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A B S T R A C T

Coastal aquifers are highly vulnerable to salinization, especially by seawater intrusion. This problem is ex-
acerbated by increasing demands for freshwater in coastal zones due to urbanization and industrialization. This
paper investigates seawater intrusion in coastal aquifers of Kachchh district in Gujarat, an economic hub of the
country in western India. A total of 26 groundwater samples were collected from various villages of the district
from Kandla to Mandavi. In this study hydro-chemical, stable isotope (δ18O and δD) and GIS analysis were used
to infer salinization processes. The origin of salinity and mixing of various water masses has been studied
through the integration of major ions chemistry with stable isotopes δ18O and δD. Most of the samples were
showing Na-Cl type water facies. It was observed that besides natural processes (such as water–rock interaction,
ion exchange, dissolution/precipitation dynamics and evaporation) which are governing the groundwater
quality, current land use practices have augmented the salinization in this poorly drained semi-arid area. Various
ionic ratios (such as Mg2+/Ca2+, Na+/Cl−, SO4

2−/Cl−, K+/Cl−) and isotopic composition (δ18O and δD) of
groundwater suggest that while in coastal areas seawater intrusion and formation of saline plumes is taking
place, due to upconing of underlying natural saline water which is enhanced by overexploitation. In inland areas
groundwater quality is deteriorating due to infiltration of wastewater and irrigation return flow. The continued
stress on land and water resources has shifted the natural balance and accelerated the salinization process in this
water scarce region. For securing freshwater in future, the integrated water resources management is required
which should also include calculation of groundwater budget in the coastal aquifer.

1. Introduction

Most of coastal areas are economic hub worldwide due to abun-
dance of natural resources and navigational facilities and currently
supporting two third of the population. Industrialization and urbani-
zation often led to overexploitation of various natural resources in the
coastal region, especially groundwater. Indiscriminate withdrawal of
groundwater to meet the growing demand for various purposes leads to
a decrease in piezometer level, which induces seawater intrusion.
Seawater intrusion induced deterioration of groundwater quality and
salinization has been reported throughout the world, e.g.
Mediterranean region (Gimenez and Morell, 1997; Pulido-Bosch et al.,
1999), Croatia (Biondic et al., 2006), Mexico (Escolero et al., 2007),
Israel (Kafri et al., 2007), and Greece (Panagopoulos, 2008). This makes
groundwater resources highly vulnerable, especially in an arid and
semi-arid region where due to limited availability of surface water
groundwater is the only source of potable drinking in the coastal region.

Salinization also reduces agricultural productivity and limits the choice
of a crop (Van Dam, 1999; Arslan and Demir, 2013). Salinization of
aquifers may lead to serious consequences and jeopardize the en-
vironment and the economy of the region.

The extent of saline water intrusion in coastal area is governed by
coastal topography, aquifer lithology, sea to the inland hydraulic gra-
dient and the rate of recharge and withdrawal of groundwater (Freeze
and Cherry, 1979). The variations in sea level and changes in aquifer
recharge control the processes at the interface between the freshwater
and seawater. Changes in the interface position trigger ion exchange
and redox reactions, dissolution–precipitation (Appelo, 1994; Appelo,
1996).

Salinization in coastal regions is frequently observed in both con-
fined and unconfined aquifers (Gilboa, 1966; Ikeda, 1985). In the case
of unconfined aquifers, excessive pumping of groundwater leads to a
decline in the piezometric level induced seawater intrusion. In confined
aquifers, the groundwater is generally isolated from seawater by

https://doi.org/10.1016/j.gexplo.2018.09.013
Received 11 July 2017; Received in revised form 8 September 2018; Accepted 30 September 2018

⁎ Corresponding author.
E-mail address: rina.sesd@cug.ac.in (R. Kumari).

Journal of Geochemical Exploration 196 (2019) 42–56

Available online 04 October 2018
0375-6742/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03756742
https://www.elsevier.com/locate/gexplo
https://doi.org/10.1016/j.gexplo.2018.09.013
https://doi.org/10.1016/j.gexplo.2018.09.013
mailto:rina.sesd@cug.ac.in
https://doi.org/10.1016/j.gexplo.2018.09.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gexplo.2018.09.013&domain=pdf


confining bed of argillaceous sediments, which have frequently de-
posited in the latest transgression, due to such isolation, the water
salinization process in the confined aquifer system is more complicated.

In various part of India also, salinization of coastal aquifers has been
reported by various authors: Digha, West Bengal (Choudhury et al.,
2001), Godavari Region (Surinaidu et al., 2014), Chennai (Nair et al.,
2016), Gujarat (Desai et al., 1979; Rina et al., 2013a, 2013b). Various
approaches are used to study seawater intrusion, such as geophysical
(Rao et al., 2011; Werner et al., 2013; Akpan et al., 2013), numerical
(Bobba, 2002; Abudawia and Rosier, 2015), and various isotopic ap-
proaches (Khaska et al., 2013; Gemitzi et al., 2014; Mahlknecht et al.,
2017; Kanagaraj et al., 2018), conventional geochemical methods such
as the use of chemical concentrations of major and trace elements
(Mondal et al., 2011) which may help to elucidate the mixing of end
members. Mechanism of SW–GW mixing has been extensively studied
through an array of environmental isotopes and chemical tracers (Nair
et al., 2015; Zamora et al., 2017). The δD and δ18O stable isotopes are
known to be potential markers of the water origin.

Situated in the west coast, State Gujarat is one of the fast-growing
economies among Indian states and having 4th highest GDP in India. In
coastal areas of Gujarat, the problem of groundwater salinity was first
detected in the late sixties and seventies after large-scale pumping by
farmers. Over the years, the problem of salinity ingress has affected 12
coastal districts in the state. A total of 2542 village are affected either
by dynamic salinity or inherent salinity. Salinization is one of the major
environmental concerns in the coastal region of the area. The present
study has been done in the lower reaches of Kachchh district, which is
experiencing an industrial boom also. Approximately 40 medium and
several large industrial units along with two major ports at Mundra and
Mandvi and seven minor ports has been established in the lower
reaches of Kachchh district.

In this context, the present study is an effort to understand the
geochemical processes governing the groundwater salinization in this
water-scarce region. Hydro-chemistry in integration with stable isotope
(δ18O and δD) has been used to study seawater intrusion in the area.

2. Material and methods

2.1. Study area

2.1.1. Geohydrology and climate of the study area
Kachchh is the largest district of Gujarat, which is bounded in the

north by the Sindh Province of Pakistan, northeast by Rajasthan state,
while its southern margin is shared with the Gulf of Kachchh and
western and in southwestern side Arabian Sea is present.

2.1.2. Climate
Kachchh region is characterized by an arid climate; summer is very

hot, and sandstorms are common with the maximum temperature of
about 44–46 °C, whereas in winter the maximum temperature generally
varies from 10 to 14 °C. The monsoon prevails for a very short period
(June–August) with a meager and erratic rainfall. The average rainfall
in the area is 456.61mm. Diurnal variation in temperature may be as
large as 20 °C. Potential evapotranspiration varies between 3.4 and
9.2 mm/d (CGWB, 2013). Due to scanty rainfall and an ephemeral river
system, the entire study area depends heavily on groundwater for its
domestic, agriculture and industrial requirements. An acute shortage of
water is exacerbated by the inferior water quality in terms of salinity.

2.1.3. Hydrogeological setup of the area
The Kachchh Basin is a western margin pericratonic rift basin of

India. The geology of Kachchh Peninsula is very intruding; it shows
three major formations-Mesozoic, Tertiary and Quaternary. The
Mesozoic formation comprises Late Triassic (Rhaetic) Continental,
Middle to Late Jurassic marine and Late Jurassic to Early Cretaceous
fluvio-deltaic sediments. Mesozoic sediments are the rift filled

sediments and constitute the major part of the basin. The Tertiary se-
diments, on the other hand, are mostly shallow marine shelf sediments
in the peripheral and intervening structural lows bordering Mesozoic
uplift areas. The Quaternary formation consists of a wide variety of
sediments ranging from marine to fluvial, lacustrine and aeolian.
Maximum stratigraphic succession is exposed in Kachchh mainland si-
tuated at the depocentral region. Sedimentary rocks of middle Jurassic
to Recent period of marine and non-marine origin formed under dif-
ferent environmental conditions are present in the district. The tertiary
rock of the Kachchh Basin is economically important - they produce
good quality limestone, clay, lignite and bauxite deposits. Rann of
Kachchh is known for salt and brine producing capabilities.

The region is conspicuously featured by uplands surrounded by
lowlands. The uplands are rugged, hilly terrain exposing the Mesozoic
rocks bordered by thin strips of gently dipping Cenozoic rocks which
form coastal plains. The lowlands are extensive plains, alluvial or mud
and salt flats (Rann) and grassy undulations (Banni). The highlands are
the areas of uplifts and the plains are intervening basins. The Kachchh
mainland can be broadly divided into the following regions: (i) The
Great Rann, (ii) Mainland, consisting of planes, hills and dry river beds,
(iii) The Coastline along the Arabian Sea in the South and (iv) The
Grasslands of Banni. The drainage of the Kachchh is largely governed
by lithology and tectonics, sea level changes also affect the drainage of
the area. In general, drainage pattern of the area is dendritic in nature.

Semiarid climate, erratic rainfall and presence of limited surface
water body and frequent drought make the region's water scarce. The
groundwater occurrence and movement depend on the hydrogeological
setup of the area; hydro-geologically, the study area can be divided into
- 1. Mesozoic formations, 2. Deccan trap (Hard Rock) as the aquifer, 3.
Tertiary formations and 4. Quaternary sediments (CGWB, 2013).

Despite huge investments in piped water supply, this region of
Gujarat reels under a severe drinking water crisis throughout the year.
Modern and traditional technologies are failing, wells and bores are
drying up rapidly and drinking water quality is deteriorating.
Groundwater in most of the area is brackish to saline. Central, eastern
and western part of the district, yield potable water, and the southern
area yields potable to brackish water from confined aquifers. The cen-
tral and southern part of the district is occupied by Basaltic formation
and yield limited quantity of potable water from unconfined aquifer.

2.2. Sampling and analytical procedure

For sample collection, an extensive field survey was done based on
topographic sheets, Garmin GPS and satellite images of the area. The
study area was divided into several grids (5 km×5 km) on satellite
images and representative groundwater samples were collected based
on the spectral signature. A total 26 groundwater samples were col-
lected during October 2015 from the following villages-Tuna, Rampar,
Chandrapar, Vira, Bhadreshwar, Vadala, Mokha, Gundala, Mundra,
Maska, Undhiyari, Bhadia, Nani Khakkar, Navinal, Dhrab, Toda,
Chhasara, Chandroda, Khedoi, Nagalpar, Dhabra, Anjar, Varshamedi,
Mithi Rohar, Gandhidham, Galpadar covering Kandla to Mandvi ta-
lukas of the Kachchh district. Sampling location map and Elevation Map
of the area is given in Fig. 1.

At each site, groundwater samples were collected in three separate,
clean high-density polypropylene bottles (Tarsons; 250ml and 125ml)
one each for the anions, cations and isotopic analysis. Sampling bottles
were soaked for 24 h in 1:1 diluted HCl solution and washed with
deionized water and oven dried. The samples were collected mostly
from bore wells and dug wells. Before sample collection bore wells were
left running for a few minutes to minimize the impact of iron pipe and
bottles were rinsed two or three times at each site. A bottle containing
125ml of water sample was acidified with Pure HNO3 (pH < 2) to
stabilize the trace metals and was used for the determination of major
cations and trace metals. The bottle containing 250ml of water was
used for anion analysis and another unacidified bottle (125ml) water
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samples were used for stable isotopes (δ18O and δD) analysis. The
sampling bottles were properly labeled and immediately sealed after
sample collection to avoid reaction with the atmosphere. The physical
parameters such as pH, electrical conductivity (EC), total dissolved
solids (TDS), dissolved oxygen (DO), oxidation-reduction potential
(ORP), and turbidity were measured in-situ using Horiba multi-para-
meter probe (Model U-50). The samples were stored in Styrofoam boxes
containing ice, brought to the laboratory and preserved at 4 °C for
further analysis. For isotopic analyses, a sealed aliquot of the sample
was sent to the IWIN division, Physical Research Laboratory (PRL),
Ahmedabad. Samples were vacuum filtered with 0.22 μm millipore
filter paper for the analysis of various parameters. A total of 13 hydro-
chemicals parameter and stable isotopes (δ18O and δD) were analyzed.
Methods of sample collection, handling, preservation and analysis were
done according to standard procedures of APHA (American Public
Health Association, 2012) to ensure data quality consistency.

Analysis of major anions (F−, Cl, SO4
2− and NO3

−) was done using
standard protocols of APHA (2012). Major cations (Ca2+, Mg2+, Na+,
K+) were analyzed using atomic absorption spectrophotometer
(Thermo Fisher, M Series). The instrument was calibrated using ele-
mental standard (Merck). Dissolved silica was analyzed by the mo-
lybdo-silicate method (APHA, 2012). A total of 18 water quality

parameters have been studied using graphical plots and statistical
analyses. The analytical precision of the measured ion was determined
by calculating the Ion balance error, which was within 5%.

The isotopic analysis (δ18O and δD) was done using the standard
calibration method in which water samples (300 μl) are equilibrated
with CO2 and H2. The equilibrated CO2 and H2 gases were analyzed in
Delta V Plus isotope ratio mass spectrometer in continuous flow mode
using Gas Bench II for 18O/16O and D/H ratios. The reproducibility of
the measurement was better than 0.1‰ for δ18O and 1‰ for δD. The
δ18O and δD values obtained in the laboratory were corrected using an
integrated calibration curve based on VSMOW2, GISP and SLAP2 (ob-
tained from the International Atomic Energy Agency, Vienna) mea-
surements. The calibration equations used for the reported values are
(Maurya et al., 2011)

= ± × + ±δ O δ O1.0025( 0.0009) 0.0156( 0.0302)corrected measured
18

( )
18

( )

= ± × + ±δD δD1.0025( 0.0006) 0.0044( 0.1710)corrected measured( ) ( )

Spatial distribution of water quality parameters was generated using
the IDW algorithm in spatial analyst module of Arc GIS 10.1.

India

Elevation of the area

Study Area

Fig. 1. Study area with sampling locations and elevation of the area.
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2.3. Hierarchical cluster analysis

This is a classification method, where objects are grouped into the
classes or clusters based on similarities within a class and dissimilarities
between different classes. Clusters are formed sequentially by starting
with the most similar pair of objects and forming higher clusters step by
step. Hierarchical agglomerative CA was performed on the normalized
data set (mean observations over the whole period) by means of Ward's
method using squared Euclidean distances as a measure of similarity.

Based on geochemical characteristics, cluster analysis helps us to
find similar sampling location in a region, which helps in future sam-
pling strategy in an optimal manner in the monitoring network. Thus, it
reduces the cost of sampling in water resource management. In various
studies (Simeonova et al., 2003; Kim et al., 2005), this approach has
been used successfully to water quality assessment and monitoring
program.

3. Results and discussion

3.1. Distributions of major ions

Details of the physico-chemical analysis of groundwater samples
along with their statistical distribution are given in Table 1. A very wide
and skewed variation in most of the parameters suggests multiple
sources are governing the groundwater hydrochemistry in the area.

Groundwater temperature ranges from 24° to 29 °C. The pH value
ranged from 8.1 to 10.5, with an average pH 8.8 suggests the alkaline
nature of groundwater. Maximum pH 10.5 was observed in the western
part, Undhiyari village. Higher pH, concentration suggests a more dis-
solution of salts due to interaction between soil and rain water
(Subramanian and Saxena, 1983) as well as a semiarid climatic con-
dition of the study area. Electrical conductivity in groundwater samples
ranged from 1870.0 to 15,900.0 μS/cm with average 5897.6 μS/cm,
whereas TDS ranged from 413.0 to 9850.0 mg/l which suggests highly
saline groundwater in the area. Results suggest that no groundwater
samples are coming under freshwater (EC < 500 μS/cm) and under
marginal water (500–1500 μS/cm), 50% of samples have an EC value
between 1500 and 5000 μS/cm and rest 50% of the sample have EC
value>5000 μS/cm (Davis and Dewiest, 1966). Semiarid climate and
high evaporation rate contributing to the high salt concentration in
groundwater. The degree of salinization is indicated by an increase in
TDS which is also observed in an increase in cation and anion. The
abundance of cation has shown the following trend:
Na+ ˃ Ca2+ ˃Mg2+ ˃ K+ whereas the variability of anions in ground-
water has been observed as: Cl− > HCO3

− > SO4
2− > NO3

−.
Chloride concentration in groundwater samples ranged from 169.1

to 2662.5 mg/l with average value of 748.7mg/l. The present area is
formed by marine transgression in the geological past; a thick

depositional environment is present in the area. Along with spray of
marine salt, evaporite dissolution could be the reason of high chloride
concentration in the study area. Due to low recharge, prolonged en-
trapment of groundwater and poor subsurface drainage resulting from
relatively low permeability of the aquifer material (at shallow depths)
leads to high chloride concentration in the aquifer of the study area.

HCO3
− is second most abundant anion in the study area, which

ranged from 113.8 to 488.0 mg/l with average concentration 258.2mg/
l. Dissolution of carbonates and reaction of silicates with carbonic acid
account for the addition of HCO3

− to the groundwater. Sulphate con-
centration in groundwater samples varied from 49.74 to 230.8mg/l
with average concentration 151.0 mg/l. Besides dissolution of gypsum
and anhydrite minerals, higher sulphates suggest breaking of organic
substances and other human influences such as agrichemical pollutants
and industrial discharge. A possible source of elevated SO4

2− could also
be from the oxidation/dissolution of SO4

2− relict sulphide and sul-
phate-rich marine clay and silt deposits present in the area.

Nitrate concentrations in groundwater samples varied from 0.5 to
129.0 mg/l with average concentration 37.0 mg/l, approximately 25%
of groundwater samples in area NO3

− concentration was higher than
suggested by the Bureau of Indian Standards and World Health
Organization. High nitrate concentration in aquifers suggests the im-
pact of nitrogenous fertilizers, biological oxidation of nitrogenous
substances which come from sewage and industrial wastes as well as
irrigation return flow due to intensive agriculture in the area. Waste
from two agricultural port and from different food processing unit is
also contributing high nitrate concentration in the area. Atmospheric
precipitation is also augmenting nitrate concentration (Rina et al.,
2012). Spatial variation of some water quality parameter is given in
Fig. 2.

Sodium is dominant cations, its concentration ranged from 172.7 to
1229.6 mg/l with an average concentration 502.4 mg/l. The highest
concentration of sodium was observed in Dhrav (1229.6 mg/l) and
Undhiyar (1216.0mg/l) western part of the study area which is at
lower elevation and lowest concentration was observed in Muska
(172.7 mg/l) village. Besides weathering and dissolution of minerals,
various agricultural activities, industrial waste as well as marine spray,
salt pan from the adjoining area may possibly be contributing high
sodium concentration in the area. The continuous evaporation, pro-
longed dry spells and various processes such as ion and reverse ion
exchange are augmenting high concentration of Na+ ion in the aquifer.
Potassium concentration ranged from 0.1 to 35.9mg/l with an average
concentration 11.1 mg/l. The highest concentration of potassium was
found in the western part of Undhiyari (35.9mg/l) and southern part
Bhadreshwar (35.7 mg/l) of the investigated area. Besides weathering
of K-feldspar minerals, irrigation return flow also contributes high K+

in groundwater. The K+ is attributed to the presence of some isolated
pockets of old saline water or connate water.

The magnesium concentration in groundwater samples ranged from
5.9 to 174.9mg/l with an average concentration 53.3mg/l. The highest
concentration was observed in eastern part Tuna (174.9mg/l) and
western part Undhiyari (165.8 mg/l) of the study area and the lowest
was observed at Gundala (5.9 mg/l) middle southern part of the study
area. The weathering of ferromagnesium minerals, ion exchange, pre-
cipitation of CaCO3 and marine environment (Rao et al., 2012) may
result into high magnesium concentration in groundwater. Gundala,
Maska, Mundra, Nani khakkar, Navinal, Toda, Chhasara, Khedoi,
Dhabra, Galpadar villages are within the permissible limit (30mg/l)
recommended by BIS (2012) and rest sampling site beyond the per-
missible limit. Calcium concentration ranged from 6.2 to 236.7 mg/l
with an average concentration 80.6 mg/l; its higher concentration is
observed at western part Undhiyari and lowest concentration was ob-
served at southern part Gundala (6.2 mg/l).

Table 1
Details of statistical data of different water quality parameters analyzed. All
concentrations are in mg/l except EC (μS/cm) and pH.

Min Max Average Stdv

pH 8.10 10.50 8.82 0.57
EC 1870.00 15,900.00 5897.69 3561.43
TDS 413.00 9850.00 3594.73 2261.79
CO3

− 0.00 72.00 26.87 17.57
HCO3

− 101.63 488.00 255.09 110.79
F− 0.60 2.05 1.43 0.47
Cl− 149.10 2662.50 748.70 623.24
NO3

− 0.55 128.87 36.84 39.64
SO4

2− 49.74 230.78 154.70 45.68
Na+ 172.68 1229.61 502.45 255.30
K+ 0.09 35.93 11.10 10.24
Ca2+ 6.20 236.69 80.62 63.03
Mg2+ 5.86 174.88 53.27 45.32
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3.2. Correlation of physicochemical parameters of groundwater

Correlation matrix of various physico-chemical parameter is given
in Table 2. Both EC and TDS are strongly correlated with Na+, Ca2+,
Mg2+, Cl− and SO4

2−. Na+, Mg2+ and Ca2+ are strongly correlated
with Cl−, suggests common origin of these ions. Na+, Mg2+, Ca2+ and

Cl− ions are moderately correlated with SO4
2−. Very high correlation

(r2= 0.93) between Na+ and Cl− suggests that both seawater intrusion
and evaporites dissolution are the important factors contributing to
groundwater enrichment by these chemical elements indicates the
presence of highly saline water in the study area. The positive corre-
lation between Ca2+ and SO4

2− suggests that besides the dissolution of

Fig. 2. Spatial variation of water quality parameters (A) pH (B) EC (C) TDS (D) chloride (E) sulphate (F) sodium.

Table 2
Correlation matrix of different water quality parameters.

pH EC TDS CO3 HCO3 F− Cl− NO3 SO4 Na K Ca Mg

pH 1.00
EC 0.94 1.00
TDS 0.91 0.95 1.00
CO3 0.22 0.00 0.06 1.00
HCO3 0.08 0.00 −0.04 0.27 1.00
F− 0.10 −0.09 −0.11 0.52 0.34 1.00
Cl− 0.90 0.97 0.91 −0.04 −0.13 −0.16 1.00
NO3 0.14 0.12 0.11 −0.09 −0.09 0.30 0.13 1.00
SO4 0.58 0.69 0.63 −0.26 −0.12 −0.17 0.66 0.02 1.00
Na 0.94 0.95 0.91 0.16 0.10 −0.06 0.93 −0.04 0.64 1.00
K 0.32 0.44 0.39 −0.30 0.34 −0.41 0.42 −0.13 0.38 0.42 1.00
Ca 0.67 0.78 0.75 −0.18 −0.33 −0.26 0.87 0.25 0.63 0.71 0.36 1.00
Mg 0.73 0.83 0.75 −0.23 −0.10 −0.08 0.84 0.45 0.57 0.69 0.46 0.76 1.00

Parameters showing r> 0.7 are considered as strongly correlated whereas r between 0.5 and 0.7 shows moderate correlation.
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anhydrite and/or gypsum, anthropogenic activity is also responsible for
the presence of these ions in groundwater. The moderate correlation
between Mg+-NO3

− and Mg+-SO4
2−, Ca-SO4

2− and Cl−-NO3
− sug-

gests the possible impact of leaching of excess fertilizers and due to
irrigation return water that may create a long-term risk of groundwater
pollution. The moderate correlation between Cl−-SO4

2− suggests a
common origin of these ions.

3.3. Geochemical evolution of groundwater

To understand the hydro-geochemical processes operating in
groundwater system of the study area, Piper (1944) trilinear plot and
Chadha's diagram (Chadha, 1999) is used. The Piper trilinear diagram
(Fig. 3.A) suggests that among cations Na+, Ca2+, Mg2+ whereas
among anions Cl−, HCO3

− and SO4
2− are dominant species present in

the aquifer. Most of the samples were Na+-Cl− type and only a few
samples were Na+-HCO3

−. Chadha's plot (Fig. 3.B) is expressed as the
difference between alkaline earth (Ca2++Mg2+) and alkali metals
(Na+-K+) for cations, and the difference between weak acidic anions
(HCO3

−+CO3
−) and strong acidic anions (Cl−+SO4

2−). The data
were converted to percentage reaction values (milliequivalent percen-
tages) and is expressed in four quadrants which is subdivided into eight
fields: (1) Alkaline earths exceed alkali metals, (2) alkali metals exceed
alkaline earths, (3) weak acidic anions exceed strong acidic anions, (4)
strong acidic anions exceed weak acidic anions, (5) alkaline earths and
weak acidic anions exceed both alkali metals and strong acidic anions,
respectively, (6) alkaline earths exceed alkali metals and strong acidic
anions exceed weak acidic anions, (7) alkali metals exceed alkaline
earths and strong acidic anions exceed weak acidic anions (9) alkali
metals exceed alkaline earths and weak acidic anions exceed strong
acidic anions. It was observed that most of the groundwater samples
belong to sub-field (7), such water generally creates salinity problems,
both in irrigation and drinking purposes. The positions of data points in
the proposed diagram represent Na+-Cl− type, Na2SO4-type, Na+-
dominant Cl−-type, or Cl− dominant Na+-type waters. Few samples
fall in the sub-field 2, which also suggests alkali metals exceed alkaline
earth. The higher concentration of alkali ions present in the water may
influence ion-exchange reactions between the solid and aqueous
phases, resulting in sodium-enriched sediments.

3.4. Salinization of groundwater

Subsurface geology, weathering, saturation state or degree of
equilibrium of different mineral with water is governing the geo-
chemical evolution of groundwater. To infer the geochemical evolution
the hydro-chemical data were subjected to various conventional gra-
phical plots to understand the mechanism controlling the groundwater
chemistry of the area.

3.4.1. Provenance and water–rock interaction
The scatter diagram of Ca2++Mg2+ versus HCO3

−+SO4
2−

(Fig. 4.A) shows that most of the samples fall below the equiline (1:1)
which suggests that silicate weathering and ion exchange is the domi-
nant process governing the groundwater quality. Only a few samples lie
above the equiline suggesting carbonate mineral dissolution and re-
verse ion process is also taking place in the area. The scatter plot be-
tween (Na++K+) and Cl− (Fig. 4.B) shows that most of the samples
(89%) fall above the equiline, suggests that the excess of the cation is
either due to silicate weathering or due to salts present in the soil
(Stallard and Edmond, 1983). Na++K+ vs Cl− plot shows that
abundant alkalis are available to form alkali carbonates or alkali sul-
phate.

Scatter plot Ca2++Mg2+ versus HCO3
−+SO4

2− (Fig. 4.A) sug-
gests an excess of Ca and Mg at sampling locations (G1, G11, G18).
Variation in the cation composition is perhaps more difficult to analyze,
because it is governed by three factors namely (i) characteristics of

freshwater, (ii) seawater intrusion and (iii) secondary processes such as
cation exchange. The ion exchange reaction of Na+ and Ca2+ often
occurs when seawater intrudes freshwater. When seawater intrudes a
freshwater aquifer the following ionic exchange reactions represent
cationic behavior:

+ − = − +
+ + + +2Na (K ) Ca X2 2Na(K ) X Ca ,2

+ − = − +
+ + + +2Na (K ) Mg X2 2Na(K ) X Mg ,2

Typically, cation exchangers in aquifers are clay minerals, organic
matter, oxyhydroxides and fine-grained rock materials, which have
mainly Ca2+ adsorbed on their surfaces. When seawater intrudes into a
coastal freshwater aquifer, Na+ replaces part of the Ca2+ on the solid
surfaces. Thus, Na+ is taken up by the solid phase, Ca2+ is released.

3.4.2. Evaporites dissolution in the area
The Gibbs (1970, 1971) plot of log TDS against Na+/(Na++Ca+)

(Fig. 5.A) and Cl−/(Cl−+HCO3
−) (Fig. 5.B) also suggests that eva-

poration and crystallization are playing a major role in controlling the
chemistry of the groundwater due to arid climatic condition. Eva-
poration increases all forms of ions in groundwater.

Na+/Cl− vs EC scatter plot (Fig. 6.A) is another effective indicator
of evaporation. If the evaporation process is dominant, assuming that
no mineral species are precipitating, the Na+/Cl− ratio would be un-
changed (Jankowski and Acworth, 1997), the plot of Na+/Cl− versus
EC would give a horizontal line, which would then be an effective in-
dicator of concentration by evaporation and evapotranspiration.
Fig. 6.A suggests that Na+/Cl− exhibited a decreasing trend as EC in-
creased, which suggests besides evaporation excess of Na+ is derived
from the silicate weathering process or salt in the soil (Stallard and
Edmond, 1983). In the study area the excess of sodium may also be
present due to spray of marine salt. Na/Cl molar ratio in groundwater
samples varies from 0.66 to 3.07. The Na+/Cl− molar ratio greater
than one reflects the release of Na+ from silicate weathering (Stallard
and Edmond, 1983). The scatter plot of Na+ vs Cl− (Fig. 6.B) also in-
dicates only a few samples are lying on equiline, which suggests a
dissolution of halite whereas samples above equiline suggests the pre-
sence of an excess of sodium contents. Excess of the sodium salt is due
to various anthropogenic activities as well as the contribution of marine
salt.

Due to less solubility, minerals such as calcite and gypsum become
precipitates with the evaporation of water. This will lead a decreased in
Ca+/Na+ ratio accompanied with decreased HCO3

−. In the study area,
a negative correlation exists between Ca/Na ratios and TDS and a po-
sitive correlation between Ca+/Na+ ratios and HCO3

−. This confirms
the influence of evaporation on groundwater quality of the area. Thus,
Na-normalized HCO3

− and Ca2+ of shallow fresh groundwater are used
to illustrate the behavior of Ca2+ and bicarbonate. Fig. 7 shows most of
the samples were within an evaporative dissolution domain with few
samples in the lowermost part of evaporation dominance. The excessive
evaporation from unsaturated zone and the leaching of these salts
during precipitation in subsequent years increases salinization of
groundwater in the study area.

3.5. Ionic ratios to infer seawater intrusion

In coastal aquifers, groundwater chemistry depends largely on the
freshwater component, which is intimately linked to the geology of the
recharge areas as well as land use pattern. So, it is important to un-
derstand the relationships between freshwater and surrounding saline
water. Over-exploitation accelerates the rate of flow and salinization
process. Each potential source of salinization can be characterized by a
distinguishable chemistry and well-known ionic ratio (Table 3) asso-
ciated with different geochemical processes (Vengosh and Ben-Zvi,
1994; Vengosh and Rosenthal, 1994; Raghunath, 2005).

Ionic ratio of sampling locations is given in Table 4. In general,
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freshwater is dominated by calcium, whereas seawater by magnesium,
the Mg2+/Ca2+ ratio can provide an indicator of seawater intrusion.
The Mg2+/Ca2+ ratio > 5 is a direct indicator of seawater con-
tamination (Metcafe and Eddy, 2000). Likewise, seawater and seawater
diluted with freshwater have distinguished geochemical characteristics
(Metcafe and Eddy, 2000; Ghabayen et al., 2006). At the lower reaches
sampling locations G1, G2, G3, G4, G5, G6, G7, G8, G1, G11, G12, and

G13 were showing Mg2+/Ca2+ > 1 suggests deep brine upconing is
taking place in the area.

Sodium and chloride are the dominant ions in seawater with a
longer residence time, which gives a characteristic Na+/Cl−

ratio= 0.86 to 1 for seawater intrusion. Seawater solutes are specifi-
cally characterized by an excess of Cl− over the alkali ions (Na+ and
K+). Thus, even at an early stage of salinization processes, Na+/Cl−

ratios when combined with other geochemical parameters can be an
indicator of the origin of the salts. The Na+/Cl− ratios 0.8–1.0 at
sampling locations G3, G4, G15, G22, G23, G24 suggests seawater in-
trusion, however with G22, G23 and G24 being located far away from
the coast, direct contamination by seawater can be ruled out. At sam-
pling locations G1, G11, G18 and G20, Na+/Cl− < 0.8, which shows
possibilities of deep brine upconing. At rest other locations Na+/
Cl− > 1 suggests salinization of aquifers due to wastewater infiltra-
tions.

The value of the ionic ratio of K+/Cl−=0.019 indicates seawater
intrusion. At sampling sites G2, G5, G9, G17, G19, G25 and G26 ionic
ratio of K+/Cl−≫ 0.02 indicates wastewater infiltration. At sampling
location G1, G3, G4, G6, G7, G8, G10, G11, G12, G13, G14, G15, G16,
G18, G20, G21, G22, G23, G24 deep saline upcoming taking place as
indicated by an ionic ratio of K+/Cl−. The ionic ratio of groundwater is
nearly similar to seawater due to the prolonged abstraction of
groundwater. The ionic ratio of Ca2+/(HCO3

−+SO4
2−) is 0.35–<1

shows seawater intrusion. At sampling site G1, G2, G4, G7, G9, G16,
G19, G21, G23 G24 found between 0.35 and< 1 indicate seawater
intrusion and sampling sites G11, G15, G18, G20, G22 deep saline
upcoming in the sites.

The ionic ratio of SO4
2−/Cl−=0.05 suggests sea water intrusion

(Vengosh et al., 1994; Vengosh et al., 1999; Lagudu et al., 2013). Ionic
ratio SO4

2−/Cl= 0.05 at sampling site G11 (Undhiyari) suggests sea-
water intrusion, whereas at all other sites SO4

2−/Cl− < 0.05 ratio
suggests contamination from anthropogenic sources. A high SO4

2−/Cl−

ratio is attributed to the application of gypsum fertilizers (Vengosh
et al., 2002).

The salinization problem is related to natural recharge mechanisms
and that seawater intrusion has a more local Influence (Rina et al.,
2013a, 2013b). However rapidly changing land use/land cover in

Fig. 7. Bivariate plots of Na-normalized HCO3
− and Ca2+.

Table 3
The comparative ionic ratio of potential salinization sources given by different
authors.

Ionic ratio Seawater
intrusion

Deep
saline
upcoming

Agriculture
return flow

Wastewater
infiltration

Na+/Cl− 0.86–1a < 0.8b – 1.1c

SO4
2−/Cl− 0.05a,c ~0.05c,d ≫0.05e 0.09d

K+/Cl− 0.019 < 0.019f – ≫0.02
Mg2+/Ca2+ >5b >1a – –
Ca2+/(HCO3

−+SO4
2−) 0.35–<1 >1a – –

Source: a) Vengosh and Rosenthal (1994); b) Vengosh and Ben-Zvi (1994), c)
Vengosh et al. (1994), d) Mercado (1985), e) Vengosh et al. (2002) and f)
Vengosh et al. (1999).

Table 4
Ionic ratio at different sampling sites.

Sample ID Mg2+/Ca2+ Na+/Cl+ SO4
2−/Cl− K+/Cl− Ca2+/(HCO3

−+SO4
2−)

G1 2.27 0.68 0.11 0.011 0.97
G2 2.21 1.52 0.24 0.036 0.24
G3 1.35 0.96 0.16 0.007 0.82
G4 1.84 0.86 0.13 0.005 0.43
G5 2.57 1.50 0.24 0.057 0.16
G6 1.61 1.54 0.24 0.008 0.26
G7 1.43 1.41 0.24 0.002 0.46
G8 1.57 4.04 0.44 0.004 0.03
G9 0.59 1.83 0.19 0.037 0.35
G10 1.55 1.79 0.32 0.003 0.18
G11 1.17 0.70 0.05 0.012 1.41
G12 1.27 1.23 0.14 0.001 0.29
G13 1.04 1.70 0.27 0.000 0.15
G14 0.62 1.38 0.22 0.011 0.33
G15 0.92 0.90 0.08 0.003 1.14
G16 0.43 1.32 0.19 0.008 0.47
G17 0.51 3.07 0.54 0.080 0.22
G18 0.70 0.66 0.11 0.003 1.55
G19 1.00 1.28 0.49 0.028 0.40
G20 0.66 0.78 0.13 0.018 1.28
G21 0.53 1.47 0.43 0.001 0.68
G22 0.68 0.89 0.17 0.016 5.00
G23 0.55 0.93 0.17 0.017 0.92
G24 1.91 0.80 0.12 0.014 0.40
G25 1.41 1.32 0.25 0.044 0.31
G26 0.76 1.57 0.22 0.033 0.24
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Fig. 8. (A) Water table map of 2008. (B) Water table map of 2013.
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coastal region leads to exploitation of aquifers which in turns exacer-
bates the deterioration of groundwater quality.

From the elevation map of the area (Fig. 1), it is clear that elevation
is low in southern and western part of the area. In any natural condi-
tion, the groundwater usually follows the surface topography of the
area. From the water table contour maps (Fig. 8.A), it is also clear that
there is not much change in the hydraulic gradient in pre-monsoon
(May 2008), and post-monsoon (November 2008). The hydraulic gra-
dient of the groundwater flow is from the western part to central part of
the region. Throughout the study area there is lowering of groundwater
table during pre-monsoon both in May 2008 and 2013, possibly in-
duced by over-pumping in summer. Also, there is a significant decline
in water level from 2008 to 2013. Highest water level was observed in
westernmost region of the study area. From pre to post-monsoon, due to
further decline in groundwater level, quite likely that hydraulic gra-
dient changed from sea to inland area. These are low lying areas, where
there is possibility of induced seawater intrusion. However, in inland
area overexploitation is inducing salinity. Water level map of pre-

monsoon and monsoon of 2008 and 2013 has been given in Fig. 8.A and
B.

3.6. Agricultural practices

Economic development and agricultural practices also play an im-
portant role in controlling the groundwater quality of a region. Poor
agricultural practices pose a potential threat to groundwater quality by
playing an important role in the movement of solutes. Intensive use of
fertilizers, as well as recycling of irrigation water, results in leaching of
nutrient constituents from the surface to shallow aquifers, thereby ex-
erting a strong polluting effect. The situation becomes vulnerable,
especially in arid areas, it significantly affects hydro-chemical evolu-
tion, particularly groundwater salinization. This result suggests that
poor agricultural practices, excessive application of fertilizers and ir-
rigation return flow increase Cl−, NO3

−, SO4
2− and K+ ions in the

aquifers.

3.7. Origin of saline water

The water stable isotope when combined with the ionic content of
the water, it offers a powerful tool to study the mixing between water
masses of different salinities and therefore to trace back the salinity
origin (Fritz and Fontes, 1980). Stable isotopes δ18O and δD is used to
assess the genesis and evolution of groundwater.

3.7.1. Isotopic signature of groundwater in the area
In groundwater samples of the area, isotopic composition varied

from [δ18O=−1.48 to −6.06‰ with average −3.32‰, and
δD=−46.04 to−17.83‰ with an average−29.49‰]. Depleted δ18O
is observed in the northeastern part of the area, whereas enriched δ18O
is observed in some locations of the western part as well as in the
southern part of the area and it's moving towards the northern part.
Depleted δD is observed in the northeastern part, whereas the enriched
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value in southwestern and the northern part. d-Excess in the ground-
water varied from −13.95‰ to 4.06‰ with an average −2.9 6‰. The
relationship trend between δD and δ18O (Fig. 9) was compared with the
equation of a local meteoric water line (LMWL) calculated from the
following relation for North Gujarat (Gupta and Deshpande, 2005).

= ± ∗ − ± =D Rδ (7.6 0.6) δ O (2.9 2.2) [ 0.89].18 2

It was observed that all samples were below the LMWL which
suggests that these groundwater samples were originated from local
precipitation, however, due to the prevailing climatic condition of the
area significant evaporation has taken place. Of the 26 samples, only 5
samples (G19, G22, G23, G24, and G25) were in the lower region of
LMWL, showing the depleted value rest other samples are highly en-
riched. The study area is in arid zones, extensive evaporation from the
unsaturated zone or even evaporative losses from the water table
(Allison et al., 1994; Dincer et al., 1974, Deshpande et al., 2013) leads
to significant deviations from precipitation.

From the δ18O contour map (Fig. 10.A) and δD contour map
(Fig. 10.B), it can be seen that a very high gradient exists within a very
small distance between sampling locations G18 to G19, G25 and G1
which suggest presence of some impervious boundary in the geological
formation in between these points. Because of the presence of an im-
pervious boundary, lateral mixing of groundwater is not occurring.

3.7.2. Regression line of δ18O and δD
The regression line of δ18O and δD (Fig. 11.A) groundwater samples

of the area is δD=5.33 (± 0.45)δ18O− 11.82 (± 1.63), when com-
pared with LMWL, lesser slope suggests significant evaporation, due to
combined effect of both local atmospheric and ground surface processes
which results in minor to significant evaporation of water before
groundwater recharge (Gupta and Deshpande, 2005). High tempera-
ture, less rainfall, significant evaporative modification during passage
through the soil zone in the area will be the reason for lower slope in
the area. Most of the samples are around the regression line, suggesting
a common origin; however, very large scatter is seen in the observed
samples indicating differently evolved groundwater possibly due to
various land use activity.

δ18O–d-excess scatter plot (Fig. 11.B) depicts two important isotopic
signature of groundwater samples in the area - Region A showing
δ18O < −2‰ to −4‰ and d-excess −5 to −15‰, this isotopic sig-
nature is observed at lower elevation. Enriched δ18O and lower d-excess
indicates there is a significant kinetic evaporation of the precipitated
water before groundwater recharge, as well as post-precipitation eva-
poration from surface water and/or soil moisture in response to high
PET of the region. Due to high temperature and wind speed, primary
precipitation in these regions may already have evaporated from falling
raindrop which results in characteristics isotopic signature in the area.
Most of these sampling locations are in Mundra to Mandvi which has
high industrial activities including various ports. Enriched values of
these sampling locations are possibly also due to declining water table
which has been observed in last two decades and aridity of climate
further intensify the enriched isotopic signature.

Region B showing isotopic signature δ18O > −4‰ and d-excess 0
to 5‰ at higher elevation at sampling locations (G19, G22, G23, G24,
G25). Depletion of heavy isotopes (δ18O > −4‰) accompanied by
high d-excess (0 to 5‰), indicates a limited modification due to eva-
poration before groundwater recharge. This may partly be facilitated by
the relatively thick alluvial soil that covers this region.

3.7.3. Relationship of Cl and δ18O
δ18O vs log Cl scatter plot (Fig. 12.A) and δ18O vs Cl (Fig. 12.B)

suggests that at most of the groundwater samples (except G19, G22,
G23, G24, G25) are along the regression line with little deviation, also
these points have highly enriched δ18O values with high Cl− content
which suggests the possibilities of evaporative isotopic enrichment of
accumulated saline water. These points are located mostly near the
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coast, various small creeks, as well as rivulets, seawater ingression
through these and subsequent leaching of such water which may also be
contributing to salinization in the area.

Aquifers which are at lower elevation (G3, G4, G11, and G15) have

enriched δ18O value as well as Na/Cl ratio (0.86–1) indicates seawater
intrusion, which is also confirmed by the SO4/Cl ratio as well as K+/
Cl−. However, most of the aquifers in Mundra to Mandavi is showing
enriched δ18O, but at some locations, Na/Cl > 1 indicates salinization
due to waste water infiltration. Greater Na than Cl in the region also
attributed to meteoric waters salinized by the marine salts (Howard and
Lloyd, 1983). Except at G11 & G15 where ionic ratio & δ18O suggests
seawater intrusion is taking place. Mg+/Ca+ ratio (> 1) at most of
locations G1 to G13 suggests deep saline up-coning is taking place. This
suggests that besides the river, rivulets and small creek which is con-
tributing salinization in the area, overexploitation will further ag-
gravate this grim situation.

3.8. Cluster analysis

After data scaling by Z-transformation, cluster analysis was done
using Ward's method. Cluster analysis is used to detect the similarity
among different sampling sites. The significance of the clusters obtained
was tested by Sneath's Index disjunction. The samples were found to be
grouped into three clusters as seen in the dendrogram (Fig. 13) and
Table 5. Electrical conductivity, Cl and pH seem to be a major distin-
guishing factor among these clusters. Cluster 1 encompasses a total of
11 samples; cluster 2 consisting of 13 samples and cluster 3 consisting
of 2 samples, respectively. Each cluster represents a distinct signature
which reflects the geochemical processes taking place in the subsurface,
recharge processes as well as land use activities. Cluster I and cluster III
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Table 5
Cluster with similar site characteristics.

Class 1 2 3

Objects 11 13 2
Sum of weights 11 13 2
Within-class variance 5,125,033.537 1,504,665.157 3,801,724.314
Minimum distance to centroid 693.820 270.826 1378.718
Average distance to centroid 1966.517 1068.398 1378.718
Maximum distance to centroid 4076.734 1733.797 1378.718

Obs1 Obs2 Obs11
Obs3 Obs6 Obs15
Obs4 Obs7
Obs5 Obs8
Obs12 Obs9
Obs16 Obs10
Obs18 Obs13
Obs20 Obs14
Obs23 Obs17
Obs24 Obs19
Obs26 Obs21

Obs22
Obs25
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includes wells that are mostly located in near the coast. However, these
two cluster is also showing distinguished signature. Cluster I include
those wells where electrical conductivity in these wells varied between
5000 and 10,000 μS/cm and Cl− concentration value varies between
500 and 1500mg/l. Sampling locations in this cluster is showing ionic
ratio similar either due to seawater intrusion or due to deep saline
upconing, suggesting complex geochemical process is taking place in
the area. Most of these sampling locations are near Kandla and Mundra
Port, and overexploitation in these areas is producing upconing of un-
derlying saline water or intrusion. Cluster III those wells where samples
have electrical conductivity (10,000–16,000 μS/cm) and chloride con-
centration varies between 2115 and 2662mg/l. Highest pH was also
observed at these wells. This groundwater reflects chemical signature
similar to seawater intrusion, which can be inferred from ionic ratio
also. Human induced activities are inducing seawater intrusion at these
locations which can be inferred from ionic ratio also. Cluster II is
showing electrical conductivity < 5000 μS/cm and chloride con-
centration < 700mg/l. Most of these sampling locations are in upper
elevation where intensive agriculture is present. Ionic ratios at most of
sampling locations are showing characters similar to waste water in-
filtration and irrigation return flow.

4. Conclusion

The seawater intrusion into coastal aquifer is well known problem
worldwide but its protection has not been used in practice. Once sea-
water intrusion is started, restoration of water quality is generally an
expensive or ineffective proposition. It requires a large amount of fresh
water flushing for a long period of time. Monitoring and early detection
of the origin of the salinity are crucial for water management and
successful remediation.

The present study hydro-chemical analysis and stable isotopes (δ18O
and δD) is used to assess groundwater salinization processes in coastal
aquifers of Kachchh district of Gujarat, an economic hub of the country.
The results suggest that in the study area, a complex geochemical
process is taking place, which results into three types of end-member
with distinguished salinity and isotopic signature. Decline in water
level in coastal aquifers are showing two different end members: either
deep brine upconing or seawater intrusion like characteristics which is
evident in cluster I and Cluster III. Over pumping which caused a de-
cline in water level, leads to a deep depression in south western part
hence the hydraulic gradient of the groundwater flow towards central
part. Samples of cluster III are showing highest electrical conductivity
and ionic ratio and isotopic composition suggests to seawater intrusion
at these locations. If this rate of withdrawal continues samples in
Cluster I will also get affected by saline water intrusion. It was observed
that topography coupled with over-exploitation and variability of
freshwater recharge causes the chemistry of the groundwater in the
aquifers to vary widely, because of the intermixing between two or
more water types. This situation becomes more complicated when
seawater participates due to intrusion, because the mixing process can
follow diverse evolution trends. Samples in cluster II is present on
higher elevation in inland area is showing salinity either due to water
infiltration or due to irrigation return flow. The salinization problem is
related to natural recharge mechanisms and seawater intrusion has a
more local influence induced by decrease in piezometer due to change
in land use/land cover activities. Strategies are needed to reduce sub-
stantial gaps between seawater intrusion knowledge and management
practice to the local people as well as for land use planners. Continuous
evaluation of groundwater levels and quality are crucial for monitoring
the impact of groundwater exploitation in this highly vulnerable coastal
aquifer.

Acknowledgement

The authors thank Central University of Gujarat for providing

financial support to carry out research work and Jawaharlal Nehru
University for providing various research facilities. The authors also
express sincere thanks to Dr R. D. Deshpande, Physical Research
Laboratory (PRL), Ahmedabad, for his support in isotopic analysis in
IWIN laboratory at PRL, set up under the National Programme on
Isotope Fingerprinting of Waters of India, funded jointly by DST, New
Delhi and PRL.

References

Abudawia, A., Rosier, C., 2015. Numerical analysis for a seawater intrusion problem in a
confined aquifer. Math. Comput. Simul. 118, 2–16.

Akpan, A.E., Ugbaja, A.N., George, N.J., 2013. Integrated geophysical, geochemical and
hydrogeological investigation of shallow groundwater resources in parts of the Ikom-
Mamfe Embayment and the adjoining areas in Cross River State, Nigeria. Environ.
Earth Sci. 70, 1435–1456. https://doi.org/10.1007/s12665-013-2232-3.

Allison, G.B., Gee, G.W., Tyler, S.W., 1994. Vadose-zone techniques for estimating
groundwater recharge in arid and semi-arid regions. Soil Sci. Soc. Am. J. 58, 6–14.
https://doi.org/10.2136/sssaj1994.03615995005800010002x.

American Public Health Association (APHA), 2012. Standard Methods for the
Examination of Water and Waste Water, 22nd edn. American Public Health
Association, Washington978-087553-013-0.

Appelo, C.A.J., 1994. Cation and proton exchange, pH variations and carbonate reactions
in a freshening aquifer. Water Resour. Res. 30, 2793–2805. https://doi.org/10.1029/
94WR01048.

Appelo, C.A.J., 1996. Multicomponent ion exchange and chromatography in natural
systems. Rev. Mineral. 34, 193–227.

Arslan, Hakan, Demir, Yusuf, 2013. Impacts of seawater intrusion on soil salinity and
alkalinity in Bafra Plain, Turkey. Environ. Monit. Assess. 185, 1027–1040.

Biondic, B., Biondic, R., Kapelj, S., 2006. Karst groundwater protection in the Kupa River
catchment area and sustainable development. Environ. Geol. 49, 828–839.

Bobba, A.G., 2002. Numerical modelling of salt-water intrusion due to human activities
and sea-level change in the Godavari Delta, India. Hydrol. Sci. J. 47, S67–S80.

Bureau of Indian Standards (BIS), 2012. Drinking Water Specification (Second Revision).
IS: 10500:2012. India Central Ground Water Board, New Delhi.

Central Groundwater Board (CGWB), 2013. Groundwater Brochure Kachchh District.
Government of India Ministry of Water Resources Central Ground Water Board West
Central Region, Ahmedabad.

Chadha, D.K., 1999. A proposed new diagram for geochemical classification of natural
waters and interpretation of chemical data. Hydrogeol. J. 7, 431–439.

Choudhury, K., Saha, D.K., Chakraborty, P., 2001. Geophysical study for saline water
intrusion in a coastal alluvial terrain. J. Appl. Geophys. 46, 189–200.

Davis, S.N., Dewiest, R.J.M., 1966. Hydrogeology. vol. 463 Wiley, New York.
Desai, B.I., Gupta, S.K., Shah, M.V., 1979. Hydrochemical evidence of sea water intrusion

along the Mangrol-Chorwad coast of Saurashtra, Gujarat. Hydrol. Sci. Bull. 24,
71–82.

Deshpande, R.D., Muraleedharan, P.M., Singh, R.L., Kumar, B., Rao, M.S., Dave, M.,
Sivakumar, K.U., Gupta, S.K., 2013. Spatio-temporal distributions of δ18O, δD and
salinity in the Arabian Sea: identifying processes and controls. Mar. Chem. 157,
144–161.

Dincer, Т., Al-Mugrin, A., Zimmerman, U., 1974. Study of the infiltration and recharge
through the sand dunes in arid zones with special reference to the stable isotopes and
thermonuclear tritium. J. Hydrol. 23, 79–109.

Escolero, O., Marin, L.E., Domínguez-Mariani, E., Torres-Onofre, S., 2007. Dynamic of the
freshwater–saltwater interface in a karstic aquifer under extraordinary recharge ac-
tion: the Merida Yucatan case study. Environ. Geol. 51, 719–723.

Freeze, R.A., Cherry, J.A., 1979. Groundwater. Prentice-Hall, Englewood Cliffs, pp. 604.
Fritz, P., Fontes, J.Ch., 1980. Handbook of Environmental Isotope Geochemistry: The

Terrestrial Environment. vol. 1 Elsevier.
Gemitzi, A., Stefanopoulos, K., Schmidt, M., Richnow, H.H., 2014. Seawater intrusion into

groundwater aquifer through a coastal lake-complex interaction characterised by
water isotopes 2H and 18O. Isot. Environ. Health Stud. 50, 74–87.

Ghabayen, S.M.S., McKee, M., Kemblowski, M., 2006. Ionic and isotopic ratios for iden-
tification of salinity sources and missing data in the Gaza aquifer. J. Hydrol. 318,
360–373.

Gibbs, R.J., 1970. Mechanisms controlling world water chemistry. Science 17,
1088–1090.

Gibbs, R., 1971. Mechanism controlling world river water chemistry: evaporation-crys-
tallization process. Science 172, 871–872.

Gilboa, Y., 1966. On the hydrogeology of the Azua Valley (the Dominican Republic). J.
Hydrol. 4, 105–112.

Gimenez, E., Morell, I., 1997. Hydrogeochemical analysis of salinization processes in the
coastal aquifer of Oropesa (Castellon, Spain). Environ. Geol. 29, 118–131.

Gupta, S.K., Deshpande, R.D., 2005. Groundwater isotopic investigations in India: what
has been learned? Curr. Sci. 89, 825–835.

Howard, K.W.F., Lloyd, J.W., 1983. Major ion characterization of coastal saline ground
waters. Groundwater 21, 429–437.

Ikeda, K., 1985. Water-sediment interaction and salinized groundwater, and its chemical
composition in coastal areas. Jpn. J. Limnol. 46, 303–314.

Jankowski, J., Acworth, R.I., 1997. Impact of debris-flow deposits on hydrogeochemical
process and the development of dry land salinity in the Yass River catchment, New
South Wales, Australia. Hydrogeol. J. 5, 71–88.

Kafri, U., Goldman, M., Lyakhovsky, V., Scholl, C., Helwig, S., Tezkan, B., 2007. The

P. Maurya et al. Journal of Geochemical Exploration 196 (2019) 42–56

55

http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0005
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0005
https://doi.org/10.1007/s12665-013-2232-3
https://doi.org/10.2136/sssaj1994.03615995005800010002x
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0020
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0020
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0020
https://doi.org/10.1029/94WR01048
https://doi.org/10.1029/94WR01048
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0030
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0030
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0035
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0035
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0040
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0040
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0045
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0045
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0050
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0050
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0055
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0055
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0055
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0060
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0060
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0065
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0065
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0070
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0075
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0075
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0075
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0080
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0080
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0080
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0080
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0085
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0085
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0085
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0090
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0090
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0090
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0095
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0100
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0100
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0105
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0105
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0105
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0110
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0110
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0110
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0115
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0115
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0120
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0120
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0125
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0125
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0130
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0130
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0135
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0135
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0140
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0140
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0145
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0145
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0150
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0150
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0150
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0155


configuration of the fresh–saline groundwater interface within the regional Judea
Group carbonate aquifer in northern Israel between the Mediterranean and the Dead
Sea base levels as delineated by deep geoelectromagnetic soundings. J. Hydrol. 344,
123–134.

Kanagaraj, G., Elango, L., Sridhar, S.G.D., Gowrisankar, G., 2018. Hydrogeochemical
processes and influence of seawater intrusion in coastal aquifers south of Chennai,
Tamil Nadu, India. Environ. Sci. Pollut. Res. 25, 8989–9011.

Khaska, M., La Salle, C.L.G., Lancelot, J., Mohamad, A., Verdoux, P., Noret, A., Simler, R.,
2013. Origin of groundwater salinity (current seawater vs. saline deep water) in a
coastal karst aquifer based on Sr and Cl isotopes. Case study of the La Clape massif
(southern France). Appl. Geochem. 37, 212–227.

Kim, J., Kim, R., Lee, J., Cheong, T., Yum, B., Chang, H., 2005. Multivariate statistical
analysis to identify the major factors governing groundwater quality in the coastal
area of Kimje, South Korea. Hydrol. Process. 19, 1261–1276.

Lagudu, S., Rao, V.V.S.G., Prasad, P.R., Sarma, V.S., 2013. Use of geophysical and hy-
drochemical tools to investigate seawater intrusion in coastal alluvial aquifer, Andhra
Pradesh, India. In: Groundwater in the Coastal Zones of Asia-Pacific. Springer
Netherlands, pp. 49–65.

Mahlknecht, J., Merchán, D., Rosner, M., Meixner, A., Ledesma-Ruiz, R., 2017. Assessing
seawater intrusion in an arid coastal aquifer under high anthropogenic influence
using major constituents, Sr and B isotopes in groundwater. Sci. Total Environ. 587,
282–295.

Maurya, A.S., Shah, M., Deshpande, R.D., Bhardwaj, R.M., Prasad, A., Gupta, S.K., 2011.
Hydrograph separation and precipitation source identification using stable water
isotopes and conductivity: River Ganga at Himalayan foothills. Hydrol. Process. 25,
1521–1530. https://doi.org/10.1002/hyp.7912.

Mercado, A., 1985. The use of hydrogeochemical patterns in carbonate sand and sand-
stone aquifers to identify intrusion and flushing of saline water. Groundwater 23,
635–645.

Metcalf and Eddy Consultant Co. (Camp Dresser and McKee Inc.), 2000. Coastal Aquifer
Management Program, Integrated Aquifer Management Plan (Gaza Strip), USAID
Study Task 3, Executive Summary, Vol. 1, and Appendices B–G. (Gaza, Palestine).

Mondal, N.C., Singh, V.P., Singh, S., Singh, V.S., 2011. Hydrochemical characteristic of
coastal aquifer from Tuticorin, Tamil Nadu, India. Environ. Monit. Assess. 175,
531–550.

Nair, I.S., Rajaveni, S.P., Schneider, M., Elango, L., 2015. Geochemical and isotopic sig-
natures for the identification of seawater intrusion in an alluvial aquifer. J. Earth
Syst. Sci. 124, 1281–1291.

Nair, Indu S., Brindha, K., Elango, L., 2016. Identification of salinization by bromide and
fluoride concentration in coastal aquifers near Chennai, southern India. Water Sci.
30, 41–50.

Panagopoulos, G., 2008. Application of major and trace elements as well as boron iso-
topes for tracing hydrochemical processes: the case of Trifilia coastal karst aquifer,
Greece. Environ. Geol. 58, 1067–1082.

Piper, A.M., 1944. A graphic procedure in the chemical interpretation of water analysis.
Trans. Am. Geophys. Union 25, 914–928. https://doi.org/10.1029/
TR025i006p00914.

Pulido-Bosch, A., Tahiri, A., Vallejos, A., 1999. Hydrogeochemical characteristics of
processes in the Temara aquifer in northwestern Morocco. Water Air Soil Pollut. 114,
323–337. https://doi.org/10.1023/A: 1005167223071.

Raghunath, H.M., 2005. Text Book of Ground Water, 3rd edition. New Age International
publishers, New Delhi.

Rao, V.V.S.G., Rao, G.Tamma., Surinaidu, L., Rajesh, R., Mahesh, J., 2011. Geophysical
and geochemical approach for seawater intrusion assessment in the Godavari Delta
Basin, A.P., India. Water Air Soil Pollut. 217, 503–514. https://doi.org/10.1007/
s11270-010-0604-9.

Rao, N.S., Rao, P.S., Reddy, G.V., Nagamani, M., Vidyasagar, G., Satyanarayana, N.L.V.V.,
2012. Chemical characteristics of groundwater and assessment of groundwater

quality in Varaha River Basin, Visakhapatnam District, Andhra Pradesh, India.
Environ. Monit. Assess. 184, 5189–5214. https://doi.org/10.1007/s10661-011-
2333-y.

Rina, K., Datta, P.S., Singh, C.K., Mukherjee, S., 2012. Characterization and evaluation of
processes governing the groundwater quality in parts of the Sabarmati basin, Gujarat
using hydrochemistry integrated with GIS. Hydrol. Process. 26, 1538–1551. https://
doi.org/10.1002/hyp.8284.

Rina, K., Datta, P.S., Singh, C.K., Mukherjee, S., 2013a. Isotopes and ion chemistry to
identify salinization of coastal aquifers of Sabarmati River Basin. Curr. Sci. 104,
335–344.

Rina, K., Singh, C.K., Datta, P.S., Singh, N., Mukherjee, S., 2013b. Geochemical model-
ling, ionic ratio and GIS based mapping of groundwater salinity and assessment of
governing processes in Northern Gujarat, India. Environ. Earth Sci. 69, 2377–2391.
https://doi.org/10.1007/s12665-012-2067-3.

Simeonova, P., Simeonov, V., Andreev, G., 2003. Water quality study of the Struma River
Basin, Bulgaria. Cent. Eur. J. Chem. 2, 121–136. https://doi.org/10.2478/
BF02479264.

Stallard, R.F., Edmond, J.M., 1983. Geochemistry of Amazon: 2. The influence of geology
and weathering environment on the dissolve load. J. Geophys. Res. 88, 9671–9688.
https://doi.org/10.1029/JC088iC14p09671.

Subramanian, V., Saxena, K., 1983. Hydrogeochemistry of groundwater in the Delhi re-
gion of India, relation of water quality and quantity. In: Proceedings of the Hamberg
Symposium IAHS Publication No. 146, pp. 307–316.

Surinaidu, L., Rao, V.V.S.G., Mahesh, J., Prasad, P.R., Rao, G.T., Sarma, V.S., 2014.
Assessment of possibility of saltwater intrusion in the central Godavari delta region,
Southern India. Reg. Environ. Chang. 15, 907–918. https://doi.org/10.1007/s10113-
014-0678-9.

Van Dam, J.C., 1999. Exploitation, restoration and management. In: Bear, J., Cheng,
A.H.D., Sorek, S., Ouazar, D., Herrera, I. (Eds.), Seawater Intrusion in Coastal
Aquifers: Concepts, Methods, and Practices. Theory and Applications of Transport in
Porous Media, vol. 14. Springer Netherlands, pp. 73–126. https://doi.org/10.1007/
978-94-017-2969-7.

Vengosh, A., Ben-Zvi, 1994. Formation of salt plume in the coastal plain aquifer of Israel:
the Be'er Toviyya region. J. Hydrol. 160, 21–52. https://doi.org/10.1016/0022-
1694(94)90032-9.

Vengosh, A., Rosenthal, E., 1994. Saline groundwater in Israel: its bearing on the water
crisis in the country. J. Hydrol. 156, 389–430. https://doi.org/10.1016/0022-
1694(94)90087-6.

Vengosh, A., Heumann, K.G., Juraski, S., Kasher, R., 1994. Boron isotope application for
tracing sources of contamination in groundwater. Environ. Sci. Technol. 28,
1968–1974. https://doi.org/10.1021/es00060a030.

Vengosh, A., Spivack, A.J., Artzi, Y., Ayalon, A., 1999. Geochemical and boron, strontium,
and oxygen isotopic constraints on the origin of the salinity in groundwater from the
Mediterranean coast of Israel. Water Resour. Res. 35, 1877–1894. https://doi.org/10.
1029/1999WR900024.

Vengosh, A., Gill, J., Davisson, M.L., Hudson, G.B., 2002. A multi-isotope (B, Sr, O, H, and
C) and age dating (3H-3He, and 14C) study of groundwater from Salinas Valley,
California: hydrochemistry, dynamics, and contamination processes. Water Resour.
Res. 38, 1–17. https://doi.org/10.1029/2001WR000517.

Werner, Adrian D., Bakker, Post, Vincent E.A., Vandenbohede, Alexander, Lu, Chunhui,
Behzad, Ataie-Ashtiani, Simmons, Craig T., Barry, D.A., 2013. Seawater intrusion
processes, investigation and management: recent advances and future challenges.
Adv. Water Resour. 51, 3–26.

Zamora, P.B., Cardenas, M.B., Lloren, R., Siringan, F.P., 2017. Seawater-groundwater
mixing in and fluxes from coastal sediment overlying discrete fresh seepage zones: a
modeling study. J. Geophys. Res. Oceans 122, 6565–6582. https://doi.org/10.1002/
2017JC012769.

P. Maurya et al. Journal of Geochemical Exploration 196 (2019) 42–56

56

http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0155
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0155
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0155
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0155
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0160
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0160
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0160
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0165
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0165
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0165
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0165
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0170
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0170
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0170
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0175
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0175
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0175
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0175
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0180
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0180
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0180
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0180
https://doi.org/10.1002/hyp.7912
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf4261
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf4261
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf4261
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0190
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0190
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0190
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0195
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0195
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0195
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0200
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0200
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0200
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0205
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0205
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0205
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0210
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0210
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0210
https://doi.org/10.1029/TR025i006p00914
https://doi.org/10.1029/TR025i006p00914
https://doi.org/10.1023/A: 1005167223071
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0225
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0225
https://doi.org/10.1007/s11270-010-0604-9
https://doi.org/10.1007/s11270-010-0604-9
https://doi.org/10.1007/s10661-011-2333-y
https://doi.org/10.1007/s10661-011-2333-y
https://doi.org/10.1002/hyp.8284
https://doi.org/10.1002/hyp.8284
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0245
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0245
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0245
https://doi.org/10.1007/s12665-012-2067-3
https://doi.org/10.2478/BF02479264
https://doi.org/10.2478/BF02479264
https://doi.org/10.1029/JC088iC14p09671
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0270
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0270
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0270
https://doi.org/10.1007/s10113-014-0678-9
https://doi.org/10.1007/s10113-014-0678-9
https://doi.org/10.1007/978-94-017-2969-7
https://doi.org/10.1007/978-94-017-2969-7
https://doi.org/10.1016/0022-1694(94)90032-9
https://doi.org/10.1016/0022-1694(94)90032-9
https://doi.org/10.1016/0022-1694(94)90087-6
https://doi.org/10.1016/0022-1694(94)90087-6
https://doi.org/10.1021/es00060a030
https://doi.org/10.1029/1999WR900024
https://doi.org/10.1029/1999WR900024
https://doi.org/10.1029/2001WR000517
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0310
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0310
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0310
http://refhub.elsevier.com/S0375-6742(17)30511-3/rf0310
https://doi.org/10.1002/2017JC012769
https://doi.org/10.1002/2017JC012769

	Hydrochemistry in integration with stable isotopes (δ18O and δD) to assess seawater intrusion in coastal aquifers of Kachchh district, Gujarat, India
	Introduction
	Material and methods
	Study area
	Geohydrology and climate of the study area
	Climate
	Hydrogeological setup of the area

	Sampling and analytical procedure
	Hierarchical cluster analysis

	Results and discussion
	Distributions of major ions
	Correlation of physicochemical parameters of groundwater
	Geochemical evolution of groundwater
	Salinization of groundwater
	Provenance and water–rock interaction
	Evaporites dissolution in the area

	Ionic ratios to infer seawater intrusion
	Agricultural practices
	Origin of saline water
	Isotopic signature of groundwater in the area
	Regression line of δ18O and δD
	Relationship of Cl and δ18O

	Cluster analysis

	Conclusion
	Acknowledgement
	References




