4 

10.9 

11.3 

9.8 

Essentially all the 1131 in the column effluent 
was shown to be protein-bound by the following 
tests: 

1. Precipitation of the protein from the effluent 
showed that 943 of the lost I l 3 l is present in a 
protein-bound form. 

2. Milk was equilibrated with Dowex 1-X8 resin 
in order to study the distribution coefficient. After 
separation of the resin and milk, new resin was 
added to the milk, and the process was repeated 
until no further I 13 1 could be removed from the 
milk. In general, this nonextractable I 131 was 
about equal to the effluent losses when this milk 
was passed over a resin column. 

3. The effluent milk was recycled over a new 
resin column. In seven recycle runs an average 
of only 0.63 of the original I 131 was retained on 
the second resin column. 

This procedure can be used to analyze milk for 
I l 3 l at levels of less than 10 pc/liter. The 

simplicity of the method makes it easily adaptable 
for routine use. The chief limitation to this pro­
cedure is that protein-bound I 131 will not be 
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removed from the milk. Since it has been demon­
strated that this loss .is about 103, an overall 
recovery of about 903 can be expected. 

NS "Savannah" Bioassay Development Program 

G. W. Royster, Jr. 

In support of the NS "Savannah" Medical Depart­
ment, a study was initiated in June 1961 to 
establish shipboard .bioassay procedures. It was 
desired to develop a minimum program adequate 
for detecting significant exposures to internal 
radioactive contamination, for estimating radio­
nuclide deposition in body organs, and. for de­
termining Na 24 levels rn the blood following 
neutron exposures. As a result of space and 
equipment restrictions aboard ship, all procedures 
were necessarily simplified so as to entail a 
mrn1mum of processing. Equipment that was 
already purchased and aboard ship consisted of a 
128-channel analyzer with a 2 ·x 2 in. Nal(Tl) 
crystal. A 3 x 3 in. Nal(Tl) crystal was purchased 
later to provide more sensitivity. 

Initial efforts were directed toward establishing 
a screening procedure with which significant in~ 
ternal exposures may be recognized. Direct 
gamma-ray spectrometry of raw urine samples was 
found to provide adequate sensitivity for detecting 
significant chronic or acute internal exposures to 
gross mixtures of radioactive corrosion products 
or fission products. Since not all the corrosion 
products nor all the fission products are excreted 
via the urine, it was decided to concentrate on 
representative nuclides that could be expected to 
be present in urine following exposure. Cobalt-60 

was chosen as a representative corrosion product, Ji 
and cesium-137 was chosen as a representative 
fission product. Thus, if either of these nuclides 
(or others) is detected in a urine sample, an ex­
posure is assumed, and a more comprehensive 
investigatio.n is. undertaken to estimate the quan­
tities deposited in body organs. 

The 3 x 3 in. Nal(Tl) crystal is housed in a 3-
in.-thick, 6-in. ID, steel cylindrical shield. With 
the top removed, the shield becomes a collimator 

which is used to scan selected portions of the 
body of a subject lying on a cot positioned over 
the shield. This procedure is sufficiently sensi­
tive to provide estimates of internal deposits. 
Organ burdens of 53 of the maximum permissible 
levels for individual major corrosion or fission 
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products may be detected easily. The sensitivity 
of this approach was emphasized in October 1961 
by an incident involving the accidental exposure 
of two ORNL employees to a mixture of. radio­
active corrosion products. The potential exposure 
was detected bx means of a constant air monitor 
(CAM) and confirmed by counting the men with a 
collimated 4 x 4 in. Nal(Tl) crystal in the ORNL 
whole-body counter (IVGS). The gamma spectra 
of the CAM filter of the collimated chest count 
and of a 24-hr urine sample ~re shown in Fig. 
5.6. The two highest energy peaks fur the filter 
and chest count are assumed to be a mixture of 
Co60 and Fe 59 since the peaks fall in the energy 
range of both. These peaks in the urine spectrum, 
however, more nearly approximate Co 60 energy a11d 
probably result from a lower fractional excretion 
of iron than ot'cobalt in the urine. The total dose 
that these men received was estimated to be in 
the order of 43 of a maximum permissible lung 
burden. 

.Excretion of Sr 90 by Man 

L. B. Farabee B. R. Fish 

In a previous study 2 2 the urinary excretion 
pattern of Sr 90 in man was described. At that time 
the fecal excretion data were incomplete because 
initially only a small aliquot of each daily fecal 
sample was taken for Sr 90 analysis; thus, the 
activity level of some of the samples was roo 
low to be valid. All the fecal samples were re­
analyzed by use of a large aliquot· of the sample, 
and corrections were applied. to account for the 
daily ingestion of Sr~u in foods. The excretion 
during the first_ 22 days in both urine and feces is 
summarized in Table 5. 7. 

Total excretion rate data (urine + feces) for the 
first 115 postexposure days have been fitted with 
a variety of functions (Table 5.8). Many authors 
report their strontium retention and excretion data 
in terms of the power function At-8 or as a linear 
combination of exponentials. 23 • 24 In discussing 
the power function, most writers concede that the 
data at early times do not seem to fall on such a 
curve and so they arbitrarily drop the first few 
data points and fit the remainder. There are at 
least two difficulties imposed by this procedure. 
First, there is no unanimity concerning the number 
of data points to be ignored; current practice 
ranges from dropping the first day to dropping the 
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first 20 days. Secondly, it is probably rare to 
find a case in which the author does not make the 
tacit assumption that the errors in the logarithms 
of the observations are distributed homogeneously. 
This assumption is implicit in fitting a straight 
line to the logarithms of the observed values 

22L. B. Farabee, Health Phys. Div. Ann. Progr. 
Rept. July 31, 1961, ORNL-3189, pp 224-26. 

23Margaret Bishop et al., Intern. ]. Radiation Biol. 
2, 125-42 (1960). 

24
P. W. Durbin et al., Metabolism of Sr90 in the 

Monkey, p 13, presented at the meeting of Bio-Medical 
Program Directors of the United States Atomic Energy 
Commission, Feb. 6-7, 1Y61. 

Table 5.7. Daily Urine and Fecal Excretions of Sr 90 

During the F.irst 22 Days After i:xposure 

Days Sr 90 Dosea Sr 90 Dosea 

After Excreted in Urine ·Excreted in Feces 

Injection Per Day (3) Per Day (3) 

16.5 2.48 

2 8.8 2.40 

3 4.7 1.12 

4 7.7 1.12 

5 3.8 1.12 

6 2.8 2.3 5 

7 2.5 1.40 

8 1.43 0.74 

9 0.65 0.41 

10 0.92 0.22 

11 0.92 0.37 

12 0.64 0.19 

13 o.64 0.19 

14 0.65 0.29 

15 0.51 0.24 

16 0.47 0.31 

17 0.62 0.31 

18 0.43 0.11 

19 0.24 0.07 

20 0.27 0.08 

21 0,18 0.27 

22 0.21 U.13 

Total 55.6 16.0 

aBased on an 
dis/min. 

estimated initial injection of 17, 790 
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unless proper adjustment is made in the relative 
weights assigned to the data points~ Failure to 
make appropriate changes in the weights is equiv­
alent to assigning weights inversely proportional 
to the square of the observed vafoe: that is, the 
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lowest values are given the highest weights. The 
parameter estimates given in Table 5.8 illustrate 
the disparity that can arise in .presenting the same 
set of data in reference to different models and to 
arbitrary rules for the rejection of data. 

Tobie S.S. Parameter Estimo.tes for Functions Fitted to Sr 90 Total Excretion Rote Dataa 

Data Parameters integrated Excretion 

Function Points wee= 1 Wt= 1/£2 (t-+ oo) 

Droppedb 
A B A B Wt= 1 Wt= 1/ £ 2 

E = At-B 0 5,303 1.440 12,697 1.723 ( 15,436) (20,937) 

1 7,294 1.526 12,698 1. 723 . 17,266 20,937 

2 8, 72.6·· U77 12,699 1.724 15,5 39 16,022 

3 10,071 1.615 12, 701 1.724 14 '766 14,359 

4 9,734 1.606 12, 701 i.724 14,933 14,435 

5 9,714 1.605 12, 701 1. 724. 14,932 14,353 

6 8,938 1.584 12, 701 1.724 15, 180 14,600 

7 8,125 1.559 12,699 1.724 15,404 14,802 

8 7,902 1.552 12,699 1.724 15,449 14,804 

9 8,594 1.573 12, 723 1.724 15,3 56 14,686 

11 8,692 U76 12,728 1.724 15 ,341 14,651 

13 9,188 1.590 12, 744 1.724 15,292 14,610 

14 8,748 1.578 12, 734 1.724 15,335 14,642 

15 8,580 1.573 12, 727 1.724 15,350 14,654 

16 8,020 1.556 12,708 1.724 15,407 14,686 

17 6,998 1.523 12,682 1. 723 15,531 14, 748 

18 6,671 1.511 12,665 1.723 15,573 14, 761 

19 7,288 1.533 12,779 1.725 15,504 14,740 

20 7,612 1.543 12,817 1.726 15,473 14, 731 

E = A/(l + Ct) 8 4,314 1.988 5,739 1.792 15,297 13,717 

(C = 0.~856) (C = 0.5282) 

E = ae-at + be-/3t + ce-Yt + de- 81 a= 3,264 a= 0.42 17,992 

b = 490 /3=0.10 

c = 35 y = 0.021 

d= 4.75 B= 0.0013 

Observed integrated excretion 0-+ t = 115 14,561 

In vivo counting [beta-absorption and thin crystal measuremen.t "-' 17,80.0 

of. bremsstrahlung cy90)] 

Comparison with Sr 85 excretion .data reported. by Margaret ·Bishop et al. 17 ,790 

(average total excretion, 81.33 for 100 days) 

aORNL Case A-12167. 

bDay through which all data dropped. 

cWeight. 

·='· 
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6. Education, Training, and Information 

Twenty-one students completed the course in Ap­
plied Radiation Physics ac Vanderb.ilt University 
in May 1962. Sixteen of these were AEC Fellows, 
three were from-·th-e-Nudear Engineering Depart­
ment of the Universit)', one was an Air Force offi­
cer, and one was a citi2en uf Japan. Sixteen AEC 
Fellows, one Ai~--Force officer, and oue citizen of 
India reported to the Health Physics Division in 
June for Applied Health Physics training. 

Fourteen of the AEC Fellows were granted ex­
tensions to the Fellowship to complete the require­
ments for the MS degree. Thirteen AEC Fellows 
fc;>r the 1962-63 program were selected in March 
1962 and will enroll at Vanderbilt University in 
September 1962. 

Two 60-hr courses in Health Physics were pre­
sented by the Division for ORSORT. These were 
combined lecture and laboratory courses covering 
various aspects of Health Physics. Two 5-hr lec­
ture series were given to NSF-AEC Institutes in 
Radiation Biol~gy for high school teachers. One 
was at Florida State University and the other at 
the University of Wyoming. 

Lectures and tours were given for: 

1. U.S. Public Health Service, Cincinnati, Ohio 

2. ORNL Orientation Program 

3. ORINS Radioisotope Techniques Course 

4. ORINS Medical Division (Courses in Clinical 
Techniques) 

5. ORNL-Radiation Safety and Control Course 

6. American Industrial Hygiene Association 

7. Oak Ridge, Clinton, and Norris Policemen and 
Firemen 

8. University of North Carolina, School of Public 
Health 

One member of the Section conducted the Health 
Physics Division Seminar Program and was respon­
sible for all visitors to the Division. 

Samuel Helf, Picatinny Arsenal, New Jersey, has 
·.completed a 1-yr training program which was co­

ordinated by this section . 
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Nuclear Studies, July 17, 1962, Oak Ridge, Tennessee. 

Use of Activation Analysis in Ecology, Radiation Biology-Ecology Institute, Oak Ridge Institute of 
Nuclear Studies, July 27, 1962, Oak Ridge, Tennessee. 

W. S. Snyder 

Internal Exposures, Maximum Permissible Concentrations, and Interpretation of Handbook 69, Summer 
Postgraduates, St. Louis University School of Medicine, July 25, 1961, St. Louis, Missouri. 

Single Exposure Dose, Neutron Dose, Federal Radiation Council, National Committee on Radiation 
Protection, and International Commission on Radiological Protection, ORSORT Lectures, ORNL, 
January 3 and 5, 1962, Oak Ridge, Tennessee. 

A Method of Producing Bounds for the Solution of Certain Fredholm Integral Equations on a Digital 
Computer, Sharp Forms of Lebesgue's Theorems on Differentiation of Set Functions or Functions of a 
Real Variable, The Use of Steiner Symmetrization in the Study of the Fundamental Eigenvalue of a 
Region or Solid, and Using Digital Computers to Obtain Bounds for the Solution of Certain Problems, 
Society for Industrial and Applied Mathematics (SIAM) Lectureship Program, Virginia Polytechnic 
Institute, February 1-2, 1962, Blacksburg, Virginia. 

Monte Carlo Calculations of Dose from Neutron Irradiation, Some Mathematical Models Used to Esti· 
mate Dose from Ingested Radionuclides, and Using Digital Computers to Obtain Bounds for the Solu­
tion of Certain Problems, SIAM Lecture, North Georgia College, March 5-6, 1962, Dahlonega, Georgia. 

The Use of Steiner Symmetrization in the Study of the Fundamental Eigenvalue of a Region or Solid, 
and Sharp Forms of Lebesgue's Theorems on Differentiation of Set Functions or Functions of a Real 
Variable, SIAM Lecture, University of Kentucky, March 19-20, 1962, Lexington, Kentucky. 

Trends in Internal Dose Estimation, Japanese Delegation, Lecture, ORNL, April 18, 1962, Oak Ridge, 
Tennessee. 

T. Tamura 

Mechanisms That Impede Movement of Radionuclides into the Environment, Short Course in Health 
Physics for ORSORT, Oak Ridge National Laboratory, January 17, 1962, Oak Ridge, Tennessee. 

Selective Reactions for Radio-Strontium and Radio-Cesium by Minerals, University of Tennessee, 
Department of Geology, May 24, 1962, Knoxville, Tennessee. 

Use of Radiochemical Methods for Soil Studies, Summer Institute in Radiobiology (ORINS-ORNL), 
July 23, 1962, Oak Ridge, Tennessee. 

I. H. Tipton 

Health Physics, WUOT Faculty Forum, November 1961, Knoxville, Tennessee. 

Trace Element Program at UT, Teacher's Institute, December 1961, Martin, Tennessee. 

Trace Ele'ments in Human Tissue, Sigma Pi Sigma Banquet, February 1962, Knoxville, Tennessee. 

Atomic Spectroscopy, Physics Department Seminar, University of Tennessee, March 1962, Knoxville, 
Tennessee. 

J. E. Turner 

The Possible Role of Momentum in Radiation Dosimetry, ORNL, May 31, 1962, Oak Ridge, Tennessee. 

J. P. Witherspoon, Jr. 

Cycling of Cesium-134 in White Oak Trees on Sites of Contrasting Soil Type and Moisture, Department 
of Botany, University of Tennessee, March 1962, Knoxville, Tennessee. 
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