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Abstract
Groundwater contributes to the highest exposure level of naturally occurring uranium (U) to biosphere, and hence, the source 
and concentration of uranium in groundwater needs to be monitored periodically. In the present study, groundwaters from 
different lithologic locations were collected and measured for uranium concentration and major ions in order to establish any 
possible link with the lithology on the uranium distribution in central parts of Tamil Nadu, South India. About 11% of the 
samples contain U in excess of the permissible limit of WHO (Guidelines for drinking-water quality, WHO, Geneva, 2011), 
and the contamination was limited to mostly hard rock terrain, which is granitic in nature. The correlations among U, major 
ions, and environmental isotopes were studied to understand the mechanism governing uranium dissolution and transport in 
groundwater of this region. Observations lead us to infer that the older water with near-neutral pH and oxidizing condition 
contains higher dissolved U compared with relatively young groundwater. The results also reflect the possible health risk to 
the local population through long-term consumption of uranium-containing groundwater without any pretreatment.

Keywords  Uranium · Groundwater · Weathering · Lithology · Tamilnadu

Introduction

Uranium (U) is a naturally occurring radioactive element 
that is commonly present in groundwater. Studies show that 
contribution of ingested U through food stuff accounts to 
15%, whereas drinking water contributes 85% of ingested U 
(Tanner 1980). Hence, the health risk due to consumption of 
uranium-containing groundwater poses a greater risk com-
pared to other causes. Higher U concentration was reported 
in groundwater in comparison to surface waters due to accu-
mulation of U through rock–water interactions and also due 
to the presence of complexing ions in groundwater, which 

can leach U from the rock and form stable and soluble U 
complexes in aqueous media (Langmuir 1978). Carbonate, 
phosphate, fluoride, and sulfate commonly complex with U 
in water depending on the dissolved concentrations of the 
individual ions and pH ranges (Závodská et al. 2008). Ura-
nium mobility is governed by various factors, among which 
pH and redox potential (Eh) plays a crucial role (Závodská 
et al. 2008). The concentration of U in groundwater also 
depends upon regional geology and structure. Generally sili-
ceous igneous rocks contain higher U which increases fur-
ther with increase in the silica content as seen in pegmatites 
as compared to basalts (Langmuir 1997). Hard rocks espe-
cially granites report highest U concentration in groundwater 
(Brindha and Elango 2013). In India, excess U in groundwa-
ter was first reported from Punjab state from Amritsar and 
Bhatinda districts (Singh et al. 1995). The subsequent stud-
ies on U occurrence in SW Punjab region indicated that not 
only hard rock terrains, even alluvial formations are prone 
to U contamination (Rishi et al. 2017; Sharma et al. 2017; 
Pant et al. 2017).

Uranium in drinking water is known for its radiologi-
cal and toxicological impacts to living organisms and many 
studies have been carried out to assess the health hazards of 
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this radioactive element (Singh et al. 2014; Leggett 1989; 
McDonald-Taylor et al. 1997; Kim et al. 2004; Kurttio et al. 
2002). There were many studies on the identification of 
the sources and processes related to high U concentration 
groundwater (Garg et al. 2014; Singh et al. 2009a, b; Ansob-
orlo et al. 2015; Bajwa et al. 2015; Alrakabi et al. 2012; 
White et al. 1984). U concentrations ranging from 500 to 
4700 ppb is noted in naturally occurring igneous rocks and 
sedimentary rocks whereas carbonate rocks report an aver-
age level of 2000 ppb. U content of unconsolidated beach 
sands is about 3000 ppb. For the soil U content, often the 

bedrock is controlling factor. Uranium concentration in the 
range of 0.2 to 0.6 ppb is noted in river water (Bleise et al. 
2003; Irwin 1997; Kim 1986; Meinrath et al. 2003; Závod-
ská et al. 2008). Uranium concentrations (Gascoyne 1989) in 
various lithologies throughout the world are shown in Fig. 1. 
The occurrence of higher U in groundwater is reported to be 
more in sedimentary formation followed by Granites. Very 
high U concentrations of 14,870 ppb and 80,000 ppb were 
reported in granitic and sedimentary formations, respectively 
(Gascoyne 1989). Gneissic terrains report comparatively 
lower U concentration. The occurrence of various uranium 
deposits across the world is listed by IAEA (1996). 33% of 
the total uranium resources are present in unconformities 
followed by sandstone. Breccia and QPC types in terms of 
occurrence are the next highest U deposits found worldwide. 
There are other types of U deposits which also contribute to 
the total uranium resource in significant quantities (Fig. 2). 

A study by Dahlkamp (1993) correlated the types of U 
deposits with their corresponding geological age and the 
number of U deposits in each type (Fig. 3). It is seen that 
the occurrence of sandstone-type Uranium deposits dur-
ing the Mesozoic to Cenozoic period dominates over the 
other types, while quartz pebble conglomerate (QPC) is 
the major dominant type of U deposit to occur during the 
Archean period. A few Uranium deposits were also reported 
in unconformities during the Proterozoic period.

Countries like Norway, Jordan, United States, Egypt, 
Spain, Finland, Bangladesh and India report uranium ranges 
in groundwater far exceeding the recommended limit of 

Fig. 1   Occurrence of radioactivity levels in groundwater with respect 
to lithology (Modified after Gascoyne 1989)

Fig. 2   A simplified list of uranium deposits/resources with respect to their types of occurrence (after IAEA 1996)
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WHO (30 ppb). The highest value is found in Helsinki, Fin-
land in the range of 9400–19,600 ppb (Piirainen 1968). An 
alarmingly high concentration of above 500 ppb is reported 
in India (Bajwa et al. 2015; Rishi et al. 2017). An exposure 
to about 0.1 mg/kg of body weight of soluble natural Ura-
nium results in severe chemical damage to kidneys (Health 
Physics Society 2002). Thus, kidney and lungs are found to 
be the major target organs of U toxicity, and the intake of 
drinking water contaminated with Uranium, in very high 
acute doses, can lead to necrosis and tubular degeneration 
(WHO 2004). Uranium is also known for its radiological 
toxicity as a carcinogenic element along with possible res-
piratory diseases (e.g., fibrosis, emphysema), potential neu-
rological damage, and reproductive disorders (WHO 2004).

In the present study, uranium concentrations in ground-
waters from different geological units were measured along 
with other hydrochemical parameters in order to identify the 
geological controls on U distribution in groundwater.

Study Area

The study area falls in the central part of Tamilnadu com-
prising parts of Madurai, Dindigul, Trichy, Pudukottai, 
and Sivaganga districts with a total area of 4311 km2. The 
geographical area spans across East 09°53′24″–10°20′60″ 
latitudes and North 78°1′48″–78°48′36″ longitudes (Fig. 4). 
A major seasonal river Vaigai originates in Western Ghats 
and flows from NW to SE along the central Tamil Nadu. 
Pambar and Manimuttar are the other major tributaries of 

Vaigai River. The Geological succession established by GSI 
(2006) reports that the crystallines (Dharwars) are composed 
of meta-sediments intercalated with Charnockite series. 
Pelitic and semipelitic members associated with massive 
Quartzites, Banded Calcareous, and psammitic members 
that constitute the meta-sediments. Conglomerate beds occur 
in the contact areas between Sedimentary formations (in the 
East) and Hard rock terrain (in the West). South-eastern (SE) 
region is dominated by Sandstone and Shales followed by 
sand, silt, and clay partings along with conglomerate. Old-
est among the lithological units are the Archean outcrops 
of Garnet Sillimanite Gneiss that are exposed as a small 
patch in the North part. Fissile hornblende biotite gneiss 
(FHBG) is the major rock type occurring in central, North-
ern, Western, and Southern parts of study area, along with 
Charnockites in the western side, followed by Hornblende 
biotite gneiss in the NE part. Granite occurs as intrusions 
in the central and NE regions with Quartzite in the North.

In the study area, groundwater exists in the hard rocks 
under water table conditions at shallow levels and under 
semiconfined-to-confined conditions in the fractured, 
jointed, and sheared zones. One-third area of the region is 
underlain by sedimentary formations. In the sedimentaries, 
groundwater occurs under water table and confined con-
ditions. Two main aquifer systems are encountered in the 
region such as Porous formations, viz., alluvium, sandstone 
etc., as well as weathered and fractured crystalline forma-
tions consisting of Charnockite and Granite.

An average rainfall of 950 mm per annum is reported 
in the region (CGWB 2008). Major water-bearing forma-
tions in the western side are fractured crystallines, Granite, 
Charnockite, and Gneisses, while the eastern side possesses 
alluvium and Sand stone formations. Water level trends in 
10 years (1998–2007) indicate a fluctuation of 0.004 to 
1.523 m/year (CGWB 2008). The study area chosen for the 
present study is a complex geological terrain consisting of 
hard rocks, sedimentary formations of Cenozoic age with 
conglomerate beds, and Granitic intrusions.

Methodology

Groundwater sampling was carried out during July 2014 
(South West Monsoon), and a total of 54 samples were col-
lected from hand pumps and bore wells based on spatial 
variance and lithological coverage. Physical parameters 
such as pH, temperature, total dissolved solids (TDS), and 
electrical conductivity (EC) of the samples were meas-
ured in situ using a portable water-analysis kit (Thermo 
Orion 5 star). Sampling and analysis were carried out using 
standard analytical methodology. Major ions such as Ca2+, 
Mg2+, Na+, K+, F−, Cl−, HCO3

−, NO3
−, H4SiO4, PO4

3−, and 
SO4

2− were analyzed in laboratory. Ca+, Mg+ were measured 

Fig. 3   Occurrence of uranium deposits with respect to different geo-
logical ages (after Dahlkamp 1993)
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by EDTA Titrimetric method; Cl− by argentometric method; 
and CO3

− and HCO3
− by H2SO4 Titration method. Na+ 

and K+ were measured by flame photometer (ELICO CL 
378), SO4

2− by Turbidimetric method, PO4
− by Ascorbic 

acid Method, NO3
− by UV Spectrophotometric Screening 

Method, and H4SiO4 by Molybdo-silicate Method. A UV 
Spectrophotometer (HACH, DR 6000) was used for the 
measurements. Accuracy of analysis was checked by error 
percentage calculation using the equation.

where TA and TC are the total number of anions and cations 
in milli equivalents, respectively. The percentage of error is 
found to vary within ± 10%.

Total U concentration in groundwater samples was ana-
lyzed by Laser fluorimetry using LED Fluorimeter (Model 
LF -2a, Quantalase). This method can measure concentra-
tion of uranium in trace and ultra-trace levels in aque-
ous medium. It works on the principle of measurement of 
fluorescence of uranyl complex (uranyl phosphate), which 
is formed by addition of a fluorescence-enhancement rea-
gent like Fluran (sodium pyrophosphate) to an aqueous 

(1)Error% =
(TC − TA)

(TA + TC)
× 100

solution containing uranium. The excitation is done under 
337.1 nm laser pulse.

Groundwater samples were analyzed for oxygen-18 
(δ18O), and deuterium (δD) isotopes. Polyethylene bot-
tles of 60 ml capacity were used for collecting ground-
water samples after the stagnant water was pumped out, 
in order to get representative samples. Proper care was 
taken to preserve the sample bottles in airtight condition 
after filling them completely in order to avoid any evapora-
tion. Stable isotopes such as δ18O and δD were measured 
using mass spectrometer (Finnigan Deltaplus Xp, Thermo 
Electron Corporation, Bermen, Germany) based on gas 
equilibration method with precisions of 0.5 and 0.1‰ (2σ 
criterion), respectively. The results of stable isotopes were 
compared using VSMOW (Vienna Standard Mean Ocean 
water) in units δ (‰) where

where R = D/H or 18O/16O.
A few selected groundwater samples were collected for 

Tritium analysis. The environmental tritium was analyzed by 
liquid scintillation counting method using Quantulus liquid 

(2)� =
(

Rsample − RSMOW∕RSMOW

)

× 103,

Fig. 4   Location map of the study area with the major lithology and sample points
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scintillation counter, available at Isotope Hydrology Section, 
Bhabha Atomic Research Centre, Mumbai.

Results and Discussion

Table 1 shows that Uranium concentration in groundwater 
ranges from 0.79 to 71.93 ppb in the study area. It is reported 
that the solubility and mobility of U are highly dependent 
on redox conditions and are influenced by pH, complexa-
tion, and sorption reactions (Sharp 2014). On an average, 
U concentration of 1800 ppb is reported in soils (Závodská 
et al. 2008). The formation of a highly mobile carbonated 
species of uranium is favored by neutral to alkaline pH of 
natural aqueous systems with a relative atmospheric pCO2 
of 0.03%. These conditions of any given water type lead to 
transport of U from soils to rivers, lakes, and groundwater. 
The concentration of U in continental surface waters is nor-
mally found to vary from 0.1 to 500 ppb (Závodská et al. 
2008). Seawater is a major deposit of U with a content of 
about 3000 ppb. Table 2 shows distribution of uranium in 
various states in India. The highest reported U concentration 
is in Kolar district of Karnataka (1443 ppb), and the lowest 
is in Maharashtra (0.03 ppb). The range of concentrations 
observed in study area matches with that of Hyderabad, Tel-
angana, and the highest value is noted in Allampati village 
(71.93 ppb). 

Uranium Contour

Uranium concentration of groundwater samples was com-
pared to the WHO standard, and it was found that six sam-
ples contain Uranium concentrations above the safe limit 
of 30 ppb (WHO 2011). The spatial distribution of Ura-
nium (Fig. 5) shows the highest concentrations associated 
with Granite bodies in two patches; one in the central part 
of study area, and the other along the north-eastern side. 
Apart from this, samples taken from the Charnockite rocks 
exposed along NW–NE sides also shows higher concentra-
tions of Uranium. In general, water samples belonging to 
the Hard rock terrains located on the NW side show higher 
values of Uranium, whereas those from Sedimentary rocks 
on the SE side show negligible concentrations.

The groundwater flow through fractures and fissures in 
crystalline rocks like Charnockites and FHBG; therefore, 
the extent of contact between water and the rock matrix var-
ies depending on the availability and interconnectivity of 
the fracture. The interaction of water and rock is greater in 
rocks with primary porosity (sedimentary rocks) compared 
to crystalline rocks. Further, the silicate minerals in crystal-
line rocks tend to weather slowly leading to limited intercon-
nected pores; therefore, the residence time of groundwater 
in metamorphic and plutonic igneous rocks is more. The 
low rainfall and excessive evaporation conditions in arid and 
semiarid regions favor the formation of groundwaters with 
higher ionic concentrations (Hem 1985). The process of illu-
mination enriches U in groundwater by leaching and precipi-
tation process, thereby adding dissolved loads of natural U, 
through natural weathering of rocks such as granite (Brindha 
and Elango 2013). As a result, the highest U concentration is 
noted in granitic terrains followed by FHBG, and then Char-
nockites. It is observed that the concentrations are lower in 
the Sedimentary terrain or along the contact area between 
the hard rock and the sedimentary aquifers.

pH

pH governs the dissolution of minerals in water and also 
governs the distribution of uranium in groundwater. Fig-
ure 6 shows that higher uranium concentration is distributed 
in the near-acidic-to-neutral pH conditions irrespective of 
the formation (6.72–7.24). Most of the samples of FHBG 
are above pH 7.24 and have lower U concentration. The 
study on the variation of uranium species with respect to 
pH (Fig. 7) showed that UO2(CO3)2

2− and UO2(CO3)3
4− are 

more predominant in acidic-to-near-neutral pH conditions. 
Under closed conditions with constant amount of dissolved 
carbonate and low acidic-to-neutral pH, the formation of car-
bonate–uranium complexes is reported which is mainly due 
to transformation of U(VI) species with the increasing pH 
(Krestou and Panias 2004). Near-acidic condition favors the 

Table 1   Minimum, maximum, mean, and SD of physicochemical 
parameters and comparison of chemical compositions of water with 
WHO (2011) in milligram per liter (except U in ppb, ORP in mV, EC 
in µS/cm, and pH)

NG not given; SD Standard Deviation
a WHO (2004, 2006)

Param-
eters

Maximum Minimum Mean
(N = 54)

SD WHO(2011)

Ca 118 8 30.66 20.93 100a

Mg 81.6 1.2 24.99 16.31 50a

Na 167 5.22 67.15 42.49 200
K 264 2.3 21.91 35.6 20a

Cl 132.94 5.32 27.44 23.17 250
HCO3 756.4 18.3 372.1 133.30 125–350a

F 4 0.2 0.70 0.38 1.5
NO3 210 0.2 33.53 40.67 50
PO4 3.3 0.3 1.53 0.49 NG
SO4 3.4 0.15 1.53 9.70 500
H4SiO4 112 0.2 35.56 28.17 NG
U 71.93 0.79 12.88 17.70 30
ORP 223 68 149.94 110.54 NG
pH 8.25 6.28 7.08 0.34 6.5–9.5
EC 7010 236 1323.61 1041.27 1400a

TDS 2275 163 805.42 1261.73 1000
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formation of uranyl carbonate, and with further removal of 
more and more CO2 from the water by complexing with the 
uranyl ion makes the system more acidic. Thus, the system 
is made more aggressive toward the dissolution of U in these 
regions with more complexation of UO2(CO3)3

4−.
Uranyl phosphate complexes can also form at near-neutral 

pH, and the aqueous species UO2(HPO4)2
2− could be impor-

tant in neutral-pH waters (Drever 1997). However, the pre-
sent study shows that there is no considerable correlation of 
phosphate complexes of U with pH. The other U complexes 
expected to form are sulfide and fluoride species, which 
can occur under acidic conditions (Langmuir 1978; Drever 
1997). It is also inferred that the chloride and sulfate act as 
important ligands in saline waters (Porcelli and Swarzenski 

2003). Stable complexes of U(VI) also form in association 
with dissolved organic carbon (Cothern and Lappenbusch 
1983; Higgo et al. 1993; Arey et al. 1999). Thus, organic-
rich waters can significantly enhance the transport of U.

Redox

Oxidation and reduction reactions play an important role in 
releasing U from the rock/soil matrix. Reduction of U(VI) 
to insoluble U(IV) is favored in low Eh thus immobilizing U 
from water. The oxygen content in groundwater determines 
the dissolution capacity of the U from the minerals present 
in the host rocks (Fig. 8). Under oxidizing conditions, uranyl 
ion, UO2

2+, is the dominant dissolved species of U(VI). In 

Table 2   Uranium 
concentrations in water samples 
in different states of India

S/N Cities/States in India Range of uranium concentra-
tion in water (µg/l)

References

1. Guwahati, Assam 0.08–5.32 Talukdar et al. (1983)
2. Varanasi, UP 11.3–63.33 Meher et al. (2015)
3. Fatehpur, UP 11.95–35.84 Meher et al. (2015)
4. Aligarh,U P 0.67–471.27 Bansal et al. (1985, 1988)
5. Jhansi and Allahabad, U P 0.87–6.45 Singh et al. (1996)
6. Ghaziabad, UP 4.2–11.4 Singh et al. (1996)
7. Fatehabad, Hariyana 10.20–18.13 Kansal et al. (2011)
8. Bhiwani, Hariyana 19.32–43.31 Kansal et al. (2011)
9. Hisar, Hariyana 9.23–17.44 Kansal et al. (2011)
10. Sirsa, Hariyana 6.37–24.93 Kansal et al. (2011)
11. Jaduguda, Jharkhand 5.7–30.9 Sahu et al. (2014)
12. Hanumangarh, Rajasthan 4.74–98.7 Rani et al. (2013)
13. SriGanganagar,Rajasthan 4.66–133.0 Rani et al. (2013)
14. Churu, Rajasthan 10.75–81.30 Rani et al. (2013)
15. Sikar, Rajasthan 2.54–28.38 Rani et al. (2013)
16. Ropar, Punjab 1.93–19.25 Singh et al. (2009a, b)
17. SW-Punjab 0.5–579.0 Bajwa et al. (2015)
18. NW-Punjab (Amritsar) 3.19–45.59 Singh et al.(2003)
19. Bhatinda, Punjab 11.7–113.7 Singh et al. (1995)
20 Malwa, Punjab 5.4–43.4 Mehra et al. (2007)
21 Malwa, Punjab 5–316 Kochhar et al. (2003)
22 Kolar, Karnataka 0.3–1442.9 Babu et al. (2008)
23 Maharashtra 0.03–7.8 Rao and Shah (1976)
24 Mumbai, Maharashtra 1.1–10.6 Sahu et al. (2014)
25 Vishakhapatnam,AP 0.6–12.3 Bhangare et al. (2013)
26. Hyderabad, AP 0.6–82.0 Balbudhe et al. (2011)
27. Selected areas of Punjab and 

Himachal Pradesh
1.39–98.25 Rani and Singh (2006)

28. Himachal Pradesh, Bilaspur 0.1–4.6 Singh et al. (1999)
29. Himachal Pradesh, Kulu 0.3–2.5 Singh et al. (2001)
30. Upper Siwaliks 1.08–19.68 Singh et al. (2009a, b)
31. Himalayas (Siwallik) 1.1–35.8 Ramola et al. (1988)
32. West Bengal 1.3–13.2 Bansal et al. (1988)
33. Madurai, Tamil Nadu 0.20–156.84 Thivya et al. (2014)
34. Hyderabad, Telangana 3–370 Keesari et al. (2014)
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general, the ORP values in the groundwater of the study 
area are positive (68–223 mV). The spatial representation 
of these values (Fig. 9) shows that the values increase from 
the central part represented near the granitic patch and the 
highest values are observed in the north-western part of 
the study area covered by FHBG. Since the groundwater is 
under oxic condition, leaching of U from the source rock to 
the groundwater is favored. 

pCO2

Groundwater CO2 is the theoretical pCO2 that exists in 
chemical equilibrium with the solution if a gas phase were 

present. The relationship of pCO2with HCO3
− and pH is 

given as

where Ct = log10(K1,T) − log10(Kh,T); pH is in standard 
pH units (− log10 of the activity of H +); HCO3

− has units 
of chemical activity; K1,T is the temperature dependent 
first association constant of H2CO3

0*, H2CO3
0* is the sum 

of H2CO3
0 and CO2

0, and Kh, T is the temperature depend-
ent Henry’s Law constant expressing the relation between 
H2CO3

0* and pCO2. The volume-percent of CO2 in dry air is 
0.032%, and it corresponds to a partial pressure of 3 × 10−4 
(10−3.5) atm.

log10
(

pCO2

)

= log10
(

HCO−
3

)

− pH + Ct

Fig. 5   Spatial distribution of uranium concentration in groundwater overlaid on lithology

Fig. 6   Occurrence of U and its relationship to pH in groundwater 
with respect to lithological units

Fig. 7   Distribution of Uranium species in groundwaters in different 
pH ranges
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Higher log PCO2 value is indicative of closed system 
(Chidambaram et al. 2011). Values in the range from -3 
to -4 of log pCO2 indicate open system, as -3.75 is atmos-
pheric pCO2. In open system, water is directly connected 
to atmosphere, but in closed system, it is not connected to 
atmosphere and the pressure of CO2 increases. High pCO2 
increases H+ion in solution, through the dissociation of 
H2CO3, thereby triggering chemical weathering of felsic 

and mafic silicates in weathered and hard rock terrains of 
the study area.

Uranyl–carbonates are the most important aqueous spe-
cies of U. The higher partial pressure of CO2 (about 10−2 
atm) in the deep subsurface enhances the concentration of 
carbonates that are naturally abundant. The concentration 
of CO2 further increases up to 10−2 M in groundwaters by 
reactions with carbonate-containing mineral phases (e.g., 

Fig. 8   Conceptual diagram 
depicting variation in U con-
centration along groundwater 
flow path (after Ivanovich et al. 
1991)

Fig. 9   Spatial distribution of ORP (mV) in groundwater overlaid on Total uranium (ppb)
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dolomite (CaMg(CO3)2) and calcite (CaCO3)) (Langmuir 
1997; Clark et al. 1995; Runde 2000). Transport of U in 
natural waters is intensified by Uranyl–carbonate complexes 
by increasing the solubility of U minerals, simulating U(IV) 
oxidation, and hindering adsorption of U in oxidized waters 
(Langmuir 1997; Závodská et al. 2008; Wazne et al. 2003).

The graph (Fig. 10) of log pCO2 versus Uranium shows 
that all samples except two fall within the log pCO2 range 
from − 2 to − 1. It is observed that for the same pCO2 value, 
there are samples with low U concentration as well as higher 
U value concentration. Groundwater samples from Horn-
blende Biotite Gneiss show a wide range of pCO2 values 
indicating the presence of both open and closed systems. 
However, higher U values are noted only in the higher 
pCO2 region indicating role of higher HCO3 concentration 
in mobilizing U from the rock. These observations reveal 
that a closed system predominant in hard rock regions leads 
to higher uranium concentrations in the study area, while in 
sedimentary formations, an open system exists with low U 
concentrations in groundwater.

HCO3

In acidic environment, the release of U into the solution 
is favored with the increase in HCO3

−; this subsequently 
slowly turns the groundwater to near-neutral condition and 
changes H2CO3 to HCO3

−. Higher uranium values show 
a linear trend with the increasing bicarbonate indicating 
a positive correlation between U and HCO3 in FHBG 
(Fig. 11), but all higher HCO3 values do not necessar-
ily show a linear trend with higher U concentrations. 

Similarly, it is interesting to note that the trend is well 
maintained in the case of FHBG than in other formations. 
This is partly attributed to the intensity of weathering in 
these rock types, FHBG being the most easily weathered 
unit (Appelo and Postma 2005). High pH favors the for-
mation of the carbonate complex and desorption of U(VI) 
from aquifer sediment containing metal oxides/oxyhydrox-
ides and clay minerals, releasing U into groundwater.

Oxygenated groundwater is best suited for U transport, 
whereas reducing environment aids in formation of sta-
ble U minerals. In oxic environments, Uranium exists in 
groundwater with a valency of +6 [U(VI)], and uranyl ion 
(UO2

+2) forms in the absence of complexing species, such 
as dissolved inorganic carbon (DIC) (Langmuir 1997). 
Very high concentrations of U (greater than 1000 ppb) 
are a major requisite for formation of stable U minerals in 
oxic environments. Uranyl adsorption to iron oxy-hydrox-
ide coatings on sediment grains, clay mineral edges, or 
to organic matter reduces the aqueous concentration of 
U(VI) (His and Langmuir 1985; Waite et al. 1994; Davis 
and Curtis 2004; Catalano and Brown 2005). However, the 
presence of complexing ions, particularly DIC species, can 
increase the solubility and mobility of U (VI) (Langmuir 
1997; His and Langmuir 1985; Waite et al. 1994; Davis 
and Curtis 2004). This gives an idea that since hard rock 
terrains have less connectivity to the surface due to lack 
of interconnected pores or primary porosity, increased 
residence time will enable leaching of Uranium from the 
rocks and hence gives higher uranium concentrations in 
those regions.

Fig. 10   Relationship of uranium (ppb) to log pCO2 in groundwater 
samples with respect to lithologies Fig. 11   Relationship of uranium (ppb) to bicarbonate ion in ground-

water with respect to different formations
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Ionic Strength

In order to evaluate the relation between dissolved U and 
total salt load, ion strength was estimated in the water sam-
ples. Fresh waters usually have ionic strength less than 0.02 
and that of oceanic water is about 0.7 mol kg. Typical fresh 
water has ionic strength of less than 0.005 (Domenico and 
Schwartz 1990).

Ionic strength (IS) of the groundwater samples ranges 
from 0.0023 to 0.0183 in the study area. Figure 12 depicts 
increasing trends in ionic strength for an increase of U con-
centrations in varying proportions in hard rocks. Most of the 
higher uranium samples have higher ionic strength, and it 
shows a particular trend as noticed in FHBG and Charnock-
ites. This also reflects higher residence time of groundwater 
in the system and the presence of uraniferous minerals in 
the aquifer. On the contrary, groundwater from granitic ter-
rain shows higher concentration of uranium with lesser ionic 
strength, which could be due to flow of groundwater through 
the granitic intrusions with U-rich minerals. Groundwater 
reacts with U-rich minerals present in granites, resulting in 
uranium dissolution from rock matrix even though residence 
time is less and ionic strength is low.

δ 18O

Environmental isotopes indicate two kinds of groundwater. 
Samples with depleted isotope values are typically recharged 
by rain water, while samples with enriched stable isotope 
composition are recharged by evaporated water bodies (local 
tanks, reservoirs, etc.) (Fig. 13). In general, groundwater 
samples of the region show both enriched and depleted iso-
tope values, but groundwater from charnockite, quartzite, 

sandstone formations, and half of the FHBG formation 
are represented by the depleted isotopes. Those samples 
with enriched stable isotope values show lesser uranium 
concentrations.

Groundwater which is mainly recharged by the precipita-
tion indicates depleted isotopic composition compared to 
groundwater recharged by evaporated water. Fluctuation of 
water level was noted in the Charnockite and FHBG aquifers, 
by the earlier researchers. The increase of groundwater level 
also enhances the dissolved uranium concentration (Brindha 
et al. 2010). Samples were collected in the month of July 
during the onset of monsoon which might also enhance the 
dissolution of U in groundwater from the minerals near the 
surface (shallow depths). This happens when the infiltrat-
ing rainfall flushes uranium from the unsaturated zone and 
simultaneously results in the increased uranium concentra-
tion in solution as well as rise in the water table as noted in 
the Charnockite and FHBG. This observation is supported 
by the depleted stable isotope concentration of groundwa-
ter. Enriched isotopic values are noted in groundwater of 
granitic terrains with higher U concentration, which reflect 
evaporated surface water as the main recharge source.

The classification of Tritium levels in water (Clark and 
Fritz 1997) shows that the 3H values < 0.8 TU represent 
sub-modern water recharged prior to 1952; 0.8 to  ~  4 
TU ranges signify the mixture of sub-modern and recent 
recharge; The range of values from 5 to 15 TU shows mod-
ern recharge with recharge times of 5–10 years. Figure 14 
depicts a plot between Uranium and Tritium for selected 
samples. Groundwater can be classified into three types in 
the study area, viz i) sub-modern, ii) Mixture of sub-mod-
ern and recent recharge and iii) modern. All samples except 
two belonged to the mixture of types between sub-modern 

Fig. 12   Relationship of uranium concentration to ionic strength with 
respect to formations

Fig. 13   Relationship of uranium concentration to δ18O in groundwa-
ter with respect to lithology
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and recent-recharged types. In general, the highest uranium 
concentration is observed in this mixed water type belong-
ing to rock types such as Fissile Hornblende Biotite Gneiss, 
Charnockite, and Granite. This inference is found to match 
with the observations obtained from ionic strength patterns. 
Higher U groundwaters associated with hard rocks have 
longer residence time which in turn led to higher uranium 
content. It is found that modern waters contain lower ura-
nium due to dilution by infiltrating rain water.

Hazard Zonation

Exposure to the radionuclide uranium has numerous long-
term health risks. The mode of exposure, contact time, 
solubility of uranium, and preventive measures are the fac-
tors determining the severity of damage. The presence of 
uranyl compounds in edible parts of plants is reported by 
many researchers (Saric et al. 1995; Sheppard et al. 1989). 
Vegetable food stuff such as cauliflower, carrots, cucumber, 
and red peppers were reported to contain relatively high 
amounts of Uranium compared to other organic products 
(Sheppard et al. 1989). After being consumed through drink-
ing and cooking water, most of the uranium and its radio-
active daughter products are eliminated from the human 
body. However, due to its non-biodegradable nature, small 
amounts of this heavy metal finds its way to enter the blood 
stream. In blood plasma, uranyl ion combines with bicarbo-
nate, citrate, and forms complexes like UO3(CO2)3 (Durbin 
1984). The UO2

2+ ion binds with the red blood cells (Sethy 
et al. 2011). During the kidney functioning and purification 
of blood, Uranium gets filtered and deposited in the kidneys 
and damages the proximal tubules (WHO 2011). This affects 
the urinary albumin (Mao et al. 1995), glucose, and calcium 

(Arzuaga et al. 2010). Role of uranium as a cytotoxicity bio-
marker is studied by Zamora et al. (1998). Continuous expo-
sure to U leads to high cancer risk and also liver damage 
(ATSDR 1999). Brain dysfunction, diminished bone growth, 
DNA damage, and developmental defects are reported in 
infants due to critical exposure during their growth (Brugge 
et al. 2005; Brugge and Buchner 2011).

Ingestion of uranium in human body is mainly through 
drinking water and due to its high ionization power, it tends 
to be hazardous. Consumption of uranium through drinking 
water by population residing around the uranium-bearing 
rock formations has been considered in the present study. 
Spatial distribution of Uranium hazard has been arrived by 
assuming an average per capita consumption of 4 L of water 
per day. Population details for each sample points were col-
lected using Census 2001 for Tamilnadu and multiplying 
it with the average daily per capita water consumption (4 
L) and with corresponding total uranium concentrations for 
each sample of that village (Fig. 15).

Four liters × total population of the village × U concen-
tration in groundwater of the village = average U-contami-
nated groundwater consumed per day by village (Lpd).

Higher hazard values are detected along the eastern side 
of the study area where the population is higher with an 
average higher U concentration in groundwater, which cov-
ers an area of 83.49 km2 in the central–eastern segment of 
the study area.

Conclusion

Sampling was carried out to understand the source, distribu-
tion, occurrence, and potential risk zones of Uranium hazard 
in the study area. A comparison is made with worldwide 
U occurrences over various lithologies, and it is observed 
that groundwater in granite formation reports the high-
est uranium content followed by sedimentary formations. 
This is found to match with the highest observed value of 
71. 93 ppb reported from central granitic intrusions of the 
study area. Fissile Hornblende Biotite gneiss reports the next 
higher uranium content followed by Charnockites located 
along the NW part. In general, samples from hard rock ter-
rain contain higher uranium concentrations than those of 
the sedimentary formations. It’s observed that the highest 
dissolution of uranium is taking place in the near-neutral 
to acidic pH conditions of groundwater. In the highest ura-
nium samples, uranium is found to be in complex form 
predominantly as UO2(CO3)2

2− and UO2(CO3)3
4− supporting 

the near-neutral and acidic pH environment. Uranyl species 
such as UO2(HPO4)2

2− is also present supporting an acidic 
environment. Redox potential values observed in the region 
clearly indicate the oxidizing condition, which is favorable 
for uranium transport and dissolution. The role of pCO2 in 

Fig. 14   Relative ages of higher Uranium samples with respect to lith-
ological formations
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assisting chemical weathering of felsic and mafic silicates 
in weathered and hard rock terrains of the study area is 
observed. Log PCO2 values reveals a closed system of hard 
rocks having higher uranium concentrations and an open 
system of sedimentary formations with low U concentra-
tions. The positive trend observed between U and bicarbo-
nate in FHBG reveals that the presence of complexing ions 
such as HCO3 increases uranium solubility and mobility. 
Isotopic composition is found to be enriched in groundwater 
of the granitic terrain with higher U concentration, probably 
due to the recharge from an evaporated surface water source. 
It is also inferred that relatively older waters characterized 
by low tritium values have higher uranium concentrations. 
Since hard rock terrains have less connectivity to the surface 
due to lack of interconnected pores or primary porosity, the 
residence time of groundwater in the system is more, and it 
allows for enhanced leaching of Uranium from the rocks giv-
ing rise to higher dissolved U concentrations. Higher ionic 
strengths observed in FHBG and Charnockites are another 
manifestation of longer residence times of groundwater, 
which again promotes higher release of U into groundwater.
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