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Abstract – The present study provides an estimation of the site-specific distribution coefficient for radium around a
uranium mining site. The soil parameters which affect the Kd value of radium were also estimated. For the estimation of
the distribution coefficient of radium the equilibration time was optimized. The distribution coefficient of radium was
determined using the laboratory batch method. The distribution coefficient of radium varies from 796 ± 9 mL g−1 to
2, 285 ± 52 mL g−1. Kd values of radium were observed to be higher for one-meter-depth soil samples compared with
top soil samples in all the sampling locations. It was found that the Kd of radium strongly depends on different soil
parameters such as pH, organic matter (OM) and cation exchange capacity (CEC). With increasing soil pH, OM and
CEC, the Kd of radium increases linearly.
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1 Introduction

Naturally occurring radionuclides (NORM) that are
present in uranium tailings may be leached into the soil and
enter the groundwater. Migration of NORMs and other tailing
constituents occurs through leaching and erosion. The degree
of migration is related to numerous factors such as the perme-
ability of the impoundment and liner (if present), the amount of
precipitation, the nature of the underlying soils, and the prox-
imity to both surface and groundwater. Predicting the transfer
of radionuclides in the environment for normal release, and
accidental, disposal or remediation scenarios in order to as-
sess exposure requires the availability of a number of impor-
tant generic parameter values. One of the key parameters in
environmental assessment is the solid-liquid distribution coef-
ficient, Kd, which is used to predict radionuclide–soil interac-
tion and subsequent radionuclide transport in the soil column
(Vandenhove et al., 2009). The fate of contaminant transport
is often estimated using the distribution (partition) coefficient,
Kd. It is a measure of sorption of contaminants to soil (Maity
and Pandit, 2014) and is defined as the ratio of the quantity of
the adsorbate adsorbed per unit mass of solid to the amount of
the adsorbate remaining in a unit volume of solution at equi-
librium. The radionuclides present can enter the food chain di-
rectly via the soil–plant–animal pathway, or indirectly by the
use of groundwater or surface water for irrigation purposes or
drinking water. To assess the uptake in the food chain and by
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biota in general and to predict human exposure, knowledge of
the environmental parameters governing radionuclide mobil-
ity and uptake is indispensable. Distribution coefficients (Kd)
of uranium daughter products are very important for migration
studies around uranium mining sites. In the literature there is
a large variation of Kd values of radium; therefore, for real-
istic prediction of contaminant migration, literature Kd values
may not be very effective. So, site-specific experimental Kd
values are required. Also, the distribution coefficient depends
very much on the soil chemistry, therefore generation of site-
specific Kd is very important.

Radium (Ra) is an alkaline earth element, and can exist in
nature only in the +2 oxidation state. Relative to other alkaline
earth elements, radium is the most strongly sorbed by ion ex-
change on clay minerals. The adsorption of radium is strongly
dependent on ionic strength and concentrations of other com-
peting ions. Radium is also strongly adsorbed to mineral ox-
ides present in soils, especially in near-neutral and alkaline pH
conditions. The results of some studies also suggest that ra-
dium may be strongly adsorbed by organic material in soils
(Nathwani and Phillips, 1979a).

In the present study soil from top and one-meter-depth and
groundwater samples were collected from seven different loca-
tions around a uranium mining site in India. Soil samples were
chemically characterized and the distribution coefficient for ra-
dium was estimated in soil samples using the laboratory batch
method. Since the distribution coefficient of radium is a strong
function of soil parameters, the effect of these parameters on
the Kd values of radium were also studied.
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Figure 1. Sampling location.

2 Experimental

2.1 Sampling location

Soil and groundwater samples were collected from seven
different places, around the Turamdih uranium mining area,
Jharkhand, India (Figure 1). Groundwater samples were col-
lected in plastic carboys previously treated with one molar so-
lution of hydrochloric acid and rinsed with distilled water. In
India the first uranium mining and ore processing operations
commenced in the mid-1960s in Jaduguda (E86

◦
20’; N22

◦

40’) in the eastern part of the country. Jharkhand state has a
long slender area called “East Singhbhum" which lies between
West Bengal and Orissa. The other three uranium ore deposits
in Turamdih, Narwapahar and Bhatin are all located in this
area and taken up for underground mining. The position of the
central part of Turamdih is E86

◦
11’; N22

◦
43’.

2.2 Sample collection and processing

Groundwater samples were filtered through 0.45-μm filter
paper and pH was determined by pH meter (DPH-500) and is
shown in Table 1. All the soil samples (top and 1 meter depth)
were collected with a wooden spatula and kept in polyethy-
lene bags previously treated with one molar solution of hy-
drochloric acid and rinsed with distilled water. Soil samples
were dried and sieved below 2 mm using an electromagnetic
sieve shaker (EMS 8). The dry soil samples (<2 mm) were ho-
mogenized and used for chemical characterization as well as
estimation of the distribution coefficient of radium. The same
soil samples (<2 mm) were used for estimation of the pH, cal-
cium carbonate (CaCO3), cation exchange capacity (CEC) and
organic matter. Groundwater samples were collected in plas-
tic carboys previously treated with one molar solution of hy-
drochloric acid and rinsed with distilled water. All chemicals
used were Merck, Suprapur, Analar or electronic grade.

2.3 Soil characterization

2.3.1 Particle size distribution in soil

Soil samples were air-dried and sieved using different
mesh sieves (2-mm, 300-μm and 45-μm) in an electromagnetic
sieve shaker (EMS 08) to find out the particle size distribution
in order to know the soil type.

2.3.2 Estimation of pH in soil

The pH of soil was estimated using the methodology
IS 2720, Part 26. For this, 30 g of soil (<2 mm) were taken
in a 100-mL beaker and 75 mL of double-distilled water were
added to it. The suspension was stirred for a few seconds, cov-
ered with a watch glass and allowed to stand for one hour with
occasional stirring. The soil solution pH was estimated using
a pH meter (DPH-500) which was calibrated using a standard
buffer (pH 4, 7 and 9) before testing.

2.3.3 Estimation of calcium carbonate in soil

Calcium carbonate was estimated by using the methodol-
ogy IS 2720, Part 23. Five grams of soil (<2 mm) were taken
in a 150-mL beaker and 100 mL of 0.1 (N) HCl were added
to it. The solution mixture was covered with a watch glass
and vigorously stirred occasionally for one hour. After settling,
20 mL of the supernatant liquid were taken in a conical flask
and 6–8 drops of bromothymol blue indicator were added to it
and titrated against 0.1 (N) NaOH solution.

2.3.4 Estimation of cation exchange capacity (CEC) in soil

The values of the CEC were obtained by calculation from
exchangeable cations. One gram of soil was taken in a 100-mL
beaker, 18 mL CH3COONH4 (1N) was added, and kept for
1 hour under stirring conditions. Allowed to settle and fil-
tered, the remaining soil was washed 3 times with 1(N)
CH3COONH4. The soil was washed again with absolute al-
cohol (10 mL). The solution was evaporated and final volume
was made up to 10 mL. Na+, K+, Ca++ and Mg++ were ana-
lyzed in this sample by using atomic absorption spectrometry
(AAS) (GBC Avanta). The sum of the equivalent concentration
of these ions give the CEC in soil.

2.3.5 Estimation of organic matter content in soil

Organic matter in the samples was estimated by the weight
loss on ignition method. Ten grams of dry soil (95

◦
C) sample

(<2 mm) were taken in a porcelain crucible covered with a
watch glass. The soil was heated in a muffle furnace at 360

◦
C

(Storer, 1984; Bianchi et al., 2008) for 2 hours and after that
the final weight was taken. Then, loss on ignition (LOI) was
calculated by using the following equation

LOI (%) =
(weight at 95 ◦C − weight at 360 ◦C) × 100

weight at 95 ◦C
.
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Table 1. pH of groundwater samples collected from seven different locations across the Turamdih uranium mining area.

Sampling location Location 1 Location 2 Location 3 Location 4 Location 5 Location 6 Location 7

pH 7.02 7.03 6.82 6.86 7.0 7.27 7.11

Ben-Dor and Banin (1989) showed that ignition temperatures
in the range of 400–430 ◦C resulted in no significant bias from
thermal breakdown of carbonates. Jackson (1958) and Ball
(1964) both recommended ignition temperatures of <400 ◦C
to minimize weight loss from carbonates, structural waters in
clays and hydrated salts.

2.4 Sorption experiment for determination
of equilibration time

The sorption experiment was carried out by the laboratory
batch method (EPA, 1991; Roy et al., 1991). 226Ra was used
as a tracer. In 50-mL polypropylene centrifuge tubes, soil (1g)
and 30 mL groundwater (1:30 S/L ratio) with known activity
of 226Ra were shaken at room temperature. The experiment
was carried out at different time intervals (0–170 hours) to
find out the equilibration time. The laboratory batch method
was carried out in a dual rotating shaker bath (model SK-300)
with a shaking rate of 0.8–1.2 oscillations per second. The so-
lution mixture was centrifuged and filtered through 0.45-μm
syringe filter paper. 226Ra was analyzed in the filtrate (after
keeping it for one month in a shield container) using a high-
resolution gamma spectrometry system consisting of a coaxial
p-type high-purity germanium (HPGe) detector with 50% rel-
ative efficiency with respect to 7.62 cm×7.62 cm NaI(Tl). The
amount of adsorbed 226Ra was estimated from the difference in
the radium activity in the aqueous phase before and after the
adsorption.

2.5 Sorption experiments for estimation
of the distribution coefficient of radium
in soil

The distribution coefficient is defined as the ratio of the ac-
tivity of 226Ra in the sorbent and in the solution at equilibrium.

The distribution coefficient (Kd) was calculated as per the
following equation:

Kd =

(A0 − A − Aw
A

)
× Vw

Ws1

where VW is the volume of water in the suspension:

Vw = 30 +

(
Ws2 −Ws1

ρ

)

where Ws1 and Ws2 are the weights of the soil before and after
equilibration with water, ρ is the density of the water, and Aw,
A0 and A are the activity sorbed on the wall of the polypropy-
lene tube, initial activity and activity at equilibration,
respectively.

Figure 2. Particle size distribution of soil samples collected from dif-
ferent locations across the Turamdih uranium mining area.

3 Results and discussion

3.1 Physico-chemical characterization of soil samples

The particle size distribution of soil samples was carried
out to know the soil type. In all the locations, except locations 3
and 4, coarse sand basically predominates in varying percent-
ages (Figure 2), whereas the major constituent is fine sand for
locations 3 and 4. The percentage of silt and clay is very low
in comparison with the other two components. Figure 2 clearly
depicts that the soil samples are mostly sandy type. Different
chemical parameters such as the pH, concentration of calcium
carbonate, cation exchange capacity (CEC) and organic matter
for soil samples are shown in Table 2.

3.2 Estimation of the distribution coefficient of radium
around the Turamdih uranium mining area

For determination of the distribution coefficient, knowl-
edge of sorption equilibrium is very important. For this, the
sorption of radium in soil at different time intervals was car-
ried out using the laboratory batch method given in Figure 3,
which clearly indicates that sorption equilibrium for radium
was achieved at around 27 hours.

The distribution coefficients (Kd) of radium for top and
one-meter-depth soil samples at different places around the
Turamdih uranium mining site were determined and are shown
in Figure 4. Kd values of radium in both top and 1-meter-depth
soil samples were determined to see whether any difference
is observed in Kd values in the surface soil and at a moderate
depth such as in one-meter-deep soil. Kd values of radium were
observed to be higher for one-meter-depth soil samples com-
pared with top soil samples in all the sampling locations. In the
top and one-meter-depth soil samples radium Kd values vary
from 580±6 mL g−1 to 1, 835±16 mL g−1 and 796±9 mL g−1

to 2, 285 ± 52 mL g−1, respectively. The Kd values obtained
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Table 2. Different parameters of the soil samples (surface and one meter depth) collected from seven different locations across the Turamdih
uranium mining area.

Sampling location Location 1 Location 2 Location 3 Location 4 Location 5 Location 6 Location 7

pH (surface soil) 6.75 6.00 6.48 6.75 7.30 6.93 5.95

pH (one-meter-depth soil) 7.10 6.30 6.93 6.60 7.37 6.88 6.15

CaCO3 (mg/g) (surface soil) 4.79 2.30 2.30 5.91 4.38 3.07 6.03

CaCO3 (mg/g) (deep soil) 5.79 4.37 3.50 5.02 6.57 4.91 6.91

CEC (meq/100g) (surface soil) 9.52 4.38 9.41 3.58 10.26 5.62 4.50

CEC (meq/100g) (one-meter-depth soil) 8.86 5.89 10.03 9.15 11.19 6.72 8.30

Organic matter (%) (surface soil) 6.29 3.86 4.72 4.64 6.42 4.93 3.77

Organic matter (%) (one-meter-depth soil) 6.16 4.15 5.40 5.34 7.47 5.53 4.70

Figure 3. Variation of sorption for radium on soil at different contact
times.

from the present study (796 ± 9–2, 285± 52 mL g−1) are com-
pared with the reported values (Serne, 1974; Looney et al.,
1987; Sheppard et al., 2006; Vandenhove and Van Hees, 2007)
for soils. Serne (1974) measured Kd values for radium on four
sandy, arid soil samples from Utah using a simulated river wa-
ter solution. The Kd values ranged from 214 to 467 mL g−1

for the four soil samples. For radium, Looney et al. (1987)
recommended Kd of 100 mL g−1, and a range from 10 to
1,000,000 mL g−1. Sheppard et al. (2006) recommended a
Kd(Ra) value of 47 mL g−1 irrespective of soil type. Vanden-
hove and Van Hees (2007) reported Kd values of radium rang-
ing from 38 mL g−1 to 446 mL g−1 in nine soil samples. Ra(Kd)
was found to vary from 570 to 2,600 mL g−1 in different water
samples reported by Mishra et al. (2012).

In the present study it is observed that with increasing soil
pH, Kd(Ra) increases linearly, Ra(Kd) = −2, 519 (±994)+ 514
(±153) × pH (R2 = 0.44), shown in Figure 5. Meier et al.
(1994) reported the adsorption of radium increased with in-
creasing pH. For the pH conditions of most natural waters,
dissolved radium will be present primarily as the uncomplexed
Ra2+ cation. Because adsorption of cations is coupled with a
release of H+ ions, cation adsorption is greatest at high pH
and decreases with decreasing pH. The Kd values measured
by Meier et al. (1994) for the adsorption of radium on a sandy
sediment in groundwater were 6.7, 12, 6, 26.3 and 26.3 mL g−1

at pH values of 6, 7, 8 and 9, respectively.

Figure 4. Distribution coefficient of radium in top and one-meter-
depth soil samples around the Turamdih uranium mining area.

Figure 5. Variation of the distribution coefficient of radium with pH
in soil samples around the Turamdih uranium mining area.

Organic matter (OM) and the cation exchange capacity
affect the distribution coefficient of radium. With increasing
OM Kd(Ra) increases linearly, Kd(Ra) = –719 (±291) + 331
(±63) × OM (R2 = 0.68); shown in Figure 6. Similarly,
Kd(Ra) increases linearly with increasing CEC in soil samples,
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Figure 6. Variation of the distribution coefficient of radium with or-
ganic matter (OM) content in soil samples around the Turamdih ura-
nium mining area.

Figure 7. Variation of the distribution coefficient of radium with the
cation exchange capacity (CEC) in soil samples around the Turamdih
uranium mining area.

Kd(Ra) = 239 (±160) + 100 (±27) × CEC (R2 = 0.50); shown
in Figure 7. The adsorption of radium has been shown to be
strongly dependent on ionic strength and concentrations of
other competing ions. Organic matter and clay were deter-
mined to be the dominant phases contributing to the adsorption
of 226Ra on soils. Nathwani and Phillips (1979a) suggested
that the adsorption affinity of organic matter and clays was
primarily due to their cation exchange capacity (CEC). Their
results also indicated that organic matter adsorbed approxi-
mately 10 times more 226Ra than clays. The results of Nath-
wani and Phillips (1979b) show that the addition of competing
alkaline earth cations to the system can greatly affect radium
sorption on the clay minerals. Vandenhove et al. (2007), ex-
ploring the effect of soil properties on the radium availability
in a small-scale study covering 9 soils, concluded that Kd(Ra)
could be predicted by the CEC [Kd(Ra) = 0.71 × CEC − 0.64,
R2 = 0.3] and soil organic matter content [Kd(Ra) = 27×OM−
27, R2 = 0.4]. A linear relationship between the distribution

coefficients of Ra on soil and the Cation Exchange Capacity
(CEC) was obtained to suggest the cation exchange sorption
reaction of Ra2+ on the soil surface (Sakamoto et al., 2000).

4 Conclusions

The distribution coefficient of radium varies from 796 ±
9 mL g−1 to 2, 285 ± 52 mL g−1. Kd values of radium were
observed to be higher for one-meter-depth soil samples com-
pared with top soil samples in all the sampling locations. In the
present study it is clearly observed that the distribution coef-
ficient of radium is very much dependent on different soil pa-
rameters such as the pH, organic matter and cation exchange
capacity (CEC). With increasing soil pH, the organic matter
(OM) and CEC Kd of radium increases linearly. Estimated site-
specific distribution coefficient values of radium will be useful
for prediction of contaminant transport from a uranium mining
site.
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