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Abstract

This paper summarizes field studies on the comparative uptake of

various actinide elements (232Th, 2 3 3U, 2 3 8U, 2 3 9Pu, 241Am, and 244Cm)

by plants and animals inhabiting historically contaminated environments

on the Oak Ridge National Laboratory (ORNL) reservation in East

Tennessee. The present-day pattern of actinide element bioaccumulation

by biota from a floodplain site contaminated with Pu in 1944 is U > Th
239^ Pu. Thus the environmentally dispersed Pu exhibits a transfer from

232floodplain soil to biota comparable to that of indigenous Th and less
?38than that of the indigenous U. This biological ranking agrees with

the chemical extractability of U, Th, and Pu from soil, using either

weak acids or strongly basic reagents. The pattern of actinide element

uptake by biota from the shoreline of a historically contaminated pond
pop ?TT

is Pu < Am ^ Cm < °U = U. This biological ranking also

agrees with the chemical extractability of Pu, Am, Cm, and U from

shoreline sediment, using weak acids. Results from field studies at

ORNL agree with what has been generally inferred about the relative food

chain transfer of the actinides, based on laboratory studies and field

studies at other sites in the United States. Because they share the

same valence state, there are apparent strong similarities in

soil sorption, plant uptake, and animal uptake between trivalent Am

and Cm and between tetravalent Pu and Th. Available evidence suggests
232that knowledge of the behavior of naturally occurring Th in the

terrestrial food chain can be useful for predicting t*ie long-term fate

of environmentally dispersed Pu, while data on U might be used

to place an upper limit on the expected long-term food chain transfer of

all transuranic elements except Np.



Introduction

In a prior publication, Transuranic Elements in the Environment
239(Hanson, 1980), research on the environmental behavior of Pu on the

contaminated White Oak Creek floodplain within the Oak Ridge National

Laboratory (ORNL) reservation in Tennessee was summarized through

calendar year 1979 in several papers. These papers included information

on: (1) the uptake of Pu by vegetable crops grown under field

conditions on the contaminated floodplain soil (Bondietti and Tamura,

1980; Adriano et al., 1980), (2) the concentration and inventory of

239
Pu in soil and various biological components of the floodplain

239forest (Dahlman et al., 1980), and (3) a simple dynamic model of Pu

cycling within the deciduous forest ecosystem on the floodplain (Garten

et al., 1980). Since the 1980 publication of these reports, the scope

of environmental research on actinide elements in East Tennessee has

239been expanded to include radionuclides other than Pu, as well as an

additional site (a contaminated pond shoreline) for field studies. In

particular, we have examined the comparative uptake of the synthetic

actinide elements ( Pu, c Am, ^ Cm, and " J U ) with the

indigenous and, in the case of the floodplain, naturally occurring

actinide elements (238U and 2 3 2 T h ) . One objective of Department of

Energy-funded research in the area of transuranic elements was to gain

a perspective of the long-term behavior of these artificial elements.

Hopefully, comparisons of the relative uptake of these actinide elements

by plants and animals inhabiting contaminated environments will be

potentially useful in assessing the long-term bioaccumulation of Pu and

other transuranic elements, based on the present-day bioaccumulation of



natural U and Th. The purpose of this paper is to summarize the more

recent research (since 1979) that has been done at ORNL on the

comparative environmental transfer of actinide elements in terrestrial

food chains. Various details on the methods used in this research can

be found in each of the publications cited throughout this paper.

White Oak Creek Floodplain Studies

Detailed descriptions of the plutonium-contaminated White Oak Creek

floodplain have been provided in several prior publications (Dahlman

et al., 1980; Garten and Dahlman, 1978; Van Voris and Dahlman, 1976).

Historically, this floodplain in East Tennessee is one of the oldest

Pu-contaminated ecosystems in the world. The floodplain was

contaminated in 1944 when this site served as a temporary impoundment

for low-level liquid radioactive wastes. During our studies from 1975

to 1980, a deciduous forest typical of bottomlands throughout the

East Tennessee valley region occupied the site. The alluvial floodplain

soil is a loamy clay (72% silt and 24% clay), with a pH of approximately

7 to 7.5. The soil pH is more basic than normal for this region due to

90an alkaline treatment to precipitate Sr from the liquid radioactive

wastes.

Figure 1 compares the uptake of plutonium by herbaceous plants,

grasshoppers, and small mammals (rodents) from soil, based on published

data from various plutonium-contaminated environments across the United

States, including Nevada (Romney et al., 1976; Bradley et al., 1977),

New Mexico (Hakonson and Bostick, 1976), Colorado (Little et al., 1980),

South Carolina (McLendon et al., 1976), and Tennessee (Garten and



Dahlman, 1978). The uptake of Pu is expressed as a concentration ratio

(CR), which is the concentration per dry weight in the biota divided by

the concentration per dry weight in soil. The principal ntechanism of

contamination of vegetation in the vicinity of nuclear facilities in

South Carolina was deposition from aerial releases (McLendon et al.,

1976). In 1974, Pu releases to the atmosphere were 1000 times

greater at the South Carolina field site than those at the Oak Ridge

site (Dahlman and McLeod, 1977). Consequently, CR values from the

South Carolina study area are biased by a source other than contaminated

soil. For the remaining areas (Nevada, New Mexico, Colorado, and

239Tennessee), Pu CR values tend to decrease with increasing annual

precipitation. The lowest relative transfers of Pu from soil to biota

are found in Tennessee on the White Oak Creek floodplain. The moist

floodplain soil, as well as leaf litter layers and ground vegetation,

minimizes the importance of the physical resuspension of Pu from soil

that might otherwise bias comparisons of actinide element

bioaccumulation by plants and animals. The calculated resuspension

factor for Pu from soil to air 10 cm above the soil is 1 X 10"

m~ (Garten and Dahlman, 1978), which is near the lower portion of

the range (1 X 10"2 to 1 x 10"11 m"1) measured in other

contaminated areas (Hanson, 1975; Sehmel, 1980).

Bondietti and Tamura (1980) previously reported on the similarity

239 232between Pu and Th concentration ratios and the greater uptake
poo

of U relative to Pu and Th in seven different kinds of vegetable

crops grown in a garden spot on the White Oak Creek floodplain. As a

follow-up study, the garden plot was converted to a 190-m rodent-proof



?39 232
enclosure to compare the transfer of Pu with indigenous Th

?3

and U in a simple foodchain of soil to grass to cotton rats

(Sigmodon hispidus) (Garten et al., 1981). After establishment of

fescue grass (Festuca arundinacea) in the enclosure, cotton rats that

were born in the laboratory and weighed 25 to 57 g at the time of their

release were put into the enclosure. Cotton rats are herbivorous;

grasses are a major portion of their summer diet (Fleharty and Olson,

1969). Samples of soil, grass, and cotton rats from the enclosure were

analyzed for concentrations of actinide elements, using mass

spectrometry (Walker et al., 1974). Fescue with visible soil on it was

not sampled, and rats were dissected carefully to prevent

cross-contamination between skin and fur, gastrointestinal (GI) tract,

and carcass (i.e., whole body internal tissues minus skin, fur, and

GI tract).

The pattern of actinide bioaccumulation by grass and rats from the

contaminated floodplain soil was U > Th ^ Pu (Fig. 2). The

statistical analysis of the uata that are summarized in Figure 2 has

been presented elsewhere (Garten et al., 1981). A greater accumulation

of U relative to Pu or Th could not be demonstrated for rat GI tracts

which, as will be discussed later, probably contain some soil.

Contamination of the biological samples by soil will bias any comparison

of relative uptake. Fescue was not washed prior to analysis, but the

likelihood of soil contamination of fescue, as well as rat carcasses,

from the enclosure was minimized by sample collection and handling.

Hence, the data in Figure 2 support the hypothesis first put forth by

Bondietti and Sweeton (1977) that in East Tennessee environmentally



239dispersed Pu tends to have a bioavailability similar to that of

naturally occurring Th and less than that of U.

Despite of a high degree of variability typically associated with

field studies, evidence for the pattern of actinide element uptake in

food chains being 2 3 8U > 239Pu ^ 232Th is generally well

supported by a consideration of several different ORNL daba sets

(Fig. 3). The median and the range in CR values (calculated relative to

?41floodplain soil) for U, Th, Pu, and Am are summarized in Figure 3

for vegetables (Bondietti et al., 1979), fescue grass and cotton rats

(Garten et al., 1981), and boxelder tree leaves (Garten, 1980a)

collected from the White Oak Creek floodplain. In these field studies,

the uptake of Th J Pu by floodplain biota is consistently less than

that of U, and, in p^ticular comparisons (i.e., vegetable leaves and

232stems or rat carcasses), the uptake of indigenous Th and

239environmentally dispersed Pu from the floodplain soil is nearly

identical. In those samples where Am has been measured, the uptake

of Am is slightly greater but not appreciably distinguishable from that

239of Pu because of the variability in the data.

The relative uptake of U, Pu, and Th by floodplain biota correlates

well with the extractability of these three actinide elements from

alluvial floodplain soil. Bondietti and Tamura (1980) reported similar

extractability of Pu and Th from the floodplain soil, using dilute (1 H)

nitric acid and strong carbonate (10% Na^CO.,) solutions, whereas U

exhibited much higher extractability with the same reagents. Based on

these extractions, Th and Pu appear to have similar chemical forms (both

tetravalent) in the soil. Although there is some Pu associated with



239soil humic acids, the Pu contamination of the floodplain apparently

resulted in associations with soil similar enough to indigenous Th that

the uptake of Pu and Th from soil by forest biota is similar (Bondietti

and Tamura, 1980). In any case, field studies on the White Oak Creek

floodplain indicate that environmentally dispersed Pu will not

accumulate in terrestrial biota to a greater extent than will natural U.

Pond 3513 Shore-line Studies

Pond 3513 at Oak Ridge National Laboratory (ORNL) is a former

low-level radioactive liquid waste settling basin (62 x 63 m) that was

used for nearly 30 years prior to 1976. Studies conducted in 1977 and

1978 of the pond shoreline biota have been previously described in other

publications (Garten, 1979; Garten, 1981; Garten et al., 1982).

Concentrations of actinide elements in sediments and biota from the pond

shoreline were measured by alpha spectrometry, following isolation from

the samples by chemical methods (Scott and Reynolds, 1975; Reynolds and

Scott, 1975). One of the important reasons for studying actinide

element uptake by pond shoreline biota is that this system contains

high concentrations of radionuclides like U, Am, and Cm

that are not found in high concentrations on the White Oak Creek

floodplain. The source of actinides to the pond was primarily soluble

low-level radioactive wastes, similar to the source to the floodplain.

239 241 238However, the concentrations of Pu, ' Am, and U in the

shoreline sediment are approximately 1.5 to 4 times greater than those

found in floodplain soil. Curium-244 concentrations are more than 50

times higher in shoreline sediment than in floodplain soil. At the time



of these studies, the pond shoreline was densely vegetated by a 1-m-wide

zone of emergent aquatic macrophytes (including Eleocharis sp., Juncus

sp., Polygonum sp., and Typha sp.)- An access road surrounded the pond.

Ground cover in the 3- to 5-m zone between the pond shoreline and the

road consisted of uncut grasses (primarily Festuca sp.) and mixed

herbaceous plants. From June to November in 19/7, approximately 100

different cotton rats were caught around the shoreline of the pond.

However, 'the resident population along the shoreline, as estimated by

mark-release-recapture techniques,, was about 20 rats. Rats from the

shoreline were highly contaminated with Cs (mean whole body amount

44 nCi/rat) (Garten, 1979).

Figure 4 shows a diagrammatic cross section of the pond shoreline,

239with geometric mean concentrations of Pu in pond water, near-shore

submerged sediment, shoreline sediment, and shoreline plants, soil,

grass, and rats trapped between the shoreline and access road around the

pond. Plutonium-239 concentrations in surface soil 3 to 5 in away from

the shoreline were typically about 1% of those found in the shoreline

sediment. Emergent shoreline plants that grew close to the sediment,

239like Eleocharis and Polyqonum, had higher Pu concentrations than

tall emergent macrophytes like Typha and Juncus. In particular,

Eleocharis was a small emergent plant with a high likelihood of surface

contamination due to submersion, resuspension, or rainsplatter of

sediment. Plutonium-239 concentrations in cotton rat carcasses (i.e.,

whole body minus skin, fur, and GI tract) were twice those found in

fescue grass from the top of the banks of the pond (Fig. 4) and at least

20 times greater than the level expected from fallout Pu [i.e., 0.05



fCi/g dry weight based on data for cotton rats (McLendon et a!., 1976)].

239In general, Pu concentrations in the rat GI tracts were also many

times greater than those in shoreline plants. This fact, as well as

other evidence, indicated that the source of contamination for the rats

was the pond shoreline (Garten, 1981). Ingestion of sediment had to be

considered a likely source of actinide contamination of the rats,

because analysis of the GI tracts taken from wild small mammals,

including cotton rats, shows that they contain 10- to 200-mg amounts of

soil (depending on species), which is presumably ingested while digging,

foraging, or grooming their fur (Garten, 1980b). Only 10 to 20 mg of

shoreline sediment would contribute enough Pu to account for all of the
730

Ptr present in the intestinal contents of rats from Pond 3513.

The uptake of 2 3 9Pu, 241Am, 244Cm, 2 3 3U, and 2 3 8U by

small emergent plants (Eleocharis and Polygonum) and large emergent

plants (Typha and Juncus) was determined (Garten, 1981). Samples from

the plants were collected high enough above the ground to preclude any

possibility of direct surficial contamination from water or sediment.

The calculation of CR values for cotton rats relative to sediment

concentrations covers two of the most likely pathways of actinide

element transfer to animals: the direct ingestion of sediment and the

inhalation of contaminated sediment particles.

In all respects, the findings from studies on the comparative

uptake of actinide elements by biota from the pond shoreline are in good

agreement with results from studies on the White Oak Creek floodplain,

because the relative uptake by plants and rats taken from the shoreline
p o o ?j-tR

was Pu < Am ^ Cm < U = "°U. This pattern in biological



uptake also agrees with the relative extractability of the actinides

from the shoreline sediment using weak acids (1 _M HNCL and

0.01 M̂  HC1). The latter acid extraction simulates the pH conditions of

the mammalian stomach (i.e., pH 2). Isotopes of Am, Cm, and U v/ere more

extractable from shoreline sediment with 1 M HNO, than Pu. Treatment

of the shoreline sediment with 0.01 M HC1 revealed that 44 to 77% of the

2 3 3U and 238U,,3 to 5% of^the trivalent 241Am and 2 4 4Cm, and
2390.-2* of the probably tetravalent' • Pu was extractable (Garten, 1981;

Garten et al., 1982).

Conclusion

Some of the chemical and biological properties pertinent to the

behavior of the actinide elements in terrestrial food chains have been

consolidated from several published sources, normalized relative to Pu,

and presented in Table 1. The summary data in Table 1 are based on both

laboratory and field experiments (some at ORNL and some elsewhere). For

example, summary values for the plant uptake of Pu, I), Am, and Th from

soil were derived from studies on the White Oak Creek floodplain, while

data for Np, Cm, and Am were derived from another field study in

Washington State (Shreckhise and Cline, 1980). Although there are many

uncertainties concerning the environmental chemistry A Np, this element

exhibits the greatest potential for food chain transfer in terrestrial
*

environments because of its poor sorption to soil in the pentavalent

oxidation state and its characteristically high degree of biological

transfer from soil to plant and across the mammalian GI tract (Watters

et al., 1980). Because they share the same valence state, there are



10

strong similarities in soil sorption, plant uptake, and animal uptake

between trivalent Am and Cm and between tetravalent Pu and Th. The

relative pattern of actinide element bioavailability in food chains as

summarized in Table 1 is consistent with the observed pattern of

bioaccumulation of actinides in biota from the White Oak Creek

floodplain and the Pond 3513 shoreline. Thus, the relative pattern of

plant and animal uptake from soil or sediment is U > Am ^ Cm > Pu

^ Th. Our findings suggest that knowledge of the behavior of

232naturally occurring Th in terrestrial food chains can be useful to

help estimate the long-term bioavailability of environmentally dispersed

239 238

Pu, while U might be used to place an upper limit on the

expected long-term food chain transfer of all transuranic elements

except Np. Neptunium is not expected to always be potentially the most

available transuranic element, because both tetravalent and pentavalent

Np are stable under the range of pH conditions typical of agricultural

soils. Pentavalent neptunium has the greatest potential for transport

into plants of all the synthetic actinides, and more work needs to be

done, specifically on its biogeochemistry.
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Table 1. Physicochemical and biological properties relative to the
terrestrial food chain transfer of actinide elements
(adapted from Trabalka and Garten, 1983)a.

Property Pu Np U Am Cm Th

Charge of
uncomplexed ion

Most likely
oxidation state

Soil, sorption

Plant uptake (CR)d

Mammal uptakee

+4

IV

300,000

0.002

0.00004

+1

V

0.001

4000

300

+2

VI

+3

III

+3

III

Values normalized relative to

0.01

10

20

0.1c

2-20

20

0.1

20

10

+4

IV

Pu

0.5

1

1

aTransfer factors and soil sorption data have been normalized
relative to "%>u.

K̂fj data for actinides based on contact with soil clay in the
presence of 5 mM Ca(N03)2 at pH 4 and 6.5 (Dahlman et al., 1976;
Bondietti and Tamura, 1980).

cAm value obtained from detailed series of K,j comparisons in a
variety of soils (Sheppard et al., 1979).

dPu, U, Am, and Th based on Bondietti et al. (1979); Np, Am, and Cm
based on Schreckhise and Cline (1980).

eBased on studies of nitrate forms using rats (Sullivan, 1980).
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Figure Legends

Figure 1

Figure 2.

Comparative uptake of plutonium, expressed as a concentration
ratio (i.e., concentration in dry biota/concentration in dry
soil), by herbaceous plants, grasshoppers, and small mammals
in relation to ecosystem type and average annual rainfall
based on published research from various contaminated field
sites in the United States.

Comparative uptake from soil of "Pu, "°U, 232-fp, ̂ y
fescue grass and cotton rats inhabiting experimental
enclosures on the White Oak Creek floodplain at ORNL.

Figure 3. (and range) concentration ratios for ^ U , 232-rp,̂
Pu, and 24'Am in vegetables, fescue grass, cotton

rats, and boxelder tree leaves from the White Oak Creek
floodplain in Tennessee. The number of samples is shown
beneath the range bar for each actinide element represented
(reprinted with permission from Trabalka and Garten, 1983).

Figure 4. Diagrammatic cross section of Pond 3513 shoreline showing
median 239pu concentrations in water, sediment or soil,
plants, and small mammals occupying the pond banks.

Figure 5. Comparative uptake from sediment of 239pUj 241/^
" J U , and "°U by plants and cotton rats inhabiting the
shoreline of a contaminated liquid radioactive waste pond
at ORNL.
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