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Abstract

THE BEHAVIOUR OF CAESIUM-137 IN OXISOLS AND IN THE GOIANIA SOIL.
The 137Cs soil-to-plant transfer factors obtained in oxisols accidentally contaminated in Goiania

and in artificially contaminated soils are found to be higher than those of soils in temperate climates.
These differences are discussed in the light of pedology and geochemical partitioning. Tropical soil
characteristics such as acidity, the low availability of nutritive elements and low content of 2:1 clay
types seem to determine a high availability of 137Cs. The results of sequential extraction showed 137Cs
weakly bound to soil components and underlines the importance of Fe oxides in the control of the
availability of 137Cs in tropical climates.

1. INTRODUCTION

The transfer of radionuclides from soil to plants is one of the paths through which harmful
radioactivity can reach humans. The chemical form and physico-chemical characteristics of the
radionuclides in the rooting zone (e.g. half-life, oxidation state, chemical similarity to essential
nutrients) will determine the degree of root uptake for each radionuclide [1]. Plant species have
all been shown to influence transfer, since the metabolic needs of the plants for elements is
typical for each plant species and accumulation rates tend to vary. Beyond the radionuclide
characteristics and the metabolism proper to each species, plant absorption is a factor of soil
properties, texture, mineralogical composition, organic matter contents, pH and nutrient status
[1, 2, 3, 4]. The parameter which describes the soil-plant interaction is the transfer factor (Tf)
[5], defined as follows:

Tf= ^E
As

where

Ap is the activity in the edible part of the plant (Bq/kg dry weight)
As is the activity in the soil (Bq/kg dry weight).

The present study discusses the differences in the 137Cs soil/plant transfer for two types
of soils under tropical climatic conditions in the light of pedology and geochemical partitioning.

2. MATERIAL AND METHODS

The transfer factor for 137Cs was determined for soybeans (Glycine max.), black beans
(Phaseolus vulgar is), carrots (Daucus carota), radishes (Raphanus sativus, L.) and cassava
(Manihot utilissima) following the IUR protocols to determine transfer factors [5]. The plants
were cultivated in masonry lysimeters in accordance with the agricultural recommendations.
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The lysimeters, of an area of 1 m2 and a depth of 1 m, were installed in a plot of
10.4 x 2.7 m, built in a restricted area of the Institute for Radiation Protection and Dosimetry of
the Brazilian Nuclear Energy Commission (IRD/CNEN). The lysimeters were filled with 15 cm
of coarse material (sand and gravel), 30 cm of uncontaminated soil and 40 cm of contaminated
soil. Two types of soils were used in the experiments. An oxisol was artificially contaminated
by adding 40 ml of a solution containing ~ 60 uCi of I37Cs in a litre of water for every layer of 2
cm. The other soil was collected in the metropolitan area of Goiania on a site where a
radiological accident occurred in 1987.

After drying, direct measurements of the activity of !37Cs in plants and soil were
conducted by gamma spectrometry with the aid of an Nal detector.

Sequential extractions were performed as described in reference [6] drawing five
geochemical phases in the following order: exchangeable, carbonatic, reducible, oxidizable and
residual. All of the extracts were analysed by gamma spectrometry using a Ge detector for the
determination of the 137Cs content and atomic emission spectrophotometry for K contents.

Soil analyses were performed by the Brazilian Enterprise for Agricultural Research
(EMBRAPA) in order to characterize the soil and to determine soil needs for fertilizer and
corrections.

3. RESULTS AND DISCUSSION

3.1. Pedological characteristics

The results of the pedological analyses are presented in Table I. The oxisol is an acid
soil with mean texture (sandy clay silt), low cation exchange capacity (CEC), low content in
clay minerals and nutrient elements. The measured contents of organic matter and CEC are
typical for tropical soils. The mineralogical analyses indicate the presence of gibbsite and
kaolinite as the main constituent of the clay mineral fraction. The result profile is common for
most Brazilian oxisols and suggests the need for correction for a number of cultures. The soil
was fertilized with urea, potassium chloride and calcium phosphate. The value of ApH is normal
for soils rich in Fe and Al oxides.

Although Goiania soil also showed a mean texture (sandy clay silt), it is a basic soil,
better supplied in nutrient elements and therefore, no fertilization was applied to it in the
lysimeters. The mineralogical analyses of the clay fraction indicate the presence of gibbsite,
kaolinite and interstratified clay illite-smectite. The value of ApH is normal for soils rich in Fe
and Al oxides.

3.2.137Cs transfer factor

Fig. 1 presents a log of mean values for the I37Cs transfer factor obtained in tropical soils
for several crops compared against some recommended values [5]. The mean values of the soil-
to-plant transfer factor for 137Cs obtained for several crops in tropical soils are higher than the
recommended values for temperate environments. For the same crop, the transfer factor values
obtained in Goiania soil are slightly lower than those obtained in oxisols. In the same way the
data reported in the literature obtained in Goiania soil for radishes and carrots cultivated in a
greenhouse two years following the Goiania accident [7] agree with our data for Goiania soil
obtained eight years after the accident.

The dystrophic characteristics of tropical soils seem to increase 137Cs root uptake.
Transfer factor values for 137Cs obtained for Goiania soil were slightly lower than those obtained
for oxisols. The main pedological difference between the oxisols and Goiania soil resides in the
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TABLE I. PEDOLOGICAL ANALYSES OF ARTIFICIALLY
AND ACCIDENTALLY CONTAMINATED SOILS

Parameters

pH (H2O)
pH (KC1)
Sand %
Clay %
Silt %
CEC
C%
N %
P(ppm)
K(meq/100g)
SiO2%
A12O3 %
Fe2O3 %
CaCO3 %
Ca(meq/100g)
Na(meq/100g)
Mg (meq/lOOg)
AT+Cmeq/lOOg)
H+(meq/100g)

Oxisol

4.8
4.3
70
24
6

5.0
1.15
0.07

1
0.09
3.7
10.9
3.9
nd
nd

0.10
0.50
0.50
3.8

Goiania soil

7.8
7.7
64
20
16

10.7
1.32
0.09
50

0.17
7.7
13.9
5.3

0.92
9.9
0.17
0.54
0.0
0.1

Radish Carrot Soybeans Beans Cassava

• Oxisol

E! Goiania soil 1989 [7]

iGoianJasoil 1995

I Temperate soils [5]

FIG. 1. Soil-to-plant transfer factor for Cs-137 obtained in tropical areas compared with
recommended values for temperate environments.
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status of nutrients and the pH. These results suggest that basic soils, which are better supplied in
nutrient elements, reduce I3?Cs transfer factors. In fact, the most accepted hypothesis for the
uptake mechanism is predicated on the role of a carrier. Due to the similarity between 137Cs and
potassium, this radionuclide is well taken up by plants, since the carrier does not discriminate
between the two. Therefore, soils containing lower concentrations of exchangeable potassium
should favour caesium root uptake, due to competition for carriers. The soil pH can also affect
in different ways the availability of the elements present in soils [4]. The availability of some
nutrients increases when pH values are higher than 6.5, but under high pH conditions, insoluble
precipitates of phosphates, carbonates or sulphates can be formed, decreasing considerably the
availability of other elements to plants, while simultaneously increasing the relative
concentration of radioactive caesium [8].

As illustrated in Fig. 1, the I37Cs transfer factor tends to vary significantly between
species. But it can be seen that if a soil tends to present a higher transfer, all crops will show this
trend. This tendency is not manifest in the International Union of Radioecologists (IUR) data
because they were based on the statistical treatment of values obtained from different types of
temperate soils. The root uptake for I37Cs decreases in the following order: radishes > carrots >
soybeans > beans > cassava.

As shown in Table II, other results reported in the literature for tropical soils also show
higher values for the transfer factor when compared against the mean values cited by the IUR
for the same culture and radionuclide in soils of temperate climates.

3.3. Geochemical partitioning of 137Cs

Only a small fraction of the total pool of elements present in the soil, whether introduced
by man or of natural origin, is considered readily bioavailable: those elements which are present
in the soil solution and which are adsorbed to clays and to organic matter [14, 15]. Hence,
exchange processes play an important role in the availability of a radionuclide [16, 17, 18].
Stable Cs can be fixed to the crystalline lattice of some minerals present in soils, mainly 2:1
clay types, or adsorbed weakly through the negative charges present in humic substances and
clays [19, 20]. Nonetheless, if the specific sites for sorption become saturated by stable Cs,
NH4

+ or K, then, the bioavailability of I37Cs can increase. Soils showing a low content of
exchangeable K and high concentrations of kaolinite (clay 1:1), such as those found in tropical
areas, are expected to present a high Cs transfer to plants.

The results of the geochemical partitioning of 137Cs in tropical soils are provided in Fig. 2.
The geochemical distribution of a radionuclide offers clues for the determination of its

potential bioavailability. Elements present in the residual phase are generally designated as
those trapped in the structure of primary and secondary minerals which constitute the
background levels for the region, since destruction and the environment of elements bound to
the lattice of minerals is not observable on a human time-scale [6]. Elements resulting from
human activities are generally distributed among the other physico-chemical phases, in
accordance with their chemical form and behaviour. A low soil-to-plant transfer has been
reported for 137Cs in temperate climates due to the strong association of this radionuclide with
soil carriers. Caesium-137 that was found in the residual phase suggests that this radionuclide
can be progressively fixed in clay structures (of a 2:1 clay type) a few years only after
contamination [21,22].

Sequential extraction results show that all of the 137Cs added to tropical soils remains
potentially available for root uptake, since no I37Cs was found in the residual phase despite the
long period of contamination for both soils — three years for the oxisol and eight for the
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TABLE II. TRANSFER FACTOR VALUES FOR Cs-137 AND Ra-226 IN
TROPICAL SOILS COMPARED WITH MEAN VALUES FROM IUR DATA
FOR A TEMPERATE CLIMATE

Radionuclide/crop Tf IUR dataa Reference

mCs
beans
(grain)

137Cs
beans
(grain)

226Ra
beans
(grain)

I37Cs
peanuts
(grain)

]37Cs
carrots
(root)

226Ra
carrots
(root)

2.6E-1
(6.0E-2-4.1E-1)

(n=16)

2.4E-1

(n=15)

6.6E-2
(1.2E-2-9E-2)

(n = 4)

1.0E0

1.0E0
(8.5E-2-1.5E0)

(n = 5)

9.2E-2
(3.0E-2-1.5E-1)

(n = 4)

2.9E-2 [9]
(1E-3-1.6E-1)

(n = 90)

2.9E-2 [10]
(1E-3-1.6E-1)

(n = 90)

6.0E-3 [11]
(6.3E-3-1.4E-2)

(n = 6)

3.0E-2b [3]

(n = 84)

1.5E-1 [12]
(2.6E-2-2.6E-1)

(n = 4)

4.1E-3 [11]
(2.5E-3-5.7E-3)

aJ[5]
b) [13]

100%-,

80%-j

40%-

20%- •
Cs-137

Goiania

64

•
1 19

l_n ,

in
soil

• Residual
B Reducible
• Oxidfzabie
• Carbonate
H Exchangeable

Cs-137 in
oxisol

FIG. 2. Geochemical partitioning of Cs-137 in oxisols and Goidnia soil.
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Goiania soil. In these soils, the predominant clays are of the 1:1 type, represented by kaolinites
which, as opposed to 2:1 clays, present low cation fixation capacity due to their molecular
structure and low cation exchange capacity. In fact, the results presented in Fig. 1 show transfer
factor values for 137Cs which are higher than those reported in the literature for temperate
environments [5].

Since caesium is present in the soil mostly in ionic form, it was to be expected that a
large percentage of this element would be present in the exchangeable phase. However, only
very little 137Cs was detected in the exchangeable phase in oxisol (<10%). In the Goiania soil,
with a long period following contamination, no exchangeable 137Cs could be detected.

Acid conditions, as simulated by the sequential procedure in the carbonatic phase (pH =
5), showed that 137Cs is displaced to solution or that some precipitates of oxisol are dissolved.
This behaviour was not observed in the Goiania soil. It is important to note that oxisols are acid
and that to determine the exchangeable phase, the pH rises from 4.8 to 7. A higher pH value
brings about the possibility that the soil retains some exchangeable 137Cs which is then released
in the next stage, the carbonatic phase. Therefore, carbonatic phase results must be carefully
interpreted, since sorption mechanisms due to the increase in pH can affect exchangeable phase
results in acid soils.

The 137Cs also showed a low affinity to organic compounds (oxidizable phase) in both
soils. In living tissues, the K is mostly found dissolved within in the cell in ionic form and no
organic compound has been identified in which K constitutes an essential element. This implies
the rapid release of this element at the early stages of plant decomposition [23,24]. Since 137Cs
presents a chemical behaviour similar to that of K in the plant, a low affinity of this radionuclide
to organic compounds is expected.

In both soils, 137Cs showed higher affinity for Fe oxides (reducible phase - Fig. 2). The
main geochemical phase controlling the availability of 137Cs in tropical soils seems to be the Fe
oxides, rather than the clay minerals as in soils from temperate climates. Since Fe and Al oxides
can act as a cement between clay minerals and organic matter to form soil aggregates [25],
reduced conditions, as stimulated by the reagents in this phase, can reduce Fe(III) and alter the
stability of these aggregates, releasing the elements sorbed on these clays and organic matter.
This process might be responsible for the decrease of 137Cs in the exchangeable fraction since
137Cs tends to be maintained in these aggregates in tropical soils, reducing root uptake in oxisols
with time. In the Goiania soil eight years after the accident, 60 per cent of the 137Cs was
associated with the Fe oxide structures, while no 137Cs was found in the exchangeable phase. For
oxisols, the values were 40 per cent in the reducible phase and some 10 per cent in the
exchangeable phase. Lima [11] had already highlighted the importance of this fraction for 226Ra
distribution in oxisols. Therefore, a higher radioactive Cs transfer to plants is to be expected in
this type of soil.

4. CONCLUSION

In conclusion, the sequential extraction results obtained in a typical tropical soil show
that all added 137Cs is potentially bioavailable. Certain tropical soil characteristics such as
acidity, the low availability of nutrient elements and the low content of clay of the 2:1 type
seem to determine a transfer factor of 137Cs from soil to plants higher for this kind of soil than
that obtained in temperate climates. In addition, pedological differences due to different climatic
conditions underscore the need to improve the generation of regional transfer factor values for
accurate dose assessment.
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