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Detailed geochemical analysis of groundwater beneath 1223 km2 area in southern Bengal Basin along
with statistical analysis on the chemical data was attempted, to develop a better understanding of
the geochemical processes that control the groundwater evolution in the deltaic aquifer of the region.
Groundwater is categorized into three types: ‘excellent’, ‘good’ and ‘poor’ and seven hydrochemical facies
are assigned to three broad types: ‘fresh’, ‘mixed’ and ‘brackish’ waters. The ‘fresh’ water type dominated with sodium indicates active ﬂushing of the aquifer, whereas chloride-rich ‘brackish’ groundwater
represents freshening of modiﬁed connate water. The ‘mixed’ type groundwater has possibly evolved
due to hydraulic mixing of ‘fresh’ and ‘brackish’ waters. Enrichment of major ions in groundwater is
due to weathering of feldspathic and ferro-magnesian minerals by percolating water. The groundwater
of Rajarhat New Town (RNT) and adjacent areas in the north and southeast is contaminated with
arsenic. Current-pumping may induce more arsenic to ﬂow into the aquifers of RNT and Kolkata cities.
Future large-scale pumping of groundwater beneath RNT can modify the hydrological system, which
may transport arsenic and low quality water from adjacent aquifers to presently unpolluted aquifer.

1. Introduction
Large cities face water quality and quantity problems due to increasing population, over withdrawal and improper disposal of solid and liquid
wastes (Brindha et al. 2014). These problems are
also very prominent in the urban areas of Bengal
Basin, especially in the southern Bengal Basin
(Sikdar et al. 2001). This basin has profuse groundwater resources (Mukherjee et al. 2009) but often
with concentration of arsenic (As) higher than
the World Health Organization’s guideline value of
10 µg/L (Chakraborti et al. 2002; McArthur et al.
2004, 2012a, b; Mukherjee et al. 2008; Fendorf et al.
2010; Hoque et al. 2012; Sikdar et al. 2013; Ghosal

et al. 2014). As is mainly released from recent sediments at <50 m depth as sea level rose throughout
the Holocene (Dowling et al. 2002). The pollution
is caused primarily by, or as a side reaction
of, the microbial reduction of sedimentary Fe(III)oxyhydroxides, when As(V) is reduced to As(III)
when in solution and not when bound to Fe
(Osborne et al. 2015).
Intense agricultural, industrial and urban expansion has led to high demand of groundwater which
has resulted in rapid fall in the water level and
variation in groundwater chemistry (Lakshmanan
et al. 2003; Rajmohan and Elango 2006; Brindha
and Elango 2012). In such areas, the assessment
of groundwater resource is a key to economic
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development and increased prosperity. Many studies have focussed on evaluation of recharge, its
sources, groundwater ﬂow paths and their travel
times by numerical modelling, geochemical modelling and environmental isotopes (Adar and Neuman
1988; Edmunds and Gaye 1994; Weyhenmeyer
et al. 2002; Macumber 2003; Mukherjee and Fryar
2008; Michael and Voss 2009a, b; Sahu et al. 2013;
Sikdar et al. 2013) and to lesser extent on variation
of groundwater chemistry and evolution of groundwater types. Variation in groundwater chemistry
and evolution of groundwater types is mainly a
function of the interaction between groundwater
and mineral grains of the aquifer and is controlled
by various factors such as precipitation, evaporation, dissolution, weathering of silicate minerals, oxidation–reduction, sorption and exchange
reactions, transformation of organic matter and
mixing processes (Sikdar et al. 2001; Rajmohan
and Elango 2006; Carrilo-Rivera et al. 2007; Saha
et al. 2008; Sahu and Sikdar 2008; Sharif et al.
2008; Sikdar and Chakraborty 2008; Pazand 2013).
Characterization of groundwater into geochemical
types and knowledge of geochemical evolution of
groundwater quality is essential to understand the
hydrogeochemical systems of mega-cities around
the world (Ballukraya and Ravi 1999; Azaza et al.
2011).
This study aims to demarcate, for the ﬁrst time,
the area in and around Rajarhat New Town into
groundwater zones on the basis of quality and to
understand processes controlling the geochemical
evolution of diﬀerent groundwater types. This may
help to support new and more eﬃcient groundwater management programmes to combat deterioration of groundwater quality in a stressed city
aquifer of southern Bengal Basin.
2. Study area
The study area covers about 1223 km2 in southern Bengal Basin (ﬁgure 1). The area forms a part
of the lower deltaic plain of the River Hugli, and
slopes gradually towards south and southeast. The
area is generally ﬂat in nature with elevations varying between 3.5 and 12.1 m above the mean sea
level because of the presence of palaeo-levees and
palaeo-channels. Hot lengthy summer with occasional nor’westers, prolonged monsoon from June
to October, mild winter and a brief spring, characterize the climate of the study area. The average
annual rainfall, mostly from southwest monsoon, is
about 1650 mm, 80% of which occurs during June
to September. The annual maximum and minimum
temperatures are 42◦ and 10◦ C, respectively.
Kolkata city along with its satellite cities of Salt
Lake and upcoming Rajarhat New Town (RNT)

is the major pumping centre of the study area.
Kolkata’s basic structure was laid down during
the Imperial rule, when it became the major port
city of the British Empire passing through various phases of trading, administrative and military roles. The city is located on the eastern levee
and ﬂood plain of the River Hugli and is bordered
by a large area of brackish lakes towards its east.
Because of this peculiar physical setup, the city
was forced to grow as a lineal city paralleling N–S
course of the river. In the post-independence period
(from 1947), the city has grown precipitously in the
south. Economic opportunities had attracted people from all parts of India over the last few decades.
The population growth accelerated as a result of
heavy inﬂux of displaced persons from erstwhile
East Bengal (now Bangladesh). To accommodate
the increasing population of Kolkata, Salt Lake city
(22.35◦ N, 88.25◦ E) with an area of 12.35 km2 was
developed on the marshy tract on the eastern fringe
of Kolkata between 1958 and 1965. Now, it is a very
highly developed part of Kolkata. To accommodate
the still growing population of Kolkata, another
satellite township of RNT covering an area of
28 km2 is being developed about 10 km northeast
of Kolkata.
The subsurface geology of the area consists of
Quaternary ﬂuviatile sediments comprising a succession of silty clay, sand and sand mixed with
occasional gravel. In some places, along with silty
clay, clayey silt and clay are also present at the
upper part of the lithological column (Sikdar 2000;
Sahu 2006; Sahu and Sikdar 2008, 2009a, b; Sikdar
and Sahu 2009; Sahu et al. 2013). Deeper exploratory boreholes, drilled by various agencies suggest the existence of underlying tertiary clay/silty
clay at an average depth of 300 m (Sikdar 2000;
Sahu et al. 2013). This formation continues up to
a depth of at least 614 m below the ground surface (Sahu and Sikdar 2008, 2011; Sikdar and Sahu
2009).
The Quaternary aquifer of the study area is
sandwiched between two silty clay/clay sequences
and is more or less continuous in nature. The upper
aquitard consisting of silty clay, clayey silt and clay
helps to hold water in the aquifer below, under
pressure. Therefore, in the study area, groundwater
generally occurs under conﬁned condition. However, subsurface distribution of the upper conﬁning
lithological unit indicates that in the northern part
of the study area and in few areas, around Kolkata,
the thickness of the upper aquitard is <10 m and at
places it is absent. The areas where the aquitard is
absent are the recharge areas through which direct
inﬁltration of precipitation takes place into the
aquifer and groundwater occurs under unconﬁned
condition (Sahu and Sikdar 2011). Groundwater
has been over-developed in and around Kolkata
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Figure 1. Location map of the study area.

city including Salt Lake city during the last six
decades resulting in the lowering of the piezometric head by 5–16 m. As a result, the groundwater
ﬂow pattern has also changed from an open natural north to south groundwater ﬂow to a closed
one, with the development of a major groundwater trough in east-central Kolkata (Sikdar et al.
2001). At present, more than 3 × 105 m3 /day
of groundwater is being abstracted from the city
aquifer. In RNT, the local authority has planned
to install 74 deep tubewells to meet the drinking water requirement of the town. The rate of
discharge of each well is 100 m3 /hr. This future
groundwater abstraction may cause interference
eﬀect in wells in Kolkata and Salt Lake, lower the
piezometric head and induce As-rich water present
in the groundwater of Barasat, North 24 Parganas
district (Sahu et al. 2013), located 20 km NNE of

Kolkata city to ﬂow into the aquifers of RNT and
Kolkata.
3. Methods
3.1 Piezometric head
Piezometric heads were measured in 30 water level
monitoring stations in May and December 2011
using Solinst Model 101 water level meter. The
water level monitoring stations were domestic wells
ﬁtted with hand pump. The latitude and longitude of each well were recorded in the ﬁeld with a
handheld GARMIN make 72H GPS, using WGS
84 as the reference datum. The mid-screen depth
of the wells ranges from 91 to 305 m. The elevation of the ground surface at the well points
was extracted from the Shuttle Radar Topography
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Mission (SRTM) digital elevation data (EROS
2002) produced by NASA with a spatial resolution
of 90 m.
3.2 Collection and analysis of groundwater samples
Groundwater samples were collected from 30 wells
in January 2012 for chemical analysis to ascertain
their suitability for drinking. For As, an additional
350 wells were sampled and analyzed in the ﬁeld,
using a Wagtech digital arsenator. Its methodology is simple. Reagents reduce inorganic As in
water to arsine gas, which reacts with mercuric
bromide on a ﬁlter strip and turns it from white
to diﬀerent hues of yellow or brown, depending on
the As concentration. The strip is then inserted
in the arsenator, which calculates the precise concentration of As. It takes about 20 min to conduct the test. For detailed chemical analysis, the
samples were collected in clean polyethylene bottles. Sampling bottles were soaked in 1:1 dilute
HCl solution for 24 hrs, washed three times with
deionized water, and washed again prior to each
sampling, with the sample water. Wells were gently purged prior to collection of the sample. The
depth of each well was recorded at the time of sampling by asking the owner how many pipes (including screen) were used during installation. During
sampling, the samples were ﬁltered with Whatman
40 ﬁlter paper. Immediately after sampling, the
pH and As of the groundwater samples were measured in the ﬁeld. pH was measured using 702 SM
Titrino pH meter (Swiss made). For As measurement, water samples drawn from wells were not
ﬁltered, unless visibly turbid to obtain an accurate measurement of the As concentration in water
consumed by well-users, who do not ﬁlter their
water. The samples were taken to the laboratory
within 24 hrs of collection and during transportation due care was taken to protect the water samples from direct sunlight. The parameters analyzed
in the laboratory were total dissolved solid (TDS),
total hardness (TH), calcium (Ca), magnesium
(Mg), sodium (Na), potassium (K), bicarbonate
(HCO3 ), sulphate (SO4 ), chloride (Cl), phosphate
(PO4 ), nitrate (NO3 ), ﬂuoride (F), iodide (I), iron
(Fe), manganese (Mn), zinc (Zn), lead (Pb) and
cadmium (Cd). In the laboratory, the samples
were ﬁltered using 0.45 µm Millipore ﬁlter paper
and acidiﬁed with ultra-pure nitric acid for cation
analysis. For anion analysis, the samples were
refrigerated at 4◦ C. The anions and cations in the
groundwater samples were determined as per the
standard procedures (APHA 1995). HCO3 was determined titrimetrically against standard hydrochloric acid (0.01 N). Na and K were analyzed using
Flame photometer (Systronics FPM digital model).
Ca and Mg were estimated by EDTA (0.01 M)

titrimetric method, whereas Cl was determined by
potentiometric titration using standard silver nitrate as reagent. F was measured using ﬂuoride ionelectrode (ORION 720 A+). SO4 was measured
following the turbidity method using spectrophotometer. NO3 was determined by diazotization
reaction method. PO4 was measured by HNO3 –
H2 SO4 digestion method using Milton-Ray Spectronic 20 D+ UV-VIS spectrophotometer. Fe was
measured using Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS). Mn, Zn, Cr, Pb and Cd
were determined by PG STAT Autolab-30 along
with 663 VA Trace Analyzer (Metrohm made
in Netherlands). The analytical precision for the
measurement of ions was determined by calculating the ionic balance error, which is generally
within ±5%.
The relevant chemical parameters of the groundwater samples have been plotted in the trilinear
diagram of Piper (1944) using GW Chart software of USGS to delineate diﬀerent hydrochemical facies (Back 1960; Ophori and Toth 1989) and
in Gibbs diagram (Gibbs 1970) to understand the
mechanisms controlling the chemistry of groundwater (Barnes et al. 2003; Rajmohan and Elango
2006; Sikdar and Chakraborty 2008).
3.3 Water Quality Index
Water Quality Index (WQI) is a rating reﬂecting
the composite inﬂuence of diﬀerent water quality parameters on the overall quality of water
for human consumption (Tiwari and Mishra 1985;
Singh 1992; Subba Rao 1997; Mishra and Patel
2001; Naik and Purohit 2001; Sahu and Sikdar
2008). For assessment of WQI, 16 parameters were
selected which include pH, TDS, TH, HCO3 , Cl,
SO4 , NO3 , F, Ca, Mg, Fe, Mn, As, Zn, Pb, and
Cd. In the formulation of WQI, the importance of
various parameters depends on the intended use
of water; here, water quality parameters are studied from the point of view of suitability for human
consumption.WQI has been computed (Sahu and
Sikdar 2008) as follows:
(i) A weight is allocated to each parameter
(table 1) based on its relative importance as
laid down in the Indian drinking water quality
standard (BIS 10500 2003).
(ii) The relative weight of each parameter (table 1)
is computed from the following equation:
wi
W i = n

i=1 wi

(1)

where Wi = relative weight, wi = weight of each
parameter, and n = number of parameters.
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3.4 Principal component analysis

Table 1. Relative weight of chemical parameters.
Chemical
parameters

Standards*
(BIS 10500 2003)

pH
TDS
Total hardness
Bicarbonate
Chloride
Sulphate
Nitrate
Fluoride
Calcium
Magnesium
Iron
Manganese
Arsenic
Zinc
Lead
Cadmium

6.5–8.5
500–2000
300–600
244–732
250–1000
200–400
45–100
1–1.5
75–200
30–100
0.3–1.0
0.1–0.3
0.01–0.05
5–15
0.05
0.01

Weight
(wi )

Relative
weight (Wi )

4
4
2
3
3
4
5
4
2
2
4
4
5
1
5
5

wi = 57

0.07018
0.07018
0.03509
0.05263
0.05263
0.07018
0.08772
0.07018
0.03509
0.03509
0.07018
0.07018
0.08772
0.01754
0.08772
0.08772

Wi = 1.000

*For each parameter, lower value indicates desirable level
and higher value indicates permissible level in absence of
alternate source as per BIS 10500, 2003. All values are in
mg/L except pH.

(iii) A quality rating scale (qi ) for each parameter
is assigned using equation (2)
 
Ci
· 100,
(2)
qi =
Si
where qi = quality rating, C i = concentration
of each chemical parameter in each water sample in mg/L, S i = Indian drinking water standard for each chemical, parameter in mg/L,
according to the guidelines of the BIS 10500,
2003.
(iv) The water quality index (WQI) is calculated
using equations (3 and 4)
SIi = Wi · qi ,

WQI =

n


SIi ,
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(3)

(4)

i=1

where SI i = sub-index of ith parameter, qi =
rating based on concentration of ith parameter,
and n = number of parameters.
The computed WQI values are classiﬁed into the
following three categories after Sahu and Sikdar
(2008).
Excellent water <50
Good water 50–100
Poor water >100

Varimax-rotated R-mode factor analysis or principal component analysis (PCA) was carried out to
understand the compositional data structure and
to separate and estimate the relative importance
of the factors controlling the chemical evolution
of groundwater (Usnoﬀ and Guzman 1989; Sikdar
et al. 1993, 2001; Ballukraya and Ravi 1999; Rao
Lingeswara 2001; Sánchez-Martos et al. 2001; Hoon
Kim et al. 2004; Kaplunovsky 2005; Mrklas et al.
2006; Saha et al. 2008; Sikdar and Chakraborty
2008) using SPSS v.10 software. Varimax rotation via the Kaiser normalization procedure has
been used to calculate the rotated factor matrix.
The rotation makes the factors easier to interpret
by maximizing the diﬀerences between the variables (Lee et al. 2001; Invernizzi and de Oliveira
2004). Variables which exhibited a rotated loading >0.5 were considered signiﬁcant. In this study,
the ﬁrst ﬁve factors of PCA are selected to represent the dominant hydrochemical processes, which
have helped in the formation of the groundwater
chemistry without losing signiﬁcant information.
Plots of factor scores have been used to relate the
intensity of the chemical process described by each
factor (Dalton and Upchurch 1978; Lawrence and
Upchurch 1982).
4. Results and discussion
4.1 Piezometric head
Summary of piezometric surface data is presented
in table 2. The piezometric surface at places rests
at a depth below the MSL. Piezometric surface contour maps for May (pre-monsoon), 2011 (ﬁgure 2a)
and December (post-monsoon), 2011 (ﬁgure 2b)
reveal that in both the periods, a major groundwater trough has developed in the west-central
part of the study area, in and around Beleghata
of Kolkata city. A prominent groundwater mound
has formed in the northeast, in and around Titagarh and there is a tendency of the formation of
new mounds in the northeast and east. During premonsoon period, a local groundwater trough has
formed adjacent to the mound around Titagarh.
The formation of groundwater troughs and mounds
is due to variability in groundwater abstraction as
a result of supply of treated surface water by government agencies. The regional groundwater ﬂow
of the area including pollutant transport is controlled by the major trough and groundwater ﬂows
towards this trough from the surrounding regions.
4.2 Groundwater quality
The result of the chemical analyses of groundwater
from the study area is summarized in table 3.
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Table 2. Summary of piezometric surface data of the study area.
Depth to piezometric surface level (m)
Minimum Maximum
Mean
(m)
(m)
(m)

Period
May (pre-monsoon),
2011
December (postmonsoon), 2011

Piezometric surface level with respect to
mean sea level (m)
Minimum Maximum Mean
Standard
(m)
(m)
(m)
deviation (m)

2.64

17.1

8.75

–12.3

9.46

–2.78

5.11

1.66

15.9

7.05

–11.4

10.4

–1.08

5.09

Figure 2. Piezometric surface elevation contour map of (a) pre-monsoon and (b) post-monsoon periods showing groundwater
ﬂow direction along with arsenic concentration.

4.2.1 As distribution
Detailed hydrogeological work with respect to As
distribution was carried out in the northeastern
part of the area (McArthur et al. 2004, 2008, 2010,
2011, 2012a, b; Hoque et al. 2012; Sikdar et al.
2013). The upper part of the subsurface sedimentary sequence of the area consists of post-Last
Glacial Maximum (LGM) clay, silt, ﬁne sand and
peat of about 20 m thickness, which is the upper

aquitard. This is followed downward by a shallow
aquifer, a clay aquiclude, a deep aquifer and a
basal aquiclude. The shallow aquifer comprises two
types of lithological sequences: (1) palaeo-channel
sequence and (2) palaeo-interﬂuve sequence. In the
palaeo-channel sequence, the post-LGM sediments
are ﬂoored by pre-LGM grey and reduced channel
sands and Late Pleistocene brown and oxidized
sands. These two sandy units are in hydraulic
continuity. In the palaeo-interﬂuve sequence, the
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Table 3. Chemical composition of groundwater of the area
in and around Rajarhat.
Concentration

Table 4. Water quality index and groundwater types.
Sample no.

Parameter

Max.

Min.

Avg.

pH
TDS
Total hardness
Calcium
Magnesium
Sodium
Potassium
Bicarbonate
Sulphate
Phosphate
Nitrate
Chloride
Iodide
Fluoride
Iron
Manganese
Arsenic
Zinc
Lead
Cadmium

8.5
1117
446
80
62
163
6
524
6
2
1
356
210
0.4
4.7
1.54
0.082
2.72
0.02
0.008

8.21
266
26
5
3
58
2
76
1
1
0.2
11
0
0.1
0.3
0.003
0
0
0
0.001

8.41
632
161
27
23
112
4
332
4
2
0.5
91
41
0.2
0.9
0.20
0.004
0.27
0.005
0.002

All values are in mg/L except As (µg/L) and pH.

post-LGM sediments are floored by Late Pleistocene
brown and oxidized sands capped by impermeable LGM reddish brown stiﬀ hard clay containing
carbonized rootlets (palaeosol) at depth interval
of 18–23 m. Both these sequences are followed
by a 30-m thick aquiclude at depth interval of
46–76 m. This aquiclude is made of soft, grey clay
containing some wood fragments at the top followed by slightly harder grey clay. This aquiclude
is ﬂoored by a 122-m thick aquifer of grey sand
(deep aquifer). Deeper lithological logs of the
area reveal the presence of thick continuous clay
below the deep aquifer between 198 and 308 m
(Sikdar et al. 2013).
Groundwater from aquifers which comprised
brown sand below the LGM palaeosol was free of
As-pollution (McArthur et al. 2004, 2008, 2011;
Sikdar et al. 2013) due to the sorptive capacity of As by the Fe-oxyhydroxides they contain.
Groundwater from shallow grey sands are Aspolluted because the original Fe-oxyhydroxide has
been completely reduced and its sorbed As has
been released to solution (McArthur et al. 2004,
2008, 2011). The distribution of brown and grey
sands, and so the distribution of As-pollution,
may reﬂect the distribution of subsurface palaeointerﬂuves and palaeo-channels (McArthur et al.
2008, 2011) that formed an ancient, now buried
landscape, sculpted when sea level was lower than
it is today (Umitsu 1987, 1993).
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

WQI =

n

i=1

46
66
51
63
71
100
48
120
46
62
56
46
96
44
56
79
60
40
194
100
78
143
88
64
51
81
41
99
48
135

SIi

Water type
Excellent water
Good water
Good water
Good water
Good water
Good water
Excellent water
Poor water
Excellent water
Good water
Good water
Excellent water
Good water
Excellent water
Good water
Good water
Good water
Excellent water
Poor water
Good water
Good water
Poor water
Good water
Good water
Good water
Good water
Excellent water
Good water
Excellent water
Poor water

High As (>10 µg/L) in groundwater is observed
mainly in the eastern, northeastern and southeastern parts of the study area (ﬁgure 2a and
b). High As is found in the groundwater below
New Town and also in the adjacent areas in the
north and southeast. Groundwater from the Asrich part of the aquifer ﬂows towards the wells
in New Town both during pre-monsoon and postmonsoon periods (ﬁgure 2a and b). Therefore,
New Town’s aquifer is vulnerable to As-pollution
under the present pumping scenario. The vulnerability may increase with additional pumping in the
future.
4.2.2 Water Quality Index (WQI)
The computed WQI values range from 40 to 194
and can be categorized into three types, ‘excellent
water’, ‘good water’ and ‘poor water’ (table 4).
Majority of the samples, about 60%, falls in the
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Figure 3. Spatial distribution of the water types based on WQI of the area in and around Rajarhat.

category of ‘good water’. ‘Excellent water’ is about
27% and the rest is ‘poor water’. The spatial distribution of the water types is shown in ﬁgure 3.
The spatial variation in the WQI is mostly due
to the concentration variation of Fe, As and Cl
in groundwater. As and Fe have been released
due to microbial reduction of sedimentary Fe(III)oxyhydroxides, when As(V) is reduced to As(III).
High Cl possibly derives from marine salt (mostly

mixing of saline connate water) as discussed in later
sections.

4.2.3 Hydrochemical facies
Based on the plots of major cations (Ca2+ , Mg2+ ,
Na+ and K+ ) and major anions (Cl− , HCO−
3 and
SO2−
4 ) content in the groundwater samples in the
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Figure 4. Piper diagram showing ﬁelds of diﬀerent hydrochemical facies.

Piper’s trilinear diagram (ﬁgure 4), seven hydrochemical facies have been identiﬁed. They are
Facies 1: Na–Ca–HCO3 ; Facies 2: Na–Mg–HCO3 ;
Facies 3: Na–HCO3 ; Facies 4: Mg–Na–HCO3 –Cl;
Facies 5: Mg–Na–Cl–HCO3 ; Facies 6: Na–Mg–Cl;
and Facies 7 Na–Ca–Cl. The relevant chemical
parameters of these facies are given in table 5. The
aerial distribution of these hydrochemical facies is
depicted in ﬁgure 5.
These seven hydrochemical facies may be
clubbed into three broad types – ‘fresh’, ‘mixed’,
and ‘brackish’ waters based on the concentration of
chloride and bicarbonate in the groundwater samples. The salient chemical properties of these water
types are given in table 5.

Fresh water. The ‘fresh’ groundwater consists
of Facies 1, 2 and 3 and occupies 1003.5 km2 of
area. The water is relatively soft with an average
hardness of 133 mg/L. This type of water is relatively fresh with TDS ranging between 266 and 921
mg/L with an average of 567 mg/L. The average
HCO3 content (352 mg/L) far exceeds the average
Cl content (56 mg/L).
Mixed water. The water belonging to this type
comprises Facies 4 and 5 and occupies 195.1 km2
of area and is inferior in quality compared to the
fresh water type. The water is hard with an average hardness of 374 mg/L. The TDS concentration
ranges from 696 to 1117 mg/L with an average
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Banerjee 2003). PC1 also points towards possible
occurrence of Ca as CaCl2 which imparts permanent hardness to groundwater. High loading on
TDS indicates that the dissolved solid in groundwater is mainly dominated by Ca and Cl. The second principal component (PC2) has high loadings
on Mg, K, Mn and TDS, and contributes more than
20% of the total variance. Both Mg and K indicate the inﬂuence of weathering of ferromagnesian
and feldspathic minerals respectively. High loading
on K may indicate the process of weathering of orthoclase, microcline feldspar, biotite and muscovite
present in the sediment (Sikdar and Banerjee
2003), which releases K to groundwater. High loading on Mn reveals that the process of reduction
of manganese oxide by microbes is active in the
study area (McArthur et al. 2012b). High loading on TDS indicates dissolved solids in groundwater are also moderately dominated by Mg, K
and Mn.
The third principal component (PC3) and the
fourth principal component (PC4) have high
loadings on Na and HCO3 , SO4 and NO3 respectively, and both components have moderate loading on Fe. Presence of Na in groundwater indicates
the inﬂuence of weathering of sodium bearing feldspathic minerals such as albite present in the aquifer
matrix. High loading on HCO3 can be attributed
to CO2 present in rainwater and soil. Oxidation
of organic matter by microbes also generates CO2
which then combines with water to form carbonic
acid which further dissociates to H+ and HCO−
3,
as per the following equations:

of 907 mg/L. The average HCO3 and Cl content
of this type of water is 308 mg/L and 168 mg/L,
respectively.
Brackish water. Groundwater of Facies 6 and
7 belongs to ‘brackish’ type and occupies 24.4 km2
of area. The TDS concentration is high ranging
from 720 to 1053 mg/L, with an average of 921
mg/L. Average Cl content (336 mg/L) is also high
with respect to average HCO3 concentration (179
mg/L). Though brackish, this water is not very
hard and has a mean hardness of 255 mg/L.
4.2.4 Factors governing water chemistry
The mechanism controlling water chemistry and
the functional sources of dissolved ions have been
assessed by plotting the ratios of (Na+K)/(Na+
K+Ca) and Cl/(Cl+HCO3 ) as functions of TDS
and principal component analysis (PCA). Gibbs
diagram of the water samples (ﬁgure 6) shows that
enrichment of the major ions in groundwater is due
to weathering of rock-forming minerals.
The output of the PCA (table 6) reveals that
the ﬁrst ﬁve eigen values together account for over
76% of the total variability of the combined population. The ﬁrst principal component (PC1), which
accounts for more than 21% of the total variance,
has signiﬁcant loading on Cl and Ca and moderately on HCO3 . High loading on Cl indicates a relatively long residence time of the groundwater in the
(i) zone of stagnation and/or sluggish movement of
groundwater due to the presence of low permeable
material and (ii) groundwater trough. High loading
on Ca indicates the inﬂuence of weathering of minerals such as calcite, feldspar, garnet, hornblende,
tourmaline and amphibole present in the aquifer
matrix (Datta and Subramanian 1997; Sikdar and

CO2 + H2 O ↔ H2 CO3 ,
H2 CO3 ↔ H+ + HCO−
3.

Table 5. Average composition of different hydrochemical facies.
Cation (% equivalent)
Facies type

Ca

++

Mg

++

Na

+

Anion (% equivalent)
+

K

Cl− HCO−
3

SO−
4

Fresh water
Facies 1: Na–Ca–HCO3
Facies 2: Na–Mg–HCO3
Facies 3: Na–HCO3

14.5

19.1

65.0

1.34

21.0

77.9

1.1

Mixed water
Facies 4: Mg–Na–HCO3 –Cl
Facies 5: Mg– Na–Cl–HCO3

25.6

43.4

29.6

1.4

46.1

53.1

0.8

Brackish water
Facies 6: Na–Mg–Cl
Facies 7: Na–Ca–Cl

25.8

23.8

49.3

1.1

77.1

22.4

0.5
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Figure 5. Spatial distribution of hydrochemical facies of the area in and around Rajarhat.

Presence of NO3 and excess SO4 (calculated as
measured SO4 2700∗Cl/19400 and is the SO4 in
excess of that derived from sea-salt) in groundwater (McArthur et al. 2012a) possibly indicates
contamination of groundwater of the study area
by wastewater. Presence of Fe in groundwater
reveals that the process of reduction of FeOOH by
microbes (McArthur et al. 2011) is active in the
study area. High Fe in groundwater can also be

contributed to weathering of Fe-bearing minerals
such as illite, chlorite, biotite, garnet, hornblende,
staurolite, tourmaline and amphibole present in
the aquifer matrix (Sikdar and Banerjee 2003) and
dissolution of iron pipes and hand-pump components of wells.
The ﬁfth principal component (PC5) shows high
loading on As. High As in groundwater is a result
of microbial metabolism of organic carbon which
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Figure 6. Scatter plots of (a) (Na+K)/(Na+K+Ca) vs. TDS and (b) Cl/(Cl +HCO3 ) vs. TDS showing the mechanisms
controlling the groundwater chemistry.

drives reduction of FeOOH and releases adsorbed
As (McArthur et al. 2011).
The plots of PC-scores corresponding to PCaxis 1 (Cl, Ca and TDS dependent) and PC-axis 3
(Na and HCO3 -dependent) (which together
account for about 36% of the total variability)
are shown in ﬁgure 7. A clear categorization
of data could be made in this diagram namely
‘fresh’, ‘mixed’ and ‘brackish’ types. The ‘mixed’
water occupies an intermediate position between
the ‘fresh’ water and ‘brackish’ water. The aerial
distribution (ﬁgure 5) of groundwater types also
indicates that large pockets of ‘mixed’ water lie
within the ‘fresh’ and ‘brackish’ water zones.

4.3 Evolution of groundwater types
The study area was below the sea level under a
marine environment during the late Quaternary
period (Sen and Banerjee 1990; Barui and Chanda
1992; Hait et al. 1994a, b; Sikdar et al. 2001). Later
during regression of the sea, some seawater was
trapped within the depositing sediments forming
connate water and during its conﬁnement was subjected to chemical alteration and formed modiﬁed
connate water (Sikdar et al. 2001). This water rich
in Cl has been progressively diluted by inﬂuxes
of fresh water to form the present brackish water.
Only 5 of our 30 well waters fall into the ﬁeld
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Table 6. Principal component analysis of groundwater samples.
Loading on PC axes
Variables
Cl
SO4
HCO3
NO3
Na
K
Ca
Mg
As
Mn
Fe
TDS
% Eigen value
Cumulative %

PC1

PC2

PC3

PC4

PC5

*0.911
–0.269
–0.516
0.068
0.189
0.169
*0.874
0.117
0.058
0.275
0.017
*0.667
21.160
21.160

0.203
–0.039
0.360
0.010
–0.124
*0.749
0.241
*0.858
–0.134
*0.679
0.022
*0.618
20.038
41.198

0.059
–0.120
*0.608
0.124
*0.902
0.205
–0.045
–0.064
0.002
–0.347
–0.541
0.268
14.577
55.775

–0.136
*0.732
0.205
*0.699
0.077
0.277
0.063
–0.149
–0.058
–0.031
0.423
–0.101
11.559
67.334

0.013
0.293
0.095
–0.312
–0.134
–0.175
0.042
–0.038
*0.924
–0.036
–0.108
–0.020
9.262
76.596

*Variables with signiﬁcant loading.

in aquifer material. Hence, ion exchange of Na in
aquifer material for Ca and Mg in water by circulating water in the present study area as per the
following equation is very high:
Ca+2 +Mg+2 (water) + Na2 − clay
⇋ Ca+Mg−clay + 2Na+ (water) .

Figure 7. Plots of PC scores for PC1 vs. PC3.

of salinisation, indicating the freshening of modiﬁed connate water (ﬁgure 8a and b). Well waters
plotting close to the mixing line for seawater indicate late stage of aquifer ﬂushing by freshwater
(ﬁgure 8a and b).
Fresh water facies are Na dominated, viz., Facies
1: Na–Ca–HCO3 , Facies 2: Na–Mg–HCO3 ,and
Facies 3: Na–HCO3 . Presence of these hydrochemical facies indicate active ﬂushing of the aquifer by
fresh water. These groundwaters also fall into the
ﬁeld of ‘freshwater ﬂushing’ (ﬁgure 8a), indicating the recent history of the aquifer involving ion
exchange of Na in aquifer material for Ca and Mg
in groundwater. Presence of Na–HCO3 in groundwater indicates that complete replacement of Ca
and Mg of groundwater has taken place by Na

‘Mixed’ water consists of Facies 4: Mg–Na–HCO3 –
Cl and Facies 5: Mg–Na–Cl–HCO3 . The spatial distribution of hydrochemical facies of groundwater
(ﬁgure 5) shows that the ‘mixed’ water occupies an
intermediate position between the ‘fresh’ water and
‘brackish’ water comprising Facies 6: Na–Mg–Cl
and Facies 7: Na–Ca–Cl. Small pockets of ‘brackish’ water lie within the ‘mixed’ water zone. These
observations indicate that the ‘mixed’ water may
have formed due to mixing of ‘fresh’ and ‘brackish’
waters within the aquifer matrix and/or in the well
casing (Sahu and Sikdar 2008).
The presence of high Cl in ‘brackish’ groundwater (Facies 6: Na–Mg–Cl and Facies 7: Na–
Ca–Cl) perhaps signiﬁes a residue of seawater
trapped in the sediments during their deposition
under marine conditions which later underwent
chemical change during its period of conﬁnement.
These waters also fall in the ﬁeld of salinisation in the Ca against Cl diagram (ﬁgure 8b)
and indicate restricted movement of groundwater
with very low ﬂushing. The absence of Na–Cl
facies indicates that there is no zone of stagnation
in the study area. Therefore, there is a continuous low ﬂushing action by recharge which inhibits
base-exchange reaction between Na-ions present in
clay and Ca and Mg-ions present in circulating
groundwater.
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Figure 8. Plots of Cl against (a) Na and (b) Ca. Black lines are mixing models developed between dilute end-members and
seawater (from Ravenscroft and McArthur 2004; McArthur et al. 2012a; Ravenscroft et al. 2013).

5. Conclusion
The topography of the study area being more or
less ﬂat results in low natural hydraulic gradients.
Therefore, the groundwater hydrology of the region
is particularly sensitive to pumping. Currentpumping has resulted in the formation of groundwater mounds and troughs in the area. The most
prominent groundwater trough formed in the westcentral part, controls the groundwater ﬂow of the
area. Preferential groundwater ﬂow may transport
As present in the eastern part of the area to the
aquifers of New Town and Kolkata. Pumping has
also subjected the aquifer to fresh water ﬂushing,
enrichment of the major ions in groundwater due

to weathering of rock-forming minerals, evolution
of the ‘mixed’ water due to hydraulic mixing of
‘fresh’ and ‘brackish’ waters within the aquifer
matrix and/or in-well mixing. Pumping may also
likely to induce recharge from areas of known contamination suggesting deterioration of the quality
of the drinking water supply in the future. Such
threat in water quality is not unique but is typical of major urban centers of the world’s low lying
ﬂood plains and river deltas.
This study provides new detailed information
about the groundwater chemistry, factors controlling groundwater types and the geochemical evolution
of groundwater in a stressed urban alluvial aquifer
system in southern Bengal Basin. The study has

Geochemical evolution of groundwater in southern Bengal Basin
also improved the understanding of a complex
aquifer system in a highly exploited deltaic and
ﬂoodplain area.
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