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Abstract In the light of progressive depletion of groundwater
reservoir and water quality deterioration of the Neyveli basin,
an investigation on dissolved major constituents in 25
groundwater samples was performed. The main objective
was detection of processes for the geochemical assessment
throughout the area. Neyveli aquifer is intensively inhabited
during the last decenniums, leading to expansion of the
residential and agricultural area. Besides semi-aridity, rapid
social and economic development stimulates greater demand
for water, which is gradually fulfilled by groundwater
extraction. Groundwaters of the study area are characterized
by the dominance of Na+K over Ca+Mg. HCO; was found
to be the dominant anion followed by Cl and SO,. High
positive correlation was obtained among the following ions:
Ca—Mg, Cl-Ca,Mg, Na—K, HCO3—H4Si0O,4, and F-K. The
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hydrochemical types in the area can be divided into two
major groups: the first group includes mixed Ca—Mg—Cl and
Ca—Cl types. The second group comprises mixed Ca—Na—
HCO; and Ca-HCO; types. Most of the groundwater
samples are within the permissible limit of WHO standard.
Interpretation of data suggests that weathering, ion exchange
reactions, and evaporation to some extent are the dominant
factors that determine the major ionic composition in the
study area.
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exchange - Saturation index - Neyveli basin

Introduction

In many areas, particularly in arid and semi-arid zones,
groundwater quality limits to supply of potable fresh water.
Hence, to utilize and protect valuable water resources
effectively and predict the change in groundwater environ-
ments, it is necessary to understand the hydrochemical
characteristics of the groundwater and its evolution under
natural water circulation processes (Guendouz et al. 2003;
Wen et al. 2005, 2008; Edmunds et al. 2006; Taheri Tizro
and Voudouris 2008). In many coastal towns or cities,
groundwater seems to be the only source of freshwater to
meet domestic, agricultural, and industrial needs. However,
groundwater is under constant threat of saline water
intrusion, which seems to have become a worldwide
concern (Amer 1995; Melloul and Goldenberg 1998; Ozler
2003; Terzic et al. 2008; Adepelumi et al. 2009).

The aquatic environment gets contaminated with a
variety of pollutants generated from diverse sources
(agriculture, industrial, and domestic). There has been
tremendous increase in demand for fresh water due to
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population growth and intense agriculture activities. Land
use for agricultural purpose in Neyveli region has increased
alarmingly during the last decenniums. Variation of ground-
water quality in an area is a function of physicochemical
parameters that are greatly influenced by geological forma-
tions and anthropogenic activities. Rao (2006a) has studied
the nitrate pollution and its distribution in the groundwater of
Srikakulam District, Andhra Pradesh, India. Fianko et al.
(2009) have studied the various sources of contaminants as
well as assess the physical and chemical quality of the
groundwater in Tema District, Ghana. Jalali (2010) has
reported the major hydrogeochemical processes that control
the observed groundwater chemistry in the Alisadr, Hama-
dan, western Iran. Earlier studies reported the importance of
hydrogeochemical studies of groundwater in a particular
region (Sikdar et al. 2001; Apodaca et al. 2002; Tesoriero et
al. 2004; Moller et al. 2007).

Neyveli basin lies within one of the semi-arid areas in
India representing the southeastern part of Tamilnadu state.
Water resources in such areas are mainly derived from
groundwater and infrequent surface runoff, where water
conservation projects are applied. In Cuddalore district,
groundwater is considered as a major source of fresh water
that is used in different purposes. It is currently exploited
for two main reasons: (1) Neyveli open cast mining of
Lignite requires heavy pumping at the rate of 9,000-
10,000 m3h71, as water table condition has to be brought
down below the level of mining (Anandhan 2005). (2) Water
from the Veeranam Lake is supplied through transmission
line to Chennai City. To augment the supply during summer
season, 48 deep bore wells were drilled, operations are done
alternatively to pump the groundwater from deep aquifer,
and the pumped water is connected to the New Veeranam
Scheme pipelines (Prasanna et al. 2009).

The Neyveli basin has met the total water requirement of
the region for agriculture, industry (thermal power plant),
drinking water, and other miscellaneous uses. Pumping for
strata depressurization has been a continuous process by
Neyveli Lignite Corporation (NLC) for the last five
decades. Detailed analysis of the pumping scenarios at
the NLC mines revealed that optimal pumping for mining
lies at around 170 (million cubic meters per annum)
MCM/annum. Extraction from the Neyveli basin by NLC
for depressurization of the mines and use by the thermal
plants and the township is around 130 MCM/annum.
Groundwater extractions by other agencies for purposes
like irrigation, drinking water for towns and villages, and
industrial use totals 110 MCM/annum (NLC 1970-2007).
The latter represents the most important renewable water
resource in Cuddalore district, which is used for irrigation
and domestic purposes and drinking in many areas. The
increasing exploitation due to farming frequently causes
deterioration in water quality. Therefore, variations in natural
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and human activities reflect spatial variations in the hydro-
chemical parameters of the groundwater. The differences of
dissolved ions concentration in groundwater are generally,
governed by lithology, velocity and quantity of groundwater
flow, nature of geochemical reactions, solubility of salts, and
human activities (Karanth 1997; Bhatt and Salakani 1996).
Appropriateness of quantity and quality of groundwater
become a more crucial alternative resource to meet the
drastic increase in social and agricultural development and to
avoid the expected deterioration of groundwater quality due
to heavy abstraction for miscellaneous uses.

Some of the previous studies carried out in Neyveli basin
focused on groundwater control techniques for safe exploita-
tion of the Neyveli Lignite deposit (Anandhan et al. 2010a),
delineation of recharge area and artificial recharge studies
(Anandan et al. 2010b), and groundwater basin management
(Ravi Kumar et al. 2010). Hence, it is apparent that the
hydrogeochemical processes that control the groundwater
chemistry of the basin have not been studied in great deal.
Hence, the present work was carried out with the major
objective of identifying the major hydrogeochemical pro-
cesses that are responsible for groundwater chemistry in the
study area. Assessment of groundwater quality for various
purposes was also carried out. This kind of investigation will
help to create suitable management plans to protect aquifer
as well as remedial measures for contaminated groundwater
by natural and manmade activities.

Study area

Neyveli basin is located in Cuddalore district of Tamilnadu,
South India. The area is located between the geographical
coordinates, latitudes of 11°21'-11°45'N and between longi-
tudes of 79°30'—79°54'E (Fig. 1). The Neyveli hydrogeological
basin is traversed with multiple aquifers and covers an area of
about 3,500 km?. Relative humidity of the area was recorded
in the eastern part of the district, i.e., at Cuddalore ranging
between 60% and 83%, whereas in the western part of the
district, i.e., at Lekkur ranging between 46.73% and 71.12%.
Higher rates of relative humidity are observed during the
months of northeast monsoon period, i.e., from October to
November to December, whereas lower rates are observed
during the summer months of April and May. The 70 years
average annual rainfall of the district is 1,160 mm. More than
50% of the rainfall occurs during northeast Monsoon. About
30% of the rainfall was recorded during southeast monsoon
and the balance from January to May (CGWB 1997). In urban
area, the total population is 562,167, and rural population is
1,560,592. The density of population is 579 persons/km?.
The Neyveli area can be broadly divided into four
physiographic divisions: two that are relatively high in the
northwest and central portion, and the Gadilam-Ponniyar
and Vellar-Manimuktha Nadhi alluvial plains. The north-
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Fig. 1 Location map of the study area

western high land lies in the western part of Neyveli
passing between Senthanadu and Virdhachalam in a
northeast—southwest direction. The elevation ranges be-
tween 30 and 100 m above mean sea level. The central high
area stretches roughly north—northeast to south—southwest
in the center of the Neyveli field (Ravi Kumar et al. 2010).

The general stratigraphy of the study area is shown in
Table 1: the aquifer sands of this huge basin and the
associated formations (including the lignite), which belong
to the Upper Miocene age of the Tertiary era (Anandhan et al.
2010a). In the mines area, the typical stratigraphical sequence
of the basin consists of an uppermost layer of 2-3 m of
topsoil (lateritic loam) underlain by 40-50 m of argillaceous
sandstone. The sandstone is underlain by a discontinuous
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seam of white sandy clay (1-2 m thick). The sandy clay is
sometimes underlain by 2-10 m of semi-confined sand.
Below this is the lignite seam, which ranges from 12 to 20 m
in thickness. The lignite is generally underlain by a seam of
ball clay 1-2 m thick. This is underlain by a confined sand
formation that is about 400 m thick, which is the main
aquifer of the basin. Clay seams ranging in thickness from
0.50 to 3.0 m occur within the aquifer formation.

The study area is underlined by the various geological
formations ranging in age from Mio-pliocene to recent
sediments. The lithology of the study area (Fig. 2) has two
stratigraphic units as follows: (1) Tertiary Unit, argillaceous
sandstone, pebble bearing grits, clays (variegated) with
lignite seams, and pebble beds; and (2) Quarternary Unit,

Table 1 Geological succession

Formation Lithology

of the study area Era Age
Quaternary Recent to sub-recent
Unconformity
Tertiary Mio-pliocene

Soils, alluvium and coastal
sand, clays, kankar and laterite

Alluvium and laterite

Cuddalore—sandstones Sandstone—argillaceous and pebble
bearing grits, clays (variegated)

with lignite seams and pebble beds

Source: CGWB (1997)
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Fig. 2 Geology of Neyveli basin

soils, alluvium and coastal sands, and laterite. There are  stored properly (4°C)

three types of aquifers in this region, viz., phreatic aquifers,
aquifer under semi-confined to confined conditions, and
alluvial aquifers. Phreatic aquifers are found in the areas
with the top Cuddalore sand stone. Along the river, shallow
aquifers are available, which are also under water table
conditions. Generally, thickness of the top Cuddalore sand
stone extends up to a depth of about 100 m below ground

level, where the alluvial formation along the river varies  for the measurements

from 20 to 40 m below ground level (CGWB 1997).

(O Sample location

0 2 4 6 Km

before analysis. The samples collected

were analyzed for major cations like Ca and Mg by Titrimetry;
Na and K by Flame photometer (CL 378); anions, Cl, and
HCOj; by Titrimetry; SOy4, PO,4, and H4SiO4 by Spectropho-
tometer (SL 171 minispec); and nitrate and fluoride by ion
electrodes. EC and pH were determined in the field using
electrode (Eutech). The analyses were done by adopting
standard procedures (APHA 1998). The analytical precision

of cations and anions is indicated by

the ionic balance error, which was computed on the basis of

However, these aquifers are very shallow. The confined  ions expressed in milliequivalent per liter. The values were

aquifers are deep in nature. These aquifers are available
from 100 to 450 m below ground level. Generally, yield
from the shallow aquifers are less than the deep aquifers.

In this study, corre
Statistical Package of

Methodology

To

observed to be within a standard limit of £5% (Domenico
and Schwartz 1998). All concentration values were
expressed in milligram per liter unless otherwise indicated.

lation analyses were applied using
Social Studies version 10.

assess the water chemistry, groundwater samples were  Results and discussion
collected during the period of February 2007 in the study
area. Twenty-five samples of groundwater were collected ~ Major ions chemistry
from bore wells. After 15-20 min of pumping, water
samples were collected in polyethylene bottles (1 L). Then, = Hydrochemical characteristics of groundwater in the study
it was sealed and brought to the laboratory for analysis and  area are summarized
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Table 2 Chemical summary of

groundwater in the study area Parameters Minimum Maximum Average Standard deviation
pH 6.60 8.10 7.40 0.38
EC (ps/cm) 354.00 1,596.00 827.74 358.77
TDS (mg/l) 247.80 1,117.20 579.42 251.14
Ca (mg/1) 26.90 116.65 63.48 24.13
Mg (mg/l) 12.23 66.55 35.98 14.15
Na (mg/l) 26.00 127.00 65.81 24.05
K (mg/l) 15.00 76.00 42.26 15.95
Cl (mg/l) 67.96 333.78 153.33 66.95
HCO; (mg/l) 38.02 394.18 186.45 82.53
SO, (mg/l) 1.00 24.60 9.61 6.74
PO, (mg/l) 0.20 0.87 0.35 0.13
H,4Si04 (mg/l) 8.24 41.33 21.36 8.88
F (mg/l) 0.03 0.81 0.24 0.19
NO; (mg/l) 0.99 67.90 18.95 19.87

varies within a range (6.6—8.1), which elaborates a trend of
alkaline chemical reaction within the groundwater system.
The EC varies from 354 to 1,596 ps/cm with an average of
827.7 us/cm. Chemical data shows that 13 samples are
fresh water (<500 ps/cm), while 12 samples are marginal
waters (500—1,500 ups/cm) in the study area. The total
dissolved solids (TDS) concentrations of the groundwater
range from 247.8 to 1,117.2 mg/l with an average value of
571.17 mg/l. The concentrations of TDS in most ground-
water samples are <1,000 mg/l, i.e., fresh water. The
relative concentrations of the ions occur in the order of
Na>Ca>K>Mg and HCO;>CI>S0O,. The concentrations
of major dissolved constituents were also quite variable.
Such wide range of ionic concentrations also indicates the
involvement of several hydrochemical processes influenc-
ing the water quality. Correlation between ions was carried
out using correlation coefficient analysis (Chidambaram et

Table 3 Correlation coefficients between major ions in groundwater

al. 2007). Table 3 shows the correlation coefficients
between the major ions in groundwater. High positive
correlation (>0.5) has been obtained between Ca—Mg, Cl-
Ca,Mg, Na—K, HCO;—H4SiO4, and F-K, indicating the
predominance of chemical weathering along with leaching
of secondary salts. SO, and NOj3 develop poor correlation
with all the ions, indicating the anthropogenic impact from
agricultural practices.

Groundwater types

Ionic concentrations were plotted in a piper diagram to
evaluate the geochemical characteristics of the sampled
groundwater. The projection of the points in the central
diamond-shaped revealed the heterogeneity of the ground-
water chemical composition in this area. On the basis of
this diagram (Fig. 3), it is clear that in all the waters, alkali

pH EC Ca Mg Na K cl HCO; SO, H,Si0,  NO; F
pH 1.00
EC 0.04 1.00
Ca -0.23 0.27 1.00
Mg -0.21 0.07 0.57 1.00
Na 006  —028  —0.19  —0.39 1.00
K 022  —0.04  —0.16  —0.49 0.58 1.00
cl -0.17 0.35 0.66 0.46 0.03 0.06 1.00
HCO; 028  —0.41 0.07 0.10 0.41 0.10  —0.28 1.00
SO, 019  —041  —0.05 034  —0.09 -0.10  —0.16 0.39 1.00
H,SiO, 021  -0.18  —0.13  —0.06 0.26 0.06  —0.31 0.46 0.20 1.00
NO; 004  -0.12  -0.12  —033 0.23 023  -0.12  -0.17  —0.12 0.22 1.00
F -0.12  —0.14 024  —0.05 0.33 0.46 0.37 035  —0.06 0.01 -0.28 1.00

Bold values are significant correlations
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Fig. 3 Piper diagram

carth elements (Ca+Mg) are higher than alkali elements
(Na+K). The abundance of the alkali earth elements is
attributed to dissolution of Ca and Mg-rich silicate minerals in
the aquifer matrix. The removal of Ca, through the precipi-
tation of carbonate minerals, may cause a disturbance in
chemical equilibrium, resulting in the dissolution of minerals
containing calcium such as calcite and gypsum (Freeze and
Cherry 1979). These minerals precipitated from irrigated
water under the influence of high rate of evaporation and
evapotranspiration. Weathering of rocks results in the release
of sodium and potassium from K-feldspars and plagioclase
into the environment, even though potassium has low
mobility and remains associated with clay minerals. On the
other hand, the position of the groundwater in the anions
triangle indicates dominance of the Cl and HCOs;, but a
complete absence of sulfate in the waters. The distribution of
points in the cations triangle reveals that majority of samples
do not categorize in any dominant cation type.

As a consequence, two types of groundwater can be
chemically distinguished (Fig. 3). In the first group, the
position of data represents mixed Ca—Mg—Cl and Ca—Cl
types. Cl is the major anion, and Ca+Mg are major cations
in this groundwater. This facies is characterized by low
concentration of HCO3, and relatively higher concentration
of Cl and Ca, which are mainly distributed among the
marine sediments, occurs in the intermediate zone of
groundwater discharge area.

In the second group, the position of data represents
mixed Ca—Na-HCO; and Ca—HCOj; types. HCOj; is the
major anion, and Ca is the major cation in this groundwater.
This type of water occurs during rapid flow through times,
which results in low ionic concentrations during high
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recharge in shallow zones. Na and HCO; concentrations
come mainly from weathering of alkali feldspars from rocks
related with the recharge areas.

Geochemical evolution

The results from the chemical analyses were used to
identify the geochemical processes and mechanisms in the
Neyveli basin. The Na—Cl relationship has often been used
to identify the mechanisms to acquire salinity and saline
intrusions in semi-arid/arid regions (Sami 1992). In general,
evaporation causes an increase in concentrations of all
species in water. If the evaporation process is dominant, and
no minerals species are precipitated, the Na—Cl ratio is
unchanged (Jankowski and Acworth 1997). Hence, the plot
Na/Cl versus Cl would give a horizontal line, which would
indicate concentration by evaporation and transpiration
(Fig. 4a). If halite dissolution is responsible for sodium,
the Na/Cl molar ratio is approximately 1, whereas a ratio >1
is typically interpreted that Na is released from a silicate
weathering reaction (Meybeck 1987). In the present study
area, it generally ranges from 0.3 to 2.1 with an average of
0.8. When Na is plotted against CI (Fig. 4b), most of the
samples that lie below the 1:1 trend line show excess Cl,
highlighting additional geochemical process. The high
Na/Cl ratios are probably controlled by water—rock interac-
tion, most likely by feldspar weathering. The high K/Cl ratios
(>0.2) are associated with the dissolution of K-feldspar that
suggests its weathering (Fig 4c¢).

The study of the Ca/Mg ratio of groundwater from this area
suggests that greater calcite contribution (Maya and Loucks
1995), that is, if the ratio of Ca/Mg=1, dissolution of
dolomite should occur, whereas a higher ratio is indicative of
greater calcite contribution. Katz et al. (1998) also explained
that the higher Ca/Mg molar ratio (>2) is indicative of
dissolution of silicate minerals, which contribute calcium and
magnesium to groundwater. The groundwater samples have
a ratio between 1 and 2, indicating the dissolution of calcite
(Fig. 4d). The molar ratio is generally less than or equal to 1
in the study area, and some of them have this ratio more than
1, which indicates that the dissolutions of dolomite and
calcite are the dominant geochemical processes followed by
the dissolution of silicate minerals.

Calcium and magnesium are the dominant cations
present in groundwater next to sodium in this region.
Similarly, bicarbonate is also present in considerable
amounts. Carbonate-rich rocks such as crystalline lime-
stone, dolomitic limestone, calc-granulite, and kankar
(lime-rich weathered mantle overlies carbonate rocks) are
the major sources for carbonate weathering. The available
carbonates in these rocks might have been dissolved and
added to the groundwater system during irrigation, rainfall
infiltration, and groundwater movement.
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In Ca+Mg versus HCO3+S0, scatter diagram (Fig. 4e),
the points falling along the equiline (Ca+Mg=HCO;+S0,)
suggest that these ions have resulted from weathering of

Moreover,

carbonates and sulfate minerals (Datta and Tyagi 1996).
if the Ca and Mg solely originated from
carbonate and silicate weathering, these should be balanced
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by the alkalinity alone. However, most of the points are
placed in the Ca+Mg side, which indicates excess calcium
and magnesium derived from other process such as reverse
ion exchange reactions. The plot of Ca+Mg versus Cl
(Fig. 4f) indicates that concentrations of the two items are
roughly the same, as Ca and Mg do not increase with
increasing salinity that could be the indication of reverse
ion exchange in the clay/weathered layer.

The Ca+Mg/HCOs; ratio is used to explain the sources
of Ca and Mg in groundwater. As this ratio increases with
salinity, Mg and Ca are added to solution at a greater rate
than HCO;. If Mg and Ca only originate from the
dissolution of carbonates in the aquifer materials and from
the dissolution of carbonates in the aquifer materials and
from the weathering of accessory minerals, this ratio would
be about 0.5 (Sami 1992). The plot of Ca+Mg versus
HCOs; in Fig. 4g shows that most of the data fall above the
1:1 trend line, although some points approach this line. The
low Ca+Mg/HCO; ratio (<0.5) could be the result of either
(Ca+Mg) depletion by cation exchange or HCO;5 enrich-
ment (Fig. 4h). However, high ratios cannot be attributed to
HCOj; depletion; under the existing alkaline conditions,
HCO3; does not form carbonic acid (H,COj3) (Spears 1986).
High ratio suggests that an excess of alkalinity in these
waters is balanced by the alkalis Na and K.

Molar Na/Ca ratios vary between 0.4 and 6, and some of
them are of more than 2 (Fig. 4i). This indicated the
reaction of silicate minerals and/or some cation exchange is
occurring at the expense of some other cation (Wen et al.
2005).

Mechanisms controlling the groundwater chemistry

Reactions between groundwater and aquifer minerals have a
significant role on water quality, which are also useful to
understand the genesis of groundwater (Cederstorm 1946).
Groundwater chemistry in the study region is regulated by
diverse processes and mechanisms. Since the study region
experiences dry and semi-arid climatic condition, evapora-
tion may also contribute in water chemistry in the study
region. Hence, Gibbs plot is employed in this study to
understand and differentiate the influences of rock—water
interaction, evaporation, and precipitation on water chemistry
(Gibbs 1970). Figure 5 illustrates that most of the ground-
water samples fall in the water—rock interaction field and few
samples plotted on evaporation zone, which suggests that the
weathering of rocks primarily controls the major ion
chemistry of groundwater in this region.

Evaporation

Evaporation process is not only a common phenomenon in
surface water but also in groundwater system. Na/Cl ratio
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Fig. 5 Gibbs diagram, illustrating the mechanisms controlling the
chemistry of groundwater samples

can be used to identify the evaporation process in
groundwater. Evaporation will increase the concentration
of TDS in groundwater, and the Na/Cl ratio remains
the same, and it is one of the good indicative factors
of evaporation. If evaporation is the dominant process,
Na/Cl ratio should be constant when EC rises (Jankowski
and Acworth 1997). The EC versus Na/Cl scatter diagram
of the groundwater samples (Fig. 6) shows that the trend
line is inclined, and Na/Cl ratio decreases with increasing
salinity (EC) which seems to be the removal of sodium by
ion exchange reaction. This observation indicates that
evaporation may not be the major geochemical process
controlling the chemistry of groundwater in this study
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region or ion exchange reaction dominating over evapo-
ration. However, the Gibbs diagrams (Fig. 5) justify that
evaporation is not a dominant process in this basin.

Ion exchange

Ion exchange is one of the important processes respon-
sible for the concentration of ions in groundwater.
Chloro-alkaline indices 1 and 2 (CAI 1 and CAI 2)
calculated for the groundwater samples of the basin
strongly suggest the occurrence of ion exchange process.

CAIl =Cl —Na+K/Cl

CAI2 = C1 — Na+ K/SO4 + HCO; + CO5; + NO;

All values are expressed in meq/l

When there is an exchange between Ca or Mg in the
groundwater with Na and K in the aquifer material, both
the above indices are negative, and if there is a reverse
ion exchange, then both these indices will be positive
(Schoeller 1965, 1967). CAI 1 and CAI 2 values of the
study area vary with respect to samples, but they are
positive in most of the samples, and few samples show
negative values. This observation indicates that reverse
ion exchange is the dominant process in the groundwater,
whereas normal ion exchange is also noticed in very few
wells during the study period.

Groundwater salinization

Since the study area fall near to the coastal zone,
intensively pumped coastal aquifers lead to possible
salinization in the groundwater. Figure 7 shows that Na,
Ca, and Mg are enriched when compared to its ratio with
Cl in seawater. The Na enrichment observed in Fig. 6a

demonstrates that Na—Ca exchange, which is common in
coastal aquifers intruded by seawater (Andersen et al.
2005), depleting Na content, is not the main process
occurring in this area. In that case, the enrichment
observed for Ca (Fig. 7b) is probably due to calcite
dissolution, followed by an increasing pH (CaCOs;+H Ca
+HCOs3). The lowest enrichment was observed for SO4
(Fig. 7d), which may be related to the sulfate reduction
process (Appelo and Postman 2005).

Groundwater quality

Both for drinking as well as irrigation purposes, substantial
amount of groundwater is being used in this area. Further
agriculture is economically important in the study area
and mostly covered by agricultural lands and residents.
Hence, groundwater contamination by irrigation return
flow, fertilizer and farm manure application, leaching of
soil-mineralized nitrogen, domestic sewage, etc. is also
an important issue on groundwater contamination in the
study area. The concentration of nitrate and chloride in
the groundwater justifies the effect of surface contami-
nation sources. The nitrate concentration varies from 1 to
67.9 mg/l with an average of 18.9 mg/l. However, four
samples exceed WHO (2004) standard and are not fit for
drinking, which may cause blue baby disease/methemo-
globinemia in children and gastric carcinomas (Comly
1945; Gilly et al. 1984). Since most of the basin is
intensively irrigated, higher concentration of nitrate in
groundwater can be resulted from the agricultural activi-
ties (Subramani et al. 2005a). In Neyveli basin, most of
the samples are within the permissible limits (WHO 2004)
for all parameters except K. Higher concentration of K
also implies the effect of surface contamination, especially
irrigation return flow to the groundwater.

Saturation index (dissolution and deposition)

Using the saturation index (SI) approach, it is possible to
predict the subsurface mineralogy from groundwater data
without collecting the samples of the solid phase and
analyzing the mineralogy (Deutsch 1997). In the present
study area, to determine the chemical equilibrium between
minerals and waters, saturation indices of carbonate
minerals were calculated using the following equation
(Lloyd and Heathcode 1985):

SI = log(IAP/Ks)

where IAP is the ion activity product and Ks is the
solubility product of the minerals.

The calculated values of SI for calcite, dolomite,
aragonite, and magnesite of the groundwater samples show
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that the calcite and aragonite fall near saturated to over-
saturated state, indicating precipitation takes place (Fig. 8).
Given the semi-arid climate, this is likely to be a result of
evaporation. However, the SI values of dolomite and
magnesite are less than zero, which shows that it remains
under saturation.

Summary and conclusions

The results of this investigation provide an outline of the
geochemical processes controlling the groundwater
chemistry in the study area. The hydrochemical types
in the area can be divided into two major groups. The
first group includes mixed Ca—Mg—Cl and Ca—Cl types,
indicating the intermediate zone of groundwater dis-
charge area. The second group comprises mixed Ca—Na—
HCO; and Ca-HCOj; types, revealing the groundwater

recharge area. The concentrations of TDS in most
groundwater samples are <1,000 mg/l, i.e., fresh water.
The relative concentrations of the ions occur in the order
of Na>Ca>K>Mg and HCO;>CI>S0Oy. In the study area,
rock weathering and ion exchange reactions are the major
hydrogeochemical processes responsible for the concen-
tration of major ions in groundwater. Higher concentration
of nitrate in some groundwater can be resulted from the
agricultural activities. Generally, most of the samples in the
basin are within the permissible limits for all parameters
except K. Calcite and aragonite have high SI values, which
indicates precipitation as the result of evaporation, whereas
dolomite and magnesite show undersaturation state. The
information presented in this paper will be useful for
sustainable management of this important groundwater
resource according to the water chemistry and enables
planners and policymakers to evolve a strategy to solve
similar problems elsewhere.
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