
ORIGINAL ARTICLE

Geochemical modelling, ionic ratio and GIS based mapping
of groundwater salinity and assessment of governing processes
in Northern Gujarat, India

Kumari Rina • Chander Kumar Singh •

P. S. Datta • Neha Singh • S. Mukherjee

Received: 15 April 2012 / Accepted: 19 October 2012 / Published online: 10 November 2012

� Springer-Verlag Berlin Heidelberg 2012

Abstract In semi-arid/arid regions, groundwater is the

major source of irrigation, drinking and industrial

requirements, water salinity and shortage are major prob-

lems of concern. North Gujarat, India, is one such area

where highly saline groundwater is generally ascribed to

rapid increase of population, agriculture and industries

induced decline in water table by unplanned abstraction of

groundwater. However, no effort has been made to dis-

criminate the natural and anthropogenic influences on

groundwater salinity. In this brief background, the present

study attempts to identify the factors and processes con-

trolling the groundwater salinity in the area, based on ionic

ratios in integration with various graphical methods, satu-

ration indices and geographical information system.

Na?/Ca2? [ 1 indicates the deficiency of Ca2? possibly

due to CaCO3 precipitation or ion exchange process.

Na?/Cl- [ 1 and SO4
2�=Cl� � 0:05 suggest salinization

is mainly due to wastewater infiltration and/or due to irri-

gation water return flow. Sea water intrusion in coastal

parts, vertical and lateral mixing of water and anthropo-

genic inputs are also responsible for salinization of

groundwater. USSL diagram, Na%, sodium adsorption

ratio, residual sodium carbonate and magnesium hazard

indicate unsuitability of groundwater for irrigation pur-

poses. To prevent groundwater salinization, appropriate

measures need to be taken to control further indiscriminate

exploitation of groundwater for irrigation.

Keywords Groundwater � Salinity � Geochemical

processes � Ionic ratio � Geochemical modelling �
Saturation index � Gujarat

Introduction

In many semi-arid/arid regions, due to inadequate surface

water supply groundwater serves as major source of

requirements for irrigation, drinking water and industrial

purposes. Therefore, availability of adequate quantity of

good quality groundwater is a matter of concern. High

evapotranspiration coupled with less rainfall leads to

accumulation of excess salt in the soil root zone. In order to

minimize soil salinization, when excess amount of water is

added in excess of that required by crops it causes leaching

of the salts with the infiltrating water down the soil profile,

increasing the salt content in the groundwater (Rhoads and

Loveday 1990). Hence, in these regions, salinity and sod-

icity of water are the major problems, which are directly or

indirectly associated with the local or regional geological

formations, climatic conditions, natural recharge mecha-

nism and land use. In the areas adjacent to the coast, var-

ious other processes such as evaporite dissolution,

downward seepage from surficial saline water, return flows

of irrigation with sewage effluent, deep brines or upward

flow of deep saline water and fossil seawater (Aunay et al.

2006; Pulido-Leboeuf et al. 2003; Vengosh et al. 1999;

Yamanaka and Kumagai 2006) may also result in salini-

zation of groundwater.
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The Gujarat State in western India is one such semi-arid

area where groundwater in large part is affected by salinity/

sodicity problems (EC [ 4,000 lS/cm) (Misra and Mishra

2007). Over the years, the groundwater salinity problem in

12 coastal districts of Gujarat resulted due to salinity

ingress from large-scale use of groundwater by farmers.

A total of 2,542 villages are affected either by dynamic

salinity or by inherent salinity. Besides the salinization of

coastal aquifers, groundwater salinity has been also

reported in other parts of Gujarat. In North Gujarat, rapid

increase of industries, agriculture and population has

induced unplanned abstraction of groundwater, causing

decline of water table/piezometric surface at the rate of

*3 months/year. Water table has declined by 100–150 m

in last few decades (Gupta and Deshpande 2004). An acute

shortage of water is exacerbated by the inferior water

quality in terms of salinity, ascribed to decline in water

table. However, no effort has been made to understand the

causes and discriminate the natural and anthropogenic

influences on groundwater salinity. In this brief back-

ground, the present study attempts to identify the factors

controlling the groundwater salinity using ionic ratio in

integration with various graphical methods, saturation

index and geographical information system (GIS).

Geohydrology and climate of the study area

The study area (*7,221 km2; Fig. 1), covering northern

Gujarat districts Ahmedabad, Mehsana, Gandhinagar,

Kheda and Anand, is bounded in the north and northeast by

the Aravalli hills; in the east, by a ridge separating it from

the Mahi basin; in the south, by the Gulf of Cambay; and in

the west, by a ridge separating it from the basins of minor

streams draining into the Rann of Kutch. Sabarmati River

and its tributaries is the main source of surface water in the

area. Geologically the area comprises crystalline rocks of

Archean age in the northern and northeastern parts while

recent alluvial deposits cover the central and southern parts

(Datta et al. 1980); and large part is occupied by thick

quaternary continental deposits of fluvio-marine origin.

Precambrian hard rocks, semi-unconsolidated mesozoic

formations, tertiary formation and unconsolidated alluvial

deposits form the aquifers in this area. In the north and

northeast part of the area, the meta-sediments of Aravalli

and Delhi super group, granites and basic intrusive of post-

Delhi period, Himmatnagar sandstones and Deccan traps

form hard rock aquifer with low yield. In the lithological

formation quartzites, phyllites, slates and schists associated

with Kumbhalgarh, Gogunda, Jharol and Lunawada

group of rocks (Merh 1995) along with feldspar, quartz,

granite, pegmatites, chalcedony, chrysolite, conglom-

erate cemented sandstone, basalt, laterite, calcrete nodules,

quartz, calc-silicate rocks (Srivastava et al. 2001; Tandon

et al. 1997) are also present. The sandy layers forming

aquifer horizons are seen to be laterally continuous and

vertically interspersed with thin semi-permeable clay/silt

layers that may not have lateral continuity over a large

area. The recharge area is in the foothills of Aravalli

Mountains and discharge area is in the Gulf of Cambay.

Groundwater occur both in unconfined and confined con-

ditions, and there is no hydraulic continuity of the phreatic

aquifers. Due to high gradient and undulating topography,

the run off is high, which limits the aquifer storage. The

average annual rainfall in the area is about 600–800 mm.

The southwest monsoon from mid-June to mid-September

contributes nearly 91–94 % of annual rainfall.

Sampling and analytical procedures

Based on the topographic sheets and satellite image, the

study area was divided into several grids (5 km 9 5 km).

The locations of the sampling sites, recorded using global

positioning system (GPS, Garmin), are shown in Fig. 1.

Representative groundwater samples from 56 locations

(equitably distributed geographically) from the aquifers

adjacent to the Sabarmati River were collected at the end of

September 2008, representing the post-monsoon period.

Sixty-one samples from different locations were collected

in May 2009, representing the pre-monsoon period. The

land use/land cover (LULC) map of the area (Fig. 1) was

prepared using LISS image of IRS P6, which shows that

most of the area is crop land interspersed with fallow land.

Groundwater samples were collected from tube wells,

bore wells and hand pumps. Initially water was discarded

for 20–25 strokes from the hand pumps to minimize the

impact of iron pipes. At each site, water samples were

collected in two separate clean polypropylene bottles

(Tarsons; 250 and 125 ml), rinsed two to three times with

groundwater to be sampled. One of the bottles (125 ml)

containing samples was acidified to stabilize trace metals

and was used for determination of major cations and trace

metals, and the other bottle (250 ml) containing un-acidi-

fied sample was used for anions’ analysis. The physico-

chemical parameters were determined by following the

standard protocol as given in American Public Health

Association (APHA 2005). pH, electrical conductivity

(EC) and total dissolved solids (TDS) were measured

onsite using respective electrodes (Hanna, model no. HI

99161). Subsequently, the samples were brought to labo-

ratory in ice containing styrofoam boxes, vacuum filtered

with 0.22 l Millipore filter paper, and stored at 4 �C for

further analysis. Carbonate and bicarbonate were deter-

mined using titration method. Anions (F-, Cl-, SO4
2-, and

NO3
-) were analyzed using ion chromatography (ICS-90,
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Dionex) and major cations (Ca2?, Mg2?, Na?, K?) were

analyzed using atomic absorption spectrophotometer

(Thermo Fisher, M series). Dissolved silica was analyzed

by molybdo-silicate method (APHA 2005). The analytical

accuracy for measurement of ions was within ±5 %, as

calculated by normalized charge balance index.

Durov’s diagram (1948) has been used to determine the

hydrochemical facies of water, which are a function of

lithology, solution kinetics and flow pattern of groundwater

through the aquifer, and provide insight into the geo-

chemical evolution of groundwater. The changes in satu-

ration state has been used to distinguish different stages of

hydrochemical evolution and to identify which geochemi-

cal reactions are important in controlling water chemistry

(Koetsiers and Walraevens 2006). To evaluate the degree

of equilibrium between water and the respective mineral,

the saturation index (SI—ratio of apparent ionic product to

apparent solubility product of the considered solid) of

minerals was calculated by the USGS geochemical code

PHREEQC 2.17 using the following equation (Garrels and

Mackenzie 1967):

SI ¼ log
IAP

Kt

� �
ð1Þ

where, SI is saturation index of a mineral, IAP = ion

activity product of the dissociated mineral, Kt = equilib-

rium solubility at mineral temperature.

SI \ 0 indicates that the groundwater is under-saturated

with respect to a particular mineral. SI [ 0 reflects whether

the groundwater is oversaturated with respect to a partic-

ular mineral, i.e. incapable of dissolving more of the

mineral.

Spatial analyst module of ArcGIS 9.1 was used to study

spatiotemporal variation of the groundwater quality of the

area. The inverse distance weighted (IDW) interpolation

technique (Mueller et al. 2004; Tabios and Salas 1985;

Tomczak 1998) has been used for estimating values between

measurements. Weights have been computed by taking the

inverse of the distance from an observation’s location to

the location of the point being estimated (Burrough and

McDonnell 1998). The inverse distance can be raised to a

power (e.g. linear, squared and cubed) to model different

geometries (e.g. line, area, volume) (Guan et al. 1999).

Results and discussion

The variation of anions and cations with their minimum,

maximum and average concentration in pre- and post-mon-

soon is given in Table 1. The groundwater of the study area is

alkaline in nature. The increase in groundwater pH from an

average value of 7.49 in pre-monsoon to 8.43 in post-mon-

soon suggests enhanced dissolution of salt as a result of

interaction between soil and rainwater (Subramanian and

Fig. 1 Map showing sampling location with LULC of the study area

Environ Earth Sci (2013) 69:2377–2391 2379

123



Saxena 1983). High value of EC and TDS in pre-monsoon

(warmer months) suggests enrichment of salt due to

enhanced evaporation. Na?, Mg2? and Ca2? contributed

99.18 % of total cation whereas Cl-, HCO3
- and

SO4
2-contributed 83.78 % of total anions in pre-monsoon.

In post-monsoon Cl-, HCO3
-, and SO4

2- contributed

83.15 % of total anions where as Na?, Mg2? and Ca2?

contributed 99.28 % of total cations. In both pre-monsoon

and post-monsoon the abundance of major anions were in the

order Cl�[ HCO3
�[ SO4

2�[ SiO2
�, whereas dominant

cations followed the order: Na? [ Ca2? [ Mg2? [ K?.

Hydrochemical facies

For identifying the processes such as mixing, cation

exchange, and dissolution affecting groundwater compo-

sition, based on milliequivalent percentage of the total

major cation and total major anions in the water samples,

Durov’s diagram (1948) for both pre- and post-monsoon is

shown in Fig. 2a, b. The groundwater in the area is mostly

of Na–Cl type, which is indicative of saline water. Very

few places show Na–HCO3 type facies, which confirms

interaction of groundwater with schist quartzite and

granitic rocks. In pre-monsoon only four samples are of

Na–HCO3 type and 58 are of Na–Cl type, whereas in post-

monsoon 14 samples are of Na–HCO3 type and 42 samples

are of Na–Cl type.

Identification of geochemical process

Hydrochemical data was subjected to various graphical

plots to identify hydro-geochemical processes responsible

for enhancement of salinity in the region.

The scatter diagram of (Ca2? ? Mg2?) versus

HCO3
� þ SO4

2�ð Þ (Fig. 3a) shows that in pre-monsoon

most of the samples fall below the equiline (1:1), which

indicates that silicate weathering is the dominant process,

whereas in post-monsoon more samples fall above the

equiline due to excess of (Ca ? Mg) over (SO4 ? HCO3),

which indicates that these ions have resulted from car-

bonate weathering, whereas some samples also fall below

the equiline which indicates silicate weathering (Datta

et al. 1996; Rajmohan and Elango 2004). It also indicates

that in pre-monsoon ion exchange is the dominant process

whereas in post-monsoon both ion exchanges as well as

reverse ion exchange is taking place in the groundwater of

the study area. Presence of granitic or gneissic environment

causes dissolution of minerals yielding Ca2?, Mg2?, Na?

and K? in groundwater as given in equation below.

ðNaþ;Mg2þ;Ca2þ;KþÞ silicatesþ H2CO3

! H4SiO4 þ HCO3
� þ Naþ þMg2þ

þ Ca2þ þ Kþ þ Clays

In the scatter plot between (Na? ? K?) and Cl-

(Fig. 3b) in both pre- and post-monsoon almost all samples

lie above the equiline suggesting the excess of cation is due

to silicate weathering (Stallard and Edmond 1983). How-

ever, silicate weathering is not the only source of Na? in

groundwater, because, water that derives solutes primarily

by silicate weathering would have HCO3
� as the most

abundant anion. Whereas, in the groundwater of the study

area, HCO3
� is the second most abundant anion after Cl-,

hence, it shows the additional source of Na? and Cl-. The

additional sources of Na can be due to salt such Na2SO4

and K2SO4 present in the soil (Datta and Tyagi 1996). The

observed excess of Na? over K? is because of the greater

Table 1 Statistical summary of

different physico–chemical

parameters analysed

(concentration in mg/L except

EC (lS/cm) and pH)

Parameter Pre-monsoon Post-monsoon

Mean ± SD Range Mean ± SD Range

pH 7.49 ± 0.39 7.1–9.1 8.43 ± 0.40 7.1–9.3

TDS 884.75 ± 458.19 160–1850 528.39 ± 316.16 80–1,330

EC 1,258.2 ± 725.31 210–2,890 1,307.68 ± 607.81 240–2,350

CO3 22.16 ± 10.01 6.0–54.00 42.20 ± 19.95 0–108.00

HCO3 169.22 ± 76.2 73.2–439.2 202.72 ± 150.93 36.60–1,000.40

SiO2 68.15 ± 19.11 26.30–126.84 43.86 ± 13.84 9.66–68.48

F 1.00 ± 0.53 0.39–2.54 1.07 ± 1.00 0.29–5.55

Cl 432.37 ± 377.13 58.44–1,993.16 282.80 ± 210.40 36.58–850.15

NO3 50.09 ± 87.49 1.59–630.73 33.28 ± 29.12 2.71–131.67

SO4 129.09 ± 130.87 14.98–730.54 85.02 ± 87.45 13.36–496.68

Na 374.76 ± 199.05 90.01–1,050.34 321.07 ± 187.75 63.89–808.36

K 3.38 ± 2.59 0.54–12.41 2.69 ± 1.91 0.46–10.21

Ca 20.56 ± 12.23 1.87–58.86 27.32 ± 14.66 10.19–80.17

Mg 13.49 ± 18.54 0.87–128.67 22.66 ± 12.75 2.42–62.41
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resistance of K? to chemical weathering and its adsorption

on clay minerals. The scatter plot of Na? ? K? versus Cl-

(Fig. 3b) shows that abundant alkalis are available to form

alkali carbonates or alkali sulphate. Samples with high

(Na? ? K?) concentration have high Cl� þ SO4
2�ð Þ

concentration also, which suggests a common source of

these ions (Sarin et al. 1989, Datta et al. 1996). A good

correlation of Cl- and SO4
2� ions in the scatter plot

(Fig. 3c) suggests common source of these ions. The pos-

sible source of Cl- and SO4
2� could be relict sulphide and

sulphate-rich marine clay and silt deposits, secondary

evaporite minerals dissolution as well as anthropogenic

Fig. 2 Durov plot for a pre-monsoon, b post-monsoon
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activities especially agricultural activities (Rajmohan

and Elango 2006). Evaporation greatly increases the

concentrations of ions formed by chemical weathering,

leading to higher salinity (Subba Rao 2006). The Na?

versus Cl- scatter plot (Fig. 3d) suggests mixing of highly

saline water with fresh water (Zaheeruddin and Khurshid

2004).

In the scatter plot of (Ca2? ? Mg?) versus

HCO3
� þ SO4

2�ð Þ, it is evident that in pre-monsoon the

samples which fall below the equiline suggests that an

excess of HCO3
� þ SO4

2�ð Þ in the water has been bal-

anced by alkalis (Na? ? K?). Whereas in post-monsoon

even when SO4
2� and HCO3

� are at low concentration,

Ca2? and Mg2? are present in relatively higher concen-

tration which shows that the excess of Ca2? and Mg2?

might be due to reverse ion exchange process which is

taking place in the area in post-monsoon.

Ionic ratio and salinization

In general, freshwater is dominated by Ca2? whereas sea-

water is dominated by Mg2?; along with sodium and

chloride ions. However, seawater and seawater mixed with

freshwater and freshwater polluted by various anthropo-

genic activities, urban wastewater or from agriculture return

flow have distinguished chemical signatures (Ghabayen

et al. 2006; Metcafe and Eddy 2000). Seawater has distinct

ionic ratios also, such as, Na?/Cl- = 0.86, SO4
2�=Cl� ¼

0:05, Ca2þ=ðHCO3
� þ SO4

2�Þ, Mg2?/Ca2? = 5.2 (Vengosh

et al. 2002; Vengosh and Rosenthal 1994). Sewage effluent

has a relatively high Na?/Cl- ratio ([1) and a high

SO4
2�=Cl� ratio (0.09) (Ghabayen et al. 2006; Vengosh

et al. 1999). Improper treatment and disposal of domestic

wastewater could be also one of the major sources of sali-

nization in aquifer (Metcafe and Eddy 2000). Therefore,

probable source of salinization can be also characterized by

distinguishable ionic ratios in groundwater, controlled by

processes such as preferential adsorption and ion exchange

of cations on clay minerals, besides dissolution. Table 2

gives ionic ratios in groundwater of the study area for both

pre- and post-monsoon periods.

At all the sampling locations, both in pre- and post-

monsoon, Na?/Ca2? molar ratios more than unity in

groundwater indicates the deficiency of Ca2?, possibly due

to evaporation leading to formation of Kankar (CaCO3)

(Datta and Tyagi 1996; Subba Rao 2008; Singh et al.

2011a, b) or oversaturation of CaCO3 or ion exchange

process. In pre-monsoon, 52 samples had Na?/Cl- ionic

ratio greater than 1. In post-monsoon, 51 out of 56 samples

showed Na?/Cl- ratio more than 1 whereas 5 samples

showed \0.8. At most of the locations, Na?/Cl- [ 1

indicates salinity of groundwater is mainly due to waste-

water infiltration (Vengosh et al. 1999). In pre-monsoon,

some of the samples in southernmost part of the area near

Gulf of Cambay have a 0.8–1.0 Na?/Cl- ratio indicating

possibilities of seawater intrusion due to overexploitation

Fig. 3 a Scatter plot between (Ca2? ? Mg2?) and ðSO4
2� þ HCO3

�Þ, b (Na? ? K?) versus Cl-, c Na? versus Cl-, d Cl- versus SO4
2�
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induced lowering of groundwater table and mixing of

seawater and freshwater (Vengosh and Rosenthal 1994).

The Mg2?/Ca2? ionic ratio greater than 5 is a direct indi-

cator of seawater intrusion (Metcafe and Eddy 2000;

Vengosh and Ben-Zvi 1994). In the studied area, the

groundwater in 45 locations show higher Mg2?/Ca2? ratio

([1) in post-monsoon as compared to that in 22 locations

during pre-monsoon, suggesting saline water upconing is

responsible for high salinity in the groundwater. At most of

the locations, SO4
2�=Cl� � 0:05 indicates possibility of

contribution from the application of gypsum fertilizers also

due to irrigation return flows towards the salinity (Vengosh

et al. 2002), while at some of the locations SO4
2�=Cl�

ratio (0.09) suggests the effect of effluent disposal con-

tributing to salinity. K?/Cl– ratio of 0.019 indicates sea-

water intrusion. K?/Cl– \ 0.019 at most of the locations in

the area depicts saline upconing. At few locations, quite

high K?/Cl– � 0.02 ratio suggests waste water infiltration.

As compared to pre-monsoon higher K?/Cl– ratio in post-

monsoon indicates the possibilities of salt patches leaching

from rainfall causing more salinity.

It has been already observed that Cl-, Na?, Mg2? and

SO4
2- contents exhibit mutual positive correlation and

correlate strongly with EC and TDS in both pre- and post-

monsoon (Rina et al. 2012). Compared to pre-monsoon,

Cl-, Na? and Mg2? are strongly correlated with EC in post-

monsoon, possibly due to high mineralization. Correlation

of SO4
2� � Cl�; Mg2þ � Cl�; Mg2þ � SO4

2�; Kþ �
NO3

� and K?– Mg2? indicates the impact of excessive use

of fertilizer for agricultural activity which might have

contributed towards increased salinity of groundwater in the

region. Strong correlation of NO3
� with Mg2? in pre-

monsoon and moderate correlation Ca2?–Mg2? in post-

monsoon suggests a common source of these ions. The

likely source of enrichment of these ions could be evaporite

dissolution or seawater ingress. Correlation matrix of both

pre- and post-monsoon is given in Tables 3, 4.

Geochemical modelling

The variation in chemical composition of groundwater in

an area is controlled by the evaporation, precipitation,

Table 2 The comparative ionic ratio of potential salinization sources and study area groundwater

Parameter Seawater intrusion Deep saline upconing Agriculture return flow Wastewater infiltration Pre-monsoon Post-monsoon

Na?/Cl- 0.86–1a \0.8b – 1.1c 0.81–3.71 0.616–4.069

SO4
2�=Cl� 0.05a, c *0.05b, c �0.05d 0.09c 0.057–0.450 0.082–0.734

K?/Cl- 0.019 \0.019c – �0.02 0.01–0.064 0.002–0.119

Mg2?/Ca2? [5b [1a – – 0.129–7.290 0.351–3.058

a Vengosh and Rosenthal (1994)
b Vengosh and Ben-Zvi (1994)
c Vengosh et al. (1999)
d Vengosh et al. (2002)

Table 3 Correlation matrix of various parameters analysed in pre-monsoon season

pH TDS EC CO3 HCO3 SiO2 F Cl NO3 SO4 Na K Ca Mg

pH 1

TDS 0.038 1.000

EC -0.050 0.929 1.000

CO3 0.319 0.207 0.200 1.000

HCO3 -0.028 0.119 0.198 0.433 1.000

SiO2 0.079 0.027 -0.034 0.017 0.010 1.000

F 0.147 -0.045 -0.018 0.393 0.414 -0.095 1.000

Cl 0.004 0.743 0.805 0.209 0.083 -0.067 0.034 1.000

NO3 -0.072 0.324 0.340 -0.171 -0.244 -0.108 -0.186 0.218 1.000

SO4 -0.138 0.571 0.631 0.221 0.064 -0.094 0.152 0.796 0.163 1.000

Na 0.003 0.738 0.814 0.320 0.239 -0.060 0.202 0.931 0.131 0.762 1.000

K -0.038 0.346 0.234 -0.205 -0.226 0.002 -0.224 0.233 0.491 0.184 0.142 1.000

Ca -0.005 0.321 0.313 0.011 -0.106 0.125 0.026 0.457 0.157 0.349 0.306 0.221 1.000

Mg -0.098 0.536 0.546 -0.050 -0.082 -0.170 -0.071 0.433 0.745 0.400 0.316 0.490 0.543 1.000

Bold shows moderate to strong correlation
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climate, minerals present in geological formations, soil

characteristics, hydro-geochemical processes, including

dissolution, precipitation, ion exchange, sorption and

desorption, together with the groundwater residence time

along the flow path and anthropogenic activity (Apodaca

et al. 2002). This can be modelled by inverse geochemical

approaches (Parkhurst and Appelo 1999). Variation of

saturation index for different minerals of both pre- and

Table 4 Correlation matrix of various parameters analysed in post-monsoon season

pH TDS EC CO3 HCO3 SiO2 F Cl NO3 SO4 Na K Ca Mg

pH 1

TDS 0.038 1.000

EC -0.050 0.929 1.000

CO3 0.319 0.207 0.200 1.000

HCO3 -0.028 0.119 0.198 0.433 1.000

SiO2 0.079 0.027 -0.034 0.017 0.010 1.000

F 0.147 -0.045 -0.018 0.393 0.414 -0.095 1.000

Cl 0.004 0.743 0.805 0.209 0.083 -0.067 0.034 1.000

NO3 -0.072 0.324 0.340 -0.171 -0.244 -0.108 -0.186 0.218 1.000

SO4 -0.138 0.571 0.631 0.221 0.064 -0.094 0.152 0.796 0.163 1.000

Na 0.003 0.738 0.814 0.320 0.239 -0.060 0.202 0.931 0.131 0.762 1.000

K -0.038 0.346 0.234 -0.205 -0.226 0.002 -0.224 0.233 0.491 0.184 0.142 1.000

Ca -0.005 0.321 0.313 0.011 -0.106 0.125 0.026 0.457 0.157 0.349 0.306 0.221 1.000

Mg -0.098 0.536 0.546 -0.050 -0.082 -0.170 -0.071 0.433 0.745 0.400 0.316 0.490 0.543 1.000

Bold shows moderate to strong correlation

Fig. 4 Saturation index (SI)

plot for a post-monsoon, b pre-

monsoon
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post-monsoon is shown in Fig. 4a, b. Groundwater is

under-saturated with respect to anhydrite, chrysolite, gyp-

sum and CO2 at most of the sampling sites both in pre- and

post-monsoon; it suggests dissolution of these minerals

have contributed Ca2?, Mg2? and other ions in the

groundwater. However, at most of the locations, ground-

water is oversaturated in post-monsoon with respect to

chrysolite. In post-monsoon most of the samples were

found to be oversaturated with respect to calcite and

dolomite. In pre-monsoon, 32 samples out of 61 samples

were under-saturated with respect to calcite and 34 samples

were under-saturated with respect to dolomite rest other

samples are oversaturated. Almost all the samples are

oversaturated with respect to chalcedony in both pre- and

post-monsoon. Oversaturation can be possibly produced by

factors that include incongruent dissolution, common

ion effect and evaporation (Appelo and Postma 1996;

Langmuir 1997).

Oversaturation of groundwater with respect to calcite,

dolomite and aragonite shows that these minerals have

already precipitated in the past and are not contributing

much of Ca2? and Mg2? in the groundwater. In scatter plot

of Na? versus Cl-, most of the samples lie above the

equiline (1:1) for both pre-monsoon and post-monsoon

(Fig. 3c), which suggests that besides halite dissolution and

ion exchange, Na? ion is contributed by anthropogenic

sources also (Subba Rao 2008). Calcium has sources other

than calcite, dolomite and aragonite; gypsum dissolution

and anthropogenic input seems to be an important source of

calcium enrichment in groundwater. Under-saturation of

gypsum and anhydrite in pre- and post-monsoon suggests

that the possible source of sulphate may be anthropogenic

activity and relics of marine deposits as discussed above.

The saturation indices for calcite, dolomite and gypsum

and other minerals suggest that besides evaporites

Table 5 Na% value of study area both in pre- and post-monsoon

Na Water class Percentage of sample

(pre-monsoon)

Percentage of sample

(post-monsoon)

\20 Excellent 0 0

20–40 Good 0 0

40–60 Permissible 0 8.93

60–80 Doubtful 19.67 37.5

[80 Unsuitable 80.33 53.57

Fig. 5 Spatial distribution of Na% a pre-monsoon, b post-monsoon
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dissolution and dedolomitization (calcite precipitation and

dolomite dissolution driven by gypsum dissolution) and

anthropogenic activities is controlling salinity of ground-

water in this region.

In semi-arid/arid areas, use of such poor quality water

again and again by farmers for irrigation causes adverse

environmental impacts, such as, salinization of irrigated

land, change in soil structure, permeability and aeration,

increase in osmotic pressure of soil solution, decreasing

water uptake of plant (Thorne and Peterson 1954; Singh

et al. 2011a, b), indirectly affecting the plant growth (Todd

1980; Domenico and Schwartz 1990). Suitability of

groundwater for irrigation depends on the constituents such

as, EC and Na?, HCO3
� and CO3

2�. In this context, to

determine the suitability of groundwater, indices such as

sodium percentage (Na%), sodium absorption ratio (SAR),

residual sodium carbonate (RSC) and magnesium ratio

have been also evaluated.

Sodicity and salinization of Groundwater

Sodium percentage (Na%)

The Na% has been calculated as:

Na% ¼ ðNaþ þ KþÞ � 100

ðCa2þ þMg2þ þ Naþ þ KþÞ

where, all the concentrations are expressed in meq/l.

In post-monsoon, Na% is less (48.45–94.55) compared

to that in pre-monsoon (62.43–96.43), which may be due to

increased vertical recharge from rainfall and lateral mixing

with water containing less sodium concentration. Samples

belonging to different class based on Na% in both pre- and

post-monsoon are given in Table 5. Spatial variation of

Na% in both the seasons is shown in Fig. 5a, b. Generally,

Na% should not exceed 60 % in irrigation waters. All the

samples are above the permissible limit in the pre-mon-

soon, which suggests unsuitability of water for irrigation.

In post-monsoon, only some locations in the northern and

southeastern parts are within permissible limit.

Table 6 SAR value of study area both in pre- and post-monsoon

SAR Alkalinity

hazard

Water

class

Percentage of

sample (pre-

monsoon)

Percentage of

sample (post-

monsoon)

\10 S1 Excellent 21.31 48.21

10–18 S2 Good 32.79 32.14

18–26 S3 Doubtful 31.15 17.86

[26 S4 Unsuitable 14.75 1.79

Fig. 6 Spatial distribution of SAR a pre-monsoon, b post-monsoon
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Sodium adsorption ratio

The extent to which sodium is adsorbed by the soils

depends on SAR of irrigation water. SAR has been cal-

culated as:

SAR ¼ Naþ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCa2þ þMg2þÞ�

2

q

where, the concentrations are expressed in meq/l.

In pre-monsoon, SAR values varied from 4.04 to 39.72

(mean value 17.69) whereas in post-monsoon it varied

from 2.50 to 28.92 (mean value 11.62). Samples belonging

to different class based on SAR value in both pre- and post-

monsoon are given Table 6.

As shown in Fig. 6a, b SAR is more pronounced in pre-

monsoon than in post-monsoon. It is less in the northern

and southeastern parts and high in the central and southern

parts of the study region.

Residual sodium carbonate

RSC has been calculated using the equation (Raghunath

1987):

RSC ¼ ðCO3
2� þ HCO3

�Þ � ðCa2þ þMg2þÞ

where, the concentrations are expressed in meq/l.

Water class of the study area based on RSC values for

both pre- and post-monsoon is given in Table 7. In pre-

monsoon the RSC value varied between -10.49 and 7.82

(mean 1.36) whereas in post-monsoon it varied between

-3.47 and 16.82 (mean 1.48). A high value of RSC in

water leads to increase in the adsorption of sodium in soil

(Eaton 1950). Spatial variation of RSC in the region is

shown in the Fig. 7a, b.

Compared to pre-monsoon, more area is affected by

RSC in post-monsoon; especially in the region which is

having relatively more urbanisation and industrial activities

(Fig. 1), suggesting possible contribution by dissolution of

higher amount of CO2 released from industrial activity

(Jeong 2001) during monsoon rainfall. From Fig. 7a we

can clearly see that a very small area in the southernmost

Table 7 RSC value of the study area both in pre- and post-monsoon

RSC Water

class

Percentage of

sample (pre-

monsoon)

Percentage of sample

(post-monsoon)

\1.25 Good 44.64 50.00

1.25–2.5 Doubtful 34.43 19.64

[2.5 Unsuitable 24.59 30.36

Fig. 7 Spatial variation of RSC a pre-monsoon, b post-monsoon
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part, which is near the Gulf of Cambay and some parts of

the central region were affected due to high RSC. In post-

monsoon, two plumes of high RSC can be clearly identified

in the southern and central part of the area moving towards

the industrial hubs, which are Anand and Nadiad and its

surrounding area. It suggests that because of overexploi-

tation of groundwater in this region, saline water from the

southernmost and central regions moves towards these

regions and increases the salinity in this region.

Magnesium hazard (MH)

Generally, Ca2? and Mg2? maintain a state of equilibrium

in water. If Mg2? is more in water it adversely affects crop

yield. Magnesium hazard for irrigation water has been

calculated using the following equation (Szabolcs and

Darab 1964):

Magnesium ratio ¼ ðMg2þÞ � 100

ðCa2þ þMg2þÞ
:

Spatial variation of magnesium hazard of study area is

shown in Fig. 8a, b.

MH [ 50 is considered harmful and unsuitable for

irrigation purpose. In pre- and post-monsoon 23 and 45

samples were found to be unsuitable for irrigation

respectively. In pre-monsoon, some parts in north, central

and southeast of the study area show low magnesium

ratio, whereas it is high in rest of the area. However, in

post-monsoon almost all locations have high magnesium

hazard except for some locations in northern and central

parts. This is possibly due to increased leaching of salts

by rain.

Wilcox (1955) and US salinity Laboratory Staff (1954)

proposed a criterion for evaluating the suitability of water

for irrigation. Both pre- and post-monsoon EC and SAR

values of groundwater of the study area are plotted in the

USSL salinity diagram in Fig. 9a, b, which indicate that in

post-monsoon, 17 samples fall in low sodium hazard cat-

egory. Most of the samples were in C3S2 (high salinity and

medium sodium) category; however, it is considered tol-

erable for agricultural use. High salinity during post-

monsoon might be due to increased leaching of surficial

salt and untreated industrial waste with rainfall, along with

salinity from remnant of the seawater (as discussed in the

study area section above) (Merh and Chamyal 1993). The

salinity diagram depicts different groundwater mixing flow

pathways between highly saline and medium/low saline/

fresh water.

Fig. 8 Spatial variation of Mg Hazard a pre-monsoon, b post-monsoon
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Fig. 9 US salinity diagram for

a pre-monsoon, b post-monsoon
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Conclusion

The integration of ionic ratio, hydrochemistry and various

conventional graphs has helped to understand factors

governing the groundwater salinity in the investigated area.

Majority of the samples showed Na–Cl type hydrochemical

facies, which indicates highly saline water. Various ionic

ratios also confirm that along with natural processes,

intensive agricultural and anthropogenic waste water

infiltration from industrial activities are the major sources

of salinization and the dominant processes which govern

the groundwater salinity. However, ionic ratio confirms

that in southernmost part near Gulf of Cambay, seawater

intrusion is mainly responsible for salinity. Various indices

such as Na%, SAR and RSC depict that water is unfit for

agricultural purposes at most of the places. The salinity

hazard is more pronounced in post-monsoon than pre-

monsoon. It also depicts that due to overexploitation highly

saline groundwater is getting mixed with fresh water and

thereby depleting its availability. To prevent salinization of

groundwater, appropriate measures need to be taken to

control further indiscriminate and unplanned exploitation

of groundwater and its application on agricultural land for

irrigation.
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