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Abstract A study on the potential of geological media

from the vicinity of the mining site in Tummalapalle region

of Andhra Pradesh in India for retardation of radionuclide

migration in groundwater was conducted. The studies

included the measurement of sorption coefficients for six

radionuclides, uranium, thorium, lead, bismuth, radium and

polonium, between two groundwater simulants and two

site-specific samples of geological media. Initial paramet-

ric studies involving chemical composition, pH, calcium

carbonate and organic carbon contents of both geological

media and ground water simulants were carried out. Sig-

nificant differences in sorption coefficients were observed

as a result of varying pH, calcium carbonate and presence

of trace quantities of organic contents in simulant solutions.

For example, uranium has a hundred fold lower distribution

coefficient in the case of simulant solution having higher

carbonate content. Similarly, in the case of the geological

media having higher calcium carbonate and organic carbon

contents, higher distribution coefficients were obtained for

all radionuclides. Among the six radionuclides studied

thorium showed the largest and radium the smallest dis-

tribution coefficient values for the soil samples assessed.

The site-specific sorption coefficients will be used for

contaminant transport study.

Keywords Bismuth � Groundwater � Polonium � Radium �
Soil � Thorium � Uranium

Introduction

An important mechanism in retarding the movement of

radionuclide in groundwater is sorption. The term is used to

encompass all mechanisms pertinent to interaction between

radionuclides and geomedia that include ion exchange,

adsorption, and precipitation. The environmental behavior

of the natural radionuclides presents a challenging problem

for their regular monitoring in the atmosphere and hydro-

sphere. It is important to understand the distribution

pathways, mobility, transfer of these radionuclides in the

environment because the information could be used as a

natural analogue for the long-term behaviour of materials

and processes in the development and testing of the models

(Davis et al. 1999; Butler and Wheater 1999a; Butler et al.

1999; Thiessen et al. 1999; Mortvedt 1994; Tome et al.

2003; Petterson et al. 1993). Several investigations have

been performed on mobilization of natural radionuclides

(such as 238U and 226Ra) in different environmental com-

partments (soil, plant, and water), as well as the transfer

between them, at different uranium mining sites around the

world (Krizman et al. 1995; Fernandes et al. 1996; Maity

et al. 2011).

The behavior of radionuclides in the environment can be

well understood by studying through either laboratory

investigations under controlled conditions or through

comprehensive field studies. The number of significant

influencing parameters, their variability in the field and

differences in experimental methods result in as much as

seven orders of magnitude variability in measured distri-

bution coefficient (Kd) values reported in the literature.

This variability makes it much more difficult to derive

generic Kd values for radionuclides and therefore, it is

recommended that Kd values be measured for site-specific

conditions. Hence, in this study, site-specific soils from
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Tummalapalle region of Andhra Pradesh in India, as well

as synthetic simulant solutions were used to obtain Kd

values for radionuclides.

Tummalapalle uranium deposit is located in Vemula

Mandal of Andhra Pradesh at a distance of about 70 km

from the district headquarter, Cuddapah. The deposit is

covered under Survey of India Toposheet Nos. 57J/3 and

57J/7 between latitudes 14�1803600 N and 14�2002000 N and

longitudes 78�1501600 E and 78�180 03.300 E (Fig. 1). Pre-

dicting the transfer of radionuclides in the environment for

normal release, accidental, disposal or remediation scenar-

ios and to assess exposure requires the knowledge of several

generic parameter values. One of the key parameters in

environmental assessment is the solid liquid distribution

coefficient, Kd, which is used to predict radionuclide-soil

interaction and its subsequent transport in the soil.

In the present work, two site-specific soils and simulant

solutions were characterized for various physico-chemical

parameters, such as chemical composition, pH, calcium

carbonate (CaCO3) and organic carbon content. Radio-

nuclides uranium (U), thorium (Th), lead (Pb), bismuth

(Bi), radium (Ra) and polonium (Po) were systematically

assessed for their behavior in this soil/simulant solutions by

batch sorption method. The Kd values obtained for different

radionuclides have been discussed in details in the paper.

The present study was carried out at Analytical Chemistry

Division, BARC, Mumbai, India, during the period Feb-

ruary 2010 to April 2012.

Materials and methods

Geological media

The geological samples used in this work were collected

from the tailings near an uranium mine at Tummalapalle

region of Andhra Pradesh. The locations of the site are

shown in the map in Fig. 1. Two sampling sites were

selected and the samples were taken from 20 cm depth.

The samples were oven-dried at 105 �C, crushed, homog-

enized and sieved. The soil samples having size fraction

below 2 mm were used for studies and labeled as soils 1

and 2. The soil samples were oven-dried at 105 �C for 24 h

prior to Kd studies.

Characterization of soil samples

The pH was measured using Oakton bench top pH 510

meter as per IS procedure 2720 Part 26. CaCO3 content

was determined by titrimetry as per IS procedure 2720 Part

23 and confirmed using thermogravimetry–differential

thermogravimetry (TG-DTG) (Ntezsch, Germany, Model

STA 4099). Total and organic carbon contents were

determined by Euro EA carbon analyzer. The elemental

composition of both the soil samples was determined using

EDXRF (Jordan Valley EX-3600M) by relative method

using IAEA Reference standards.

Groundwater simulants

Two simulant solutions of different ionic strengths, one of

low ionic strength (Water 1) and another similar to that of

the site (Water 2), were prepared (as per EPA 821-R-020-

013) for Kd studies. The use of simulants offer the

advantage of providing a reproducible matrix which allows

for direct comparison of Kd data generated in different

laboratories. The simulant solutions were filtered through a

0.45 lm polycarbonate membrane before their use.

Characterization of simulated groundwater samples

The simulated groundwater samples were analyzed for pH,

total organic and inorganic carbon, cations and anions. The

pH of simulated ground water samples was measured usingFig. 1 Geological map of cuddapah basin
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Oakton bench top pH 510 meter. Total organic and inor-

ganic carbon was determined using ANATOC-II series

carbon analyzer (SGE, Australia). The cations and anions

present in the simulated ground water samples were

determined using Flame Atomic Absorption Spectrometry

(Chemito AA 203) and ion chromatography (IC Metrohm

733), respectively.

Sorption experiments for the determination of

distribution coefficient values (Kd) in soil samples

Oven-dried soil sample (1 g) was taken in 50 mL poly-

carbonate centrifuge tubes. It was repeatedly washed with

simulated ground water till the pH of the supernatant

solution remained unchanged. This soil sample was

equilibrated with 30 mL of simulated ground water spiked

with one of the elements of interest. Distribution coefficient

measurements in the simulated groundwater were carried

out for each element separately to eliminate competing ion

effects. For U, Th, Pb and Bi, samples were spiked with

their respective stable isotope standard solutions

(1 mg mL-1), whereas for Ra and Po, their respective ra-

diotracers viz 226Ra and 210Po were used. The solution pH

was adjusted to its initial value by the addition of dilute

NaOH/HNO3 in small increments. The experimental tubes

were then gently shaken at room temperature on a

mechanical shaker for a period of 72 h and the sample was

centrifuged by high-speed centrifugation (RCF [ 5,000g)

for 30 min. Supernatant solution was removed and ana-

lyzed for the element of interest. These sorption experi-

ments were carried out for each element/radionuclide.

Determination of U, Th, Pb and Bi

The supernatant solutions were treated with conc. HNO3 to

destroy any organic matter, if present. The solutions were

analyzed using ICP-MS (VG PQ ExCell, VG Elemental, UK).

Determination of Ra

Radium-226 (226Ra) in a known aliquot of the above solu-

tions was co-precipitated with lead sulphate. The precipitate

was dissolved in EDTA and 226Ra was separated from pos-

sible interfering radionuclides using a micro precipitation of

barium sulphate. The solution was centrifuged and the pre-

cipitate was taken on a stainless steel planchet and dried

under IR. Ra concentration in the sample was determined by

counting gross-a using a ZnS scintillation detector.

Determination of Po

Polonium-210 (210Po) in a known aliquot of supernatant

solution was determined after depositing it on Ag-planchet

under stirred conditions from hot (70–80 �C) acidified

solution for a period of 1 h. The planchet was air-dried and

Po was determined by counting gross-a using a ZnS scin-

tillation detector.

Radionuclide sorption was expressed as a distribution

coefficient (Kd in mL g-1) using the equation:

Kd ¼
Ci � Cfð Þ

Cf

:
V

m

where Ci and Cf are the initial and final activities/concen-

tration of radionuclide/element in the aqueous phase, V is

the volume of aqueous phase (30 mL) and m is the mass of

soil (1 g). Kd has units of mL g-1.

Results and discussion

The most likely process that leads to the release of radio-

nuclides from mining site or a radioactive waste repository

in a geological medium is the transport by groundwater.

The simplest and common parameter for modeling the

transport of radionuclides in geologic media is the soil–

water distribution coefficient (Kd). The radionuclides cho-

sen for the present study are natural radionuclides; namely,

U, Th, Pb, Bi, Ra and Po. The factors that affect the dis-

tribution coefficient (Kd) value for a particular radionuclide

are the radionuclide’s solubility and the availability of

adsorption sites on the solid phase. Higher Kd values will

be found in systems with larger numbers of appropriate

adsorption sites while dissolved species with higher solu-

bilities will have lower Kd values. A given set of conditions

including pH, particle size, radionuclide concentrations,

and groundwater simulant composition was defined prior to

starting the work and maintained throughout. The effect of

pH is extremely important in both the solution chemistry

and the adsorption mechanism involved in the Kd for a

given geological medium. The pH values of 7.78 ± 0.02

and 8.42 ± 0.02 of groundwater simulants (1 and 2),

respectively, were chosen as being representative of field

pH measurements of natural groundwaters in the Tum-

malapalle region of Andhra Pradesh (Table 1). The TIC

measurements and composition analysis showed higher

hardness in the case of simulated groundwater 2 as com-

pared to the simulated groundwater 1 (Table 1).

The pH values of the soil samples were found to be

6.49 ± 0.02 and 7.10 ± 0.02, respectively, for soils 1

and 2 (Table 2). Besides pH, soil organic matter has a

significant impact on the distribution coefficient values. It

consists of humus and nonhumus substances. The poly-

carboxylic functional groups of fulvic and humic acids

present in the soils form strong complexes with metal ions.

The TOC measurements and CaCO3 analysis of soil

samples showed that both organic carbon and calcium
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carbonate content of soil 2 were higher as compared to the

soil 1(Table 2).

Figures 2, 3 present a comparison of Kd values obtained

for different radionuclides for different soil and ground-

water combinations. The effect of soil and groundwater

composition on the Kd values has been discussed in the

order of their magnitude of Kd values of the radionuclides.

Thorium

The Kd values for Th were 1–2 order of magnitude higher

than all other radionuclides for both the soils and ground-

water combinations (Figs. 2, 3). This may be attributed to

the presence of thorium ion as Th4? ion in the ground-

water. Owing to this, quadrivalent thorium ions tend to be

highly surface active and are strongly retained by particu-

late materials as compared to divalent ions of other ra-

dionuclides. The reviews on the behaviour of Th in soils

also support our data (Lieser et al. 1990; Sheppard 1980;

Harmsen and Haan 1980; Adams et al. 1959). In addition,

the presence of higher organic content in soil 2 resulted in

significantly higher Kd values (1.3–3 times) due to the

complexation of thorium ions with soil organic matter. The

Kd values of Th were higher for soil 2 for both the

groundwater combinations (S2W1 and S2W2) as compared

to soil 1 (S1W1 and S1W2) as can be seen from Fig. 2a, b.

The Kd values of Th were found to be lowered by 2.4–1.2

times in groundwater 2 (Fig. 2b) due to the presence of

higher carbonate content that leads to the formation of

stable and soluble carbonate complex that decreases the

sorption of thorium on to the soil matrix.

Lead

The Kd values for Pb were found to be higher than the Kd

values for all other radionuclides except thorium. The

sorption behavior of lead was found to be greatly affected

by the presence of calcium and organic content in soil 2.

The Kd values were an order of magnitude higher in soil 2

as compared to soil 1 (Fig. 2a, b). Lead is generally present

as the divalent cation and it can displace common soil

cations such as those of potassium (K?) and calcium

(Ca2?) from exchange sites. Thus, sorption of Pb ions is

facilitated on soil 2 by ion exchange and binding with

organic ligands resulting in higher Kd values. Both these

factors contribute to retardation of lead in geologic media.

Table 1 Physico-chemical parameters of simulated groundwater

samples

Ions Ground water 1 (mg L-1) Ground water 2 (mg L-1)

TOC 3.4 ± 0.1 1.5 ± 0.1

TIC 16.0 ± 0.3 23.0 ± 0.5

Na? 30.3 ± 0.2 34.9 ± 0.2

K? 2.7 ± 0.1 9.3 ± 0.1

Mg?2 7.2 ± 0.1 58.4 ± 0.1

Ca?2 16.6 ± 0.3 31.2 ± 0.6

Cl- 1.7 ± 0.1 176.0 ± 3.5

SO4
2- 35.2 ± 0.7 24.0 ± 0.5

NO3
- 0.7 ± 0.1 7.5 ± 0.2

The pH values of simulated groundwater 1 and simulated ground-

water 2 were 7.78 ± 0.02 and 8.42 ± 0.02, respectively

Table 2 Physico-chemical parameters of soil samples

Element Soil 1 (%) Soil 2 (%)

CaCO3 By titrimetry 1.49 ± 0.03 2.23 ± 0.05

By TG-DTG 1.51 ± 0.02 2.50 ± 0.03

Organic carbon 0.45 ± 0.09 0.62 ± 0.06

TiO2 0.65 ± 0.03 1.08 ± 0.02

MnO 0.10 ± 0.01 0.14 ± 0.01

SiO2 71.7 ± 0.3 38.7 ± 0.2

Al2O3 13.2 ± 0.2 11.9 ± 0.2

Fe2O3 6.1 ± 0.2 8.6 ± 0.2

K2O 2.6 ± 0.1 1.4 ± 0.1

The pH values of soils 1 and 2 were 6.49 ± 0.02 and 7.10 ± 0.02,

respectively
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Fig. 2 Effect of soil composition on Kd values for different

radionuclides in case of a simulated groundwater 1 b simulated

groundwater 2
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In the case of simulated groundwater 2, the Kd values of Pb

too were found to be lowered by 2.4–1.2 times (Fig. 2b)

due to the presence of higher carbonate content which leads

to formation of stable and soluble carbonate complex.

Bismuth

In general the Kd values obtained for bismuth were lower as

compared to lead except in the case of simulated ground-

water 2 (Fig. 2b). In the case of bismuth, the Kd values were

found to be unaffected by the composition of soil (Fig. 2a, b).

Bismuth is generally assumed to exist in natural environ-

ments in the ?3 state and when in solution at neutral pH

would be present as hydroxide complexes; predominately

cationic and neutrally charged (Ames and Rai 1978). Sorp-

tion–desorption data for bismuth are scarce in the literature.

In the case of simulated groundwater 2, the Kd values

were found to be higher for both the soils and groundwater

combinations (S1W2 and S2W2) as seen in Fig. 2b. This

may be due to the formation of cationic complex of bismuth

hydroxide at higher pH. Hence, the sorption of Bi ions is

facilitated by ion exchange. Similar observations were

reported by Ulrich and Degueldre (Ulrich and Degueldre

1993) from their studies on the influence of the ionic

strength and pH on the adsorption/desorption processes of

lead, bismuth, and polonium on montmorillonite clay.

Polonium

Data obtained from our studies showed that the Kd value

for Po was found to be of the same order as that for Bi for

both the soils (Fig. 2a, b). This may be due to the proximity

of Bi and Po in the periodic table. The Kd value for Po in

soil 2 is slightly higher as compared to soil 1 (Fig. 2a, b).

The higher organic content in soil 2 leads to the formation

of organic complexes with Po (Maity et al. 2011).

Polonium compounds with ?2 and ?4 oxidation states

have been reported, with the preferred oxidation state being

?4 (Hansen 1970). Although Po is present as a quadriva-

lent ion, the Kd values of Po were an order of magnitude

lower as compared to Th. This may be due to the tendency

of polonium to adsorb or co-precipitate on the colloids

suspended in ground water. The competition for sorption of

Po between soil and groundwater results in intermediate

values of Kd. Vaaramaa et al. (2003) suggested that most of

the 210Po in the groundwater is bound in particles having

high concentrations of Fe, Mn, and humus. It is also

reported that iron and aluminum colloids and suspended

particles may adsorb polonium. In comparison to radium

and uranium, polonium was more prone to be associated

with particles suspended in the groundwater.

Uranium

The Kd values for U were found to be lower as compared to

Th, Pb and Bi except for the soil 2 sample in groundwater 1

(Figs. 2, 3). This is due to the higher mobility of uranium as

compared to Th, Pb and Bi. The divalent ions of uranium

form soluble complexes that tend to be mobile in ground-

water. Similar observations have been reported in the liter-

ature on the behavior of U in soil and in the geological

environment (Sheppard 1980; Harmsen and Haan 1980;

Paquette and Lemire 1981; Ollila 1985; Adams et al.

1959).The presence of higher organic content in soil 2

(Fig. 2a, b) resulted in complexation of the metal ion with

soil organic matter and hence higher Kd values were

obtained. The Kd values were found to be significantly

lowered in simulated groundwater 2 (Fig. 2b). This was due

to the presence of higher carbonate content which leads to

formation of stable and soluble, uranyl carbonate complex

that decreases the sorption of uranium on to the soil matrix.

Radium

The studies showed that Ra has the smallest distribution

coefficient values (Figs. 2, 3) among the six radionuclides.

This may be attributed to the formation of soluble Ra salts

as reported by Lieser and Steinkopff (1989) that tend to be

mobile in groundwater. The respective Kd values for soil 2

were higher than those for soil 1 (Fig. 2a, b), this may be
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Fig. 3 Effect of groundwater composition on Kd values for different

radionuclides in case of a soil 1 b soil 2
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due to the higher Fe and organic carbon content in soil 2

(Table 2) that provides sorption sites for Ra, resulting in

larger Kd values. In a study of uranium mill tailings, Landa

and Gray found that alkaline earth sulfate and hydrous

ferric oxide solids are important sorption phases for radium

(U.S.E.P.A 2004). The distribution coefficient values for

Ra were found to be higher in case of simulated ground-

water 2 (Fig. 3a, b) due to the formation of insoluble

radium carbonate (RaCO3 (aq)) complex (solubility constant

5.01 9 10-9 mol/L; Langmuir and Riese 1985).

Conclusion

A site-specific study was carried out to investigate the

potential of geologic media on the retardation of radionu-

clide migration in groundwater. The soil–water sorption

coefficient (Kd) for radionuclides was found to be affected

by numerous geochemical parameters such as pH, organic

and inorganic carbon, iron oxides and other soil constitu-

ents, major ion chemistry and the chemical form of the

radionuclide. Amongst the six radionuclides studied, the Kd

values for thorium and radium corresponds to the maxi-

mum and minimum values. The ratio of Kd values for these

radionuclides varies by two orders of magnitude for the

soil samples analysed. A positive correlation was observed

between soil organic and inorganic carbon and sorption

coefficient for different radionuclides. It was observed that

behaviour of uranium was strongly influenced by pres-

ence of carbonates. Site-specific studies are, therefore, very

essential for assessing the possibility of ground water

contamination by transport of radionuclides.
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