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Possible Differences in Biological
Availability of Isotopes of Plutonium:

Report of a Workshop

Abstract

This paper presents the results of a workshop conducted on the apparent
different bioavailability of isotopes 238Pu and 239pu. There is a substantial body of
evidence that 238Pu as commonly found in the environment is more biologically
available than 239Pu. Studies of the Trinity Site, Nevada Test Site from nonnuclear
and nuclear events, Rocky Fiats, Enewetak and Bikini, and the arctic tundra support
this conclusion and indicate that the bioavailibility of 238pu is more than an order of
magnitude greater than that of 239pu. Plant and soil studies from controlled
environments and from Savannah River indicate no isotopic difference in
availibility of Pu to plants; whereas studies at the Trinity Site do suggest a difference.
While it is possible that these observations can be explained by problems in the
experimental procedure and analytical techniques, this possibility is remote given
the ubiquitous nature of the observations. Studies of solubility of Pu in the stomach
contents of cattle grazing at the Nevada Test Site and from fish from Bikini Atoll
both found that 238pu was more soluble than 239pu. Studies of the Los Alamos

effluent stream indicate that as particle size decreases, the content of 238Pu relative
to 239pu increases.

We have suggested several hypotheses to explain the observation of increased
bioavailability of 238Pu relative to that of 239pu. These hypotheses are not mutually
exclusive but could operate either singly or in combination to produce results
similar to the observations. The truth or falsity of these hypotheses can only be
determined by further experimentation. The hypotheses can be grouped into three
categories: Differences in environmental behavior could arise due to (1)different
sources for the two isotopes resulting in physical separation of the isotopes whose

• intrinsic nuclear differences of decay rate and decay energy cause different
environmental properties, (2) the different isotopes come from different sources
resulting in differences in physico-chemical form, or (3)different response to

'" environmental conditions because of differences in electronic stucture. While we

regard possibilites (1) or (2) as the most likely, possibility (3) of the above list can only
be ruled out with further detailed experiments. Given the current state of our
knowledge and existing data, we believe it is most likely that differences in isotopic
biological activity arise from (a) differences in solubility due to differences in
physico-chemical form and (b) differences in particle size distribution. As pointed
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out above these lasttwo hypotheses are not mutually exclusive,but any
combinationmay or may not be true.

Introduction: Purpose and Scope of Workshop
].R. Kercher and L.R. Anspaugh

Observations have been reported in the literature that isotopes 238pu and 239pu -.
exhibit different biological availability in natural terrestrial environments. If

isotopic differences of plutonium are found to actually exist, they directly affect
assessments of radiological dose based on the use of models. Also, if isotopic
differences of plutonium do actually exist, these differences call into question the
biological transfer factors used in assessing dose for different isotopes of other
transuranic elements.

Because of the consequences of isotopic differences, BECAMP convened a
workshop on the apparent isotopic differences of 238pu and 239pu on August 28 and

29, 1990. The first goals of the workshop were to discuss and review past work to
determine if observations of isotopic differences of biological availability could be
rejected due to experimental problems or errors. If the potential objections to the
experiment were not decisive, that is, if the experiments could not be either accepted
or rejected, then the second goal of the workshop was to develop a full range of
hypotheses (conservative to radical) that might produce an isotopic difference in
biological uptake of plutonium. The third goal was to describe the experiments to
test these hypotheses.

This report summarizes the work conducted at the workshop; it includes a
review of past observations and a series of steps to guide future work on this topic.

Literature Review

Plutonium Isotopic Ratios in Samples from Rocky Flats Grassland
C.A. Little

Isotopic ratio data were generated in a study conducted at Rocky Flats Plant,
northwest of Denver, Colorado. The study was conducted during the early 1970's to
estimate the compartmentalization of 239pu in the grassland surrounding the plant.
Samples were collected from two different macroplots in the Rocky Flats grassland
(Fig. 1). Macroplot 1 was directly downslope and downwind of the barrel storage

area where machine cuttings of plutonium metal were stored in light oil (Little et al.
1980, Little 1980). The leaking barrels were the predominant source of plutonium
that contaminated Macroplot 1. Macroplot 2 was uncontaminated.
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Figure 1. Map of Rocky Flats installation with 1974 average wind rose.

Samples of soil, vegetation, litter, arthropods, and small mammal tissues were
collected from both macroplots and analyzed for both 238pu and 239pu. For each

sample in which both isotopes were detected, an isotopic ratio (IR) was calculated by

dividing 239pu by 238Pu. As evidenced by the fact that the plot of 239pu versus 238pu

was a straight line passing through the origin, the IR for each data type was an
. unbiased estimator. Most of the IR data sets were lognormally distributed, but were

less skewed than the concentration data alone.

*_

Isotopic Ratios in Soil

Isotopic ratios were calculated for seven depth groups in soil, from the surface to
21 cm, in 3-cm increments (Tables 1 and 2). In Macroplot 1 soils, medians for each

depth group ranged from 54.7 in the 0 to 3 cm depth to 38.7 in the 18 to 21 cm depth,
but there was no significant trend with depth (Fig. 2). Soil IRs for Macroplot 2 were
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Table 1. Median isotopic ratios (239pu pCi g-1/23Spu pCi g-l) in Rocky Flats
environmental samples for Macroplot 1.*

, i iii

lsotovic ratio

Compartment Median 95% confidence intervai n

Soil depfl_, cm
0-3 54.70 37.04--80.78 10
3-6 43.70 35.09-54.43 7

6-9 46.41 35.23-61.14 8 r.
9-12 46.45 40.67-53.06 6
12-15 48.76 42.81-55.54 6
15-18 46.94 32.27-68.26 3
18-21 38.67 34.16--43.78 2

Litter 55.47 51.62-59.61 4

Vegetation 59.98 39.92-90.12 3
Arthro pods 9.88 5.69-17.12 9
Small-mammal tissues

Bone 7.49 2.99-18.71 9
GI tract 24.82 17.18-35.90 20
Hide 19.94 13.99-28.43 21

Kidney l 1.07 3.98-30.80 7
Liver 17.55 11.62-26.50 12

Lung 7.42 3.97-13.87 10
Muscle 13.20 4.66-37.41 9

* Only data in which both 239pu and 238pu were above detectable limits were included.

similar, but the range from the high to the low IR was greater. Again, there was no
significant trend with depth.

Isotopic Ratios in Litter and Vegetation

Four samples of litter and three of standing vegetation from Macroplot 1 had
median IRs of 55 and 60, respectively. Confidence intervals (CI) calculated for each
of these medians overlapped with those calculated for the soil compartments

(Tables 1 and 2). Single samples of litter and vegetation from Macroplot 2 had ratios
of 42.2 and 36.6, respectively.

Isotopic R:,fios in Arthropods

Nine samples of various arthropods from Macroplot 1 and three samples of
arthropods from Macroplot 2 had median isotopic ratios of 9.9 and 6.6, respectively.

Isotopic Ratios in Small Mammal Tissues

Seven groups of small mammal tissues from Macroplot 1 had median isotopic
ratios which ranged from 7.4 (lung) to 24.8 (gastrointestinal tract) (GIT) (Tables 1 and
2, Fig. 3). The upper bound of the 95% confidence interval of the IR of both muscle
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Table 2. Median isotopic ratios (239Pu pCi g-1/23Spu pCi g-l) in Rocky Flats I

environmental samples for Macroplot 2.*
i i i i,| i

l_topi¢r_io
Compartment Median 95%confidence interval n

i i,i llll .i i i

• "Soil depth, cm
0-3 24
3-6 5

"" 6-9 6
9-12 4
12-15 2
15-18 5
18-21 5

Litter 42.2 - - 1

Vegetation 36.6 1
Arthropods 3
Small-mammal tissues

Bone 8
GI tract 9

Hide l0

Kidney 7
Liver 9

8
Muscle 9

' Hi iii i

* Only data in which both 239pu and 238pu were above detectable limits were included.

and GIT overlapped with the lower bound of the 95°/,, CI of the IR for soil. However,

the remaining tissue IR data appeared to be significantly different from the
Macroplot 1 soil results. Isotopic ratios from Macroplot 2 small mammal tissue

samples were not significantly lower than for those from Macroplot 1, except for
bone.

Discussion and Summary

Data from Rocky Flats seem to indicate that ratios of 239pu to 238Pu decrease from

approximately 40 to 60 in the soil, litter, and vegetation compartments to roughly 10
to 25 in the arthropod and small mammal tissue compartments. However, the
variability of the data and the relatively small number of data points for each

- compartment make it difficult to confirm this hypothesis. Censoring of the animal
tissue data sets due to the presence of numerous undetectable sample

•. concentrations, particularly for 238pu make a downward bias of the ratio a
possibility. The impact of this phenomenon is discussed in a later section of this
paper.
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Marshall Islands Studies

L.R. Anspaugh

. In 1988, Noshkin et al. (1988) summarized the results of their studies on the

uptake of radionuclides by invertebrates and fish from the Bikini Atoll. This Atoll
had been used by the United States for nuclear tests from 1946 through 1958.

• Twenty-three different tests were conducted at 10 different sites within the Atoll and
its 23 islands. Most of the tests were detonated on barges, two were air drops, two
were underwater, and three were on the land surface. (One of the surface events

was BRAVO, the largest explosion conducted by the United States.)
Noshkin et al. reported that, for fish ,vith relatively high body burdens of

239+240pu, "the 238Pu to 239+240pu activity ratio in the muscle and other internal
organs was usually higher than the activity ratio found in the material ingested by
the fish." Some further investigations were conducted to determine if the 238Pu was
more soluble than the 239+24°pu. This was done by removing gizzard and intestinal
contents from mullet samples collected from more contaminated regions and

allowing the contents to equilibrate with seawater for 5 hours. Then the ratio of
238Pu/239+240Pu was determined for the solid phase and for the solution. It was
found that this ratio increased for the solution by factors between 2.3 and 50 for 5

separate experiments.
It was not stated by the author whether the sources of the 238pu and 239+240pu

might have been different, i.e., whether most of one isotope relative to the other
might have come from a single test.

Soil Studies at INEL
S. lbrahim

The behavior of plutonium radionuclides has been studied in some ecosystems

by investigators at Idaho National Engineering Laboratory (INEL). Markham et al.
(1978) investigated the plutonium contamination near a transuranic radionuclide
storage area at INEL. The waste had originated from the Rocky Flats facility in
Colorado• The 239+240pu/238pu ratio in buried waste was about 37. A similar

isotopic ratio in contaminated surface soil (0 to 4 cm) occurred on the perimeter area
where water drains from the subsurface disposal area (-43). This ratio, however,
was significantly higher than that observed in the deeper soil profile (4 to 8 cm). It
was concluded from this study that the vertical soil migration of 238Pu was greater
than for 239pu, indicating possible differences between the plutonium isotopes. The
investigator's explanation for the apparent differences was that 239pu in the waste
may have different origins and therefore may not be in the same chemical form.
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Aquatic Studies at INEL and SRS
S. lbrahim

i

Whicker et al. (1990) have recently reported the distribution of radionuclides in
an abandoned reactor cooling reservoir at the Savannah River Site (SRS). The
239pu/238pu ratio in the pond filtered water and sediment were 0.4 and 0.1,

respectively. The data from floating-leaved macrophytes indicated an isotopic ratio
of 1.0, which was equal to that from ongoing atmospheric deposition from the plant

operation. In contrast, the ratio for submerged species was about 0.3, indicating
important contribution from. sediments. Sorption on seston and Kd values for
239+240pu exceeded that for 238pu, indicating different partitioning of these isotopes.
Three hypotheses were provided to answer the question of why 238Pu is less
s0rptive than 239+24°pu: (1) These isotopes occur in differentoxidation states;
(2) 238pu is contributed continuously from atmospheric deposition and the water-
sediment partitioning is not in equilibrium; and (3) the higher specific activity of
238pu renders it more soluble from particulate forms through autoradiolysis. On the
other hand, Kuzo et al. (1987) repeated the measurements on the distribution of
transuranic radionuclides in test reactor leaching ponds components at INEL. They
noted differences in CRs between plutonium isotopes. The geometric mean
concentration ratios for 239+240Pu ranged from -1.4 to 3.5 times greater (P<0.05) than

238pu for seston, net plankton, metaphyton, zooplankton, and periphyton. Isotopic
differences resulting from possible isotope-specific conditions under which they
were introduced into the system was given as an explanation. Ibrahim and Culp
(1989) studied the same ponds system at INEL. They did not find any significant
differences between CR values for 239+240pu and 238pu in net plankton. Also,
sediment Kd values and oxidation states distribution for plutonium isotopes

indicated no apparent differences in the ponds system.

Summary of 239Pu/238pu Data from Los Alamos Study Areas
T. E. Hakonson

Radioecological studies of plutonium in the Los Alamos and Trinity Site
environs were completed during 1972 to 1976. At Trinity Site, the emphasis was on
fallout from the world's first atomic bomb test in 1945. At Los Alamos, the studies

focused on plutonium in treated liquid effluent canyon disposal areas.
At Trinity Site (Hakonson and Johnson 1974 ), 239pu/238pu ratios were calculated

for soils and biota using concentration data taken from 9 sampling locations
extending from ground zero (GZ) to 56 km from GZ. The analytical laboratory at Los
Alamos at the time of the study claimed a detection limit of 0.03 pCi of 238pu or
239pu per sample. The mass of samples analyzed for plutonium ranged from 10 g
for soil, several hundred grams for vegetation, to a few 10's of grams for animal

tissue. The ratios were calculated when at least 0.03 pCi was measured in the
sample, with 238Pu concentration being the limiting isotope. While the soil and
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vegetation data are "good" data, the concentrations in rodents were consistently at
the detection limit. Therefore, only a very limited number of rodent tissue samples
met the 0.03 pCi criteria for calculating the concentrations ratio (e.g., only 5 of 23
liver samples met the 0.03 pCi requirement.).
. The data presented in Table 3 suggest that 238pu is enhanced over 239pu as soil
depth increases and in transfer from soil to vegetation. While statistical tests were
not done, the data also suggest that 238pu is enhanced in taller growth forms
(shrubs/forbs) compared with shorter forms (grasses).

Evidence supporting differences in 239pu/238Pu concentration ratios in soil size
fractions was obtained in Mortandaci Canyon in the mid-1970s. All of the data used

to calculate the 239pu/238Pu ratios were "good" in that concentrations of both

isotopes ranged from 10 to 1000 pCi/g. The results in Fig. 4 suggested that 238Pu was
increasingly enriched over 239Pu as soil particle size fraction decreased from gravels
to particles in the silt-clay range. In general, the silt-clay fraction had about 2 to 3
times more 238pu relative to 239pu than the gravel fraction (2 to 23 mm). These
results have implications for Pu transport in the terrestrial ecosystems (Hakonson et
al 1981). There is no question, in this case, that runoff events will preferentially
transport silt-clay particles over the coarser fractions leading to enhanced 238pu
transport over 239pu. Whether ratios change as a function of soil particle-size
fraction in terrestrial ecosystems and, by extension, that they account for enhanced
238Pu in biota, is the basis of a proposed theory on preferential 238pu transport.

Comparative Uptake in Plant Species
G. Schreckizise

Schreckhise and Cline (1980) added nitrate forms of 23SPu and 239Pu individually
to soils contained in 13.2-cm diameter by 1.0-m long PVC containers. The soil was a
silt loam with a pH of 6.2 and a cation exchange capacity of 22.5 meq/100 g at pH 7.
The plutonium isotopes were individually added to 34-kg aliquots of oven-dried

soil, which was then placed in separate containers in a layer 20-cm thick. An
additional 1.7 kg (10 cm) of uncontaminated soil was placed on top of the
contaminated layer. The containers were maintained in an outdoor enclosure and

planted individually with cheatgrass, barley, peas, or alfalfa seeds. The plants were
harvested at maturity at the end of the first growing season, divided into various
components, and radiochemically analyzed to determine the amount of 238pu or
239pu that was taken up from the soil into the plant parts. The relative uptake of the
two plutonium isotopes was not statistically different (a = 0.01, n = 5).

Cline and Schreckhise (1987) reported on a similar set of experiments, except that
the oxide and nitrate forms of 239Pu were individually added to the surface of soil
that had been filled into the containers to within 15 cm of the top. The
contaminated soil was then covered with an additional 3.4 kg (10 cm) of
uncontaminated soil. Measurements showed that 93.9% of the activity had an
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Table 3. The 239pu/23SPu ratio in some ecosystem components collected in the
fallout zone of the Trinity detonation.

239pu/238pu

Type of sample X S.E.* n

0-2.5 cm 19 3.2 9
2.5-7.5 cm 18 1.7 7 -
Remainder 9.0 2.3 6

V_tgetation
Grasses 12 2.0 13
Forbs 7.6 1.9 10
Shrubs 8.0 1.6 9

Rodents
Liver 0.44 0.10 5

Lungs 1.0 0.28 8
Hide 1.8 0.89 16
Carcass 1.7 0.65 20

* S.E. = standard deviation divided by ti_enumber of samples.
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Figure _. Relationship of 239,240pu/238pU ratios of soil size fractions.
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activity median stokes diameter (AMSD) of 6.1 mm with a geometric standard
deviation (GSD) of 1.3; 6% of the activity had an AMSD of 1.63 mm (GSD = 2.7); and

the remaining 0.1% passed through a 0.l-ram filter.
The relative plant uptake of 239Pu of the nitrate treatment samples were

. statistically higher (a = 0.015, n = 5) than the oxide treatment plants. The nitrate
• treatment plant uptake values were a factor of 10 to 20 greater than the oxide

treatment plant uptake values for the three growing seasons that the experiment
" ran. The plant uptake values for both chemical forms were highest the first growing

season and reduced by factors of 2 to 50 during the second and third harvests•
Brown and McFarlane (1978) conducted experiments with alfalfa, lettuce, and

radishes that were grown in soil that had been amended with monodispersed

238PUO2 particles (GMD = 0.32 mm). Their uptake values were similar to those in
which more soluble forms of plutonium (e.g., chelate-complexed plutonium) had
been added to the soil. These results are contrary to the Cline and Schreckhise (1987)
results for 239puO2. However, the pots used in the Brown and McFarlane (1978)
study may have enhanced the uptake values. Or, this might indicate a difference in

the phytoavailability of 238PUO2 vs 239puO2.
Adams et al. (1975) amended various types of soil with either 100-mm-diameter

238puO2 microspheres or a 239pu(NO3)4 solution. Some of the 239pu(NO3)4

amended soils were heated to 300 or 900°C to convert the plutonium to the oxide

form. Analyses of lettuce, oats, and barley grown in the amended soils showed that
the relative plant uptake values were: Unheated > 300°C > 900°C > 238PUO2
microspheres. Simply heating the soil may not have converted the plutonium to
the oxide form and may have affected the soil which may have in turn affected the

plant uptake values. The 100-_m microspheres are much larger than used in other
studies and may have also affected the plant uptake value.

Review of Nevada Test Site Studies

E.H. Essington and R.O. Gilbert

Environmental Setting at the Nevada Test Site

Sources of plutonium on the Nevada Test Site (NTS) include both nuclear event

explosions and nonnuclear, high-explosive safety shots. The experiment that
dispersed plutonium in Area-13 of NTS was a single, non-nuclear explosion of a

• nuclear device. Plutonium was dispersed over a limited area with larger pieces of
the device being deposited close to the ground zero (GZ) and small particles being
deposited farther away. Investigation of the construction and components of the
device indicated that materials dispersed from the device would likely exhibit a
single 239pu/238pu ratio. Generally, plutonium used in safety tests of nuclear

devices was of one isotopic distribution and the various isotopes were intimately
mixed throughout the material. It is also likely that there was no other source of

plutonium exhibiting a different isotopic ratio in the Area-13 device. Based on
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discussions with weapon engineers and radiochemists at LANL and LLNL and on
the testing literature, there is no indication that additional amounts of 238Pu had
been added to the experimental configuration. Discussion of the details of the
nuclear device used in the Area-13 experiment is classified and cannot be related
here. However, as indicated above, there is no reason to believe that the experiment q

caused anything but a uniform distribution of plutonium isotopes presumably in all
particle sizes. The 239pu/238pu ratio attributed to the Area-13 material was
measured by the Nevada Applied Ecology Group (NAEG) in soil and vegetation -.
samples and had an average value of about 46.

If the Area-13 device contained plutonium materials of differing isotopic ratios,

one might expect those ratios to be seen in the dispersed materials on a spatial basis.
During the explosion, the isotopic ratio would be changed if neutron activation
occurred. There was no nuclear yield from the Area-13 explosion, thus no neutron
activation of any significance occurred that could alter the isotopic distribution of
the dispersed materials.

There are sources of plutonium not associated with the Area-13 explosion that

may have influenced the resultant distribution of plutonium isotopes in the area of
deposition. World-wide fallout has deposited small but measurable amounts of

plutonium having a well-documented isotopic ratio of about 42, which is not very
different from the ratio of the Area-13 material of about 46. Along with fallout from

atmospheric testing is the imposition of 238Pu from the atmospheric destruction of
the SNAP-9A reactor burnup in 1964. If sufficient 238pu from the SNAP were to be

deposited on the Area-13 site, the 239pu/238pu ratio would be lowered. Finally,
atmospheric testing of nuclear devices was conducted on NTS proper in Yucca
Valley adjacent to Area-13. Fallout of significant levels was periodically deposited
on Area-13. Isotopic ratios of the plutonium from those explosions were very
different than for the Area-13 plutonium due to the materials used in the devices,
neutron activation reactions creating 238Pu, and burnup of 239Pu.

Because the Area-13 data suggest that an overlay may be present, characteristics
of possible overlay material are discussed. The major overlay source is thought to
be the atmospheric nuclear explosions conducted in Yucca Valley. Figure 5 is a map
of NTS showing the location of Area 13, the large cratering event SEDAN, and a
corridor of fallout patterns from a number of events known to have deposited
fallout on the Area-13 site. Those events or the series in which one or more events

sent fallout over Area 13 are listed. Several of those events caused the highest

concentration of fallout todeposit directly over the Area-13 site.
The 239pu/238pu ratios for a number of events conducted in Yucca valley are

shown in Table 4. These ratios were determined t_'om soil samples collected during

the RIDP study in 1986. For comparison, the ratio for Area-13 (46) data determined
in 1973 is decay corrected to 1986 (50). The first part of the list is for nuclear
experiments yielding ratios from 2.1 to 10. The second part of the list is for safety
experiments exhibiting no nuclear component yielding ratios of 42 to 52. An
intermediate sample from Area 15 (Sample #111) was collected by RIDP from
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Figure 5. Map of the Nevada Test Site showing Area-13.

Table 4. Selected 239pu/238pu source ratios for NTS.
i i i

JL

Source Ratio_ i i. i

Kepler 3.0
Whitney 3.1
Diablo 2.1
Smoky 10

.- Sedan 5.5
Sample #111 5.3

• Oberon 52
Plutonium Valley 42
GMX 51

Area 13" 46 (50)

" Data from NAEG data Base; ( ) decay corrected from 1973 to 191t6. All other data from RIDP
(McArthur and Mead 1989).
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between the SEDAN event and Area 13 on the Area-13 side of a mountain range

separating the two sites. One could conclude that a portion of the overlay at Area 13
may be from the SEDAN event known to have sent fallout in the direction of Area-
13.

i

Analysis of Physical Data

NAEG Transects. Data collected along line transects were evaluated for possible
ratio differences with distance. If smaller particles exhibited a decreased 239pu/238Pu
ratio, then samples containing a higher proportion of the smaller particles would
exhibit a lower ratio. Soil from a long transect, which ran south to north from the

more contaminated region to the region of low levels of contamination from the

Area-13 explosion was collected in 1972. Soil from a short transect just southwest of
GZ was collected in 1988 and was designed to evaluate the spatial variability of
plutonium in a small area. Figure 6 is a plot of the plutonium isotopic ratios
relative to distance away from the Area-13 GZ. The vegetation samples were
collected in October 1978 and analyzed by a different laboratory than the soil

samples, which were collected in November 1978 from a location immediately
adjacent to the vegetation samples. Only one vegetation sample was collected and
analyzed from each location on the transect, whereas two replicate aliquots were
analyzed for the soils. The south-to-north transect data show a decided decrease in
the 239Pu/238Pu ratio with distance.

Figure 7 is a plot of the plutonium isotopic ratios relative to distance on the
short (east-to-west) transect. Soil from each location on the transect was analyzed
twice, and all data are plotted in Fig. 7. Although a linear least-square fit of the data
shows a slight decrease in ratio with distance from west to the east, this difference is
not significant. There seems to be no information in this data set suggesting ratio
differences. This observation is intuitive because the samples were collected from a
much smaller area than the south-to-north transect and were very close to GZ,
where the influence of the Area-13 explosion was large.

Microplot Studies. A small-scale sampling study was conducted by NAEG in
March 1972 to test sampling methods for surface soil, soil depth profiles, and
vegetation. The microplot was a small area enclosed in a temporary building to
provide protection from the wind and animal intrusion and allowed investigators
to collect samples of soil and vegetation that were not impacted with plutonium
contamination from the surrounding area. This micropiot study yielded profile
data from which.plutonium isotopic ratios were calculated. Small particles with a
ratio different from that of larger particles may penetrate the soil profile more easily
than the larger particles. Figure 8 summarizes the four profiles collected in the
microplot study. The data represent the means and standard deviations (SD) of the
data for each depth increment from the four profiles. The top three increments
represent four data points each and the deeper increments are for fewer data points.
The average profile does indicate a substantial decrease in the ratio with depth that
suggests smaller, less filterable, particles have migrated vertically farther than the
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Figure 6. Ratio of 23gPu to 23Spu for Area-13, S-N transect.

larger, more filterable particles. Those smaller particles presumably exhibit a lower
239pu/238pu ratio.

NAEG Inventory and Distribution Surface and Profile Samples. In 1973, NAEG
conducted an extensive sampling program to establish the plutonium inventory
and the distribution of plutonium on the surface and in soil profiles.
Figure 9 shows the mean plutonium ratios in the 1973 profiles with the SD. A
linear least-squares fit of the data is shown for reference only. The data strongly

suggest a decrease in 239pu/238pu ratio with depth similar to that shown for the
" microplot study.

Not all of the surface samples collected from Area-13 were analyzed for both
. 238Pu and 239Pu, and many of the samples were too low in activity to produce data

for calculation of ratios. However, those samples for which ratios could be

calculated are represented in Fig. 10 plotted against activity level. This method of
representation was chosen to allow the visualization of changes in ratios with low
activity samples, those samples that could contain a different mix of particles from
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Figure 7. Ratio of 239pu to 238pu for Area-13, W-E transect (1989).

multiple sources. If a single source of particles was deposited on Area-13, the data of
Fig. 10 should show a constant ratio with radioactivity level.

There is a wide variation in plutonium isotopic ratios shown in Fig. 10, but the
data do suggest three regions of interest. The first is the very large ratios that are
unexplainable at this time. The second is the region of ratios located above about
10 pCi/g and that center on a ratio value of about 46, which is the average ratio
value established for Area-13. The horizontal line shown in Fig. 10 represents the
ratio for world-wide fallout (42) and suggests that Area-13 ratios would probably be
indistinguishable from world-wide fallout ratios. The third region of interest is
below about 10 pCi/g. In this region the ratios appear to decrease with radioactivity
level• This observation would be consistent with a decreasing influence of the Area-
13 plutonium source and an increasing influence of the overlay exhibiting a lower
239pu/238Pu ratio. In fact, that contention is consistent with all of the ratio data of

Fig. 10 except for the very large ratios.
Solubility Data. There is some data on solubility of isotopes of pluto_um from

nuclear event sources published by Larson (1966), for particles from balloon and
tower events as shown in Table 5. These events were conducted in 1957 and several
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of each type sent fallout over the Area-13 site. Solubility is expressed relative to
water or dilute acid for particles larger or smaller than 44 microns. Particles

originating from tower events show limited solubility in water and substantial
solubility in dilute acid. Particles from the balloon events show considerable

. solubility in both media. In both cases, the smaller particles were more soluble than
the larger particles. The impact of this data is that the smaller particles are the ones

presumed to have been deposited on the Area-13 and are the ones predominating
'- the lower activity samples. In addition, the particles dispersed by the Area-13

explosion are fired oxides, which are typically very insoluble compared to the
balloon and tower p_rticles that are predominantly silicate in nature.
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Analysis of Biological Data

The Nevada Applied Ecology Group (NAEG) conducted environmental

radionuclide studies on the NTS, the Tonopah Test Range (TTR) and the Nellis
Bombing and Gunnery Range between 1970 and 1986. The objectives of the NAEG

included determining concentrations of radionuclides in ecosystem components
(soil, air, native vegetation, small mammals, and grazing cattle), quantifying the

rates that radionuclides move from soil to the other components and developing
radionuclide transport and dose-to-man models. This section briefly summarizes
NAEG data that suggest differential movement of 238pu, 239+240pu, and 24tAm from
soil to tissues of small mammals or grazing cattle in the NTS environs.

Animal Grazing. An animal grazing on the sparse vegetation of Area-13 will
ingest contaminated particles in several ways. As the animal attempts to eat grass,
some amount of soil is ingested by the animal into both the GI tract and lungs. The
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animal will also ingest soil particles that are trapped on the surface of the vegetation

due to resuspension of contaminated soil (Whicker and Schultz 1982).
Incorporation of plutonium into the plant structure after uptake through the

roots is known to be very small compared to the measured amounts of plutonium

on the plant surfaces. Thus, the grazing animals will obtain little plutonium
through that route even though that plutonium may be more available biologically.

Kangaroo Rats. Gilbert et al. (1988) reported data suggesting increased movement of
238pu relative to 239+24°pu and of 241Am relative to 239+240pu in kangaroo rats at

- Nuclear Site 201. These data suggested that the bioavailability of radionuclides to

the carcass of kangaroo rats was in the order 238pu > 241Am > 239+24°Pu. The data

indicated a possible three-fold (on the average) enhanced bioavailability of 238pu to
" the carcass of kangaroo rats relative to 239.240Pu and a two-fold enhanced

bioavailability of 241Am to the carcass relative to 239+240Pu. These conclusions were

based on computed carcass/GI ratios for these radionuclides for individual kangaroo
rats that resided at Nuclear Site 201. The reported data were (reported as
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Table 5. Solubility of isotopes of plutonium from nuclear event sources.

Support Particle Solubility (%)
(micron) Water (0.1N HCI)

ii i ,H|, ,i|,1 i

Tower >44 <1 _5)
<44 <2 (14 to 36) " •

Balloon >44 31 (>90) .
<44 14 (>60)

ii, wl

Note: Data from Larson eta[. (1966).

radionuclide, geometric mean, geometric standard error, number of kangaroo rats):
238pu, 0.032, 1.2, 52; 241Am, 0.018, 1.2, 56; and 239+240pu, 0.012, 1.2, 59. There was a

statistically significant difference (p < 0.05) between the geometric-mean ratios for
238Pu and 239+240pu, but not between the geometric-mean-ratios for 241Am and
239+240pu. The data used to compute the geometric means were for animals with

positive concentration measurements reported by the analytical laboratory (negative
measurements were reported for some tissue samples). That is, animals with
negative measurements were not used in computing the geometric means. This
data analysis procedure is not expected to result in biased geometric-mean ratios
unless the animals with negative measurements tend to have a different carcass/GI
ratio than animals with positive measurements. The tests were conducted using

Bonferroni t tests (Miller 1981) on the logarithms of the ratios.
Gilbert et al. (1988, Figure 8) also computed 239+240Pu/238pu and

239+240pu/241Am ratios for pelt, GI and carcass tissues of the sacrificed kangaroo rats
from Nuclear Site 201, again, using only positive measurements. The data reported

for the 239+240Pu/238Pu ratios were (tissue, geometric mean, geometric standard
error, number of rats): pelt, 38, 1.1, 58; GI, 30, 1.1, 57; and carcass, 9.5, 1.2, 54. There
was a statistically significant difference in the geometric-mean ratio for pelt and
carcass and for GI and carcass, but not for pelt and GI. The data reported for the
239+240Pu/241Am ratios were: pelt, 9.3, 1.2, 41; GI, 6.6, 1.1, 59; and carcass, 4.8, 1.1, 56.

There was a statistically significant difference between the geometric-mean ratio for
pelt and carcass, but not between the geometric-mean ratio for pelt and GI or GI and
carcass (Bonferroni t tests on the logarithms of the ratios).

Grazing Cattle. In Area 13 on the NeUis Bombing and Gunnery Range
adjacent to the NTS, a nuclear device was explosively destroyed at ground level in
1957. This test contaminated the surrounding soil and vegetation with plutonium
and americium. Between 1973 and 1976, a reproducing herd of beef cattle were
grazed within two fenced enclosures in Area 13 for up to 1064 days under natural
conditions (no supplemental feed, unlimited water) (Barth 1979). The cattle were

killed and their tissues were analyzed for radionuclides, including 239+240Pu, 238Pu,
and 241Am. The data for 17 of the 20 cattle were suitable for estimating fractional
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Figure 11. Ratios of 239+240pu to 23Spu for isotopes measured in soil, vegetation, and
tissues of cattle grazing Area 13 (number of observations in parentheses).

transfers. (One cow died with no samples collected; one cow died from exposure to
the elements one day after birth; one cow was a brachcaphilic dwarf). Figure 11
shows the measured isotopic ratios for the animals grazing in the Area-13

contaminated region. Bone, lung, lymph nodes, muscle, gonads and rumen
contents (both vegetation and liquid contents) are shown with the respective
numbers of animals analyzed. The figure shows the range of ratios with the mean
ratio. For reference, the ratio of the soil and vegetation upon which the animals

. were grazing is also shown. In almost all cases, the tissues exhibited ratios that are
lower than those of the soil and vegetation. Only the ,'umen contents were not

significantly different from the soil or vegetation ratio.
- Gilbert et al. (1989) used the cattle tissue radionuclide data in conjunction with

data on concentrations of plutonium and americium in soil and vegetation, as well
as other information from the literature, to estimate for each cow the fractional
transfer of 239+240Pu, 238pu, ano 241Am to cattle tissues using a simple single

compartment model (constant input and output). Gilbert et al. (1989) reported that
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statistical tests (sign tests) indicated significantly (p < 0.05) larger GI-to-tissue
transfers (1) of 238pu as compared to 239+240Pu for all tissue examined (blood serum,
muscle, liver, femur, vertebra, and kidney), (2) of 238Pu as compared to 241Am for

muscle, liver, femur, and vertebra, and (3) of 241Am as compared to 239+240pu for
blood serum, femur, and kidney. Statistical sign tests could not be conducted to
compare 238Pu with 241Am for blood serum and kidney because only 2 or 3 cows had
data for both tissues. The sign test comparing 241Am and 239+240pu were
nonsignificant for muscle (p = 0.09), liver (p = 0.15), and vertebra (p = 0.7).

The GI-to-blood fractional transfer of 238Pu (0.0001) was about 20 times larger
than the estimated transfer of 239+240Pu (0.000005), while the estimated transfer of

241Am (0.00001) was about 2 times larger than that of 239*24°pu. Median geometric
mean 238Pu/239+240Pu ratios were (tissue, geometric mean, number of cattle (ratios)):
blood serum, 28, 5; femur, 16, 7; muscle, 10, 7; kidney, 5, 5; vertebra, 3, 11; and liver,
2, 16. The median geometric mean 241Am/239+240po ratios were blood serum, 4, 5;
femur, 2, 12; muscle, 3, 9; kidney, 4, 8; vertebra, 1, 15; and liver, 1, 15).

The estimated fractional transfers depend for their validity on assuming the
selected model and model parameter values are appropriate. The effect of model
parameter uncertainty on the uncertainty of the estimated fractional transfers is
currently being assessed using uncertainty analyses (Monte Carlo simulations). The
possibility that a more complex and realistic model might have given different
conclusions cannot be dismissed lightly. The model that we used considered only
gut absorption. A more realistic model would include inhalation and absorption of
Pu in the lungs of the cattle.

Rumen contents of fistulated steers (and a non-fistulated steer sampled at the
time of slaughter) grazing Area-13 were collected during the year and analyzed for
plutonium isotopes. Table 6 is a summary of the isotopic ratios of the contents of
four components of the bovine GI tract for several grazing periods. The designation
"shrub," "grass," and "mix" in Table 6 is a very crude interpretation of the general
nature of the vegetation grazed, and is shown only as an indication of what the
animals might have been grazing. The data show that during the winter months,
when the animals browse shrub materials, the plutonium ratios are closer to that
determined for the soil materials. During the spring and early summer months, the
ratios are lower, perhaps associated with grazing on the grasses. One can postulate
two plant-species-dependent effects that may influence the ingestion and ultimate
assimilation of plutonium: (1) the nature of the leaf surface relative to its ability to
trap and,hold particles;.and (2) the partially digested plant material in the GI tract of
the grazing animal may create a different chemical condition that can alter the
solubility of the plutonium containing F,_.'icles.

Based on the data in Table 6, it is possible that the grazing cattle have ingested
particles of considerably lower isotopic ratios at least during a portion of their stay in
Area 13. The Yucca Valley source ratio of 2 to 10 and the ratio of the assimilated
material of 2 to 24 are consistent with the observed animal tissue ratios of 2 to 25.
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Table 6. Ratios of 239pu/238pu in soluble fraction of rumen contents (J. Barth 1975,

p. 142)
_ L I II I I I I I IIIIll[ ]till II I I I I IIIIIII I Ilflll Ill It

Nov Feb May Jul Aug
Organ pH shrub shrub grass grass mix

hill |,lllf,l,,i, n i I ll,,ll L i,H,n if

. Abomasum 3. 33. 38. 9. 4. 3.
• Duodenum 4.5 36. 24. 2. 2. 35.

Jejunum 6. 40. 19. 11. 6. 38.
- Lower Intestine 7.5 42. 38. 34. -- 42.

,,,,_ i ,i in,, ,, nn ,,= n i i ii n i ,i i,n i , ,

These data are consistent with the hypothesis that the observed ratio differences
between the soil and the animal tissues are due to differences in ratios associated

with particles of differing origins and solubilities.
Also, consider the range of ratio values reported for the animal tissues shown in

Fig. 10. Some animals did not show the ratio differences; those ratios were similar
to those of the Area-13 soil materials. Possibly, those animals were sacrificed after
grazing the winter months (see Table 6). Those animals exhibiting the reduced
ratio,: possibly grazed during the spring and summer months when they were
ingesting materials of a lower ratio•

Savannah River Studies
L. R. Bauer

Extensive studies of plutonium concentrations in a variety of environmental
compartments have been performed at the Savannah River Site (SRS). The
analyses described in this section were conducted by the Savannah River Laboratory
and Savannah River Ecology Laboratory during the period 1976 through 1989.

Field Studies

A field study area was established near a nuclear-fuel reprocessing facility located
at the SRS. The characteristics of the study area, and its location relative to the

primary process stack associated with the separations facility, are shown in Figure 12.
The site for the study area was selected based on known patterns of low-level
plutonium contamination near the facility.

Of the two study plots shown in the figure, Field 2 has been used more
. - extensively'. This approach was taken because Field 2 has a more natural soil profile;

the top-soil and sub-soil layers of Field 1 have been disturbed by construction
activities in the area.

The plutonium concentrations of broadleaf crops grown on Field 2 have been
examined by McLeod et al. (1984a, 1984b). The results were reported as isotope-
specific concentrations of plutonium per gram of soil, and as ratios of plutonium
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Figure 12. Location and characteristics of the field study area at the SRS. The 291-H
stack is 61 m above grade, 238pu/239+240pu concentration is 1.8, and the nominal
flow rate is 2830 m3/min. This figure is from Pinder et al. (1979), McLeod et al.
(1981), and Pinder and McLeod (1989).

isotope content in crops to that of soil. These concentration data and concentration
ratios (CRs are measured alpha activity ratios) are shown in Table 7.

As seen in the table, the CRs for 238pu ranged from 1 to 12 times those for
239+240pu. However, the largest differences were associated with the lowest
concentrations, which suggests interference from a detection-limit-related artifact.
When the analysis is limited to those crops with lower coefficients of variation,

lettuce and turnip greens, the CRs for 238Pu are 1 to 2 times those for 239+240pu.
This finding is not necessarily evidence of preferred availability of 238Pu, but

rather is more likely a reflection of the isotopic ratio (ISR = ratio of 238pu content to
239+240pu content) of the source. The ISR of the effluent from the process stack
adjacent to the field study area is approximately 1.8 (Pinder et al. 1979, McLeod et al.
1980). Based on the ISRs of the airborne effluent and the resuspendible layers of
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Table 7. Plutonium availability in broadleaf crops grown on Field 2 (McLeod et al.
1984a, 1984b).

iii IHI II] I I I II IllHIIIIIIlil I I III I II _ J IIIIII

' ' tConcentratlon(fC11_)* Concentration Ratio .....
l v

238pu 239,240pu 238pu 239,24°Pu
i ii iii1|ii i iii

•" Broccoli 51+ 123 13+ 26 4.3x I0'I 3.5x 10-2

• Cabbage 4.1+ 4.4 1.8:t:2.1 3.4x 10-2 4.9x 10-3
Lettuce• *)

Unwashed 175:i:83 236+ 135 1.5x 100 6.4x 10-I

Washed 32 + 18 98 4-54 2.7 x 10-1 2.6 x 10-1

Turnip Greens 77 + 29 60 :i:23 6.4 ×10-1 6.4 x 10-1
Tobacco Stems 3.7 :t:1.5 3.9 + 4.9 3.1 x 10-2 9.1 x 10-3

Leaves 8.3 + 2.9 4.3 + 1.3 7.0 x 10-2 1.0 x 10-2
i, i , i i i i i ,i. i

* Meandry wt. concentration+_l standarddeviation.
+ Meanplant concentrationof isotope divided by meansoil concentrationof isotope. Soil concentrations
of 283+ 149 fCi/g and 676 :t:356 fCi/g for 238puand239+240pu,respectively, were used based on values
reported by McLeodet al. (1980).

Field 2, McLeod et al. (1984a, 1984b) concluded that the physical processes of

deposition and resuspension were the dominant mechanisms of plutonium
contamination• The researchers further suggested that the relative importance of
the two mechanisms varied with plant morphology and exposure time of edible
tissue. This suggestion is also supported by earlier work by McLeod et al. (1980) in
which thesetwo physicalprocesseswere found to contributefarmore to overall

plutonium concentrationsin vegetationthan theprocessofrootuptake.

Greenhouse Studies

McLeod etal.(1981)investigatedfactorsi,"ffluencingrootuptake of plutonium by

agriculturalcrops grown during 1976 to1977. In thisstudy,aerialdepositionand
resuspension were virtuallyeliminated by growing crops under greenhouse

conditionsinspeciallydesignedpots(Fig.13).The specificgoalsofthestudy were to

quantifyrootuptake and toestablishwhether significantdifferencesexistbetween
annualand perennialcrops.The resultsofthework areshown inTable8.

Based on the CR values in Table 8, there appears to be weak evidence of

'" preferentialavailabilityof 238Pu relativeto239+240pu.The validityof thisfinding

was questionedby the investigatorsdue totheshortdurationof thestudy and the

. largenumber ofsamples ator below thedetectionlimit.Samples below the limits
ofdetectionwere assignedconcentrationsrepresentingthoselimits.For thisreason,

theCRs may be consideredbounding casevalues.

The key finding of this study was art indication that fractional uptake via the

root system can generally be expected to be less than 10-3 . Though the mechanisms

25



10/6/93

Q

o.
om

Ionized
water

2 plastic
pots lass 1 cm

Leachate

Plastic ba

Figure 13. Pot design for root uptake studies.

responsible for the higher 238Pu CRs were not identified, the results were in good
agreement with values reported for soybean, wheat, and corn (Adriano et al. 1981)
and for rice (Adriano et al. 1982).

Low concentrations and relatively short study periods may also have affected
the analysis by McLeod et al. (1981) of annual versus perennial crop response.
Forage crops and the vegetative portions of wheat, corn, and soybeans all had
similar plutonium concentrations. Though no difference in crop response was
detected, it was suggested by the authors that longer-term studies be conducted
before rejecting the hypothesis.

A longer-term greenhouse study was conducted by Adriano et al. (1986). CRs
for238Pu were compared forYears 1 and 4 of the investigation.The researchers

observed that238Pu availabilityvia rootuptake increasedover time forcloverand
bahia grass. Three possible explanations were posited: (1) the more extensive root
system in later years cause more intimate contact of the roots with plutonium-
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Table 8. Root uptake of plutonium by greenhouse-grown crops (McLeod et al. 1981}.
................................... ,, ,,,, ,,,,,, i iiiii i IIII[IIITII I lllllllllllllllrl!illlllll III IIIIIIII III l I l III l l I I I [ I I l

Concentration(fCl/_)* Concentration Ratio t
v

23Spu 239,240pu 23Spu 239,240pu

Annuals
I

' Soybeans
Vegetation 7.9± 3.1 6.1+ 2.3 (1.6± 0.6)x I0-I (4.7± 1.8)x 10-2

•. Bean 12.9+ 15.9 9.7± 11.9 (2.6± 3.2)x 10-I (7.4:I:9.1)x 10-2
Wheat,

Vegetation 0.7± 0.2 0.5± 0.1 (1.4± 0.4)x 10-2 (4.1± 1.0)x 10-3
Bean 1.7±0.9 1.3± 0.6 (3.5± 1.7)x 10-2 (1.0± 0.5)x 10-2

Corn

Stalk 1.8± 1.8 1.4± 1.4 (3.6:i:3.7)x 10-2 (1.0± 1.1)x 10-2

Leaves 0.9± 0.2 0.8± 0.3 (1.9:i:0.5)x 10--2 (6.1± 2.6)x 10-3

Ears LLD _ LLD _ ....

Perennials

Bahiagrass 0.3± 0.0 0.3± 0.2 (5.6± 0.8)x 10-3 (2.3± 1.3)x 10-3
Clover 3.3± 2.4 2.5± 1.8 (6.7± 4.8)x 10-2 (1.9± 1.4)x 10--2

.......
,,, , , , , , ,,, ,, , ,,, ,,,,,,i,,,,,,,i,,,,, ,i , , , ,, i ,T H , , , , , ,,,

* Meandry wt. concentration± I standard deviation.
t Plantconcentrationof isotopedivided by Field2 soil concentrationof isotooe.
:l:LLD indicatesconcentrations<detectionlimitsof18and14fCi/samplefor238puand239,240pu,

respectively.

bearing particles, (2) plutonium became more available with time due to
weathering, and/or (3) plutonium complexation by plant metabolites resulted in

greater solubility.

Subterranean Crops

Plutonium contamination of carrots, turnips, red potatoes, and sweet potatoes
was studied by Corey et al. (1983). Their results indicated that surface adherence of
plutonium-bearing soil particles accounted for >93% of the total plutonium content;

root uptake and translocation of plutonium to internal tissues accounted for _7%.
Due to extremely low plutonium concentrations in the vegetative and edible

portions of the crops (Table 9), a low degree of confidence was expressed in the
. application of CRs to .the results of the study. In some cases, it was not possible to

establish whether the internal tissues contained any plutonium. CRs for 23Spu and
239+240Pu were nevertheless calculated for this study; no significant differences were

" found.
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Table 9. Plutonium availability in subterranean crops grown on Field 2 (Corey et al.
1983).

i i i " i i ] iiriil 11ili,mllmainll I III li ] nlJfl I li I

Concentration(fCi/_]* .........
u,, uu : : " - v - : : ...............

238Pu 239,240Pu
,,,,,, ,,, , : :,_T , , =,,s__ J ,___.u, u,,,, .. ,,,, _ ±., ........ o

Crop Field Peeled Field Peeled '_
I IIUW I IlJl I[ IlllIllllml I I II ] I I I II IIIIIIII II I .....

Carrot 2.3 A.N.D.t 8.7 M.N.D.

Turnip 1.9 M.N.D.:l: 8.3 0.4

Potato,Red 0.4 A.N.D.t 1.8 A.N.D.t

Potato,Sweet 0.2 A.N.D.t 0.7 A.N.D.t
Illnl I Ilnll iIIHIIIII I I I I IHI I I Ill In II ill II Illl I

Mean drywt.concentration.Detectionlimitapproximately0.04fCiPulg.A.N.D.= allsamplesbelowdetectionlimit.
M.N.D.= malorityofsamplesbelowdetectionlimit.

Table 10. Plutonium availability in insects and animals indigenous to the SRS
(McLendon et al. 1976, Kirkham et al. 1979).

" i i i i i i i illl i i iii i li_ ii _ i ii i _ i (i(i iiz i iii illiil i ill

.... Concentrption(fCiIg)*
238Pu 239,240pu ISRt

...........

...... ........................ 3s ..........Grasshopper 1.36 ± 0.13 1. . 1.0
Cotton rat (adult) 0.69 ± 0.10 0.96 :t:0.12 0.7
Deer

Bone 0.390 :i:0.085 0.310 1-0.042 1.3
Liver 0.283 ± 0.182 0.307 ± 0.165 0.9
Lungs 0.174 :i:0.015 0.155 ± 0.055 1.5
Muscle 0.030 :t:0.022 0.027 ± 0.024 1.1

i L i r nUllS ii[l[ I ill I II r i ii i ill i _

Mean drywt.concentration± I standarddeviation.[SR= isotopicratio,i.e.,theratioofthemean 238puconcentrationtomean 239+240puconcentration.

Insect and Animal Studies

Plutonium concentrations in SRS cotton rats and grasshoppers were determined
by McLendon et al. (1976). Their results (Table 10) were inconclusive with regard to
the biological availability of 238Pu and 239+240pu.

Kirkham et al. (1979) compared the plutonium contents of deer indigenous to
SRS with deer in neighboring locations. The SRS deer had significantly higher
plutonium contents. Also, though not statistically significant, the 238pu/239+240Pu
concentration ratios were generally higher for SRS deer than for those collected
from off-site locations. This result was attributed to the ISR of the chemical

separations facilities of SRS.
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eReview of Plut mum in Arctic Ecosystems
W. Hanson

Studies of plutonium in arctic ecosystems are primarily limited to worldwide
' falloutin the lichen-caribou/reindeer-manfood chain in Scandinavia (Holm and

Persson1975,1976)and Alaska(Hanson 1975,1980)and accidentaldebrisreleasedto

•, marine ecosystemand terrestrialareasin northernGreenland (Aarkrog 1971,1977,
Aarkrog etal.1984;Hanson 1972,1975,1980).

Worldwide falloutsourcetermshave been summarized by Hardy (1975),Perkins
and Thomas (1980),and Hardy et al.(1973).Prior to releaseof the SNAP-9A

contamination,238pu/239puratioswere reasonablyconstantat0.022to 0.024;these

ratios increased to 0.042 during 1966 following deposition of the 238Pu

contaminationfrom SNAP-9A. Estimateddepositionin arcticregions(60° to 70°
north latitude)was reportedtobe 1.6± 1.0mCi/km 2 for239Pu,0.038mCi/km 2 for

weapons 238pu,and 0.026mCi/km 2 forSNAP-9A 238pu.
AccidentaldebrisatThule was estimatedat25 to30 Ci 239pu releasedto Bylot

Sound marine environment (Aarkrog 1971,1977;Aarkrog etal.1984)and anotherI

to5 Ci containedin thesmoke plume from thefire(Gjorup 1970;Langham 1970).

The 239+240pu from the accidentwas presentas PuO2, median particlesizeof 2
micrometers;many particlesattachedto inactivematerialwith a median diameter4

to5 timesthatoftheplutonium particles.An estimated85 to95'/0ofthe debrisand

associatedplutonium oxide sank,and 1'X,was suspended in seawater. Unfiltered

seawatercontained-I fCi239+240pu/L(consideredtobe background fallout)during

1968and 1974sampling periods.In 1968,the238pu/239puratioinsediment samples
was 0.018+ 0.004,and in bivalvestheratiowas 0.019+_0.006;ratiosin 1974 were

essentiallyunchanged at 0.019 +_0.001,with no change in various sample

compartments (sediments,bivalves,and marine worms). Variation of the
238pu/239puratiowithdepth insedimentswas minor and was ascribedtobiological

activity.Ratiosin 1979 samples were 0.017± 0.004,in good agreement with the
86.4-yrhalf-lifeof 238pu. Ratios of bivalves to 0.3-crnsediments were not

significantlydifferentfrom zero,indicatingno differentialabsorptionof plutonium

isotopes.

Falloutplutonium in Swedish lichenspriorto SNAP-9A debris entry was

reportedtobe 0.026± 0.001,increasingto0.06in1970afterSNAP-9A 238Pu had been

• deposited.Effectivehalf-timeinthe lichencarpetwas 6.1_.+0.5years,shorterthan

137Cs(10to11 yrs),and longerthan241Am (4yrs)and 90St(Ito1.6yrs);both 239pu

. and 238pu had thesame residencetimes.A slightlyshorterhalf-timewas reported
forplutonium inthe top 3 cm of thelichens,which was ascribedto lichengrowth

and relativeinsolubilityof the plutonium.
Plutonium concentrationsin Alaska soilswere oftennear minimum detection

limits(MDL) for238pu and slightlyabove the MDL for239pu. A bestestimateis

0.0035to0.0038pCi/g for239pu during 1975to 1979(Hanson 1980).A continuous
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seriesof plutonium measurements of Alaska lichensduring 1967 to 1979 (Fig.14)
showed a consistentagreement inpatternof accumulationforboth 238Pu and 239pu,
aswellas 137Csand 9°Sr;however, the238pu/239pu ratiowas consistentlynear 0.1

ratherthanthe0.022reportedinfallout.Also,238Pu inthetop 6 cm oflichenswas 4

to5 timesgreaterthan inthelower 6 cm, while the239pu concentrationswere 2.1to
2.4timesgreaterinthe top6 cm. Ratios(238Pu/239pu)inthe top 6 cm were 0.06to
0.08and inthelower 6 cm were 0.03to0.04,suggestingthat238puwas retainedinthe

top sectionof lichens. A mean 238Pu/239pu ratioof 0.064 + 0.006 (N = 57), ".
consistentlyhigher than the presumed ratioin fallout(0.022),was maintained

throughout the 13-yearperiod of study. These resultsare consistentwith those

reportedfrom Sweden (Holm 1977;Holm and Persson 1975). Within the lichen

community, there was no indicationof preferentialretentionof either238Pu or

239Puby theindividualcomponents,but the238Pu/239puratioswere again0.064.A
conclusionthatthisratioissignificantlydifferentfrom thatinfalloutisconstrained

by the lackof falloutdepositionmeasurements at the study site,which would

providea criticaldata set. Extrapolationfrom measurements made at Fairbanks

providethecurrentbasisforcomparison.
Transferof 238Pu and 239pu to caribouand carnivoresin the food web was

complicatedby the very low concentrationsobserved,and constraintsof analytical

procedures. Plutonium-238was usuallybelow detectablelimitsinboth bone and

muscle samples as largeas 100 g ofash. Tentativevaluesforboth 238pu and 239pu
were in the 0.1 fCi/g standard dry weight range and a rough estimate of
concentrationratios(cariboubone:lichens)of0.02for238pu and 0.001for239pu were

indicated.This indicatesthat238Puwas 20 timesmore readilytransferredtoanimals
than239pu based on an estimateddailyintakeof4.5to5.0kg standarddry weightof

lichens(Hanson etal.1975)thatcontained80 to 90 pCi 239pu and 800 to900 pCi

239pu. Holm and Persson(1976)used a simple compartment model of reindeerto
estimatetransferof3-5 × 10-6fractionfrom lichenstobone and a 11 to 14 yr mean
residencetime. Their238Pu/239pu ratiosin lichenswere 0.035to0.040,similarto

Alaska values.

Summary ofObservations

The observationsdescribedin the preceeding sectionsindicatethat animal

uptake and assimilationof isotopesof Pu in many locationsindicatea greater
assimilationratefor 238Pu than for239pu. Studiesfrom the arctictundra,Rocky

Flats,the Nevada Test Site,BikiniAtoll,and the TrinitySite support this

conclusion.Studiesregardingplantuptake are somewhat mixed but,in the main,

supporttheconclusionthatratiosof238pu to239pu inplantsaresimilartoratiosin

surrounding soils.
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Non-representative ratios may occur as a result of improprieties or errors in (1) the
design of sample collection, (2) sample preparation, (3)sample dissolution/chemical
purification, (4)alpha spectrometric counting, (5)providing for chemical yield
determinations, and (6) quality control.

These points are discussed below with regard to the methodology used in
collection, preparation, and analysis of samples for determination of plutonium
concentrations in soils, plants, and animal tissues. We are looking for biases that
may cause the 23BPu results to be higher than expected resulting in low 239pu/238Pu '
ratios. In these discussions "239pu" is used to mean 239+240Pu because the two

isotopes can not be distinguished by spectrometry using surface barrier detectors.

Sample Collection

Sample collection is generally designed to obtain material representative of the
contaminant distribution in the feature being sampled (i.e., soil, vegetation, rumen
contents, or animal tissue). As long as the plutonium isotopes are evenly
distributed among the various sampled components (i.e., not fractionated), one
would not expect the act of sampling to induce a separation of the isotopes. The
sampling procedures used at Area-13 for surface soil and profile increments
included the use of a template and collection of the total sample within that

template with no further manipulation of the sample. Collection of vegetation
samples was accomplished by clipping exposed branches or grass blades limiting the
choice of materials to the current year's growth. Again, there was no further

manipulation of the vegetation samples. Rumen contents were obtained so that
nearly all of the vegetation, soil solids, and liquid contents of the rumen were
collected either from fistulated steers or upon sacrifice of the animal. Tissue
samples were collected as entire units avoiding cross-contamination. Using these
techniques, it is believed that the sampling procedures were sound and no
unexpected manipulation during the sampling procedures occurred that could have
caused isotopic fractionation.

However, if the distribution of the plutonium isotopes had varied among
different system components or at different locations (e.g., washes or different plant

species), application of an improper sampling procedure may produce samples of
different isotopic ratios. An example might be the sampling of soil for purposes of
determining inventory but using the same data to determine isotopic ratios among
unique features, such as, in drainage channels. Larger or more dense particles can be
separated from smaller or less dense particles by sorting and redeposition during
erosion episodes giving rise to isotopic ratios different than those of the source
material.

Another example might involve the manner in which vegetation accumulates
contaminated particles. Vegetation in the arid NTS environment can accumulate

plutonium in two ways: (1) root uptake of dissolved plutonium, and (2)direct
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deposition and capture of resuspended particles containing plutonium. It is.
believed that the isotopes of plutonium will not fractionate once dissolved and
during the uptake process. However, fractionation can occur if the source of
plutonium particles impacting the plant varies in isotopic ratio with size, density, or
solubility.

• " Another example involves the possible separation of particles in the bovine
tureen. Larger or more dense particles of one isotopic ratio may settle and not be

. easily dissolved whereas smaller or less dense particles with a different isotopic ratio
will be more easily mixed with the rumen liquids. Sampling of rumen contents
that does not accommodate those several components could introduce biases in
ratios. Sampling of animal tissues at various times during the life of the animal
may introduce differences in isotopic ratios if the deposition of the plutonium in
various tissues is dependent on time or stage of tissue growth and the animal is
exposed to source materials of differing ratios at different times.

Sample Preparation

Certain steps in sample preparation may cause fractionation of materials of
differing isotopic ratio. In the case of soil preparation, grinding and sieving are two
steps that alter the particle size and distribution in the prepared sample. If small
particles are enriched in one plutonium isotope and the larger particles are enriched
in another plutonium isotope, the resultant sieved sample could reflect a bias
relative to the isotopic distribution in the total soil sample.

Vegetation nples usually are not manipulated by physical means except for
direct ashing before dissolution. There appears to be no means of isotopic
separation during the preparation of vegetation samples for analysis.

Deposition of ingested plutonium in animal tissues in the broad sense is
uniform. Differential deposition in organs, such as bone, does occur on a micro

scale. Sampling of animal tissues for analysis generally uses large portions of the
tissue so that spatial deposition of different isotopes generally would not be detected.

Chemical Purification

Proper analysis for plutonium in environmental samples requires complete
dissolution of the sample matrix and conversion of the plutonium to an
appropriate oxidation state. For soils and geologic materials, the sample is dissolved

- in hydrofluoric-nitric-hydrochloric acids. For vegetation, the same procedure
follows a preliminary ashing step. If dissolution is incomplete, so that more

. refractory particles enriched in one isotope are not completely dissolved, the
resulting analytical results will reflect more of the less refractory material (more
soluble) and thus bias the resultant isotopic ratio for the sample.

Dissolved plutonium is scavenged on iron hydroxide, converted to Pu +4, and
separated from the matrix and contaminants by anion exchange or solvent
extraction. Incomplete separation of dissolved or solid matrix materials produces a

33



10/6/93 1
i

i

thick electrodeposit, which can degrade the alpha spectrum (discussed below).
Incomplete separation can also allow the retention in the sample of radionuclides
with alpha energies similar to those of the plutonium isotopes and thus interfere in
the quantification of those plutonium isotopes (also discussed below).
Radionuclides that can interfere are listed in Table 11 and include naturally
occurring isotopes as well as radionuclides added as yield tracers. Americium-243
and 232U may be added to the original sample as tracers for 241Am (and curium) and
the uranium isotopes, respectively, in a sequential separation of plutonium,
americium (curium), and uranium.

Weapons plutonium contains significant levels of 241pu. This plutonium
decays with a 13.2-y half-life into 241Am. If the americium is not quantitatively
removed during the chemical cleanup, 241Am can contribute alpha counts to the
238Pu peak region. If the purified plutonium separated from the sample is not alpha
counted within a week or two, measurable amounts of 241Am will grow into the

sample, adding counts to the 238pu peak region. The amount of both 241pu and
238pu were determined and the amount of 241Am ingrowth was calculated as a
fraction (Relative Activity) of the 238pu present in the sample. For Area-13

plutonium, the effect of 241Am ingrowth on 238Pu is about 1% in 30 days and
reaches a maximum in about 70 years. Ingrowth of 241Am appears to be a negligible
problem in most laboratories.

Alpha Spectrum Analysis and Laboratory Procedures

Plutonium measurements by alpha spectrometry using surface barrier
detectors involve several problems. Most alpha emitters often encountered in

environmental samples are in the range of 4 to 6 MeV, as indicated in Table 11.
Thus, in the extraction of plutonium it is important to remove other interfering
radionuclides. Figure 15 shows a typical, clean alpha spectrum that the analyst
attempts to obtain. This type of spectrum is obtained if the chemical purification
steps are conducted properly and removal of interfering radionuclides is effective.
However, contamination from 241Am would not be detected in this type of

spectrum.
Polonium-210 can be misinterpreted as 238pu if the analyst does not properly

evaluate the alpha spectrum. A clean spectrum including 210po is shown in Fig. 16.
The interference due to 210Po is most likely to occur with a less clean spectrum with
low 238pu counts; in suck cases, the position of both the 210po and 238pu alpha peaks
are not always well defined. Misinterpretation may also occur if peak searching
routines are used to extract alpha spectrum data, and the analysts have difficulty
recognizing the 238pu energy region with low numbers of counts. Polonium-210, if
present, can interfere with 239+240pu energy by tailing. Polonium contamination
may arise from incomplete chemical separation and/or from detector
contamination buildup over extended use. Incomplete separation of 21°Po can occur
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Table 11. Alpha energies of important radionuclides in plutonium measurements.

Isotope 0_energy MeV

240pu 5.17, 5.12

239Pu 5.16, 5.11

• " 238pu 5.50, 5.46

242pu (Tracer) 4.90, 4.86
•. 236Pu 5.77, 5.72

241Am (also as ingrowth fro_L 241pu) 5.49, 5.44
243Am (Tracer) 5.28, 5.23
234U 4.77, 4.72
230Th 4.68, 4.62

228Th 5.43, 5.34

210Po 5.31

224Ra 5.68, 5.45

242Cm (also decays to 238pu) 6.12, 6.07
232U 5.32

2500 l I I I
242pu

2000 239 + 240pu _

(n

: 1500 --
o
0

1000 --

- 500 -- 23Spu --

• A
4.0 4.5 5.0 5.5 6.0

Energy (MeV)

Figure 15. Ideal spectrum of plutonium including 242pu yield tracer.
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Figure 16. Spectrum of plutonium and 21°po with 236pu tracer.

in the sample or 210po can occur as an impurity in reagents (e.g., phosphoric acid
used to polish the electrodeposition plates). The removal of 210Po contamination is

possible by self-plating on nickel or copper from dilute HCI prior to plutonium
electroplating. When 242pu tracer is used for yield determination, sample
decontamination from natural uranium should be complete due to the possible
interference of 234U into 242pu energy region (although this may not affect the
239+240Pu/238Pu ratio, it will result in an over estimate chemical yield). Sample
decontamination from natural thorium should be also complete because some
232Th progeny may interfere with the plutonium peaks. If 236pu tracer is used for
chemical yield determination, peak tailing of 236Pu into the 238Pu region must be
considered. Americium-24!, if present in high concentrations and not completely
eliminated from the plutonium fraction, will interfere with 23_pu.

It is also important for alpha spectroscopy to produce very thin plutonium
deposits prior to counting to provide maximum resolution. With the increase of
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depositthickness,the energy tailingwillincrease,peak positionshiftsto lower
energy,and peak heightdecreases• The presencesof lanthanides,iron,organic

depositsand silica,for example, willdegrade the alpha spectra,making peak
resolutionmore difficult.With thickdeposits,peak intervalselectionbecomes

more subjective and the calculation of alpha activity becomes less reliable. As the
• " thickness of the deposits increases, the 238pu peak can disappear due to the influence

of the degraded 236pu alpha signal (if used as an isotopic tracer). Degraded alpha
., peaks for the plutonium isotopes are shown in Fig. 17.

Other factors of importance in plutonium measurements are reagent
contamination with radioactivity, temperature fluctuations in the counting area

(which cause peak shifting), and the alpha chamber vacuum, which will effect peak
energy resolution.

The primary problem encountered in alpha counting is the insufficient
accumulation of counts for proper quantification of an energy peak area. Often
samples are counted so that the major peak is properly quantified but collecting
sufficient counts in minor peaks may be impractical due to the long count times

required. In samples from Area-13, the alpha count rate of 239pu runs 40 to 50 times
that of 238pu, and often the samples are low in plutonium content. Calculating a
ratio where one component is weak in information will introduce considerable
variability and possibly hidden biases.

There are other possible sources of error in counting, although most analysts are
aware of them and take precautions to avoid their effect. Contamination of the
detector from a previous sample containing a different isotopic ratio can cause
improper data to be generated. As mentioned above, collecting insufficient
numbers of counts could influence the information for one isotope more than the
other, resulting possibly in an erroneous ratio. Other more mundane problems are
known to occur occasionally, such as improper identification of the sample, errors
in calculations, failing detectors or electronics (resulting in loss of data or
nonlinearity in efficiency over the alpha energy range of interest), and peak shifting.

i

Yield Determination

Isotopic tracers used to determine the chemical yield of the plutonium analysis
are 236pu and 242pu. A problem in the use of 236pu as a tracer occurs when

. significant tailing is present. If tailing occurs (discussed above), the 238Pu peak
contains some response from the 236pu alpha contribution, biasing the 239pu/238Pu
ratio upward (see Fig. 17).

. The 242pu tracer, unless specially purified, contains both 238pu and 239pu as
shown in Fig. 18. Generally, a correction is made to the 23aPu and 239Pu alpha

spectrum results for such contributions; the correction used by one laboratory for
238Pu and also for 239pu is about 2% of the added 242Pu. The correction has a
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Figure 17. Spectrum of plutonium from "thick" electrodeposit.

proportionately greater influence for the 238Pu alpha peak than for 239pu alpha peak;
for samples with low 238Pu, this correction may be a very large proportion of the
alpha cou,_ts thus masking the 238pu peak information.

Quality Assurance/Control
4,

Lack of appropriate quality control may allow incorrect results to be generated.
Blanks, spikes, and replicates are usually included in the sample stream. Reviews of
the results from blanks, spikes, and replicates along with logical assessments of the
sample results are used to assure that gross errors either in the whole data set or in
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Figure 18. Spectrum of 242pu showing 239pu and 23Spu contamination.

individual analyses are minimized. In the case of plutonium analysis, often the
238pu activity levels are low compared to 239pu as noted above, and the tendency is
to concentrate on 239pu analysis for quality control; this may leave 238pu data at risk
and thus biases in the calculated isotopic ratios•

Counting Statistics and Censored Data Sets
R.O. Gilbert

•

The use of ratios of concentrations or activities of radionuclides is an important

• topic in environmental studies of radioactivity. Statistical considerations in the
generation and use of such ratios have been reviewed (Doctor et al. 1980). Apparent
differences in bioavailability of 238Pu and 239pu can be an artifact of different
amounts of censoring of data sets for these two isotopes. A data set is said to be
"censored" if a known proportion of the data set is missing. For many data sets, a
measurement below the detection limit is reported as "not detected" (ND), "below
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the detectionlimit,"or "lessthan" (LT)the detectionlimit.Then the data setis
"censoredon the left"because validmeasurements are not availablefor a known

proportionof the samples. Data setsof231_pufrequentlyhave a greaterdegree of

censoringthan thoseof239pu becauseenvironmentalconcentrationsof 238pu tend
to be lower than those for 239pu. This effectcan lead to spurious conclusions
regardingdifferentialbioavailability.

The effectof a differentialamount of censoringon estimated bioavailability

depends on how thedata are statisticallyanalyzed. One method of analysisisto ,

divide the mean 23Spu concentrationby the mean 239pu concentration. For

example,suppose fora given media,say soil,we (1)compute the mean ofthe238Pu

datathatareabove the238pu detectionlimit,(2)compute the mean ofthe 239Pu data

thatareabove the239Pu detectionlimit,and (3)dividethe231_Pumean by the239pu

mean. Now, ifthe23Spu datasetismore heavilycensoredthan the a 239pu dataset,

i.e.,a greaterproportionof thesmallest23SPu concentrationsare missing,then the
computed ratioofmeans willbe largerthanifno censoringhad occurred.If238Pu

datasetsbecome progressivelymore censoredon the[eftas we go up thefood chain
(e.g.,in the order soil,vegetation,arthropods,small mammals), then the ratioof

means alsobecomes progressivelymore biasedhigh. Hence, thistype of analysis

(dividingthe23Spu mean by the239pu mean) could resultin a spuriousconclusion
thatthe true(unknown) 238Pu over 239pu ratioincreaseswith increasingtrophic
level,i.e.,thatdifferentialmovement of23Spuand 239pu has occurred.Of course,if

theirtrue ratiodoes indeed increasewith trophiclevel,thisstatisticalestimation

biaswillexaggeratethe trueincrease.Some statisticalmethods forobtainingvalid
estimatesofmeans from censoreddatasetsarediscussedinHelsel(1990)and Gilbert

(1987).Ifsome measurements below thedetectionlimitare reportedas zero,these
zeros should not be used as realmeasurements. Using these zeros as ifthey are

validdatawillresultinmeans thatarebiasedlow. Therefore,spuriousconclusions

regarding differentialmovement could occur if the number of indicatorzero

measurements islargerforthe highertrophiclevels.
Often,both 238pu and 239pu measurements are made on each environmental

sample ofsoil,vegetation,etc.Inthiscase,foreach sample,we can dividethe238Pu

measurement by the239Pu measurement toobtaina ratioforthe individualsample.

Then we can compute the mean or thegeometricmean of the individualratiosfor

each environmental media. Of course, the mean ratio is computed using

measurements only for those media samples where both 238Pu and 239pu g .

measurements are above theirdetectionlimits.Hence, the value of the computed

mean ratiowillbe differentfrom themean ratiothatwould have been computed if

measurements forallsamples are above the detectionlimit.Ifthe 238Pu data sets

become progressivelymore censored on the leftas we go up the food chain,the

mean ratiomay or may not tend to increaseor decrease. Certainly,a spurious

increaseor decrease could occur ifindividualsamples with 238pu or 239pu
measurements below the detectionlimithave a cuncentrationratiothatisdifferent
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from samples for which both isotopeshave measurements above the detection
limit. But in situationswhere differencesin ratios(otherthan from random

measurement and counting errors)among samples does not seem plausible,the

computation of mean ratiosseems preferableto computing ratiosof means as

.-discussedintheimmediatelyprecedingparagraph.An importantaspectoftheeffect

of censoring is the correlationbetween concentrationsof 239Pu and 238Pu. If

operfectlycorrelated(r= 1.0),withsome constantratio,thencensoringofthedatasets
willhave no effecton themean oftheratiosor theratioof themeans. However, at

lessthanperfectcorrelation,theeffectofcensoringwillbe asdescribedabove. Inthe

Section "Experimental Tests" below, a computer simulation study is suggested for
examining themagnitude ofbiasforthetwo estimators:the ratioof means and the I

mean ratio.The effectof censoreddata setson the validityof the data summaries

discussedin the section"LiteratureReview" isaddressed by each author of that
section.

Hypotheses

E.H. Essington

The observation that organs of animals exhibited a lower 239pu/238pu ratio than

that of the soil or plants upon which they grazed has raised the question of possible
differences in isotopic preference in biological incorporation. It is possible that the
animal can absorb the isotopes differentially, or that once absorbed the isotopes can

be deposited in organs in ratios different from the source material. Other possible
sources for the observed ratio difference may be the nature of the source material
and subsequent differentiation due to environmental factors, mechanisms of
ingestion, and mechanisms of assimilation. For example, ingestion into the
gastrointestinal (GI) tract by grazing and ingestion into the lungs by inhalation are
two different pathways for ingestion. Possible differences can also be interpreted
from errors in analysis or problems in isotope quantification considering the lower
concentrations of 238Pu and greater difficulty in quantification compared to that of
239pu. The following discussion presents hypotheses on possible factors that relate

•, to the manifestation in organs of animals of 239pu/238pu isotopic ratios appearing to
be lower than those of the source material.

Differences in biological uptake have been observed when single isotope sources
" were studied. For example, biological assimilation of 238pu from a solution of 238pu

has been shown to differ from that of a similar solution of 239pu. In ox'Lecase, the

two isotopes ill the same chemical cor_centration will have very differertt alpha
activities; 238Pu (half-life = 86.4 y) imparts a larger amount of alpha energy to the
system, possibly causing the system to be more reactive than that of the 239pu
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(half-life= 24390y),resultingina greateruptakeofthe238Pu.Intheothercase,the

two isotopeswith the same alpha activitiesexhibitvery differentplutonium
concentrations(239Puwould bea factorof280more concentratedthanthatof238Pu).

The predominanteffectcausedby differencesinconcentrationwould be insolubility
nof theisotopes.Iftheplutoniumco centrattonisabovethechemicalsolubilityfor

plutoniumincombinationwithotherconstituentsinthesystem,thesystemwith
the higherconcentration,as might be thecasefor239pu,might exhibita lower
solutionconcentrationand thuslowerdegreeof assimilationthan forthe more •
soluble238Pu.

From thereviewdiscussionabove,itisapparentthatisotopicdifferencesin

plutoniumavailabilitycouldoriginatefrom thenatureoftheplutoniumdeposition
mechanism, environmentalsorting,chemicalalteration,differentialsolubility,

selectiveingestion,and selectiveassimilationby thegrazinganimals. Isotopic
differencesmay haveoriginatedinthenuclearfuelintheexperimentaldevice,may
have occurredduringtheexplosionand dispersalof thematerial,or may have
resultedfrom overlayof materialsexhibitingdifferentplutonium ratiosand
chemistries.We willdiscussseveralhypotheses.

Solubility

E.H. Essington and R.O. Gilbert

Differences in solubility between the isotopes may account for the 239pu/238Pu
ratios found in biological tissues in contaminated environments. The general
hypothesis is that compounds of 238Pu occurring in natural environments are more
soluble, and hence more biologically available, than those of 239pu. We might state
this hypothesis formally as:

Ho: There is no difference in solubility between isotopes of plutonium
occurring in natural environments.

Ha: Solubility of 238Pu compounds is greater than those of 239pu occurring in
natural environments.

Possiblemechanismsthatwould producesucha resultare(I)the238puisina
physico-chemicalform differentthanthatof239Pubecauseitresultsfrom different
processesinnuclearevents;(2)theratioof238puto239puincreasesas particlesize .

decreases,producingan increaseinsolubilityfor23tapurelativeto239pu because
solubilityisa surfacephenomenon;or (3)inhomogeneitiesexistinenvironmental
particlesof238puand 239pusuchthattheincreasespecificactivityproducesincrease
solubility.

Because of the specialcharacteristicsof Area 13 at NTS, we can present

somewhat sharpenedsolubilityhypothesesspecifictoArea 13. Area 13 has been

exposedtobothsafetyshotsand nucleartests.Therearetwo setsofhypothesesthat
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shouldbe consideredinevaluatingtheeffectofsourcetermon 239pu/238Puratiosin
tissues of grazing animals at Area 13.

Set I:

H0: There is no difference in solubility between plutonium-containing
• "material originating in Area 13, i.e., there is no difference between material that

originated from a non-nuclear explosion, and from material originating elsewhere.
• Ha: Solubility of the Area-13 material is lower than that of the other sources.

Set2:

HO: Thereisno differencein239pu/238puratioforArea-13materialand
materialfromothersources.

Ha: RatioforArea-13materialishigherthanformaterialfromothersources.

These hypothesesare based on the premises(I)thatplutonium-containing
materialoriginatingfrom the Area-13deviceisquiteinsolublein the local
environmentalsetting,(2)thattheArea-13materialexhibitsa 239Pu/238puratioof
about50,(3)thatplutonium-containingmaterialfrom othersourcesisconsiderably
more soluble,and (4)thatthe239pu/238Puratioof thismore solublematerialis

lowerrepresentingthatofnucleartestinginYuccaValley. When thesematerials
enterthefoodchainofthegrazinganimals,thelesssolublematerialspassthrough
the digestivetractrelativelyunchanged,whereas the more solublematerialin

much lowerconcentrations,ismore easilydissolvedand assimilated.Depositionof
themore solublematerialintheanimal'sorganswould giverisetoa 239pu/238Pu
ratiothatislowerthanthatoftheapparentratiooftheplutoniumisotopesinthe
Area-13soilorvegetation.

Thesehypothesescanbe generalizedtoany caseinwhich therearetwo or more

potentialsourcesof238Pu and 239pu. Forexample,atSRL, Rocky Flats,INEL,and
otherlocations,therearelocalsourcesofplutoniumand thereisalsoworldwide
fallout.Hence,modifiedformsof theabovedoublesetof hypothesescouldbe
appliedtootherlocations.

Different Forms in Overlays from Different Sources
E.H. Essington and R.O. Gilbert

' ' Based on the discussion of NAEG data above, we hypothesize that the cause of
the different isotopic ratios of plutonium between the source (soil and vegetation)
and tissues from animals grazing in the Area-13 site is due to the existence of
overlays (primarily from atmospheric testing in Yucca Valley), fallout particle
chemistry differences between Area-13 material and fallout material, distribution
patterns of the materials, and the grazing habits of the animals. The above
discussion presents information collected on these items that appears to support the
hypothesis. Data and information sources include the presumed Area-13 device
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composition, the Nevada Applied Ecology Group (NAEG) Microplot study, the
U 'NAEG transects, the NAEG inventory and distribution and profile st dies, the

NAEG vegetation results, the NAEG grazing data (EPA animal tissue and rumen
contents data), atmospheric testing ratio data and solubility data, and the
Radionuclide Inventory and Distribution Program (RIDP) soil results.

The overlay hypothesis suggests that the grazing animals sample the Area-13
material and the overlay materials differently and that the materials are assimilated
differently. For example, small particles from the overlay may be more soluble than
the larger particles from the Area-13 dispersion; the larger particles pass through the
animal's GI tract with little dissolution and uptake, while the smaller more soluble
particles contribute more plutonium to be absorbed from the GI tract. Plutonium
isotopic ratios from the latter are reflected in the animals tissues.

This hypotheses (multiple sources resulting in overlays of materials of different
forms from different sources) can be generalized beyond Area 13 at NTS case to
other environments that might have multiple sources or overlays of external
(fallout) sources with local sources.

Partitioning Not in Equilibrium
S. lbrahim

In a recent study, the reported Kd for 239+24OPu exceeded that for 238pu by a factor
of 5 in Pond B at the Savannah River Plant (Whicker et ai. 1990). A higher
seston/water ratio for 239+240pu than for 238pu was also reported by the same

authors. One explanation why 238Pu is less sorptive than 239+240pu is that 238Pu is
contributed from ongoing atmospheric deposition generated by the plant facilities,
whereas 239+240pu in sediment appears to have originated from R reactor. It is
possible that the two isotopes are in different chemical forms, which could produce
different partitioning in the system. Furthermore, 238pu is contributed
continuously from atmospheric deposition and the water-sediment partitioning is
not in equilibrium (different primary source terms).

Photoactivation

L. Anspaugh

If the observations of a relatively greater uptake of 238pu are not due to artifacts,
one can presume that the effect is not likely to be due to a difference in mass. A

question of interest is whether some physical or chemical process in the '
environment might be operating to preferentially increase the relative solubility of
238pu. Most such effects have been reported for terrestrial systems where the
plutonium has been exposed on the soil surface for relatively long time periods.
Effects were not noted in the leaching ponds at INEL or in the terrestrial studies at
PNL where the plutonium was always subterranean.

Thus, the suggestion has been made that some selective process might be
operating to change the chemical or physical state of 238pu to make it more
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biologicallyavailablethan239+240pu.Thisselectiveprocessmight be associatedwith

some "photoactivationprocess."This suggestionhas not been developed in terms

ofdefiningany reasonableprocesstoaccountforit,butsimpleexperimentscouldbe
definedtoexamine thispossibility.

P

ParticleSizeand PhysicalTransport
T. E. Hakonson

• m

Plutonium, when releasedto many terrestrialecosystems deposits almost

quantitativelyinsoilsand sediments,independentof the sourceof the plutonium.

Additionally, there is generally a strong relationshipbetween plutonium

concentrationand soilor sediment particlesize,with higherconcentrationsusually

occurringinthesmallersizefractions.

Physical processes,and particularlywind and water erosion of soiland

sediments predominate in the transportof plutonium. Furthermore, wind and

water sortsoilparticlesduringallphasesof theerosionprocess,and finesaremore
readily detached, transported, and deposited further down stream/wind than coarser

fractions. Studies have also shown that movement of soil plutonium into biota is
also often mediated through physical processes. Wind and rain drop resuspended

soil particles, and particularly the fine particles, deposit on plant surfaces where they
may be trapped on the plant surface with varying tenacity depending on the
morphology of the particular plant.

Because erosional processes involve sorting of size fractions being transported,
this offers a mechanism for differential transport of 238Pu versus 239pu if 238Pu is
enriched in the more mobile, finer size fractions. For example, if the 238Pu is
enriched on fines over 239pu, then the 238pu/239pu ratio in biological systems being
contaminated by this fraction would reflect an enhanced 238Pu concentration
relative to 239pu.

Specific Activity and Thermal Effects
R. G. Sc._zreckhise

One possible explanation for the differences observed in the bioavailability of
238pu versus 239pu is related to higher thermal activity that may be associated with a
238PUO2 particle versus a 239puc)2 particle. The higher specific activity of 238pu (i.e.,• |

17.1 Ci/g 23SPu versus 0.062 Ci/g 239pu) results in a large amount of energy being
deposited in the mass surrounding a particle, which in turn causes elevated

• temperature on a micro scale. The higher temperature (associated with increased
autoradiolysis) surrounding the 238PUO2 particle may serve as a catalyst that makes

the particles more available for uptake by various biological systems.
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Integrated Hypothesis
L.R. Bauer, E.H. Essington, and T.E. Hakonson

Differences in plutonium availability for vegetation and animals may be caused
by more than one mechanism. In this section, we develop the hypothesis that, if an
isotopic difference does exist, it results from variations in source characteristics that
manifest themselves on a pathway-specific basis. The relationships considered in

formulating this hypothesis are shown in Fig. 19. Pathway-related differences are
j o

specifically proposed for the exposure routes of deposition, resuspension, and root
uptake. Any differences in plutonium availability observed for these exposure
routes are believed to be attributable to the isotopic ratio, solubility, particle size
distribution, and/or spallation characteristics of the source. The rationale for this

hypothesis is described below for each exposure mechanism.

Deposition

Plutonium isotopes have been deposited directly on soil surfaces as a result of
nuclear weapons testing and nuclear fuel handling activities. Both sources have
characteristics that may enhance the bioavailability of 238pu relative to 239+240pu
content

Weapons Testing

Vegetation and animal samples collected from Area-13 of the Nevada Test Site
were found to have higher isotopic ratios (ISR = ratio of 238pu content to 239+240pu

content) than that of Area-13 soils. Specifically, animal and vegetation tissue ISRs
ranged from 0.04 to 0.5, while Area-13 soil ISRs were generally on the order of 0.02.
We theorize that the exposure of Area-13 to other sources of aerial deposition is
responsible for this phenomenon. Area-13 was subject to significant levels of fallout
from nuclear device testing. The ISRs of U.S. nuclear tests were 5 to 25 times higher
than those associated with safety shots detonated on or _,_:ar Area-13. These
characteristics would enhance the physical and biological transport of 238pu.
Animal and vegetation ISRs would be increased; surface soils would not be affected.

Nuclear Fuel Handling Facilities

Experience at the Savannah River Site (Pinder et al. 1979, McLeod et al. 1980) has
shown that the ISR of airborne effluents from a nuclear fuel reprocessing facility can
be on the order of 1.8. Therefore, in cases where deposition is the mechanism of
contamination, ISRs > 1 are not necessarily evidence of preferred availability, but
may be reflections of the ISR of the source. Preferred availability would be suspected
if ISRs exceeded 2. Several plant and animal species indigenous to areas receiving
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Figure 19. Plutonium sources and pathways to plants and animals.

aerial deposition were studied to evaluate this possibility. All statistically valid ISRs
were <2.

Resuspension

Soil particle sizes are known to effect the magnitude and rate of resuspension.
Silt-clay particles may be transported farther and may be more likely to remain
attached to biological surfaces than larger particles.

Hakonson and Nyhan (1980) conducted studies at LANL and concluded that
plutonium was primarily associated with the relatively coarse soil size fractions.

• _ The study, however, was not isotope-specific. We hypothesize that the coarse
fractions represented the 239+240Pu content and the 238Pu was preferentially
associated with the silt-clay fractions. These conditions would have resulted in

• enhanced transport and biological availability of 238pu.

Root Uptake

For most terrestrial systems, root uptake is a minor contributor to plant
contamination (Pinder et al. 1979, McLeod et al. 1984a, 1984b, Adriano et al. 1982).

The extremely low concentrations typically observed in such studies make it
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difficult to assess the existence of, and to develop explanations for, preferential
availability of 238pu. It does, however, seem reasonable that differences in
availability may be associated with differences in solubility. Such differences may
have resulted from an inherent feature of the source, or may be related to isotope-
specific interactions of plutonium-bearing particles with soil.

Factors contributing to this phenomenon may be the high specific activity of the ' .
238pu in conjunction with the extremely small size of the 238pu particulates. The
effects of spallation on particle momentum could generate 238Pu-bearing particles ,.
that are inherently more interactive than their 239+240pu counterparts.

Experimental Tests

Computer Simulations to Investigate Censored Data Sets
C.A. Little and R.O. Gilbert

Computer simulations may be used to investigate the possibility that censoring
of one or the other of the data sets comprising an isotopic ratio will bias the ratio.
An experiment or series of experiments may be conducted as described below:

1. Use a field data set to calculate the correlation between 239pu and 238pu

concentrations in a series of field data, including soil, vegetation, arthropods, and
small mammal tissues.

2. Use these results as input to randomly generate bivariate lognormal data
sets consisting of 1000 values each to mimic the data distributions of 239pu and 238Pu
in the named compartments.

3. For each number generated by the above, further generate a value using the
Poisson distribution to mimic counting distribution of data. This data set
constitutes the base distribution for the study.

4. For each of the calculated pairs, calculate a ratio of 239Pu/238 Pu.
5. Calculate a mean of the ratios and a ratio of the means for the above

distribution.

6. Censor the base distribution progressively to simulate the increasing value
of the minimum detectable activity (MDA) relative to the mean of the distribution.
For each level of censorship, calculate a ratio of the means for all ratio pairs, a ratio
of the means for all points, and a mean of the ratios for all pairs where both points
are above the MDA or censorship value.

7. Tabulate the data to indicate the effects of censoring the data on the various _ "
bivariate distributions.

8. If the effect of the censorship simulates the effect shown in the field data, °

then the censorship of poorly correlated 238Pu and 239pu may be a viable mechanism
to explain the apparent differing biological availability of the two isotopes.
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Solubility Studies

At all sites in which some isotopic difference in availability has been observed, it
,is recommended that solubility studies be undertaken. Soil and vegetation samples

should be taken and activities found for both isotopes. Then solubilities should be
measured in water and GI tract-type fluids. We discuss below procedures for

• |.

examining possible mechanisms.

Study to Test Overlay Hypothesis and Different Solubilities
E.H. Essington, S. lbrahim, R.O. Gilbert, and C.A. Little

Although the data presented are strongly suggestive, a detailed experiment is
needed to generate definitive data. Such an experiment is suggested here. The
hypothesis depends on the presence of particles exhibiting different ratios and
different solubilities compared to those originating from the Area-13 explosion. An
experiment would include the sampling of a suite of Area-13 soils, separating
particles into sizes, determining their isotopic ratios, determining their solubilities
in rumen- or lung-type fluids, and determining their spatial distributions. Further
investigation would include a similar evaluation of the particles entrapped on
vegetation that can be grazed.

Particle Size and Physical Transport Mechanism
T. Hakonson

A simple way to test the hypothesis that differences in biological availability of
plutonium isotopes is due to differences in isotopic distributions by particle size
would be to measure plutonium isotopic ratios in soil size fractions in two different
source areas to include one with Essington's proposed overlay scenario. This data
would support the physical mechanism for enhanced 238Pu transport to biota.
Leaching studies could also be performed on the soil separates to see if differences in
chemistry could account for the phenomena. Finally, concomitant vegetation
sampling could be used to verify the phenomena whether it be physical or chemical.
The design would be as follows.

• Measure 239pu/238Pu in soil size fractions.

• Conduct solubility studies on soil size fractions, measure 239pu/238pu in
leachate.

• 1

• Measure 239Pu/238Pu in vegetation to include short and tall plants to further
segregate soil particles resuspended by wind or rain splash.

Appropriate attention to sampling, design, analytical chemistry and statistical

procedures in generating and analyzing the data would permit a test of the
hypothesis. A study area where the "phenomena" has been previously observed
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should be selected. Study areas might include distance from the primary source as

an experimental variable.

Photoactivation Solubility
L.R. Anspaugh o

The issue of "photoactivation" could be examined by preparing a mixture of
238pu and 239Pu (or 239+240Pu) on an equal atom concentration basis. The

experiment would consist of mixing the plutonium with soil, dividing the material
into several aliquots, keeping half of them in the dark, and leaving half exposed to
desert sun. At selected time intervals, the aliquots would be retrieved, and the

relative solubility of 238Pu and 239pu determined.

Comparative Bioavailability of 238puO 2 versus 239puO 2
R.G. Schreckhise

The comparative bioavailability of 238PUO2 versus 239puO2 could be studied in
the following experiments. To determine plant uptake, amend soil with 238PUO2

and 239puO2 separately in 20-inch deep pots. The concentration of the isotopes
should be adjusted so that the mass concentrations (i.e., number atoms per g soil) of

the two isotopes are equal. The study should be repeated with equal mass amounts
of 238Pu and 239pu in the same pots.

To study animal ingestion, provide separate oral doses of 238puO2 and 239puO2 to
animals. Then repeat with a combined dose of 238Pu and 239Pu oxide. To study
animal inhalation, the types of dosages above should be repeated via inhalation.

Improving Statistics of Low-Level Counting
S. lbrahim

The problem in low-level counting, particularly for 238Pu, is that the ratios of
counting rates of sample to background are often very low. It is sufficient to say here
that the detection limit is directly proportional to the standard deviation of the
reagent blanks counting rate. To improve the measurement efficiency and
sensitivity, care should be taken that materials and reagents used in the analysis
contain minimal radioactivity. Sample size and counting time can be also _-.
increased, although limitations on sample size are often imposed by the analytical
procedures. Different ways of achieving maximum counting efficiency include close
physical proximity of the plutonium source to the detector, using materials with

minimum intrinsic alpha activity, and removal of all inactive and interfering alpha
activity originally present in the sample. Currently, the alpha-spectrometric
technique for measuring plutonium (the most sensitive commonly employed
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technique) has a maximum sensitivity of about 0.01 pCi/sample for approximately
1000 minutes counting time.

To overcome some of these analytical problems, future work on this topic
should consider rigorous biological availability experiments in terrestrial

Environments where the ratio of 238Pu/239+240Pu is enhanced• This ratio is only
' about 3% in soil from worldwide fallout and in contaminated soil at the Rocky Flats

Plant. The variability of the data at such a low isotopic ratio makes it difficult to
• _bbtain reliable 238Pu concentration data. Much higher 238Pu/239+240Pu activity ratios

(30 to 55°/,,) were found at locations of nuclear test sites in the Pacific Ocean

(Mururoa and Marshall Islands). In my opinion, these sites may provide unique
opportunities for radioecological studies concerning the hypothesis of different
biological availability among the plutonium isotopes.

J

Conclusions and Summary

There is a substantial body of evidence that 238pu as commonly found in the
environment is more biologically available than 239Pu. Much of the literature
supporting this conclusion has been reviewed in this report. While the possibility
exists that these observations can be explained by problems in the experimental
procedure and analytical techniques, this possibility is remote given the ubiquitous
nature of the observations.

We have suggested several hypotheses to explain these observations. These
hypotheses are not mutually exclusive but could operate either singly or in
combination to produce results similar to the observations. The truth or falsity of
these hypotheses can only be determined by further experimentation. The
hypotheses can be grouped into three categories: Differences in environmental
behavior arise due to (1) intrinsic nuclear differences between isotopes, (2) the Pu
coming from different sources resulting in a mix of particles of two or more types
with a different physico-chemical form associated with each source and with a
different ratio of isotopes associated with each source, or (3) different response to
environmental conditions because of differences in electronic stucture• Because

there are known differences in the sources of 238pu versus 239Pu, we regard the
second possibility as the most likely. Possibilities (1) and (3) of the above list can
only be ruled out with further detailed experiments. But given the current state of

• _ our knowledge and existing data, we tend to favor the possibility that differences in
isotopic biological activity, arise from (a) differences in solubility due to differences
in physico-chemical form and (b) differences in particle size distribution• As pointed
out above, differences in solubi',ity and differences in particle size are not mutually
exclusive, but any combination may or may not be true.
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