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SUMMARY

The uptake of 23°Pu and 2#! Am from different clay mineral-organic matter-sand mixtures simulating
contrasting soil types was examined in growth chamber experiments. The mixtures represented
various combinations of organic matter (0, 5 and 10%), kaolinite (1:1 type) and montmorillonite (2:1
type) clay minerals, each at the levels of 5, 10 and 259, and purified quartz sand (as filler).

Results indicated a marked reduction in uptake of both 23°Pu and 24'Am with increase in organic
matter as well as clay content of the mixtures. The Pu Concentration Ratios (CRs) ranged from (2.5
— 7.0) x 1073 in the case of kaolinite-organic matter mixtures, and from (0.9 — 5.5) x 10~ % in the
case of montmorillonite-organic matter mixtures. The corresponding values of Am Concentration
Ratios (CRs) obtained were (1.9 — 725.4) x 1073 in the case of kaolinite-organic matter mixtures,
and between (0.7 — 3.5) x 1073 for the montmorillonite-organic matter mixtures.

Reduction in the uptake of 2*!Am with increasing clay content was more pronounced in the
montmorillonite clay-organic matter mixtures as compared to that in the case of kaolinite-organic
matter mixtures. While similar qualitative reduction in 23°Pu CRs with increasing clay content was
observed, the reduction was less marked than in the case of 24! Am. The values for Am CRs were
higher than the corresponding Pu CRs in kaolinite based mixtures whereas in the case of montmoril-
lonite-organic matter mixtures Pu CRs exceeded the Am CRs.

Increasing organic matter content and its interaction with both kaolinite and montmorillonite clay
minerals were found to be equally effective in reducing the uptake of 23°Pu as well as >! Am by plants.

INTRODUCTION

There is considerable contemporary interest in studies on the behaviour of 23°Pu
and 2*1Am, the long-lived and highly radiotoxic transuranic radionuclides, in
soils and the soil-plant system due to their production, use and releases as-
sociated with expanding nuclear power industry. Among the edaphic factors
influencing the transfer of these hazardous radionuclides from contaminated
soils to plants, clay and humus are of considerable significance. The capacity of
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soils to adsorb and exchange ions with the soil solution is greatly governed by the
clay-humus complex, the formation of which in turn depends on the type and
content of clay minerals as well as organic matter content.

There is very little quantitative information concerning the interaction of soil
orgahic fraction with different clay minerals and its impact on the availability of
the transuranic radionuclides, 23°Pu and 24! Am. The present paper reports on
studies using simulated soil mixtures aimed at examining theinteraction between
organic matter and two major clay minerals occurring in a wide spectrum of
agricultural soils, viz a montmorillonite (2:1 layer type) and a kaolinite (1:1 layer
type) clay, in relation to their influence on the uptake of 2*°Pu and **'Am by
barley (Hordeum vulgare L.) plants.

MATERIALS AND METHODS

The composition of mixtures giving various combinations of clay, organic matter and sand employed
in the investigation is shown in Table 1. Pure montmorillonite (—250 mesh and having cation
exchange capacity 86.25 meq/100 g), a representative of 2:1 type clay minerals, and a kaolinite (— 250
mesh and having cation exchange capacity 7.5 meq/100 g) representing 1:1 type clay minerals were
used for the experiments. Vegetable compost ground to pass — 20 mesh screen with a C/N ratio of
20:1 and cation exchange capacity of 175 meq/100 g was used as a source of organic matter. Pure
quartz sand was acid washed, followed by washing in distilled water, dried and passed through a 2
mm sieve. The various levels of organic matter were 0, 5 and 109, whereas each type of clay mineral
was added at 5, 10 and 25%, (W/W) of the prepared mixture. Purified sand was used as a filler to obtain

Table 1. Experimental design-weight of various constituents in g

Treatments Organic matter

0% 5% 10%
Sand 475 450 425
Clay 5% 25 25 25
Organic matter - 25 50
Total 500 500 500
Sand 450 425 400
Clay 10%; 50 50 50
Organic matter — 25 50
Total 500 500 500
Sand 375 350 325
Clay 25%, 125 125 125
Organic matter - 25 50

Total 500 500 500
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the total weight i.e. 500 g of the mixture. Since the addition of the higher levels of organic matter used
in the study did not result in major volume variations of the mixtures, it was decided to maintain
constant weight rather than constant volume of the mixture. Calculated amounts of sand, clay and
organic matter were weighed and mixed in dry state in an end-over-end shaker for 4 hour. The dry
mixtures were then transferred in polythene containers and sufficient deionised water was added to
achieve 609, moisture equivalent. Pots were incubated at 23 +2°C for three days to permit equilib-
rium between different constituents of the mixtures. At equilibrium, the pH (1: 2.5) values for all the
kaolinite clay-organic matter mixtures were 6.5. The pH (1:2.5) values in the case of all montmoril-
lonite mixtures in the absence of organic matter were 7.5 and in the remaining montmorillonite clay-
organic matter mixtures both at 5 as well as 10% organic matter levels were 7.0. Subsequently
separate series of pots were labelled with 4 uCi 2**Pu(NQ,), and 5 uCi 2*' Am(NO,); for experiments
on Pu and Am, respectively. The activity was intimately mixed and each treatment was replicated
three times. In contaminated mixtures, 35 barley (Hordeum vulgare L.) seeds were sown and covered
with a thin layer of quartz sand to prevent possible formation of aerosols, particularly in the case of
Pu. One week after germination, 25 healthy seedlings were retained after thinning and the plants were
harvested after 3 weeks of growth. Harvested plants were dried to constant weight at 90°C and
radioassay of 23°Pu was carried out by thenoyaltrifluoroacetone (TTA) extraction® as reported in our
earlier studies'? with Pu. The quantitative estimations of 2*'Am were made through gamma-ray
spectrometry of the 60 keV gamma photopeak using a well type 7.5 x 7.5 cm Nal (T1) crystal integral
line assembly and a Nuclear Data 512-Channel pulse height analyser attached to an oscilloscope and
a computer readout typewriter. Since each plant sample obtained only one radionuclide, no inter-
ference from the other radionuclide occurred during radioassay. For uptake studies, Concentration
Ratios (CRs) were computed as under —

CR Radionuclide content/g dry tissue

" Radionuclide content/g clay-organic matter-sand mixture

All experiments were conducted in growth chambers where temperature was maintained at 23+ 2°C
with relative humidity at 65 + 19, and the plants were illuminated for 12 hours at 8000-9000 lux.

RESULTS

Availability of 2° Pu
Kaolinite clay-organic matter mixtures

Data on the effect of kaolinite clay and organic matter mixtures on the uptake of
23°Py by barley plants are shown in Table 2. The observed values of Pu CRs for
the nine clay mineral-organic matter-sand mixtures examined ranged between
(2.48 — 7.01) x 107 3. Data in Table 2 indicate a significant reduction in plant
uptake of 23°Pu by increasing clay content upto 25%; in the case of controls where
organic matter was not added. However, increasing clay content at higher
organic matter levels (5 and 10%) did not show any further reduction in Pu CRs.
Addition of 5% organic matter at lower clay contents (5 and 10%) resulted in
decreased values of Pu CRs. Further, no significant differences in the plant
uptake of 23°Pu and Pu CRs between 5 and 10% organic matter levels were
observed at a given clay content.
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Table 2. Effect of clay (5, 10 and 25%) and organic matter (0, 5 and 10%) interactions on uptake (pCi/g)
and Concentration Ratio (CR)* of 23°Pu by 3 week-old barley (Hordeum vulgare L.) plants

Type and 23%py uptake Concentration Ratio
clay (%) (pCi/g dry wt) (CR)* x 1073
0** 5 10 Ls.d. 0 5 10 Ls.d.
(p=0.05) (p=0.05)

Kaolinite (1:1)

5 4899  20.05 17.42 13.60 7.01 2.86 248 1.94
10 2370 2401 20.58 5.09 6.78 343 294 0.73
25 20.53 1935 2120 7.72 294 275 3.01 1.10
L.s.d. (p=0.05) 13.67 6.45 6.48 - 1.95 0.92 0.93 —

Montmorillonite (2:1)

5 3839 . 2270 1578 11.47 5.50 3.02 2.10 1.53
10 21.34 16.92 6.57 7.03 3.05 225 0.88 0.94
25 17.26 15.65 9.37 4.51 2.32 201 1.26 0.60
L.sd. (p=0.05) 11.49 7.01 4.49 - 1.53 093 0.60 —

Radionuclide content/g dry tissue
Radionuclide content/g clay-organic matter-sand mixture

* CR = Concentration ratio =

** Per cent organic matter (0, 5 and 10%)

Montmorillonite clay-organic matter mixtures

Data on uptake of 23°Pu by plants from montmorillonite clay-organic matter
mixtures are reported in Table 2. The Pu CRs range between (0.88 — 5.50)
x 1073 for the different clay mineral-organic matter-sand mixtures. Results, in
general, indicate a reduction in Pu CRs with increasing clay content upto 25% at
all three organic matter levels studied. However, at 5%, organic matter the
differences in Pu CRs between 5 and 10% clay content were not significant. It is
noteworthy that increasing the organic matter content upto 10%;, in combination
with 109 clay content resulted in lowest value of Pu CR.

Availability of **' Am

Kaolinite clay-organic matter mixtures

Results on the uptake of 24'Am from kaolinite clay-organic matter mixtures
presented in Table 3 show a trend similar to that obtained for 2*°Pu i.e. >*'Am
uptake by plants was decreased by elevating clay content upto 259 at 0 and 5%,
organic matter levels. Am CRs at 25%; clay were reduced from (725.46 — 284.26)
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Table 3. Effect of clay (5, 10 and 25%,) and organic matter (0, 5 and 10%) interactions on uptake (pCi/g)
and Concentration Ratio (CR)* of 2*'Am by 3 week-old barley (Hordeum vulgare L.) plants

Type and 241 Am uptake Concentration Ratio
clay (%) (pCi/g dry wt) (CR)* x 1073
0** S 10 Lsd. 0 5 10 Ls.d.
(» =0.05) (p=0.05)
Kaolinite (1:1)

5 6883.90 3057 25.60  737.45 725.46 3.22 2.69 116.60

10 6283.03 22.80 2736 74580 662.14 2.40 2.88 117.90

25 269740 1795 23.55 29343 284.26 1.89 248 46.41

L.s.d. (p=0.05) 1089.06 6.60 8.77 — 172.12 1.00 1.40 —

Montmorillonite (2:1)

S 3372 13.60 13.81 6.26 3.55 1.43 1.45 0.99

10 17.61 13.86 7.11 2.54 1.85 1.48 0.74 0.40

25 1356  6.51 6.42 1.76 143 0.68 0.67 0.28
Ls.d.(p=0.05) 15.49 1.57 249 - 245 025 0.39 -

. . Radionuclide content/g dry tissue
* CR = Concentration ratio =

Radionuclide content/g clay-organic matter-sand mixture

** Per cent organic matter (0, 5 and 10%).

x 1073 and from (3.22 — 1.89) x 1073 at 0 and 5% organic matter levels,
respectively. However, change in clay content at the highest organic matter level
(10%;) did not show any significant effect on Am CRs. Increase in organic matter
upto 5% at a given clay content resulted in a very marked reduction in the uptake
of 2**Am. Subsequent increase in organic matter content upto 10% in combi-
nation with the three clay mineral levels did not show further reduction in Am
CRs. The values for Am CRs depending on clay mineral and organic matter
content ranged from (1.89 — 725.46) x 1073,

Montmorillonite clay-organic matter mixtures

Datain Table 3 on the plant uptake of >*! Am from montmorillonite clay-organic
matter mixtures reveal effects similar to those observed in the case of 23°Pu. Data
indicate that increasing clay content upto 25%; at higher organic matter levels (5
and 10%) was effective in reducing the uptake of 2! Am by plants. However, in
case of control (no organic matter) reduction in Am CRs with increase in clay
content was not statistically significant. The addition of 5%, organic matter over
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control was effective in decreasing the plant uptake of 24! Am at all clay mineral
levels. Increase in organic matter content upto 10% further reduced the uptake of
241 Am only in combination with 10% clay. The values of Am CRs for the various
clay mineral-organic matter-sand mixtures ranged from (0.67 — 3.55) x 1073

Relative availability of 23° Pu and 2*' Am

It is evident from Tables 2 and 3 that plants removed more of 2*°Pu as well as
241 Am from kaolinite clay-organic matter mixtures as compared with those
grown in montmorillonite clay-organic matter mixtures. The observed CRs for
both transuranic radionuclides were higher in kaolinite based mixtures. In this
context, it is noteworthy that Am CRs for plants grown in kaolinite system in the
absence of organic matter were greater than the corresponding Am CRs in
montmorillonite by two orders of magnitude. In general, the addition of 259 clay
in the absence of organic matter was highly effective in reducing the uptake of the
two radionuclides.

Addition of 59 organic matter with reference to control in both kaolinite and
montmorillonite systems appears to markedly influence the plant uptake of the
two transuranic radionuclides. Further increases in organic matter upto 109
were, in general, less effective. It is of interest to note (Tables 2 and 3) that the
values for Am CRs in the case of plants grown in kaolinite clay-organic matter
mixtures were significantly higher than those of Pu CRs. In contrast, higher Pu
CRs than Am CRs were obtained for plants grown in montmorillonite based
mixtures.

DISCUSSION

It is evident that increasing clay mineral content has reduced plant uptake of
both the transuranic radionuclides. This reduction in uptake can be attributed to
the fact that due to increase in clay content there is effective increase in surface
area and the cation exchange capacity of the growth medium; this effect being
greater in the case of 2:1 layer type minerals. Increased surface area probably
results in greater adsorption and fixation of the radionuclides on the exchange
sites rendering the nuclides less available for plant uptake. The higher values of
Pu and Am CRs for the plants grown in kaolinite clay mixtures suggest that both
Pu and Am ions were relatively less strongly bound in the kaolinite clay-organic
matter mixtures and as a result were available to a greater extent for absorption
by plants. These observations serve to explain the findings of our earlier
studies!?:13 which indicate significantly lower plant uptake of 23°Pu and 2*!Am
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from an alkaline medium black soil (Pellustert) having higher cation exchange
capacity and predominance of montmorillonitic clay in comparison to that from
alaterite soil (Oxisol) with predominantly kaolinite clay and low cation exchange
capacity. Higher uptake of 2*!Am by bush beans (Phaseolus vulgaris L.) and
maize (Zea mays L.) from a Troup sandy loam soil having low cation exchange
capacity compared to that from a Dothan sandy clay loam soil with relatively
higher cation exchange capacity has also been reported?.

Marked effects of the clay mineral type on the comparative uptake of Pu and
Am by plants demonstrated in the present study (Tables 2 and 3) offer a possible
explanation of the variations in the relative magnitude of Pu CRs and Am CRs
reported in literature!* 191! for plants grown in different soils.

The addition of organic matter in various combinations with clay minerals
depressed the uptake of 2*°Pu and 2! Am. Our present findings are compatible
with reports indicating decreased plutonium uptake by soybeans (Glycine max)°®,
and lower 2*'Am uptake by bahiagrass (Paspalum notatum)® and rice (Oryza
sativa L.)? on application of organic matter to soil.

Very little solubilization of plutonium and americium by fulvic acid which is
the more soluble fraction of soil humic compounds has been reported”’. The
authors report that what little solubilization occurs is probably due to complex
formation and/or colloidal peptization. However, the resulting solutions are
unstable and over a period of few days most of the plutonium and americium
precipitate due to colloid coagulation or hydrolysis’. Evidence that plutonium
reacts with natural fulvates to form insoluble complexes has been provided?
which lends support to the view that fulvic acid fractions of organic matter tend
to remove plutonium from solution and lower its solubility in soils.

Results of our studies employing clay mineral-organic matter-sand mixtures
which represent the clay mineral types and content as well as organic matter
content likely to occur in a wide range of cultivated soils describe, in quantitative
terms, the influence of these major soil constituents on the transfer of Puand Am
from soils to plants. Further, the present data would help to elucidate the
variability in the relative uptake of Puand Am by plants from contaminated soils
reported in literature.
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