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ABSTRACT 

RELATIONSHIPS AMONG PLUTONIUM CONTENTS OF SOIL, VEGETATION, 
AND ANIMALS COLLECTED ON AND ADJACENT TO AN INTEGRATED NUCLEAR 
COMPLEX IN THE HUMID SOUTHEASTERN UNITED STATES 

by 

H. R. McLendon, Savannah River Plant, 
E. I. du Pont de Nemours & Co. 

0. M. Stewart, United States Forest Service, 
U. S. Department of Agriculture 

A. L. Boni and J. C. Corey, .savannah River. Laboratory, 
E. I.. du Pont de Nemours & Co. 

K. W. McLeod and J·. E. Pinder, _Savannah River 
Ecology Laboratory, University of Georgia 

at Aiken, South Carolini, USA 

RELATIONSHIPS AMONG PLUTONIUM CONTENTS OF SOIL, VEGETATION, 
ANU ANIMALS COLLECTED ON AND ADJACENT .TO AN INTFGRATF.O NUCLEAR 
COMPLEX IN THE· HUMID SOUTHEASTERN· UNITED STATES 

Twenty-three representativ·e sampling locations on and adjacent to the 
Savannah River Plant (SRP) site were selected to obtain information on plu
tonium movement in the food chain under southeastern U. S. environmental 
conditions. Soil, a resuspendible fraction of the soil, honeysuckle (Lonicera 
japonica); and camphor weed (Heterotheca subaxillaris) were collected at each 
location. Grasshoppers and cotton rats (Sigmodon hispidus) were collected at 
some locations. The plutonium concentrations in soil·at the selected locations 
ranged from 1.5 fCi/g to 171 fCi/g, and alpha percentages of 238 Pu ranged from 
2 to 66. The concentration of plutonium in the vegetation and on the leaves. 
ranged from 0.17. to 76.1 fCi/g, a:nd the alpha· percentages of 238 Pu, from 3 to 
61'. The concentration of plutonium in: .cot.ton rats and ~rasshoppers ranged 
from 0.07 to 3.58 fCi/g, and the alpha p_ercentages of 2 8 Pu ranged from 22. 
to 80. · · · · 

ThA ::i.vera~e ratio of plutonium. concentratio·n of vegetation to that of the 
surrounding soil was 10- 1 ; the corresponding ratio for cotton rats a11J soil wa3 
10-2 • These ratios appear to be independent of the plutonium concentration in 
the soil. Deposition on the surfaces of leaves and stems was the principal 
mechanism of plutonium contamination of vegetation. Comparisons among the plu
tonium values of the vegetation, soil, and resuspendible fraction suggest the 
use of a proposed resuspendible measurement technique as a monitoring method to 
indicate subtle· changes in the plutonium concentration of the soil surface that 
are not detectable by routine soi 1 sampling. Al though the 2 38 Pu data in tlit:. 
various ecosystem components were not conclusive, they do support evidence pre
sented in uther studies that there is an aR~arent increase in the biological 
availability of 238 Pu relative to that of 9

'
240 Pu in the environment. The 

plutonium concentrations of all ecosystem components decreased as the distance 
from the reprocessing plants increased. 
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RELATION SH I PS AMONG PLUT.ONr'UM CONTENTS OF SOIL, VEGETATION, 
AND ANIMALS COLLECTED ON AND ADJACENT TO AN INTEGRATED 
NUCLEAR COMPLEX IN THE HUMID SOUTHEASTERN UNITED STATES 

-. ' 
INTRODUCTION 

Plutonium behavior in terrestrial ecosystems in the United States has been 
studied principally in arid areas using plutonium from weapons tests (1,2]. 
Results of those studies are not directly applicable to the humid, heavily 
vegetated climates of the southeastern :united States and t'o plutonium from an 
operating nuclear fuel reprocessing. plant. 

The Savannah River Plant (SRP) provides a unique opportunity within the 
humid southeastern United States to study the behavior of plutonium in the 
environment. SRP is on a reservation of 77,830 hectares. Public access to 
the reservation is controlled .. The reservation consists of fresh-water streams, 
old fields, and forests. Wildlife, including a deer herd of 6,000, a,bounds.. For 
over 20 years this integrated nuclear complex has· include.d nuclear reactors. 
(three of original five are operating at present), two nuclear fuel reprocessing 
plants, a fuel fabri.cation facility, a heavy water produc:tion unit, and a 
nuclear research laboratory. The reprocessing plants, along with global fallout, 
are the sources. of the plutonium that enters SRP envirc.ms .. Each source releases 
plutonium of unique isotopic compositio~: 95 and 25 a% 238 Pu* from repro~essi~g. 
plants, compared with 10 a% 238Pu from global fallo~t. These isotopic differ
ences provide a convenient basis for studying the origin and transport of plu
tonium that is found in the SRP ecosystem .... 

An extensive environmental monitoring program at SRP: has provided informa
tion on the plutonium content of soil (3]. This monitoring program was ·used to 
establish a background concentration of plu~onium in SRP soil.of approxi~ately 
2 mCi/km2

• This concentration is wel 1. within the range reported for the south
eastern United States (4]. Results of the monitoring program were used to con
struct idealized isopleths showing plutonium deposition starting at the nuclear 
fuel reprocessing areas and decreasing toward the p1ant perimeter (Figure 1). 
These isopleths :represent plutonium concentrations that range from a background 
level of approximately 9 fCi/g to a high of 2740 fCi/g adjacent to one of the 
nuclear fuel reprocessing facilities. 

·' ', 

The objecti ~e of the study disc~ssed in this p·aper was to· establish re-
' lationships among the plutonium contents of soil, vegetation, and animals .. 

To obtain food chain information, $ampling locations were selected by utilizing. 

* 
2 ~ 8 P.u 1 h t' 't = a p a ac iv1 y x. 100 Total Pu alpha activity 
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the established isopleths. At each location,· samples 
vegetation (camphor weed and honeysuckle) were taken. 
grasshoppers and cotton rats were also collected. 

METHODS AND MATERIALS 

Characteristics of Samp1ing Locations 

of soil and two·types of 
At selected locations, 

Twenty-three sampling locations were selected:· 5 within the 3.-mCi/km2 

soil isopleth, 8 within the 2-mCi/km2 isopleth,· and 10 at a 40-km radius sur
rounding SRP (Fig. 2 and 3). · Each sampling location was chosen on •the basis 
of its· vegetation ancl animal habitat. The location criteria required a non
forested, undisturbed area with a good vegetation cover. Locations were 
selected with sufficient distances between themthat cotton .rat populations 
would not overlap. 

Sampling Methods and·Preparation ~ 

Composite soil samples of ten cores were taken at each of the 23 sampling 
locations according to the procedures described by McLendon [3]. 

Resuspendible material was collected at the surface of each location with 
a special sampler. · These samples represent the material on the soil surface 
that could be dispersed in the atmosphere. The sampler had a 232~cm2 head 
attached to a small, portable vacuum cleaner that produced an average wind speed 
of 6 m/sec. The resuspendible material was oven-dried, ashed, and analyzed for 
plutonium according. to previously developed procedure·s [5,6, 7]: 

Vegetation 

Honeysuckle (Lonicera japonica) and camphor weed (Heterotheca.subaxiZZaris) 
were collected in July 1975, in the vicinity of the soil sampling locations to 
determine plutonium content of vegetation. Honeysuckle was chosen because of 
its acknowledged dietary preference by deer during the summer months. Camphor 

.weed was used as the second.type of vegetation because of its abundance and 
because it has been shotvn to be extensively grazed by numerous insects [8]. 
Approximately 200 to 300 grams of dry weight for each species were taken by 
clipping the vegetation at ground level. Each sample was oven-dried, ashed, 
and analyzed for plutonium by the same method as used for the resuspendible 
material. 

Insects and Animals · 

Grasshopper samples (approximately 30 g dry weight) were collected in 
late August 1975 when the grasshopper pop~lation had peaked because sufficient 
samples for analysis could not be obtained earlier. Because of the limited 
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time remaining for analysis, only three samples were.~ollected. Two were 
from the areas immediately surrounding the .nuclear fuel .reprocessing areas, 
and one was at a distant location to serve as a control. Approximately 100 
to 150 grams of grasshoppers were collected from each area. Each sample was 
oven-dried, ashed, and analyzed by the same method as was used for analyzing 
the resuspendible material. 

Cotton rats (Sigmodon hispidus) ,were sampled at 9 locations. Distances 
between these locations were sufficient to ensure that they represented dis
tinct populations. with a negligible chance of animal movement from one location 
to another. Approximately 10 to 20 cotton rats were collected from each lo
cation and divided into juvenile (<40 g dry weight) [9], immatures (40 to 90 g 
dry weight), and adults (>90 g. dry weight). Plutoniu~ concentrations of rats 
from each area were determined if sufficient sample. was_available. ·cotton 
rats were frozen upon capture and later thawed, dipped in paraffin to.reduce 
mobility of surface-deposited plutonium, and skinned. The gastrointestinal 
tract was removed from the remaining carcass. Tissues around any wound were 
also excised. Plutonium concentrations of the rat carcasses (skin and gastro
intestinal tract removed) were determined by the same technique as was used 
for analyzing the resuspendible material. Measured plutonium concentrations 
should represent both uptake and lung contamination. 

RESULTS 

Soil 

/ 

The plutonium concentrations of the soil core samples (0-15 cm depth) 
varied widely and generally reflected the sampling distance from plutonium 
sources at SRP. The concentrations range from offplant lows of 0. 2 fCi 2 38 Pu/g* 
and 1.3 fCi 19 ~Pu/g** to onplant highs of 46.4 fCi 238 Pu/g and 163.8 fCi 2 ~~Pu/g 
(Table I) . 

The plutonium concentrations of the resuspendible materials showed the same 
variation with distance from the sources (Table I) as the soil core samples. 
However, the concentrations on a per gram basis were geperally higher than those 
of soil core samples. 

The. offplant concentrations are. consistent with concentrations for fall
out plutonium reported for this lci.titude band (30° to 40°) [4]. 

Vegetation 

The plutonium concentrations of honeysuckle and camphor weed 
creased with increasing distance from the SRP sources (Table II). 
trations for honeysuckle ranged from 0.03 fCi 238 Pu/g and 0.27 fCi 

* 
** 

All samples weights were dry weights. 
All 239 Pu analyses include 240Pu also. 

- 4 -

samples de
The concen-
239Pu/ g 



offplant to 10.9 fCi 238 Pu/g and 1'5.1 fCi 23
.
9 Pu/g onplant. The concentrations 

for camphor weed ranged from 0.01 fCi 238 Pu/g and 0.16 fCi 239 Pu/g offplant to 
18.5 fCi 238 Pu/g and 74.9 £Ci 23

"
9.Pu/g_onplani.. Both species showed a wide 

range_ in a% 2 38 Pu reflecting the existence of one or more plutonium sources 
in conjunction with global fallout. 

Insects and Animals 

The two grasshopper samples collected near nuclear fuel reprocessing plants 
cqntained detectable· pluto.nium conce.ntrations (Tab~e III), but the plutonium 
concentration o.f the control sample was less·th:an the analytical detectio"n limit 
(1 £Ci p~r sample). 

The plutonitim concentrations of the adult rat samp~es ranged from less 
than detectable 238 Pu* and 0.05 fCi 239 Pu/g to 0.69 ·fCi 238 Pu/g and 0.96 fCi 
239 Pu/g. Generaily, the plutonium contents of the juvenile and immature samples 
.were similar to those of adult samples, and the a% 238 Pu of all age classes 
were similar. However, samples of all age· Classes were available from only four 
sampling locatiqns. 

DISCUSSION 

Plant-Soil Relationships 

Numerous.st~dies on the relationship between the plutonium contents of vege
tation arid soil .. have been r~ported; Most of the ·stu?ies were conducted in the 
laboratory and showed uptake factors** 'ranging from 10- 6 to' 10- 4 [l,10,11,12]. 
Romney [13] and Buchholz [14] .reported that the uptake factor increases with time 
when 'Ladino clover is :r;epeatedly harves.ted from the same. soil; however,. similar 
·cropping studies with alfalfa showed no obvious trends. A few studies have been 
conce.rned with the .relationship between the plutonium· .content of the vegetation 
and the soil under field.conditions. Hakanson, et al. [15] reported plutonium 
concentration ratios (vegetatfon-to:..soil) of 10- 2 and 10- 1

· for plants grown on 
plutonium-containing sediments under field conditions. Johnson, et al. [16] 
reported similar plant/sediment plutonium concentration ratios for plants grown 
in aquatic environments at Rocky Flats. From the data available for the vegeta
tion and soil, a concentration ratio of l_0- 1 can be determined for the present 
study (Table V). This ratio is not significantly affected by distance from the 
reprocessing plants. · 

An examination of a% 2 38 Pu data (T~bles I and II) indicates that deposition 
on the surfaces of vegetation is t~e pri·ncipal mechanism contributing to the 

* Analytical detection limit = 1 fCi/sample. 

** Pu concentration in vegetation, Ci/g of dry vegetation 
Uptake Factor = Pu concentration in soil, Ci/g of dry soil 
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plutonium content. For example, at Sample Location 1 (0.5 km from source), 
values of a% 238Pu were 57% in soil, 55% in resuspendible material, and 20% 
in vegetation. BeGause the nearest SRP source for tha·t area has an a% 2 38 Pu 
value of 25%, the vegetation, the youngest comp9nent of the sampling area, 
shows the deposition of plutonium from the nearest SRP source along with fall
out, and the soil and resuspendible material show the influence of earlier 
releases. That deposition is the principal mechanism of plutonium entry into 
vegetation is further established with the information obtained from Sample 
Location 3 (1.3 km from source). The soil in this area has an a% 238 Pu of 21%; 
th~. _resusp~ndible m~terial, 66% i and vegetation,. 60%. :he sour~~ aff~cting 
this area is approximately 95% 38Pu. Atmospheric parti~ulates rn this area, 
collected on tacky paper,. show an a% 2 3 8Pu of 59 ±19% in.dicating a dilution of 
plutonium from the SRP source with global fallout ·[17]. Vegetation and re
suspendible material for this area reflect the deposition of this fallout, and 
the soil shows the accumulation of years of pluton.ium input from the source and 
global fallout. If uptake were a principal mechanism, the a% 238 Pu determined 
for vegetation would reflect the' plutonium composition of the soil. 

Although at "greater distances the advantages provided by the differences 
in a% 238 Pu are no longer pr~sent, similar concentration ~atios aie cafculated. 
This observation supports the conclusion that surface deposition on vegetation 
is the principal mechanism leading to the observed plutonium values. 

Animal-Soil Relationships 

Numerous investigators report the toxicity and behavi~r of plutonium in 
laboratory animals [2], and a few report plutonium ·content in fie_ld animals [ 10]. 
However, little information _is avail.able for ·determinfog relative plutonium 
contents of animals and soil.. From _the plutonium. analyses available for the 
three grasshopper samples and the eight adult rat samples, a concentration 
ratio of animal plutonium to soil plutonium of about 10- 2 can be calculated 
(Table VI). That ratio appears to he inde"pendent of the amount of plutonium 
in soil and could therefore provide an approximation of the plutonium content 
in animals where soil concentrations of plutonium are known. 

Resuspendible Materi.al 

Analysis of resuspendible material is rapidly and easily conducted. The 
a% 238 Pu varies more in resuspendible material than in any·other ecosystem 
component analyzed. This variation suggests the utilization of plutonium 
analyses of resuspendibles as a monitoring method to detect small changes in 
the plutonium concentration of surface soils not detectable by sampling soil 
cores or vegetation. · · 
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Biologica_l Ava·ilab-ility of 238 Pu 

Comparison of thela% 238 Pu values· for rat carcasses, soil, vegetation, and 
resuspendible material suggests an apparent increase in the biological avail
ability of 2 38 Pu relative to 2 39 Pu in the environment (Table VII). Although 
these data are not statistically conclusive, they support evidence presented 
in other studies. Hanson [18] postulated several theories to explain the· 
apparent increased availability of 238Pu. In his theory 'develo~ment, he used 
the data of Hakonson and Johnson [ 19], who have reported 2 38 Pu/ 39 Pu ratios of 
0.05 in soils, 0.10 in vegetation, and 1.0 in animal components of the Trinity 
Site ecosystem. At this .time, further study of natural systems is needed to 
provide a firmer statistical base for Hanson's hypothesis. 

Plutonium Distribution With Distance From the Reprocessing Plant 

Because the plutonium concentrations of camphor weed, honeysuckle, soil, 
and resuspendibles are all higher near s~;i;ii;:ces and decrease as the distance 
from the source increases,.regression equations of the following form were 
fitted to the data as shown 'in Fig. 4 through 7, and the line is des_cribed by 
the equation 

where Y = total plutonium concentration in soil, resuspendible material or 
vegetation; b = concentratton of plutonium at 1 km from the source; b1 = 
slope of linegr relationship between ln Y and ln d; and d = distance from 
the nearest source. These equations permit one to estimate the plutonium 
concentration of the various ecosystem components out to 10 km with a high 
degree of con~idence. Total plutonium concentrations of samples from the 40-km 
radius are not related to distance from the SRP sources. 

None of the slopes of the regression equations in Fig. 4 through 7 are 
signifiGantly different from -1 (t test of slopes where P >0.05 (20]), indi
cating that concentrations are approximately proportional to l/d. A consider
ation of simple diffusion processes from a single point source suggests that 
concentrations should be proportional to l/d 2

• · The reason for this difference 
.is nut known at the. pre!:>ent ti.me. 

Adult cotton rats that were collected·from eight onplant study locations 
also show a decrease in plutonium content as distance from the source increases. 
The regression equation describing this distribution has the coefficients 
B0 = -0.72 and 61 = -0. 78 (r2 = 0.761; df = 6; P~<0.01), where B0 and 61 are 
the least squares estimators of b0 and b1. The b1 estimate is not significantly 
different from -1, indicating that the decrease in the plutonium concentration 
observed for the cotton rats is similar to that observed for vegetation, resus
peml.iule rnater.ial, anJ so.il. 

- 7 -



,., 
The estimates of b1 for the regression equations in Fig. 4 are not signifi

cantly different from each other (Test of HomogeQeity of Regression Coefficients: 
F = 0.84, df = 3.32, and P >0.05 [20l). Since b1 = -1, then a general equation 
can be written for each ecosystem component i, as follows: 

ln Conc(i) = a(i) + (-1) ln d, 

where a(i) changes for different ecosystem components. For any two components 
i and j 

ln Conc(i) - ln Conc(j) = [a(i) - ln d] - [a(j) - ln d], which may be 
simplified to 

ln (Conc(i) - ln Conc(j) = a(i) - a(j) 

Since a(i) - a(j) = Constant - k 

Conc(i) ,,, ek 
Cone (j) 

Thts relationship is specific for the choice of i and j component. Thus, the 
similarity of the b1 values implies that the plutonium concentration ratios be
tween ecosystem components are nearly equal throughout the areas influenced by 
SRP sources. This finding is unexpected because the two reprocessing plants at 
SRP releas~ plutonium of different isotopic composition. The similarity of con
centration ratios between ecosystem components indicates that plutonium from the 
various sources behaves in a similar fashion and that plutonium 'Concentration 
ratios calculated from the data are of wide applicability in the Southe~st. 

IMPLICATIONS FOR FUTURE STUDIES 

If knowledge of the fallout and resuspension at each sampling location or 
an equation relating fallout and resuspension to distance from the source were 
available, it would be possible to develop a simple model for predicting pluto
nium concentrations of ecosystem components. Because the geography, soil types, 
and species sampled are typical of the southeastern United States, this model 
would be of general applicability to the Southeast. Work currently under way 
at Savannah River should produce the necessary information for such a model. 
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. . . . 
TABLE I. PLUTONIUM CONCEN:'RATION~ OF SOIL CORES AND RESUSPENDIBLE MATERIAL 

/J{stanae Soil Cores (0-15 am de-e_th) · · ResusEeruiib le Matei'ia l . (O.;.o.·1 am) 
·from SRP 2 3 aPu, a 2 39Pu,d . a% ~ 38Pu 2 38Pu, 2 39Pu, d a% 2 38Pu 

Sample Loaationa Sourae,b km fCi/g fCi/g a fCi/ga fCi/g a 

OnElant 

Inside 3 mCi/km 2 isopleth 

1 0.5 46.4 ±7.9 37.0 ± 6.8 56 ±12 387:9 ±12.4 311.8 ±11.1 : ·-55 '± 2 
2 0.5 7.~ ±5.0 163·. 8 ±21. 8 l.. ± 3 118.1 ± 7.2 1805.7 ±28.0 2 ± 0 
3 1. 3 . 23.4 ±2.8 89.9 ± 5.8 21 ± 3 1931.1 ±32.2 . 996. 8 ±23.2 66 ± 1 
4 0.3 13.4 ±4.7 101. 2 ±12.1 l:! ± 4 50;9 ±'3.2 . 106. ± 5; 32 ± 2 
s 1.0 2.9 ±1. 9 33.6 ± 6.0 g ± 5 45.9 ± 2. f> 100. ± 4. 31 .± 2 

Inside 2 mCi/km 2 isopletl) _, 

6 3.8 4.0 ±1.8 6.9 ±2.3 3-v ±19 .L. 9 ±0.6 14.2 ± 1. 6 12 ± 4 
7- 8.4 0.8 ±0.8 9.5 ±1. 8 3 ± 8 2.9 ±0.4 17.1 ± 1. 0 14 ± 2 
8 7.0 1. 2 ±1. 4 8.2 ±2.6 13 ±15 7.0 ±0.9 30.8 ± 2.0 18 ± 3 
9 7.5 0.7 ±0.4 7.1 .±1.1 9 ± 5 7.6 :t0.8 49.8 ± 2.1 13 ,.± 2 

10 4.0 0,5 ±0.4 5.8 ±J. l ,3 ± 6 7.2 ±0.7 37.4 ± 1. 5 16 ± 2 
11 5.7 . 0.6 ±0.9 7.0 ±2.2 3 ±12 3.8 ±0 .. 8 40.0 ± 2.6 9 ± 2 
12 4.2 ff. 8 ±1. l 9.1 :1:3.5 3 ±12 1. 8 ±OA 33.9 ± .1.9 5 ± 1 
n 3.5 . 0. 8 ±1.2 cj. 7 ±2.7 3 ±12 1.7 ±0.3 10.2 ± 0.7 14 ± 3 

OffElant 

At 40 km radius 

14 28 0.6 ±0.5 4.4 ±1.4 12 ±10 0.4 ±0.2 0. 3· ±0.2 57 ±36 
15 26 0.5 ±0.3 '7.3' ±0.9 5 ± 4 0.6 ±0.3 9.1 ±1.3 6 ± 3 
16 38 0.2 ±0.2 1. 3 ±0.4 14 ±11 o~ 2: ±0.09 0.5 ±0.16 21 ±14 
17 38 0.8 ±0.8 7.1 ±1. 7 10 ±10 0.8 ±0.2 2.0 ±0.4 29. ± 9 
18 45 0.4 ±0.2 6.2 ±0.8 6 ± 3 0.2 _±0. 09 .. 1. 8 ±0.27 10 ± 5 
19 49 0.2 ±0.2 5.1 ±0.8 4 ± 4 1. 8 ±0.4 12.5 ±1. 2 12 ± 3 
20 41 0.4 ±0.4 5.5 ±1.0 7 ± 7 2.3 ±0.6 23.8 ±2.0 9 ± 2 
21 45 0.3 ±0.2 6.5 ±0.8 4 ± 3 0.7 ±0.2 . 1. 7 ±0.3 28 ± 9 

·22 40 0.5 ±0.4 8.6 ±1. 2 '6 ± 4 2.1 ±0.4 5.5 ±0.6 28 ± 5 
23 35 0.7 ±0.4 7.4 ±0.9 9 ± 5 4.8 ±0.6 9.2 ±0.9 34 ± 5 

'· .. A • ', • 

r ... 

a. . See· Figures 2·~and· 3. ·, . . 
o!f A 

b. Fuel reprocessing pla~t. 
a. Dry weight. 
d. Includes 2 ~ 0 Pu also. 



TABLE I I. PLUTONIUM CONCENTRATIONS OF HONEYSUCKLE AND CAMPHOR WEED 

HoneysuakZe 
238Pu 239pu, c: 

Sample Loaationa fCi/gb fCi/gb 

Onplant 

'1 0.4 ±0.1 2.1 ±0.1 
2 1. 2 ±0.1 15.1 :;:0.~ 
3 10.9 ±0.~ 7.2 ::o.3 
4 2.7 ±0.1 3.5 =0.2 

. 5 2.8 ±0.2 3.1 =0.2 
6 0.23 ±0.04 0.53 =0.06 

·7 0.69 ±0.05 1.05 =0.06 
.. 8 0.09 ±0.02 0.16 =0.03 

9 0.03 ±0.02 0.43 =0.06 
10 0.08 ±0:.02 0.17 =0.03 

. 11 0.17 ±0.03 0. 8· =0.1 
.12 0.07 ±0.02 0.50 =0.04 
.13 0.07 ±0.03 0.6 =0.1 

Offplant 

·14 0.07 ±0.02 0.45 =0.05 
15 0.06 ±0.01 0.54 =0.03 
16 0.03 ±0.01 0.34 =0.04 
17 0.04 ±0.01 0.27 =0.04 
18 0.064±0.015 0.47 ±0.04 
19 0.04 ±0.01 0.39 ±0.04 
20 0.10 ±0.02 0.38 ±0, 03' 
21 0.04 ±0.01 0.37 ±0.03 
22 ·0.14 ±0.04 0.58 ±0.09 

. ·23 0.05 ±0.01 0.52 ±0.05 

a. 
b. 

See Figures·2 and 3 and Table I. 
Dry weight. 
Incl~deg 2 ~ 0 Pu also . . a. 

· Camphor ·Weed · 
Cl.% 238Pu 238Pu 

fCi/gb 

17 ±2 1. 2 ±0.2 
7 ±1 1.6 ±0.2 

60 ±2 18.5 ±0.7 
43 ±2 2.6 ±0.2 
·47 ±4 1.1 ±0. 2· 
·30 ±5 0.3 ±1 
40 ±3 0.29 ±0.04 
37 ±10 0.18 ±0.03 

7 ±3 0.11 ±0.04 
31 ±9 0.07 ±0.1 
16 ±3 0.04 ±0.02 
12 ±3 0.07 ±0.02 
11 ±5 0.04 ±0.03 

13 ±4 0.032±0.014 
10 ±2 0.14 ±0.03 

8 ±3 0.15 ±o ... 008 
12 ±5 0.013±0.009 
12 ±3 0.025±0.010 
10 ±4 0.006±0.006 
22 ±4 0.03 ±0.01 

9 ±3 0. 028±0. 011 
19 ±6 0.04 ±0.01 
9 ±3 0.01 ±0.01 

..... ' .. 

2 39Pu a 
fciigb 

Cl.% 2 38Pu 

3.7 ±0.3. 25 ±4 
74.9 ±1. 3 3 ±0.3 
11. 7 ±0.5 61 ±3 
2.2 ±0.2 54 ±5 
2.6 ±0.2 30 ±5. 
0.9 ±1 26 ±7 
0.49 ±0.06 37 ±7 
1. 2 ±0.1 12 ±2 
0.30 ±0.06 27 ±1 
3.1 ±0.2 19 ·±2 
0.30 ±0.0'S 11 ±5 
0.29.±0.04 19 ±5 
0.5. ±O.l 7 ±5 

0.23 ±0.04. 12 ±6 
2 .. ·27 ±0 .. 13 6 ±1 
0.17 ±0.03 8 ±4 
0.22 ±0 .. 04 6 ±4 
0 .. 22 ±0 ... 03 10 ±4 
0.31 ±0.04 2 ±2 
0.27 ±0.04 9 ±5 
0.18 ±0.03 13 ±6 
0.36 ±0 .. 04 10 ±4 
0.16 ±0.03 7 ±4 



TABLE. II I. PLUTONIUM CONCENTRATIONS OF ·.GRASSHOPPERS 

Sample Looationa 

1 

3 

13 (Control) 

2 38Pu 

fCi/gb. 
0.38 ±0.10 

1. 36 ±0. 13 

<0.03 

a. See Figure 2 and Table I. 
b. Dry weight. 
o. Includes 240 Pu also. 

239Pu 0 

fCi/gb 

1.18 ±0.16 

. 1.38 ±0.13 

<0.03 

25 ±7 

so ±6 



TABLE IV. PLUTONIUM CONCENTRATIONS OF COTTON RATsa 

Juveniles 0 

238pu 239Pu,9 a% 
Sample Loaationb fCi/gl fCi/gf' 

a. 
b. 
a. 
d. 
e. 
f. 
g. 
h. 

l 
2 0.20 ±0.06 0.41 ±0.09 33 
3 1. 62 ±0.15 1.96 ±0.17 45 
4 0.26 ±0.08 h 
s 
6 
7 
8 
9 

10 
11 0.54 ±0.15 0. 17 ±0.08 76 
12 
13 

Skinned and gastrointestinal tract removed. 
See Figure 2 and Table I. 
<40 g dry weight. 
40 to 90 g dry weight. 
>90 g dry weight 
Ury weight 
Includes 240 Pu also. 
Less than 1 £Ci/sample. 

2 3 8Pu 

±12 
± s 

±28 

Immaturesd 
2 38Pu 

fCi/gf 

0.44 ±0.07 

0.64 ±0.12 
0.16 ±0.04 

-

Adultse 
239·Pu,g a% 2 38Pu 2 3 aPu, 239Pu g a·~" 2 3aPu 

f Ci/gf fCi/gf fCi/gl 

0.45 ±0.07 49 ±10 
0.22 ±0.08 0.61 ±0.1-3 27 ±11 

,. ' 
1.04 :t0.15 39 ± 8 0.69 ±0.10 0.96 ±0.12 42 ± 7 
0.15 ±0.04 51 ±15 0.11 ±0.08 0.39 ±o. is 22 ±17 

0.06 ±0.03 0.01 ±0.01 80 ±54 

h 0.08 ±0.04 
0.15 ±0.07 0 .12 ±0.06 56 ±36 

0.13 .±0.05 
..... .• 0.08 ±0.03 0.05 ±0.02 58 ±28 

0.08 ±0.04 0.05 ±0.03 62 ±36 

' . 



. I. 

TABLE V. AVERAGE CONCENTRATION:RATIOSa FPR CAMPHOR 
WEED AND HONEYSUCKLE 

Average Concentration Ratio 
Onplant OffpZant 

Camphor Weed/Soil 0;218 .0.069 

Honeysuckle/Soil 0.093 0. 077 

pCi of plutonium/g dry ·w.eigl).t 
a. pCi of plutonium/g dry weight:, 

TABLE VI. AVERAGE CONCENTRATION RATrosa BETWEEN 
VARIOUS COMPONENTS .QF THE .ECYSYSTEM 

· ... 
Components of the Ecosys.tem 

Cotton Ratsb/soil 

GrasshoppersC/soil 

Cotion Ratsb/vegetation 

Grasshpppcirs0/vegetati~n 

.Average 
Concent.r:ation Ratio 

·: o. 014 

. o. 022 

0.14 

.. o. 28 

a. pCi of plutonium/g dry weight 
pCi of plutonium/g dry we~ght 

b. Skinned and gastrointestinal tract removed. 

c. Whole 



TABLE VII. PLUTONIUM CONCENTRATIONS ·AND ALPHA PE~CENTAGES IN ECOSYSTEM COMPONENTS 

Ecosystem 
Component 

Soil 
Resuspendibles 
Camphor Weed 
Honeysuckle 
i\dult Cotton Rats 

a. Dry weight. 

No. of 
SaJnples 

13 
13 
13 
13 
8 

. . 

Onplant Locations 
Pu Concentration, fCi/ga. · 
Mean Std. Dev. 

45.5 55.8 
295.4 561. 7 

9.9 21.5 
4~ 2 ·. 6.1 
0.46 0.55 

Mean Std~ Dev.: 

14.8 
22.2 
25.6 
27.6 
43.4 

15.0 
19.3 
17.3 

·11.2 
25.8 

No. of 
Samples 

10 
10 
10 
10 

Offplant Locations 
Pu Concentration, fCi/ga 
Mean Std. Dev:· 

6.40 2.16 
8.03 8.21 
0;44 0.70 
0.49 O. lZ 

- . 

a3 z3sPu 
Mean Std. Dev. 

7.8 3.3 
23.4 15.3 
8.4 3.4 

12.3 4.6 

.. 

.. ' 
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, 
RELATIONSHIPS AMONG PLUTONIUM CONTENTS OF SOIL, VEGETATION, 
AND ANIMALS COLLECTED ON .l\ND ADJACENT TO AN INTEGRATED 
NUCLEAR COMPLEX IN THE HUMID SOUTHEASTERN UNITED STATES· 

INTRODUCTION 

Plutonium behavior in terrestrial ecosystems in the United States has been 

studied principally in arid areas using plutonium from weapons tests [1,2]. 

Results of those studies are not directly applicable to the humid, heavily 

vegetated climates of the southeastern United States and to plutonium from an 

operating nuclear fuel reprocessing plant. 

The Savannah River Plant (SRP) provides a unique opportunity within the 

humid southeastern United States to study the, behavior of plutonium in the 

environment. SRP is on a reservation of 77,830 hectares. Public access to the 

reservation is controlled. The reservation consists of fresh-water streams, 

old fields, and forests. Wildlife, including a deer herd of 6,000, abound. For 

over 20 years this int_egrated nuclear complex has included nuclear reactors 

·(three of or_iginal five are operati_ng at present), two nuclear fuel reprocessi_ng 

plants, a fuel fabrication facility, a heavy water production unit, and a 

nuclear research laboratory. The reprocessing plants, along with global fallout, 

are the sources of plutonium that enters SRP environs. Each source releases 

plutonium of unique isotopic composition: 95 and 25 a% 238 Pu* from reprocessing 

plants, compared with 10 a% 238 Pu from glohal fallout, These isotopic differ-

ences provide a convenient basis for 'studying the origin and transport of plu-

ton"i'um that is found in the SRP ecosystem. 

An extensive environmental monitoring pr_ogram at SRP has provided informa-

"' tion on the plutonLJu content of soil [3]. The monitoring pr_ogram was used to 

establish a background concentration of plutonium in SRP -soil of approximately 

23 
238 Pu alph_ a activity *a % 8 Pu ~ x 100 
Total PG ~lpha activity 

.:. 3 

' ' t 

L-.-



l' 

2 mCi/km2 • This concentration is well within the ra_nge reported for the south-

eastern United States [ 4] . Results of this moni tori_ng pm gram were used to con

struct idealized isopleths showi_ng ~lutonium depos_ition starti_ng at the nuclear· 

fuel reprocessing areas and decreasing toward the plant perimeter (Figure 1). 

These isopleths represent plutonium concentrati011s· that range from the uaekg~·uund 

level of approximately 9 fCi/g to a high of 2740 fCi/g adjacent to one of the 

nuclear fuel reprocessi_ng facilities. 

The objective of the study discuss.ed in this paper was. to. establish re-

latinnships among the plutonium contents of soil, vegetation, and animals. 

To obtain food chain information, sampling locations were selected b~ utilizing 

the established isopleths. At each location, samples of soil and two types of 
~ 

v_egetation (camphor weed and honeysuckle) were taken. At selected 19cations, 

grasshoppers and cotton rats were ·also collected. 

METHODS AND MATERIALS 

Characteristics of Sampling Locations 

.... 
'· 

Twenty-three locations were selected using information from theisoil monitor-
i 

ing program: 5 within the 3-mCi/km2 isopleth, 8 within the 2-mCi/km2 isopleth, 
I 

and 10 at a 40-km radius surrounding SRP (Fig. 2 and 3). Each sampling location 

was chosAn on the basis of its v_egeta-tion. and animal habitat. The location 

·.criteria required a non-forested, undisturbed area with a good vegetation cover. 

Locations w~re selected with sufficient distances between the~ that cotton rat 

populations would not overlap. 

-. 
Sampling Methorls ~nd Preparation 

Soil 

Composite soil samples of ten cores \vere taken at each of the 23 sampling 

locations accor.di,ng to the procedures described by ~!cLendon. (1975) [3]. 

- 4 -
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Resuspendible material was collected at the surface of each location with 

a special sampler. These samples represent the material on the soil surface 
·:-:J 

that could be dispersed in the atmosphere. The sampler had a 232-cm 2 head 

attached to a small, portable vacuum cleaner that produced an average wind speed 

of 6 m/sec. The resuspendible material was oven-dried, ashed, anq analyzed for 
. \ 

plutonium according to previously developed procedures [5,6,7]. 

11egetation 

.Honeysuckle (Loniaera japoniaa) and camphor weed (Heterotheaa subaxiUaris) were 

collected in July 1975, in the vicinity of the soil sampli.ng locations to deter-

mine plutonium content of vegetation. Honeysuckle was chosen because of its 
i 

acknowledged dietary preference by deer during the summer months. Camphor weed 

was used as the second type of v.egetation because of its abundance and because 

it has been shown to be extensively grazed by numerous insects [8]. App;roxi-

mately 200 to 300 grams of dry we.ight for each. species were taken by clipping 

the vegetation at ground level. Each sample was oven-dried, ashed, and analyzed· 

for plutonium by the same method as used for the resuspendible material. 

Inaeats and Anima7,s 

Grasshopper samples (approximately 30 g dry weight) were collected in late 

August 1975 when the grasshopper population had peaked because sufficient samples 

£01' analysis could not be obtained earlier. Bec.ause of the limited time remain-

ing for analysis, only three samples were collected. Two were from the areas 

immediately surrounding the nuclear fuel reprocessing areas, and one was at a -. 
distant location to serve as a control. Approxim.::tP.ly 100 to 150 grams of grass-

.hoppers were collected from each area. Each sample was oven-dried, ashed, and 

analyzed by the same method as was used for analyzing the resuspendible 

material. 

' 
' 
~ ' 



Cotton rats (Sigmodon hispidus) were sa~pled at 9 locations. Distances 

between the~e locations were sufficient to ensure that they represented dis-
·~ 

tinct populations with· a n_egligible chance of animal movement from one location 

to another. Approximately 10 to 20 cotton rats were collected from·each location 

. and divided into Juvenile (<40 g dry we_ight) [9], inunatures (40 to. 90 g dry weight), 

. and adults (>90_ g dry we_ight). Plutonium concentrations of rats from each area were 

determined if sufficient sample was available. Cotton rats were frozen upon capture 

and.later thruved, dipped in paraffin to reduce mobility of surface-deposited pluton-

iumJ and skinned. The_ gastrointenstinal. tract was removed from the remaining carca.ss. 

Tissues around any wound were also excised. Plutonium concentrations of the rat car-

casses (skin and gastrointestinal tract remo~d) were determined by the same tech-

nique as was used for analyzing the resuspendible material. Measured plutonium con-

centrations should represent both uptake and lung contamination. 

RESULTS 

Soil 

The plutonium concentrations of the soil core samples (0-15 cm depth) varied 

widely and generally reflected the sampling distance from plutonium sources at 

SRP. The concentrations range from offplant lows of 0. 2 fCi 2 3 8 Pu/ g~ and 1. 3 

fCi 239 Pi..i/g** to onplant hip;hs of 46.4 £Ci 238 Pu/g and.163.8 fCi 239 Pu/g (Table 1). 

The plutonium concentrations of the resuspendiblematerials showed the same· 

variation with distance from the sour.ces (Table 1) as the soil core samples. How-

eve.r, _the concentrations on a per_ gram basis were generally higher .t-~an those of 

soil core samples. 

* All samples weights were dry weights. 

** All 239 Pu analyses include 240 Pu also. 
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The offplant concentrations are consistent with concentrations for 

fallout plutonium reported for this .Jatitude band (30° to 40°) [4]. 

Vegetation 

The plutonium c0ncentrations of honeysuckl8 and camphor weed samples 
. . . . . I 

decreased with increasi_ng distance from the SRP sources (Table II). The con-

centrations for honeysuckl_e ranged from 0.03 £Ci 238 Pu/g and 0.27 £Ci 239 Pu/g 

offplant to 10.9 fCi 238 Pu/g and 15.1 £Ci 239 Pu_/g onplant. The concentrations 

for camphor weed ra_nged from 0.01 £Ci 238 Pu/g and 0.16 £Ci 239 Pu_/g offplant to 

18.5 £Ci 238 Pu_/g and 74.9 £Ci 239 Pu/g onplant. Bo.th species showed a wide 

range in a% 2 3 8 Pu reflecti_ng the existence of one or more plutonium sources 

in conjunction with global fallout. 

Insects and Animals 

The two grasshopper samples collected near nuclear fuel reprocessing plants 

contained detectable plutonium concentrations· (Table II.I), but the plutonium 

·concentration of .the control sample was less than the analytical detection limit 

. . 

,_~ .. 

(1 £Ci per sample); 

The plutonium concentrations of the adult rat samples ranged from less 

than detectable 238 Pu* and 0.05 £Ci 239 Pu_/g to 0.69 £Ci 238 Pu/g and 0.96 £Ci 

239 Pu/g. Generally, the plutonium contents of the juvenile and immature samples 

were similaI' to those of adult samples, and the a % 2 3 8 Pu of all age classes 

were similar. However, samples of all age classes were available from only four 

sampli_ng locations. -. 

* A11alytlcal detection limit - 1 fCi/sAmple. 

~i.· . 
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DISCUSSION 

Plant-Soil Relationships 

Numerous studies on the relationship between the plutonium contents of vege-

tation and soil have been reported. Most of the studies were conducted in the 

laboratory and showed uptake factors*rangi.ng from 10- 6 to io- 1
: [1,10,11,12]. 

Romney [13] and Buchhoh [14] reported that the uptake factor increases with 

time when Ladino clover is repeatedly harvested frum the scnne soil; however, 

·similar cropping studies with alfalfa showed no obvious trends. A few studies 

have been concerned with the relationship between the.plutonium content of the 

vegetation and the soil under field conditiops. Hakanson, et al. [1,5] reported 

plutonium concentration ratios (vegetation-to-soil) of 10- 2 and 10- 1
: for plants grown 

on plutonium-containing sediments under field conditions. Johnson, ,et al. [16] 

reported similar plant/sediment plutonium concentration ratios for plants grown 

in aquatic environments at Rocky Flats. From the data available for: the vegeta

tion and soil, a concentration ratio of 10- 1 can be determined for t
1

he present 

study (Table V). This ratio is not significantly affected by distan'ce from the 

reprocessing plants. 

An examination of a% 238 Pu data (Table I and II) indicates that deposition 

on the surfaces of vegetation is the principal mechanism contributing to the 

plutonium content. For example, at Sample Location 1 (0.5 km from source), values 

of a% 238 Pu were· 57% in soil, 55% in resuspendible material, and 20% in vegetation. 

Because the nearest SRP source for that area has an a% 238 Pu value of 25%, the 

v.egetation, the youngest component of the sampling area, shows the deposition 

of plutonium from the nearest SRP source alo.ng with fallout, and the soil ancl 

resuspendible material show the influence of earlier -releases. That deposition 

* Uptake Factor = Pu concentraliu11 .in vegetation, Ci/g of dry ve.~etation 
Pu conccntra ti on in soil, Ci/ g of dry soil 

- 8 -
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is the principal mechanism of plutonium entry into vegetation is further estab-

lished '~ith the information obtained.from Sample Location 3 (1.3 km from source). 

The soil in this area has an a% 238 Pu of 21%; the resuspendible material, 66%; 

and v_egetation, 60% .· The S!Jurce aff ecti_ng thi~ e,rea is approximately 95% 2 3 8 p_u, 

Atmospheric particulates in this area, collected on tacky paper, show an a% 238 Pu 

of· 59 ±19% indicati_ng a dilution of plutonium from the SRP source with global 

fallout (17]. Vegetation and resuspendible material for this area reflect the 

deposition of this fallout, and the soil shows the accumulation of years of 

plutonium input from the source and global fallout. If uptake ,were a principal 

mechanism, the a%. 238 Pu determined for vegetation would reflect the plutonium 

composition of the soil. 

Although at greater distances the advantages provided by the differences 

.in a% 238 Pu are no longer present, similar concentration ratios are calculated. 

This observation supports the conclusion that surface deposition on vegetation 

·is the principal mechanism leading to the observed plutonium values. 

·Animal-Soil Relationships 

Numerous investigators report the toxicity and behavior of plutonium in 

laboratory animals f2], and a few report plutonium content in field animals (10]. 

However, little information is available for determining relative plutonium con-

tents of animals ahd soil. From the plutonium analyses available for the three 

grasshopper samples and the eight adult rat samples, ·a concentration ratio of animal 

plutonium to soil plutonium of about 10- 2 can be calculated (Table VI). That ratio 

appears to be independent of the amount of plutonium in soil and could therefore 

provide an app-.coximation cf the plutonium co11tent in animals whe:i:e s-;:;i1 concem:ra-

tions of plutonium are known. 

- 9 ..: 
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Resuspendible Material 

Analysis of resuspendible material is rapidly and easily conducted. The ... ,.,, 
a.% 238 Pu varies more in resuspendible material than in any other ecosystem 

component analyzed. This variation s_uggests the utilization of plutonium analy-

ses of resuspendibles as a monitoring method to detect small cha,~ges in the 

' 
plutonium concentration of surface soils not detectable by sampling soil cores 

or vegetation. 

Biological Availability of 238 Pu 

Comparison of the a.% 238 Pu values for rat carcasses, soil, vegetation, and 

· resuspendible material s_u_ggests an apparent ,increase in the biological avail

ability of 238 Pu relative to 239 Pu in the environment (Table VII). Although these 

data are not statistically conclusive, they support evidence preserited in other 

studies. Hanson [18] postulated several theories to explain the apparent in-

creased availability of 238 Pu. In bis theory development, he used the data of 

Hakonson and Johnson [19], who have reported 238 Pu/ 239 Pu ratios of 0.05 in soils, 

0.10 in vegetation, and 1.0 in animal components of the Trinity Site ecosystem . 

. At this time, further study of natural systems is needed to provide·a firmer 

statistical base for Hanson's hypothesis. 

Plutonium Distributi~n With Distance From the Reprocessing Plant 

Because the plutonium concentrations of camphor weed, honeysuckle, soil, 

and resuspendibles are all h_igher near sources and decrease as the distance 

from the source increases, regression equations of the following form were 

fit ts:! to '..:he data as shown in Fig. 4 "Lh:cough 7, ·::ind the line is descri"be<l by 

the equation 

- 10 --
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where Y = total plutonium concent~ation in soil~ resuspendible material or 

vegetation; b = concentration of plutonium at 1 km from the source; b1 = slope 
. 0 

of linear relationship between ln Y and ln d; and d = distance from the nearest 

source. These equations permit one to estimate the plutonium concentration of 

the various ecosystem components out to 10 km with a h.igh degree of confidence. 

Total plutonium concentrations of samples from the 40-km.radius are not related 

to distance from the SRP sources. 

None of the slopes of the regression equations in Fig. 4 thr~ugh 7 are 

significantly different from -1 (t test of slopes where P >0.05 [~O]), indicating 
; 

that concentrations are approximately proportional to l/d. A con~'ideration of 
I 

simple diffusion -processes· from· a si.ngle point source suggests that concentrations 
i 

should be proportional to l/d2
• The reason for this difference is not known at 

the present time. 
I 

Adult cotto.n rats that were collected from e.ight onplant study locations 

also show a decrease in plutonium content as distance from the source increases. 

The regression equation describing this distribution has the coefficients 

t
0 

= -0. 72 and bj_ = -0. 78 (r2 = 0. 761; df = 6; P <0.01), where b0 and b1 are the 
A 

least squares estimators of b
0 

and b
1

. · The b
1 

estimate is not significantly 

different from -1 indicating that the decrease in the plutonium concentrations· 

observed for the cotton rats is similar to that observed for vegetation, resus-

. pendible material, and soil. 
A 

Th~-· estimates of b
1 

for the regression equations in Fig. 4 are not signifi-

cantly different from each othex- l 'le~t: of i-luinogeniety of Regressiun Coef~ic:i E'!nts; 

A 

F = 0.84, df = 3.32, and P >0.05; [20)). Since b1 = -1, then a general equation 

can be written for each ecosystem component i, as follows.: · 

- ll -
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ln Conc(i) = a(i) + (-1) ln d, 

where a(i) ch~nges for different ecosystem components. For any two components 
·!:' 

i and j 

ln Conc(i) - ln Conc(j) = [a(i) - ln d] - [a(j) - ln. d], .which may be simpli-

fied to \ 

ln Conc(i) - ln Conc(j) = a(i) - a(j) 

Since a(i) - a(j) = Constant = k 

Conc(i) = ek 
Cone (j) 

This relationship is specific for the choice of i and j component. Thus, the 

" similarity of the b1 values implies that the
1
plutonium concentration ratios be-

tween ecosystem components are nearly equal throughout the areas influenced by 

SRP sources. This finding is unexpected because the two reprocessing plants at 

SRP release plutonium of different isotopic composition. The similarity of con-

centration ratios between ecosystem components indicates that plutonium from the 

various sources behaves in a similar fashion and that plutonium concentration 

ratios calculated from the data are of wide applicability in the Southeast. 

IMPLICATIONS FOR FUTURE STUDIES 

If knowledge of the fallout and resuspension at each sampli.ng location or an 

equation relati.ng fallout and resuspension to distance from the source were avail-

able, it would be possible to develop a simple model for predicting plutonium con-

centrations of ecosystem components. Because the ge.ography, soil types, and 

species sampled are typical of the southeastern United States, this model would 

·:·~.;: be of general app::.ic.ability to the Southeast. Work· currently under way at Savan-

nah River should produce the necessary information for such a model. 

- 12 --

' . I 

' t . ; 

I' 

I 



REFERENCES 

[l] FRANCIS, C. IV., Plutonium mobility in soil and uptake in 
plants: a review, J. Environ. Quality 3._ 1 (i 97 3) 6 7. · 

[2] PRICE, K. R., A review of transuranic elements in soils, 
plants, and animals, J. Env.iron. Quality 3._ l (1973) 62. 

[3] MCLENDON, H. R., Soil monitoring for plutonium at the 
Savannah River Plant, Health Phys. ~ 4 (1975) 347. 

[4] HARDY, E. P., KREY, P. IV., VOLCHOK, H. L., Global inventory 
and di.stribution of fallout plutonium, Nature 241 (1973.) 444. 

[5] BUTLER, F. E., Determination of uranium and americium
curium in urine by liquid ion exchange, Anal. Chem 37 (1965) 
340. 

[6] SANDERS, S. M., LEIDT, S. C., A new· procedure for plutonium 
urinalysis; Health Phys. 6 (1961) 189. 

[7] HOCHEL, R. C., Automated multispectra alpha spectrometer 
and data reduction system, USERDA Rep. DP-1393 (1975). 

[8] WIEGERT, R. G., ODUM, E. P., Radionuclide tracer measurement 
of food web diversity in nature, in Radioecology, Proc. of 
the 2nd National Symposium, p. 709-710 (1969). 

[9] c·HIPMAi\J, R. K., Age determination of the cotton rat 
· {/J1:gmodon hispUlus). Tulane Studies in Zoology 12 (1965) 19. 

[10] ROMNEY, E. M., DAVIS, J. J., Ecological aspects of plutonium 
in terrestrial environments, Health Phys. 22 (1972) 551. 

[11] CLINE, J. F., Uptake of 2 ~ 1 Am and 239 Pu by plants, USAEC Rep. 
BNIVL-714 (1967) 8.24. 

[12] NEUBOLD, P., Absorption of plutonium-239 by plants, U. K. 
Agricultural Research Council Report ARCRL-10 (1963). 

[13] ROMNEY, E. M., MARK, H. M., LARSON, K. H., Persistence of 
plutonium in soil, plants, and small mammals, Health Phys.· 
.!2. (1970) 487. 

[14] BUCHHOL~, J. R., ADAMS, W. H., CHRISTENSON, C. W., FLOWER, E. B. 
Summary of a study of the uptake of 239 Pu by a.lfalfa from 
soils·, US1\!:C Rep. LADC-12897 (1971). 



[ 15] HAKONSON, T. E., JOHNSON, L. J. , PURTYMUN, IV. D., The 
distribution of plutonium in liquid waste disposal areas 
at Los Alamos, LA-UR-73-1309, CONF-730907, 3rd IRPA 
Internation Congress, Sept. 9-14, 1973. 

[16] JOHNSON, J, E.; SVALBERG, S., PAINE, D., The Study of Plutonium 
ln Aquatic Systems of the Rocky Flats Environs, Fin:il Tech
nical Report for the Period January 1, 1971 to June 1, ·1974., 
June 1974. 

[17] MILHAM, R. C., SCHUBERT, J. F., WATTS, J. R., BONI, A. L., 
COREY, J. C., "Measured plutonium resuspension and resulting 
dose from agricultural operations on an o1d field at the 
Savannah River. Plant in the southeastern United States." 
Proceedings of the Conference Transuranium Nuclides in the 
Environment, San Francisco, California, November P-21, 1975. 

[18] HANSON, W. C., Ecological considerations of the behavior of 
plutonium in the environment, Health Phys. ~ (1975) 529. 

[19] HAKONSON, T. E. and JOHNSON, L. J., Distribution of environ
ment plutonium in the Trinty Site ecosystem after 23 years.• 
"Proc. Third Int. Cong. of the International Radiation 
Protection Association (IRPA), 11 Washington, D.C. 

[20] STEEL, R. G. D. 1 TORRIE, J. H., Principles and procedures 
of statistics. McGraw-Hill Book Co., New York, (1960). 

M .,. 



-· ..... ·---. 
I 

TABLE ·I. PLUTONIUM CONCENTRATIONS OF SOIL CORES ANu RESUSPENDIBLE MATERIAL 
.. .... ...... .. 

Distane:e Soil Corest{0.;.1s·am de~thJ · 'Resusvendihle ··Material · ( o..:.o .-·; ·cm) 
from BRP 238Pu,C 2 39pu d a% 2 38Pu 2 3 a Pu, 2 39Pu d . a% 23ePu , . , 

Sample Locatio~P Source, h km fCi/g fCi/g -~ fCi/gc fCi/g o 

OnElant · 

Inside 3 mCi/km 2 isopleth 

1 0.5 46;4 ±7.9 - ··37;·0- ±"6.8··---·--·-·· 5·6--±12" 
.. 

387.9 ±12.4 311. 8 ±11.1 55 ± 2 
2 0.5 7.2 ±5.0 163.8 ±?l. 8 4 ± 3 118.1 ± 7.2 1805.7 ±28.0 2 ± 0 
3 1. 3 23.4 ±2.8 89.9 ± 5.8 . 21 ± 3 1931. l ±32.2 996.8 ±23.2 66 ± 1 
4 0.3 13.4 ±4.7 101. 2 ±12.1 12 ± 4 50.9 ± 3.2 106. ± 5. 32 ..!. 2 -
5 1.0 2.9 ±1_. 9 33.6 ± 6.0 8 ± 5 45.9 ± 2.6 100. ± 4. 31 ..;. 2 -

Inside 2 mCi/km 2 isopleth 

6 3.8 4.0 ±1. 8 6.9 ±2.3 37 ±19 L9 ±0.6 14.2 ± 1.6 12 ± 4 
7 8.4 0.8 ±0.8 9.5 ±1. 8 8 ± 8 2.9 ±0.4 17.1 ± 1.0 14 ± 2 
8 7.0 1.2 ±1.4 8.2 ±2.6 13 ±15 1 ... 0 ±0.9 30.8 ± 2.0 18 ± 3 
9 7.5 0.7 ±0.4 7.1 ±1. l 9 ± 5 7.6 ±0 .. 8 49.8 ± 2.1 13 ± 2 

10 4.0 0.5 ±0.4 5.8. ±1. l 8 ± 6 7.2 ±0 .. 7 37.4 ± 1.5 16 ± 2 
11 5.7 0.6 ±0.9 7.0 ±2.2 8 ±12 3-.-8 ±0 .. 8 40.0 ± 2.6 9 ± 2 
12 4.2 0.8 ±1. l 9.1 ±3.5 3 ±12 1.8 ±0 ... 4. 33-. 9 ± 1.9 5 ± 1 
13 . 3.5 0.8 ±1. 2 9.7 ±2.7 8 ±12 1.7 ±0.3 10.2 ± 0.7 14 ± 3 

Offplant ':{!' 

At 4,0 km radius •.;;.' 

14 28 0.6 ±0.5 4.4 ±1.4 12 ±10 0.4 ±0.2 0.3 ±0.2 57 ±36 
15 26 0.5 ±0.3 7.3 ±0.9 6 ± 4 0.6 ±0.3 9.1 ±1.3 6 ± 3 
16 38 0.2 ±0.2 1. 3 ±0.4 14 ±11 0.2 ±0. 09 0.5 ±0.16 21 ±14 
17 38 0.8 ±0.8 7.1 ±1. 7 10 ±10 0. 8 ±0.2 2.0 ±0.4 29 ± 9 
18 45 0.4 ±0.2 6.2 ±0.8 6 ±" 3 0.2 ±0.09 1.8 ±0.27 10 ± 5 
19 49 0.2 ±0.2 5.1 ±0.8 4 ± 4 1. 8 ±0.4 12.5 ±1.2 12 ± 3 
20 41 0.4 ±0.4 5.5 ±1.0 7 ± 7 2.3 ±0.6 23.·8 ±2.0 9 ± 2 
21 45 0.3 ±0.2 6.5 ±0.8 4 ± 3 0.7 ±0.2 1. 7 ±0.3 28 ± 9 
22 40 0.5 ±0.4 8.6 ±1. 2 6 ± 4 2 .1 ±0.4 5.5 ±0.6 28 ± 5 
23 .. 35 0.7 ±0.4 7.4 ±0.9 9 ± 5 4.8 ±0.6 9.2 ±0.9 34 ± 5· 

a. See Figures 2 and 3. 
b. Fuel reprocessing plant. 
c. Dry weight. 
d. Includes 240 Pu also. 
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TABL:E I I. PLUTONIUM CONCENTRATIONS OF HONEYSUCKLE AND C.ll..MPHOR HEED 

Honeysuckle Ccunphor ·~leed · · · · · · · · · · ...... . . . . . . 

~ 3 Bpu·, 2 3 ~Pu, c a% 2 3Bpu 23Bpu . 2.39Pu c a% 2 3 Bp-iA. 

Sa.rrrple Locationa fCi/gO fCi/gb fCi/gb . fCi/gb 

OnElant_ 

1 0.4 ±0.l 2.1 ±0.1 17 ±2 1. 2 ±0.2 3.7 ±0.3 25 ±4 
2 1. 2 ±0.1 15.1 ±0.4 7 ±1 1. 6 ±0.2 74.9 ±1. 3 3 ±0.3. 
3 10.9 ±0.3 7.2 ±0. 3. 60 ±2 18.5 ±0.7 11. 7 ±0.5 61 ±3 
4 2.7 ±0.1 3.5 ±0.2 43 ±2 2.6 ±0.2 2.2 ±0.2 54 ±5 
5 2.8 ±0.2· 3 .. 1 ±0 .. 2 47 ±4 1.1 ±0.2 2.6 ±0.2 30 ±5 
6 0.23 ±0.04 0.53 ±0.06 30 +r::: _.., 0.3 ±1 0.9 ±1 26 ±7 
7 0.69 ±0.05 1. 05 ±0.06 40 ±3 0.29 ±0.04 0.49 ±0.06 37 ±7 
8 0.09 ±0.02 0.16 ±0.03 37 ±10 0.18 ±0.03 1. 2 ±0.l 12 ±2 
9 0.03 ±0.02 0.43 ±0.06 7 ±3 0.11 ±0.04 0.30 ±0.06 27 ±1 

10 0.08 ±O.Q2 0.17 ±0.03 31 ±9 0.07 ±0.1 3.1 ±0.2 19 ±2 
11 0.17 ±0.03 0.8 ±0.1 16 +7 

-J 0.04 ±0 .. 02 0.30 ±0 .. 05 11 ±5 
12 0.07 ±0.02 0.50 ±0.04 12 ±3 0.07 ±0 .. 02 0.29 ±0.04 19 ±5 
13 0.07 ±0.03 0.6 ±0.1 11 ±5 0.04 ±0.03 0.5 ±0.1 7 ±5 

OffJ2lant 

14 0.07 ±0.02 0.45 ±0.05 13 ±4 0.032±0 .. 014 0.23 ±0.04 12 ±6 
15 0.06 ±0.01 0.54 ±0.03 10 ±2 0.14 ±0.03 2 .. :27 ±0-.13 6 ±1 
16 ~{- 0.03 ±0.01 0.34 ±0.04 8 ±3 0.15 ±0:. 008 0.17 ±0.03 . 8 ±4 
17 0.04 ±0.01 0.27 ±0.04 12 ±5 0.-013±0.009 0 .. 22 ±0-.04 6 ±4 
18 0.064±0.015 0.47 ±0.04 12 ±3 0.025±0.010 0 ... 22 ±0-.03 10 ±4 -~-
19 0.04 ±0.01 0.39 ±0.04 10 ±4 0.006±0.006 0.31 ±0.04 2 ±2 
20 0.10 ±0.02 0.38 ±0.03 22 ±4 0.03 ±0 .. 01 0.27 ±0.04 9 ±5 
21 0.04 ±0.01 

: 
0.37 ±0.03 9 ±3 0.028±0.011 0.18 ±0.·03 13 ±6 

22 0.14 ±0.04 0.58 ±0.09 19 ±6 0.04 ±0.01 0.36 ±0.04 10 ±4 
23 0.05 ±0.01 0. 52 ±0.05 9 ±3 0.01 ±0.01 0.16 ±0 .. 03 7 ±4 

a. See Figures 2 and 3 and Table I. 
b. Dry weight. 
c. lncludes 240 Pu also. i 
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TABLE III. PLUTONIUM CONCENTRATIONS OF GRASSHOPPERS 
·:!J 

23Bpu 2 39Pu c 
Sample Locationa fCi/gb fCi/gb 

1 0.38 ±0.10 1.18 :t0.16 

3 1. 36 ±0.13 1. 38 ±0.13 

13 (Control) <0.03 <0.03 

a. See Figure 2 and Table I. 
b. Dry weight. 
c. Includes 240 Pu also. 

25 ±7 

so ±6 
'\ 



ABLE IV. PLUTONIUM CONCENTRATIONS OF COTTON RATsa 

Juveni it:;s 0 

2 3 a Pu, 239Pu g a% 
Loaationb 

, 
ct.mp 7,e fCi/gf fCi/gf' 

l ..,. 

2 0.20 ±0.06 0.41 ±0.09 33 
3 1. 62 ±0.15 1.96 ±0.17 45 
4 0.26 ±0.08 h 
5 
6 
7 
8 
9 

10 
11 0.54 ±0.15 0.17 ±0.08 76 
12 
13 

Skinned and gastrointestinal tract removed. 
See Figure 2 and Table I. 
<40 g dry weight. 
40 to 90 g dry weight. 
>90 g dry weight 
Dry weight 
Includes 240 Pu also. 
Less than 1 £Ci/sample .. 

23ePu 

±12 
± 5 

±28 

Immaturesd 
2 38Pu 

. '~ 
fC1'./gl 

0.44 ±0.07 

0.64 ±0 .12 
0.16 ±0.04 

Aduitae 
2 39·Pu,g a% 2 38Pu 23aPu, ?- 39Pu g a% 23sPu 

fCi/gf '~ fCi/gf fCi/gJ 

0.45 ±0.07 49 ±~0 
0.22 ±0. 0.3 0.61 ±0.]3 27 ±11 

1.04 ±0.15 39 ± 8 0.69 ±0. 1') 10.96 ±0.12 . 42 ± 7. 
0.15 ±0.04 51 ±~5 0.11 ±0. 6.3 0.39 ±0. Li 22 ±17 

0.06 ±0.03 0.01 ±0.01 so ±54 

h 0.08 ::o.o4 
0.15 ±0,07 0 .12 ±0.06 56 ±36 

0.13 ±0.05 0.08 ±0.03 0.05 :::0.02 ·s8 ±28 

0.08 ±0.04 0.05 ±0. 0·3 62 ±39 

i 
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TABLE V. AVERAGE CONCENTRATION RATIOSa .FOR CAMPHOR 
WEED AND HONEYSUCKLE ~ 

Average Concentration Ratio 
Onplant Offplant 

Camphor Weed/Soil 0.218 0.069 

Honeysuckle/Soil 0.093· o. 077 

pCi of plutonium/g dry weight 
a. pCi of plutonium/g dry weight 

TABLE VI. AVERAGE CONCENTRATION RATiosa,BETWEEN 
VARIOUS COMPONENTS OF THE ECYSYSTEM 

Componants of the Ecosystem 

Cotton Ratsb/soil 

GrasshoppersC/soil 

Cotton Ratsb/vegetation 

Grasshoppcrsc/vegetation 

a. 
£Ci of plutonium/g dry weight 
pCi of. plutonium/g dry weight 

Average 
Concentration Ratio 

0.014 

0.022 

0.14 

0.28 

b. Skinned and gastrointestinal tract removed. 

a. \iho1 e 



.L\BLE V,II. PLUTONIUM CONCENTRATIONS AND ALPHA PERCENTAGES IN ECOSYSTEM COMPONENTS 

co system 
amponent 

cil 
esuspendibles 
amphor Weed 
oneysuckle 
.dul t Co~ton Rats 

Dry weight. 

No. of 
Samples 

13 
13 
13 
13 

8 

Onplant Locations 
Pu Concentration, [Ci/ga 
Mean Std. Dev. 

45.-5 55~8 

295.4 561. 7 
9.9 21.5 
4.2 6.1 

/ 0.46 0.55 

Mean Std. Dev. 

14.8 
-22. 2 
25.6 
27.6 
43.4 

15. 0 -
19.3 
17.3 
17.2 
25.8 

No. of 
Samples 

10 
10 
10 
10 

OffpZant Locati_o_;:_is_----------
Pu Concentrati~~- fCi/ga 
Mean S~d. Dev. 

6.40 2.16 
8.03 8.21 

- -0. 44 0.70 
0.49 0.12 

i 

a% 2 3 Bj_?u 

Mean Std. D€ 

7.8 
23.4 
8.4 

12.3 

·::. 

3.3 
15.3 

3.4 
4.6 

ff 
111 
·! 
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FIG. 7 RELATIONSHIP BETWEEN PLUTONIUM CONCENTRATION OF CAMPHOR 
WEED AND DISTANCE FROM NUCLEAR FUEL REPROCESSING PLANT 
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