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Abstract This paper presents the isotope hydrochemical
results of groundwaters from southwest Punjab for
assessing the uranium contamination and evaluating the
factors leading to elevated uranium concentration. A total
of 35 samples covering shallow and deep zones were col-
lected for hydrochemistry and isotopes. Uranium concen-
tration ranges between 2.3 and 357 pg L™ and 66% of the
samples are contaminated. Both shallow and deep zones
show U contamination but high incidences are noticed in
shallow zone. Hydrochemical correlations infer geological
sources rather than anthropogenic sources responsible for
U contamination. Isotopically there is no clear distinction
between high and low U groundwater.

Keywords Environmental isotopes - Uranium
mobilization - Alluvial aquifer - Hydrochemistry

Introduction

The groundwater resources are being overexploited in
many parts of the country due to rapidly growing popula-
tion, unfavorable climatic events and recurrent droughts.
This scenario is clearly witnessed in human influenced
alluvial aquifers of Punjab due to ever increasing demand
for irrigation, industrial and domestic needs [1]. In addition
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to quantity, it was reported that groundwater quality is also
deteriorated in many parts of Punjab state by inorganic and
organic contaminants [2-5]. The concern about toxicity
related to uranium in groundwater of southwest region of
Punjab, India has attracted world attention in recent times,
leading to many studies related to identification of source
and processes causing high U in groundwater [6-9].
Occurrence of high concentration of uranium in drinking
water and food can lead to potential harmful effects in
human beings [10, 11]. Uranium accumulated in human
results in chemical and radioactive effects. The principal
sites of uranium deposition in the body are the kidneys, the
liver and the bones. The toxicity of uranium is a function of
the route of exposure (internal or external), particle solu-
bility, contact time, and route of elimination [12]. The
concentrations of radiotoxic elements like uranium in
drinking water are being monitored by different health
organizations. The World Health Organization had rec-
ommended a guideline value of 30 ug L' U in drinking
water [13]. Maximum acceptable level of U in drinking
water as per guidelines of India’s Atomic Energy Regula-
tory Board, Department of Atomic Energy, is 60 pug L™
[14].

Uranium is generally found in accessory minerals and is
mostly immobile in nature; however during weathering it
gets released or leached into groundwater [15]. The
chemistry of uranium in aqueous systems is mainly con-
trolled by the pH, redox potential and complexing agents
such as carbonates, phosphates, vanadates, fluorides, sul-
fates and silicates [16, 17]. Therefore, it is essential to
evaluate the hydrochemical characteristics of the ground-
water in U contaminated region. In addition to hydro-
chemical data, environmental isotopes have been applied in
groundwater hydrology to get insight into the occurrence,
movement and distribution of water in aquifers
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[18-21]. Among environmental stable isotopes, water iso-
topes (8°H and 5'%0) are commonly employed in many
studies related to source and origin of the groundwater [22]
interconnection between aquifers [23] and possible sources
of contamination [24-26].

Most of the studies conducted in Punjab region were
limited to profiling in water and soil, while a few attempted
to understand the mechanism of U release into ground-
water. High U concentration in groundwater was reported
by researchers in various parts of Punjab up to 650 pg L™
by Kumar et al. [6] and up to 1340 pg L™' by Sharma and
Singh [9]. Kochhar et al. [27] suggested high heat pro-
ducing granites of the adjoining Tusham area can be
potential source for U in this region, while Patnaik et al.
[28] and Phadke et al. [29] proposed Siwalik sediments as
the main cause for increased U in groundwater [27-29].
Fertilizer input as the cause for high U in groundwater was
suggested by Kumar et al. [6] and Singh et al. [30].
Hydrochemical studies infer that the U occurrence in
groundwater is mainly attributed to presence of alkalinity
in groundwater along with high TDS and dissolved oxygen
[7, 31, 32]. Other hydrochemical studies conducted on
water quality of this region have concluded that evapora-
tion is responsible for the increased salinity in groundwater
of this region [33]. In the present paper we have attempted
to understand the U mobilization process and source of
groundwater employing the hydrochemical and environ-
mental stable isotope data.

Materials and methods
Study site description

The study area comprises two districts viz., Mansa and
Bathinda of southwest Punjab and encompasses an area of
about 5538 km? as shown in Fig. 1. This area falls between
29°32' to 30°36' north latitudes and 7437 to 7546’ east
longitudes. This region consists of Quaternary alluvial
deposits of Recent to Sub-Recent age. These alluvial
deposits were formed by the sediments transported from
adjoining areas comprising of Siwaliks, granites and other
metamorphic rocks [34, 35]. The geological evolution and
the source of sediments highlighting Siwalik, granitic and
metamorphic source rocks is detailed by Gupta and Thakur,
Sharma et al. and Tripathi et al. [36-38]. Groundwater
exits under both unconfined and confined conditions in
these alluvium aquifers. The general slope of the water
table is towards SW from North, NE, East and SE. Based
on the in situ nature of sediments the alluvial aquifers of
this region have been divided in to two aquifers, the
shallow aquifer with depth up to 60-70 m bgl (below
ground level) and deep aquifer below 70 m bgl [39]. Two
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aquifer system with similar aquifer thickness was also
suggested by other researchers [34, 35, 38]. This area has
extensive canal system for irrigation purpose, which are
originated from Satluj river. The major canal in the area is
Bathinda branch canal, it traverses whole of the area except
the southern and extreme north parts. The southern and
south-eastern part is traversed by Kotla branch canal and
the extreme north part by Abohar Branch canal. 80% of the
area is irrigated by canals [34, 35].

The climate of the region can be classified as semi-arid
and hot which is mainly dry except in rainy months and
characterized by intensely hot summer and cold winter.
The average annual rainfall is 400-500 mm, which is
unevenly distributed over the study area. The southwest
monsoon (June—September) contributes about 82% of
annual rainfall. Rest of the rainfall mostly occurs during
non-monsoon months of the year. The depth to water level
varies from 2.24 to 20.76 m bgl in Bathinda district and
3.89-12.36 m bgl in Mansa district. Rise in water
table was observed during post monsoon season and the
long term water level fluctuation showed the rising trend,
maximum up to 5 m in northeastern part of Mansa
[3, 34, 35].

Methodology
Hydrochemistry

A total of 35 samples were collected from bore wells, hand
pumps, tube well and canal in the study area during
February 2015 (dry period). River Ghaggar flows in the
southern tip of the study area and during sampling it is
found that electrical conductivity of the samples variation
is very high in this part of the study area due to contribu-
tion from river in the south direction and water logging in
the north direction, hence more number of samples was
collected (sample no. 20-27). Depth of the wells was in the
range of 0.9-111 m bgl. Before collecting the samples
wells were purged by pumping out the stagnant water for
30 min in order to obtain representative sample. Physical
parameters like, temperature, pH and electrical conduc-
tivity (EC) were measured in situ. Alkalinity was measured
by titrating 10 mL of water sample with 0.02 N H,SO4. A
mixed indicator (Bromocresol green—-Methyl red) was used
to mark the end point. 50 mL of water sample was col-
lected from each location and filtered using 0.45 pm filter
and stored in acid treated sample bottles for anion mea-
surements. A duplicate set of samples was collected in the
same way and acidified to pH 2 using concentrated HNO;.
Cation (Na*, K*, Mg”>" and Ca®") and anion (F~, CI~,
NO;~, SO4*~ and PO4*") analysis was carried out using
ion chromatography (Dionex 500). The accuracy of the
measurements was better than 5%. The accuracy of the
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Fig. 1 Study area and sampling locations

chemical ion data was calculated using charge balance
equation given below and the charge balance error (CBE)
values of the samples were within the accepted limits
of £5% [40].

meq(cations)
meq(cations) + meq(anions)

— meq(anions)

CBE(%) = 100 (1)
The ionic strength and log pCO, values were calculated by
WATEQA4F program [41].

Environmental isotopes

Since the natural variations of environmental stable iso-
topes ('®0 and *H) are usually very small, the only tech-
nique that can routinely measure precise isotopic ratios is
mass spectrometry (IRMS—isotope ratio mass spectrom-
eter). For stable isotope (2H and 18O) analysis, water
samples were collected in 50 mL airtight high density
polyethylene bottles and measured by continuous flow
IRMS (Isoprime 100). For 5°H analysis, 1 mL of the water
sample was equilibrated with H, in presence of Pt—coated
Hokko beads catalyst at 50 °C for 90 min and the gas was
introduced into the mass spectrometer [42]. The 3180 of
the sample was measured by equilibrating 1 mL of water
with CO, gas at 50 °C for 8 h and the equilibrated gas was
introduced into the mass spectrometer [43, 44]. The results
are reported in &-notation and expressed in units of parts

per thousand (denoted as %o). The ¢ values are calculated
using [45]:

(%) = (%— 1) x 1000

S

(2)

where R denotes the ratio of heavy to light isotope (e.g.
’H/'H or 180/160) and R, and R, are these ratios in the
sample and standard respectively. The precision of mea-
surement for 8°H is & 0.5%o and for 3'%0 is & 0.1%o (20).

Uranium estimation

Samples for uranium analysis were collected in acid
washed high density polyethylene bottles after filtering
through 0.45 pm cellulose nitrate filter circles. The Ura-
nium analysis was carried out using laser fluorimeter (UAI,
Quantalase), which works on the principle of fluorescence
of uranyl complex enhanced by addition of sodium
pyrophosphate as fluorescence enhancement reagent and
the detection limit was determined by standard addition
method [46]. The technical features of laser uranium ana-
lyzer are: detection limit: 0.2 ug L™' of U, range:
0.5-100 pg L™, excitation source: sealed-off nitrogen
laser, wavelength: 337 nm, pulse energy: 20 p joule, pulse
duration: 7 nano second, frequency: 10 Hz and sample
size: 3—5 mL. Quantification of unknowns was carried out
by standard addition method. Repeat measurements were
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performed on a few samples for the determination of pre-
cision. The accuracy of this technique was validated by
comparing the values obtained from inductively coupled
plasma mass spectrometry (ICP-MS) technique. The details
of the validation are given in Rishi et al. [32]. Uranium
concentration was also determined for canal as well as
municipal supplies collected in the study area.

Results and discussion
Hydrochemical characteristics

The summary of hydrochemical parameters of groundwater
samples is presented in Table 1. pH of the groundwater
shows a narrow distribution (mean: 8.2 + 0.4) and is
mostly neutral to alkaline while electrical conductivity of
the groundwater samples show wide variation from fresh to
saline quality (Table 1). Among major ions high concen-
trations are noticed for Na™, CI™, HCO5;™ and SO427 while
the concentrations are low for rest of the ions (Table 1).
Uranium concentration in the study area varies from 2.3
to 357 pg L™ and 34% of the samples fall within drinking
water permissible limit of 30 pug L™" [13] while 66% of the
samples fall in unsafe category (Fig. 2a). The permissible
limit for radiological toxicity of U in drinking water is set
by Atomic Regulatory Board of India as 60 pg L™" [14].
As per AERB limits, 63% of the water samples fall in safe
category while rest of the samples (37%) fall in unsafe

category (Fig. 2b). The municipal supply water as well as
canal water showed U concentration <10 pg L™,

Hydrochemical results indicate a wide variation in EC
and HCO;™ concentrations suggesting multiple sources of
dissolved ions. The spatial variation of hydrochemical
parameters indicates that low ionic concentrations are
generally limited to locations near the canals and other
surface water bodies while high values are mostly from
locations adjacent to agricultural fields. In order to deter-
mine the contribution of fertilizers K™, NO;~ and PO43 -
were also measured and their concentrations were found to
range from 0.8 to 101 mg L™, 0.3 to 150 mg L™'and BDL
to 200 pg L' respectively (Table 1). Results indicate that
samples with high U concentration (>100 pg L™") do not
necessarily show high NO;~ or K™ or PO,>~ concentra-
tions in groundwater. High NO;3;~ in groundwater is
observed in both agricultural and non-agricultural areas,
mostly near domestic outlets [47, 48]. Moreover high
NO;™ is confined mostly to shallow zones while deeper
zone groundwater is free from NO;~ contamination. These
observations infer that high NO;™ in groundwater may not
be only due to agricultural practices but also due to sewage
leakage into the ground as the sewer lines may not be well
maintained in the study area as also reported in previous
study [2, 4].

A vertical distribution of U and associated HCO5;™
concentration is depicted in Fig. 3. High variability in U
and HCO;™ concentrations are generally noticed in the
shallow zone while in the deeper zones the variation is less.

Table 1 Summary of

hydrochemical and S.no. Water quality parameters Range Mean  Standard deviation =~ Median

environmental isotope data of Min. Max.

groundwater samples
1. Depth (meters below ground level) 9.1 107 49.6 31.6 45.8
2 pH 7.4 8.9 8.2 0.42 8.2
3. EC (uS cm™") 263 7452 1666 1398 1318
4. TDS (mg L™ 168 4769 1066 895 844
5. Ca®* (mg L™ 2.4 62.6 12.4 11.5 9.1
6. Mg?* (mg L™ 7.7 158 40.9 34.2 27.5
7. Na® (mg L) 40.2 1680 365 352 273
8. K™ (mg L™ 22 102 147 18.8 10
9. Cl” (mg L™ 7.11 1350 197 284 86
10. HCO;™ (mg L™ 100 1170 482 207 455
11. NO;~ (mg L1 2.20 150 48.1 46.6 30
12. S0.>~ (mgL™h 12.3 2075 309 447 162
13. F~ (mgL™h 0.5 43 1.7 1.2 1.2
14. PO~ (ugL™h 0.00 200 77.1 52.5 70
15. Total uranium (ug L™ 2.4 357 74.5 76.2 48
16. 3'%0 (%o0) -112 =50 =77 15 —-7.6
17. ?H (%o) -804 —417 -564 9.5 —56.1
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Fig. 2 Pie chart depicting the
percentage of samples
exceeding safe limits
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Fig. 3 Vertical distribution of a uranium and b bicarbonate
groundwaters

in

Highest concentration of U was found to be 357 ug L™" in
shallow zone of Phul village tapping a shallow zone of
33 m bgl. Elevated levels of U are observed at locations
Bhai Rupa, Boha, Bhucho khurd, Jalal and Jatana Kalan
where the U concentrations are 222, 212, 176, 145 ng L!
respectively. High U concentration was found both in
shallow as well as deep wells. Low U concentrations are
observed prominently in the canal command area, near the
Ghaggar river in Mansa.

In order to determine the probable source of U in
groundwater, U concentration was plotted against the other
ions (Fig. 4a—f). A positive correlation is observed between

B Unsafe

(b) AERB limits

mSafe W Unsafe
U and HCO;~ (Fig. 4a) with a correlation coefficient of
0.48 (except three samples encircled), which indicates that
high HCO;™ content facilitates U leaching into ground-
water. Presence of high alkalinity (mean HCO;:
482 mg L™") and alkaline pH conditions (mean pH: 8.2)
favor the formation of stable and soluble species of U such
as UO,COs(aq) and UO,(CO3)5~ . Similar trends between
U and HCO;~ were reported by other researchers
[2, 7, 32, 49]. In the case of ionic strength, it can be
observed that the data points fall in two groups. There is
only a marginal increase in U concentration with increase
in ionic strength of the groundwater (shown by group (i)).
This reflects that uranium is not directly associated with
ionic strength. Other set of data fall in group (ii) where
groundwater shows increasing trend in U content and don’t
show a proportional increase in ionic strength. This
observation is in contradiction to earlier observations
wherein it was concluded that high ionic strength, TDS and
electrical conductivity of the groundwater lead to enhanced
dissolution of the U from the minerals [25, 50].
Application of fertilizers also can cause U contamina-
tion in groundwaters [51]. In order to evaluate the fertilizer
input towards U contamination, NO;™, K" and P043_
concentrations of the groundwater was plotted against
corresponding U concentration (Fig. 4c—e). From the plot it
can be observed that increase in NO3~ in groundwater has
not increased the U concentration (Fig. 4c group (i)) sim-
ilarly increase in U concentration is not associated with
increased NO;~ (Fig. 4c, group (ii)). High U samples
(>100 ng L™ showed low NO;~ concentration
(<40 mg L™"). Few samples with moderate U concentra-
tion (50200 pg L") showed NO;~ concentration in the
range of 80-150 mg L™'. This behavior can be attributed
to mixing of groundwater between shallow and deep zones
at those specific locations. Shallow and deep zone inter-
connections were noticed in some parts of the southwest
Punjab by earlier researchers [32]. There is a negative
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correlation of U with K concentration as shown by eye-
guide line in Fig. 4d. High U samples (>100 pg L™")
showed very low K concentration (<10 mg L™"). Fertil-
izers are manufactured from phosphate ores, hence it is
expected that fertilizer contribution towards high U in
groundwater could also be associated with high phosphate.
Figure 4e represents that even in the case of POs’~ the
trends observed are very similar to that of ionic strength
(Fig. 4b) and NO;3~ (Fig. 4c). Overall, the trends observed
in the plots (Fig. 4 b—d) indicate that contribution of fer-
tilizers towards high U concentration in groundwater is not
significant.
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Environmental isotope characteristics

Chemical characteristics of groundwater reflect only the
dissolved salt component and this signal can be modified
by various processes whereas environmental isotopes “H
and '®0 are conservative tracers of groundwater as they are
part and parcel of water molecule. Deuterium and oxygen-
18 have been used in this study to understand the source
and origin of groundwater and to relate this with the U
contamination.

The stable isotopes vary from —11.24 to —5.03%o for
3'%0 and —80 to —41.66%. for 8°H (Table 1). A wide
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variation in isotope values is observed in the shallow zone
samples while deep zone samples show relatively less
variation. The variation in isotopic composition of shallow
zone samples is due to presence of multiple sources of
recharge, like irrigation return flow, precipitation, canal
water, wetlands and other domestic sources. This obser-
vation is in agreement with other parameters like EC and
uranium. Depleted 3'%0 values are mostly observed near
canals, central and southern parts of the study area where
river Ghaggar flows. From the isotope data it can be
interpreted that shallow zone groundwater get contribution
from both canals and river. In some cases contribution from
evaporated water bodies leads to enrichment in isotope
values which reaches up to —5.04%o for 5'%0.

A plot of 8*H versus 8'®0 composition of the
groundwaters was presented in Fig. 5. A global meteoric
water line (GMWL) with an equation of 0H = 8 x
580 + 10 was also shown in the plot [52]. Water sam-
ples that are of meteoric origin plot along GMWL but
under certain circumstances the isotopic data of ground-
water samples deviate from this line, which include
evaporation and mixing [18, 21]. Most of the groundwater
sample data in this region fall on the GMWL indicating
precipitation as the source of recharge to these waters.
Best fit line for the isotopic data of the groundwater
samples shows a slope of 5.7, indicating slight evapora-
tion (Fig. 5). Groundwater samples falling on the evapo-
ration line indicate contribution from irrigation return
flow or from other surface water bodies. It is observed that
stable isotopic variations are similar in both low and high
U groundwater and mostly fall on the GMWL. This
indicates that the source and origin is common for both
high and low U groundwaters and it is mainly precipita-
tion. However, shallow zone also receives additional

-30 =
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-40 4 ."
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(@]
%
= 60
)
I
N 704
2o p 7 e sl
BFL:3"H=5.7*8"H -12.1
-80 - i 1
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Fig. 5 Scatter plots of 8'%0 versus 3*H composition of groundwaters

recharge from canal and irrigation return flow and hence
show a wide variation in isotopic composition.

A plot of U versus 8'®0 composition of the groundwa-
ters was presented in Fig. 6. It can be observed from the
figure that groundwaters fall in two groups. Group
(a) samples show an increase in U concentration (10 to
350 pg L™") with enrichment in isotopic content (3'%0:
—11.2 to —5.0%0).Group (b), on the other hand, doesn’t
show any systematic increase in U concentration with
almost similar range of increase in 5'0 values (8'*0: —9.2
to —5.0%o). It can be inferred that group (a) samples derive
U from interaction of sediments with evaporated water
most likely in shallow zone while group (b) samples derive
U from sediment—water interaction in deep zone. The deep
groundwater is recharged by lateral flows from NE part of
the study area [28, 34, 35, 38]. This observation suggests
that the source of U in groundwater is not different for low
or high U samples. In shallow zone, the groundwater has a
significant input from irrigation return flow which is also
high in bicarbonate. This mobilizes U from sediments in
shallow zone. A positive correlation between HCO; ™ and
U and no or negative correlation of U with fertilizer related
ions indicate that fertilizers as such might not be the source
for U but the HCO;™ contributed by root zone activity is
mainly responsible for leaching U from the sediments,
especially in shallow zone. In the case of deep zone, it is
the long residence time of groundwater with the sediments
containing carbonate minerals (like kankar) that allows
accumulation of U in the groundwater. This process also
increases ionic strength moderately. The geology of this
region reports presence of kankar in the formation [34, 35].

From hydrochemistry and isotope data, it can be inferred
that the significant factor aiding in the release of U from
the sediments could be elevated alkalinity in the shallow
zone. Shallow groundwaters receive inputs from irrigation
return flow which is high in HCO3;™~ concentration due to
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Fig. 6 Scatter plots of U versus 3'*0 composition of groundwaters
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evaporation and also root respiration. This facilitates easy
mobilization of U from minerals present in sediments of
shallow zone. The log pCO, values in the groundwater
range from —4.0 to —1.9. Shallow zone (<60 m bgl) show
slightly lower mean log pCO, value (—2.5) compared to
deep zone (—2.8). There is no correlation found between
log pCO, and U (Fig. 4f). Since there is a no or negative
correlation between U and NO;~, Kt and PO43_, con-
centrations in groundwater, fertilizer or other anthro-
pogenic factors do not seem to contribute high U in
groundwaters of this region.

Summary

An isotope and hydrochemical study was carried out in two
districts of Punjab viz., Bathinda and Mansa in order to
determine the source of uranium contamination in
groundwater and also to characterize groundwaters. U
concentration in groundwater ranges from 2.4 to
357 ng L™'. About 66% samples exceed the prescribed
limit by WHO (30 pg L™") while 37% samples exceed
AERB limit (60 ug L™"). Depth profile of the U concen-
tration indicates that high U was more prominent in the
shallow zones while in deep zone it is less. A positive
correlation was observed between HCO; ™ and U indicating
U occurrence is mainly due to leaching from sediments that
are derived from granitic rocks. Correlation between ionic
strength and U indicates that high U in groundwater is not
necessarily governed by the salinity of the groundwater.
Tons related to agricultural activities such as K*, NO;~ and
PO437 showed no or negative correlation with U, indicat-
ing that the role of anthropogenic factors is negligible
towards U contamination. Isotopically there is no clear
distinction between high and low U groundwaters sug-
gesting that the source of water is same. Impact of evap-
oration in groundwater samples is clearly seen from
enriched isotopic composition.
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