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ABSTRACT

PHYSICAL AND CHEMICAL CHARACTERISTICS OF PLUTONIUM IN EXISTING
CONTAMINATED SOILS AND SEDIMENTS. Plutonium from three sites has been
studied to provide information necessary in understanding its behavior
and fate under prevailing conditions. Plutonium in soils from the
Nevada Test Site (NTS) was predominantly associated (50 - 75%) with the
coarse silt (53 - 20 pm) fraction. The coarse silt fraction was further
segregated by density gradient zonal centrifugation; the plutonium in
the sample from a bare soil ranged from 60 - 85% in the "heavy" mineral
fraction (> 2.9 g/cm3) suggesting the presence of oxide forms. The
plutonium in a sandy mound taken beneath shrubbery occurred predominantly
(80 - 95%) in a lighter fraction (2.5 - 2.7 g/cm3) associated with fel-
spar. Soil extraction of NTS plutonium with 0.1 M_ citric acid solution
showed very low solubility (% 1%).

The plutonium in samples from Oak Ridge National Laboratory (ORNL)
and Mound Laboratory (ML) was predominantly in the clay size (< 2 ym).
The solubility in citric acid was about 20 - 25% in the ORNL sample and
40 - 50% in the ML sample. Density gradient segregation of the clay size
fraction of the ML sample showed the activity distribution to be directly
related to the weight of the recovered fraction with enhanced contribu-
tion by the very light organic fraction. Approximately 71% was found
in the 2.3 - 2.4 g/cm3 fraction which contained 65% weight percent of
the clay and 16% in the < 1.8 g/cm3 fraction (organic fraction) which
contained 6% of the weight fraction.

* . •

*Research sponsored by the U. S. Energy Research and Development
Administration under contract with the Union Carbide Corporation.

tPublication No. 787, Environmental Sciences Division, ORNL.



The results obtained are discussed as they relate to the resuspension
and plant uptake of plutonium. Citrate solubility of plutonium appears
to be promising as a potential "soil test" solution to predict uptake of
plutonium by vegetation.

1. INTRODUCTION

To date, accidental and deliberate releases of plutonium have been
confined mainly to the local environs of plutonium-handling facilities.
These contaminated environmental situations, of different origin, provide
opportunities for the study of this important radionuclide in diverse
environments. The physical and chemical characteristics of the pluton-
ium as it exists in the soil and sediment matrices provide valuable infor-
mation necessary in understanding its fate under prevailing conditions.

At each of the sites where contaminated soils and sediments were ob-
tained for this study, large and comprehensive programs are in progress
to assess the environmental and radiological health questions associated
with plutonium. This particular phase of these programs is directed
toward characterizing plutonium in terms of particle size, its relative
solubilities in mineral acids and complexing agents, and its association
with the mineral matter of the matrices. From these investigations, in-
sight should be gained into its behavior, its movement into the soil, and
its potential resuspension by wind action.

Initially, this investigation was concerned with the characterization
of plutonium in the Nevada Test Site (NTS) as part of the program of the
Nevada Applied Ecology Group (NAEG). Later investigations were undertaken
of samples from the Oak Ridge National Laboratory (ORNL) and Mound Lab-
oratory (ML) sites as part of these characterization studies. Conse-
quently more information on the characterization of environmental plutonium
has been developed at the NTS site than those from the ORNL and ML sites,
and parts of the results obtained to date on NTS plutonium have been pub-
lished [1,2,3]. These earlier studies report on particle size distribution
of plutonium in soil samples from several locations within NTS and the
effect of distance from the point of detonation on plutonium concentration.
By applying treatments developed for the NTS samples on the ORNL and ML
samples, comparisons of the properties of the plutonium at all three sites
have been possible.

The physical characteristics of the plutonium and the environmental
factors which affect the behavior of the nuclide in the given environments
are discussed in this paper. These results should be considered to be
preliminary in nature; only through continued efforts at characterization
can a full understanding of the behavior and fate of plutonium be achieved.

2. SAMPLE DESCRIPTION

Plutonium was deposited in the environment under different conditions
at the three sampling sites. At the Nevada Test Site (NTS) plutonium was
deposited in the various Mojave and Great Basin desert environments from



the "safety shot" series; subcritical nuclear devices were detonated with-
out fission and the plutonium thereby dispersed over the immediate land-
scape. Subsequent to deposition, the area remained undisturbed by man for
about 17 years. The land surface is covered with desert shrubs at 5 - 10%
plant density; the rainfall is approximately 10 - 20 cm/yr.

The sandy-textured soil in the sampled area (referred to as Area 13
at NTS) shows two distinct types of occurrence. Most of the soil is de-
void of vegetation and occurs as bare soil of alluvial! origin. In the
uniformly distributed vegetated area (5 - 10% plant density), the soil
occurs as a sandy mound beneath the canopy. The absence of gravel parti-
cles suggests that the mound was formed by wind deposits of sand particles.
Interestingly, within a given area the portable field monitor (which meas-
ures the 2 Am gamma rays that correlate with plutonium content) indicates
a higher plutonium content under the shrubbery than over the bare soil.
Since over 90% of the plutonium is in the upper 5 cm [4], the results for
the NTS samples discussed in this paper represent plutonium occurrence to
this depth.

Samples from the Oak Ridge National Laboratory (ORNL) site were taken
from a flood plain on the banks of White Oak Creek formerly used as a holdup
pond for radionuclide retention. The earthen dike failed after about 6
months of operation in late 1944; a young flood plain forest has developed
on the 2-ha site along with understory and ground vegetation representative
of flood plains in the Tennessee Valley [5], The annual rainfall in this
area is approximately 125 cm. White Oak Creek occasionally floods the area.
Although the texture of the soil varies, the samples used in this investi-
gation were silty clay loam in texture. The pH of the samples ranged from
6.5 - 7.5; the samples used in this investigation had pH's of 6.70 and 7.0.
Samples used to characterize the plutonium were taken at 0 - 7.5 cm depth.

The samples from Mound Laboratory (ML) in Miamisburg, Ohio, were from
a sediment core taken in the old Erie Canal. The source of the contamina-
tion was a leak in the acid waste transfer line in the plant site. The
contaminated soil was removed, but a small fraction eroded from the plant
site and settled in the canal. The texture of the sediment samples was
silty clay loam; sandy lenses were also present. The pH of the sediment
ranged from 8.0 - 8.4. The material used in this investigation was taken
at different depth intervals from the sediment core, which measured 47 cm.

3. ANALYTICAL METHODOLOGY

Samples were analyzed for total plutonium using the HN03-HF digestion
technique [?.] for the NTS samples and hot 8 M HNO3 [6] for the ORNL and
ML samples with either 236Pu or 2M2Pu as the internal standard. The HNO3
technique was used for the ORNL and ML samples after several samples were
analyzed by both methods and the results showed over 95% extraction with
the hot HNO3.

For total plutonium analyses of the soil sample, 10 g of < 2 mm parti-
cles were used. The amount used for total plutonium in segregated materials
depended on the total amount of materials available. Thus in size segre-
gating 100 g of soil from NTS, about 1 - 5 g of clay size particles were



obtained; in these cases approximately one-half of the sample was used for
total plutonium analysis.

Following anion exchange purification, plutonium was electrodeposited
and counted on a 200 mm2 surface barrier detector. Although counting times
varied, depending on activity levels, replicate analysis showed standard
deviation of 1 sigma at about ± 15%.

Samples which were extracted using selected reagents such as 0.1 M
citric acid and 0.1 M.sodium citrate were analyzed by a liquid scintilTation
technique developed by McDowell et al. [7]. Extraction of soils and sedi-
ment samples (5 ml/g) using these solutions resulted in a yellow or brown
color in the extractants. In order to establish consistent recovery, the
extracted solutions were treated with hydrogen peroxide in a nitric acid
media, boiled down to ensure removal of peroxide, and the solutions were
adjusted to 2 - 4 [4 in nitric acid, which is the condition necessary to
extract plutonium into a tertiary amine nitrate [7],

Size segregation of particles was done normally by adding distilled
water, stirring with a rubber policeman, and passing the suspension through
various sand size sieves down to 53 urn. Below 53-um diameter (270 mesh
screen), the silt and clay sizes were segregated by utilizing Stoke's law
of settling and 2.65 g/cm3 as the density of the particles. This procedure
was followed to minimize the disturbance of the possible bonding associa-
tion of plutonium as it exists in the field. For selected samples, size
segregation was preceded by a 5-min treatment with a Blackstone ultrasonic
probe which dispersed the aggregates of the soil and sediment. Segregation
then followed as outlined above.

Another technique utilized in further characterization of the plu-
tonium was density gradient segregation of selected particle sizes. This
technique segregates particles by differences in density [8]. Ethyl al-
cohol and tetrabromoethane were used to form the density gradient solution
ranging from 1.8 g/cm3 to 2.9 g/cm3. This range permitted the lighter
organic fraction to float at the surface and the heavier mineral fractions
to segregate in the media, depending on their density, including the
heaviest fraction which settled at the bottom of the centrifuge tube
(> 2.9 g/cm3). The analysis for plutonium in these fractions of the NTS
samples was slightly modified due to the small samples. In these cases,
a 5-g sample of a local uncontaminated soil was added to the fraction,
thoroughly mixed, and analyzed by the HNO3-HF technique. This addition
permitted using the standard amount of solutions required in the normal
procedure.

4. RESULTS AND DISCUSSION

Total plutonium samples which were used for further characterization
studies are shown in Table I. The samples labeled A13 - 1A and A13 - IB
refer to two samples collected very close to each other at NTS. The 1A
sample was taken from a bare area of the desert; the IB sample was part of
a sandy desert mound beneath a saltbush shrub, approximately 4 ft from 1A.
The reported activity represents < 2-mm particles. As noted earlier, the



TABLE I

ACTIVITY, CONCENTRATION, AND SOIL-WATER pH OF SELECTED SAMPLES

Site
Location

NTS

NTS

ML

ML

ML

ORNL

ORNL

Sample Code

A13 - 1A

A13 - IB

8C - 7-9

8C - 11-13

8C - 43-47

EO - SI80

IRB - 1

Activity
(dis/min . g)

3912 (115)

2675 (101)

1692 (44)

1133 (44)

4920 (225)

135 (11)

374 (18)

Concentration**
(ng/g)

28

19.5

0.29

0.19

0.20

1.0

2.7

PH

9.2

9.0

8.2

8.3

8.0

6.7

7.0

•Numbers in parentheses are the standard deviation.

**Both NTS and ORNL samples contain primarily 2 3 9 " 2 4 0 p u activity;

ML samples contain approximately 2-5% 2 3 9~ 240p u with the major ac-

tivity contributor being 1"3 Pu.



samples represent the 0 - 5 cm depth and were taken approximately 600 ft
from Ground Zero (GZ). The higher mass concentration of plutcnium in the
NTS and ORNL samples relative to the radioactivity is due to *"-2<.oPu in
the NTS and ORNL samples and to 238Pu primarily in the ML samples.

The ML samples were taken from a core near the inlet side of the
canal. The numbers 7 - 9, 11 - 13, and 43 - 47 refer to depth increments
of the core in centimeters. The sediment initially contained 35 - 45% water
and was separated by centrifuging for 1 hr at 2250 rpm. The activity in
this core is higher at the bottom of the core than at the top. The p.H of
the soil-water suspension is alkaline in both the ML and NTS samples:
the high pH of the NTS sample suggests the presence of sodium ions;
whereas the pH range for the ML samples is normal for calcium-carbonate
bearing samples.

The samples taken at ORNL represent two locations of the flood plain.
The IRB - 1 sample was taken near the earthen dam; the EO - S180 sample
was taken about 100 m away, near the influent of the former pond. A more
complete account of the plutonium distribution in the soils and concentra-
tions in the vegetation of the flood plain is being published elsewhere
[5]. The pH's of these samples are near neutral, suggesting that calcium
carbonate, which may have been present, has been leached below the 0 - 7 . 5
cm depth in these samples.

The following sections discuss the plutonium association and behavior
of the samples listed in Table I. All samples were not used in every
treatment or test; however, the treatment or test given each sample was
done under near identical conditions.

4.1. Particle size distribution and plutonium in size fractions

The particle size distribution and the plutonium distribution in
segregated sizes are presented in this section. In the NTS samples, sig-
nificant amounts of gravel particles were present; and the reported results
include the gravel contribution. The plutonium distribution, however, ex-
cludes the gravel consistent with normal soil analysis [9]. If the gravel
contribution is included in the total analysis (Table I), the activity in
the NTS sampler would be reduced proportionately to the gravel content re-
ported in Table II.

4.1.1. Particle size distribution

The particle size distribution of the soil and sediment samples are
shown in Table II. The NTS samples consist primarily of sand size parti-
cles (64 - 75%); the increase in silt and clay size particles after ul-
trasonic treatment implies that the finer particles had been adhering to
the coarser sand particles. Note also that the soil taken in the bare
area (1A) of NTS contains about 20% gravel particles, but the sample under
the shrub (IB) contains only about 3%. The question of whether the sandy
mound beneath the shrub represents erosion resistance or wind-deposited
particles might be raised. The data on plutonium distribution and plu-
tonium mineral association, presented later, suggest that the particles
are wind deposited.



TABLE II

PARTICLE SIZE DISTRIBUTION OF SELECTED SAMPLES IN PERCENT FROM NTS, ML, AND ORNL
WITHOUT (A) AND WITH (B) ULTRASONIC TREATMENT

Size Range
(vim)

> 2000
2000 - 340
840 - 250

250 - 125

125 - 53
53 - 20

20 - 5

5 - 2
< 2

Total

A13

A

19.5

7.2
24.3

21.1

17.6
5.2

2.4

1.4

1.3

100.0

NTS

- 1A

B

19.5

7.2
22.1

18.7

16.3
6.3

3.3

2.7

4.1

100.2

NTS

A13 -

A

2.7

3.0
20.2

29.6

33.6
8.5

1.1
0.5

0.6

99.8

Sample

IB

B

2.7

2.9
19.6

24.7

28.1
10.1

3.2

3.0

5.4

99.7

ML

Code

8C - 43-47

A

0

0
6.9

6.0

6.4
28.8

32.2

9.5

1C.3

100.1

B

0

1.9

4.0
2.8
3.7

22.2

28.4

7.2

29.7

99.9

ORNL

IRB -

A

—

—

—

0.7*
23.3

42.9

10.8

19.6

97.3

1

B

_-_

—

—

1.
19.

38.

9.

28.

97.

2*
8

4

8
6

8

•Percentage greater than 53 um.



The ML and ORNL samples contain much higher clay content than the
NTS samples. Ultrasonified samples show about six times higher clay con-
tent in the ML and ORNL samples than in the NTS samples. The higher clay
content is to be expected in the more highly weathered soils of eastern
United States, which serve as the parent material of the sediments.

4.1.2 Plutonium distribution in size fractions

The percentage contribution of each fraction to the total soil plu-
tonium is shown in Table III. In the ORNL sample only the ultrasonified
samples were analyzed for plutonium, and in the ultrasonified ML sample
the sand size particles were not analyzed. The contribution of plutonium
in the sand size is less than b% if the concentration of plutonium in the
nonultrasonified samples are used to calculate the contribution.

The fraction contributing the highest amount of plutonium in the NTS
samples is the coarse silt (53 - 20 urn). In the bare soil (1A) about 50%
is in this fraction; under the shrub over 70S is in this fraction. This
finding is consistent with those obtained on other bare soil samples in
the same area (Area 13). However, data obtained from another area (GMX
site in Area 5), also subjected to "safety" shot tests, showed that the
highest contributors to the total soil plutonium were the two finer sand
sizes on both bare soil and a sandy mound samples [2]. Data in Table III
show that 28J" (bare) and 15.8% (sandy mound) of the activity were con-
tributed by two sand sizes in the nonultrasonified samples. In the Area
5 samples, these size fractions contributed 64S (bare) and 75% (sandy
mound). The difference in the size association of plutonium in these two
different areas may be due to their distance from GZ; the samples from
Area 13 were 600 ft from GZ, and the samples from Area 5 were approximately
250 ft from GZ. Following the detonation, the deposited plutonium was
coarser or was associated with coarser particles and, thus, deposited pro-
portionately closer to GZ in Area 5. Data by Mork (10J obtained from
Yucca Flats indicate that the size association of plutonium is a function
of distance from GZ.

The most obvious effect of ultrasonic treatment of plutonium distri-
bution in the NTS samples was the decrease in the fine sand (125 - 53 urn)
and the increase in the medium silt (20 - 5 um) fraction contributions to
total activity. In the bare soil the changes were due primarily to the
decrease In activity in the sand and an increase in activity in the medium
silt; on the other hand in the sandy mound, the changes in contribution
are due to changes in both activity contribution and particle size redis-
tribution.

In the ML and ORNL samples, tlie highest contributor of activity was
the clay fraction. The clay fraction of ML sample contributed nearly 70%
of the sediment activity; whereas the clay fraction of ORNL soil contributed
40%. A possible explanation for the more even distribution in the ORNL
sample may be due to the original state of the samples. In the ORNL sam-
ple, the soil was dry and compact when sampled; the ML core sample was wet
and loose on sampling. The 5-min ultrasonic treatment was probably insuf-
ficient to completely disperse the aggregates in the ORNL sample, and,



TABLE III

PLUTONIUM CONTRIBUTION {%) BY PARTICLE SIZE WITHOUT (A) AND WITH (B) ULTRASONIC TREATMENT

Size Range
(um)

2000 - 840

840 - 250

250 - 125

125 - 53

53 - 20

2 0 - 5

5 - 2

< 2

NTS

A13 -

A

0.5
1.5
1.4

26.7

44.4

22.0

2.6

1.0

100.1

1A

B

0.3

0.2
0.3
8.3

50.9

32.7

4.5

2.9

100.1

NTS

A13 -

A

0
1.5
0.9 .

14.9

75.1

6.3

0.8

0.4

100.1

IB

B

0.1

0.1
0.2
5.9

73.2

14.9

4.2

1.5

99.9

8C •

A

___

3.9
1.8

5.6
24.8

29.8

16.9

17.1

99.9

ML

• 43-47

B

—
—
—

6.
12.
11.
69.

100.

_

-
-

-

4

3

8

5

0

ORNL

IRB - 1

B*

___
—
...
—

19.3

32.0

8.8

39.9

100.0

*The A series of ORNL sample was not analyzed.
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thus, they remained as coarser particles. It is interesting to note,
however, that che wet mud of the ML sample was aggregated originally since
the nonultrasonified sample shows that the silt sizes were the major con-
tributor of activity.

In applying Stoke's law for size segregation, the equation contains
a term for specific gravity of the particles. In soils the value of 2.65
g/cm3 is generally used, and in the segregation of these samples this value
was used to calculate settling velocities. If the plutonium exists as dis-
crete oxides, the density would be approximately 11 g/cm3 and particles
smaller than the designated size fractions could be present. Thus in the
53 - 20 um fraction, plutonium oxide particles as small as 8.5 pm could be
present. The importance of this would be especially significant in the
NTS samples; thus, without further information, the plutonium in the
coarse silt fraction of the NTS samples should not necessarily be assumed
to have the diameters designated in this paper.

4.2. Solubility test of plutom'um

Analyses of soils and sediments for plutonium havs generally focused
on total plutonium in the matrix. To aid in characterizing possible dif-
ferent forms of plutonium in these contaminated matrices, different ex-
tractants were used. Dissolution tests with 8 M_ HNO3 at room temperature
(28 C) and 1-hr contact time showed that the plutonium in selected NTS
samples was least soluble (10 - 15%); the plutomum in ORNL samples was
quite soluble (60 - 75%); and the plutonium in ML samples was very soluble
(80 - 85%) [3]. These results suggested the use of citric acid as an ex-
tractant since this organic reagent can complex plutonium. Furthermore,
Lindenbaum and Westfall [11] report that polymerized plutonium is only
slowly depolymerized and complexed by agents such as citrate; hence the
extraction would provide information on whether polymer existed in these
samples.

Results of the citric acid extraction of selected soil and sediment
samples are given in Table IV. In performing the tests, it was observed
that ML samples evolved CO2 during the extraction. Hence pH readings
were taken of the citric acid-sediment suspensions. The results showed
that the ML samples had significantly raised the pH from 2.0 for pure
citric acid to about 5.5. The NTS and ORNL samples increased in pH only
moderately. The high extraction of the ML sample could be interpreted as
being due to either extraction of monomeric plutonium or to dissolution
of plutonium carbonate matrix. The latter form is, however, unlikely to
be present in the simple carbonate form 'in >oils [12].

To eliminate calcium carbonate decomposition, the samples were ex-
tracted with sodium citrate at pH 8.5. These results are also shown in
Table IV; NTS samples were not tested for plutonium extraction in these
tests. The results show that an overall reduction was observed in the
calcareous ML and the noncalcareous ORNL samples. The results, unfor-
tunately, do not permit evaluating the possible influence of plutonium
carbonate in the ML samples as anticipated due to differences in suspen-
sion pH. The pH of the suspensions differ in that the noncalcareous ORNL
sample showed a decrease in pH; whereas the ML samples showed an increase



TABLE IV

EXTRACTION {%) OF PLUTONIUM FROM SELECTED SOILS AND SEDIMENTS IN O.I M CITRATE SOLUTIONS
(pH OF CITRIC ACID = 2.0; pH OF SODIUM CITRATE = 8.5;

SUSPENSION pH TAKEN 15 MIN AFTER CONTACT.)

Site

NTS

ML

ORNL

Sample

A13 -

A13 -

8C -

8C -

8C -

EO -

Code

1A

IB

7-9

11-13

43-47

S180

Fraction

Citric Acid

0.43
0.47

1.5

42.8

58.8
57.7

45.5**

23.7**
23.3

Extracted

Sodium Citrate

8.0

13.9
12.8

7.1
7.6

Suspension pH

Citric Acid

2.30

...

5.7

5.2

3.1
3.2

Sodium Citrate

9.6*

9.1

9.2

7.3

*0nly pH reading taken.

**Data from previous report [3].
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in pH. However, the data do show that citrate extraction is dependent on
the ph of the system. The decrease in pH observed in the ORNL sample is
attributable to the buffering action of the original soil (pH = 6.7); the
increase in pH in the ML and NTS samples is likely due to formation of
calcium citrate and sodium carbonate.

Since the depolymerization of plutonium polymer has been reported to
be an extremely slow process [11], the plutonium in the ML and ORNL sam-
ples could not have been present in these matrices in polymerized form.
On the other hand, the low solubility of plutonium in the NTS sample would
not rule out the possibility of polymerized plutonium.

Plant uptake studies of plutonium using NTS substrate have been re-
ported to show discrimination factors (ratio of concentration in plant
and in soil) of 10"" to 10"6 [13]. Studies of uptake by plant species
of a natural ecosystem on the flood plain reported herein show discrimi-
nation factors ranging from about 6 x 10"3 to 10"" [5]. The increase in
uptake is consistent with the increase in solubility of plutonium in citric
acid. On the basis of the data in Table IV, one might expact a slightly
higher discrimination factor (greater uptake) for plants growing on ML
substrate. The fraction of extractable plutonium in the ML samples is ap-
proximately twice that in the ORNL samples; hence the availability may be
increased by a factor of 2 in the ML vegetation. One must keep in mind,
however, that uptake by plants is also influenced by the nature of the
vegetation (aquatic versus terrestrial), root characteristics (fibrous
versus tap root), and other environmental factors so that predictions
based on one consideration are open to question.

4.3. Mineral association of plutonium

Particle size segregation of the NTS samples has shown that the plu-
tonium is associated with the coarse silt size particles; and in the ML
sample, the plutonium was found primarily in the clay size particles.
Chemical solubility tests have shown low solubility of the plutonium in
the NTS samples and high solubility of the plutonium in the ML samples.
To further investigate the nature of the plutonium, these high plutonium
fractions were subjected to density gradient segregation. This technique
separates minerals according to their specific gravity. X-ray diffraction
analysis to identify the minerals in the recovered fractions (bands) were
performed; these fractions were then analyzed for plutonium.

4.3.1. Plutonium distribution in density-gradient fractions

The fractions obtained after density gradient segregation are listed
in the first column of Table V. The bulk of the particles in the NTS sam-
ples show specific gravities ranging from 2.5 to 2.7 g/cm3. The interest-
ing finding is in the distribution of the plutonium. In the bare soil
sample, the plutonium is concentrated mainly in the "heavy" fraction
(> 2.9 g/cm3) with approximately 75% in the 11% weight fraction. On the
other hand, under the vegetation, the "heavy" fraction contributed less
than 10% of the activity with nearly the same weight of particles. The
plutonium under the vegetation is associated primarily with the 2.5 •• 2.7
g/cm3 fraction (80 - 95%).



TABLE V

PLUTONIUM DISTRIBUTION OF COARSt SILT FRACTION OF NTS SAMPLES AND THE CLAY FRACTION OF ML SAMPLE

Density
Range

(g/cm3)

<1.8
1.8-1.9

2.0-2.2
2.2-2.3
2.3-2.4
2.4-2.5

2.5-2.7

>2.9

Nonvegetated Soil

Weight
{%)

0.3
—

2.1

6.2

9.8
17.2

45.0

11.1

91.7

(A13 - 1A)

Activity*
(%)

1-3
—

1-2
1-2

3-4

4-5
5-15

60-85

Vegetated

Weight
(%)

1.0
—

0.7

5.0

7.8
6.5

61.5

8.9

91.4

Soil (A13 - IB

Activity*

W
0-1
—

0-1

0-1
2-3

0-2

80-95

1-10

8C

Weight
(*)

5.9
8.5
—

7.9

64.9

—

4.5

91.7

- 43-47

Activity
(*)

16
6
--

6

70
—

--

2

*Numbers refer to range in values for duplicate analysis.
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These findings suggest that the bulk of the piutoniurn in the bare
soil occurs as discrete particles, presumably piutonium oxide. On the
other hand, the plutonium under the shrubbery is different from that found
in the bare soil. One possible explanation of the difference may be that
the plutonium deposited under the shrubbery is "smeared" on the surface
of silicate particles which were originally in the bare soil. Further
speculation is premature at this time, especially since only one sample
has been analyzed thus far. More samples should be examined from differ-
ent areas and distances from Ground Zero, as well as samples representing
different depths of the bare soil and the vegetative mound, to further
elucidate mechanisms of association and implications on vegetation uptake.

4.3.2. Mineralogy of piutonium-bearing fractions

X-ray diffraction analysis of the minerals was performed on the re-
covered bands of NTS and ML samplas. Diffractograms of the significant
plutoniur-bearing fractions in the 2.5 - 2.7 and the > 2.9 g/cm3 bands of
NTS and the 2.3 - 2.4 g/cm3 band of the ML sample are shown in Figure 1.
For given density bands, both the bare soil and the sandy mound showed
very similar mineral distribution; the selected diffractograms marked
a and b are from the bare soil. The 2.5 - 2.7 g/cm3 band (Fig. la) is
conspicuous by its high concentration of felspar (Fl). Although quartz
(Qr) appears to be prominent, the amount of quartz is minimal as 5% quartz
would show prominently in diffraction patterns. In the "heavy" mineral
band (> 2.9 g/cm3 in Fig. 1b), mica (Mi) and hornblende (Ho) are dominant.
Felspar is detected and the multipeak character of the felspar in this
band suggests different felspars as compared with the lighter band. Al-
though chlorite (Ch) and kaolinite (Kl) are difficult to differentiate,
occurrence in the "heavy" band suggests chlorite as a component. Note
also the occurrence of dolomite (Do) in the "heavy" band which proves the
calcareous nature of the soil.

The near identical mineral suites found in both the bare soil and the
sandy mound strongly suggests the same source term. If the plutonium in
the "heavy" mineral fraction had been bonded strongly to the minerals, one
would expect the "heavy" mineral fraction under the shrubbery to contain
a high concentration of plutonium. The concentration of plutonium in the
2.5 - 2.7 g/crr.3 band of the bare soil was much lower than that in the same
density fraction of the sandy mound. Since the concentration is low in
the bare soil, transport of the particles to the shrubbery should not have
resulted in the high concentration observed there. A possible reason for
the difference may be that the sampled depth ( 0 - 5 cm) of the bare soil
extended too far downward and included uncontaminated coarse silt particles.
The wind may have transported particles from the very near surface of the
bare soil which may have been more highly concentrated in plutonium.
Limited data obtained on depth profile samples show about 95% of the ac-
tivity in the 0 - 5 cm depth is in the 0 - 2.5 cm depth.

Figure 1c is the diffractogram of the 2.3 - 2.4 g/cm band of the clay
fraction from the ML sample. This band madepup about 65% by weight of the
clay fraction (Table V). Although the 10.1 A peak is labeled mica (Mi),
peaks more like the mica peaks shown in Fig. 1b of the NTS sample are ob-
served in the "heavy" mineral fraction of this sample. The term "illite"
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Fig. 1. X-ray diffractograms of selected density bands of the
coarse silt fraction of NTS soils and the clay fraction of ML sediment,
a = 2.5 - 2.7 g/cm3 of NTS; b = > 2.9 g/cm3 of NTS; c = 2.3 - 2.4 g/cm3
of ML. (Fl = felspars; Qr - quartz; Mi = mica; Ch = chlorite; Ho =
hornblende; Do = dolomite; Vm = vermiculite; Kl = kaolinite.)
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is often used for this diffraction maximum. The specific gravity of
2.3 - 2.4 g/cm3 suggests that kaolinite (Kl) and vermiculite (Vm) are
present; however, this has not been verified.

Data in Table V show that the distribution of plutonium in the
density fraction is directly related to the amount by weight of the band,
the exception being the lightest fraction which includes organic material
with approximately three times the concentration. The mineralogy of each
band supports this type of distribution in that the diffractograms are
very similar, the major difference being widening of the maxima for each
mineral which may be interpreted to mean that the finer particles were
more highly hydrated and thus exhibited a lower specific gravity. The
exception to the mineralogy was the "heavy" band that showed the presence
of dolomite, which was absent in all other fractions. If plutonium were
associated with carbonates, the activity in the "heavy" fraction should
show a higher concentration that that observed. Thus the evidence suggests
that the plutonium is associated mainly with silicate particles and that
possibly 10% is associated with the high organic matter fraction (< 1.8
g/cm3). Since about 30% of the plutonium is in the silt sizes, the nature
of the association with silicates cannot be due simply to the identified
silicates of Fig. lc. In trace-level reactions, small amounts of minor
components can significantly affect adsorption reactions.

The results obtained to date provide an insight to understanding the
behavior of plutonium as it exists under diverse environmental conditions.
The amount and character of the plutonium in the NTS samples, for example,
have implications for the resuspension and vegetative uptake of this nu-
clide in the desert. The different character of the plutonium under the
shrubbery from that in the bare soil suggests that in resuspension by
saltation and creep, the transport of plutonium is dependent on the con-
tamination and movement of silicates rather than as plutonium oxide par-
ticles [14]. Furthermore, discrimination factors obtained with bare soil
substrate may not truly reflect conditions of uptake by native vegetation
in the desert. The concentrations of plutonium in the finer silt and clay
sizes, though constituting a small fraction of the total soil plutonium,
are important considerations in evaluating the higher airborne particles
bearing plutonium which may be transported over longer distances [15].

Although the total concentration of plutonium in a matrix is impor-
tant in assessing the potential hazard, total amounts do not necessarily
indicate its potential availability to plants. Results of the citrate
solubility tests appear to hold promise as a means of evaluating the avail-
able amount of plutonium. Development of a reliable "soil test" for cor-
relating amount found in plants with amount in the soil will provide a
valuable tool for assessing the hazard of plutonium accidentally released
to the environment.

It should be reemphasized that the results obtained to date are ex-
ploratory in nature. They show that plutonium characteristics differ,
including differences in size and association of particles and in extract-
ability. Vigorous pursuit of these types of studies, as well as other
related studies of site properties, should provide better understanding of
Plutonium's behavior and fate in the environment.
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5. CONCLUSIONS

The following tentative conclusions may be drawn on the basis of the
experimental results and the interpretations presented herein:

1. Plutonium in the NTS samples occurs predominantly in the si it
size fraction. Dispersion of the soil prior to size segregation reduced
the contribution of plutonium by the sand size particles and increased
the contribution by the silt size particles.

2. In the ML samples, the predominant fraction containing plutonium
is the clay fraction. The clays occur as aggregates and, in the natural
state, behave as silt particles.

3. In the ORNL sample, the plutonium is more evenly distributed in
the silt and clay sizes; however, the clay size is the highest contributor.

4. Citrate extractions show the highest plutonium solubility in the
ML sample, followed by the ORNL sample, and least in NTS samples.

5. Citrate solubility comparison with published discrimination fac-
tors for NTS and ORNL samples shows a direct relationship which may prove
useful as a technique for predicting potential uptake.

6. Density gradient segregation and x-ray diffraction studies of
selected NTS sample suggest differences in the character of the plutonium
in the bare soil and in the sandy mound. Movement of plutonium by wind
action may be as particles which are tightly bonded to silicate particles
rather than as separate plutonium oxide particles.

7. Density gradient and x-ray diffraction studies of ML sample sug-
gest a relatively even distribution of the plutonium on clay particles;
limited data further suggest that the plutonium is not incorporated or
co-precipitated with carbonates.
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