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This paper elaborates the hydrochemical and environmental isotope (d2H and d18O) inferences obtained
from Uddanam region, Andhra Pradesh, India. Groundwater samples collected during pre-monsoon (June
2019) showed that the quality is fresh (EC \ 1539 lS/cm) and contaminants like Cuoride (\1.6 mg/L)
and nitrate (\49 mg/L) are present within permissible limits. The composite water quality indices for
drinking (DWQI: 14.1–92.5) and irrigation (IWQI: 2.8–20.2) are found to be satisfactory. The major
water types are found to be Ca–Na–HCO3, Na–Ca–HCO3, Na–Mg–HCO3–Cl, Ca–Mg–HCO3–Cl and
Na–HCO3. Three geochemical pathways are found signifying evaporite dissolution, contribution of silicate mineral weathering and base-exchange process, which is supported by estimated chloro-alkaline
indices (CAI-1: 4.3 to 0.2, CAI-2: 1.03 to 0.08). Trace metal data clearly suggest that groundwater
is free from any metal pollution. Dissolved silica (SiO2) levels range from 34 to 131 mg/L and do not show
any particular spatial trend. Isotope data infer that groundwater is recharged by rainwater after
undergoing evaporation (d18O: 6.0%), which matches with that of the combined isotope signature
(d18O: 5.5%) of SW and NE monsoon rainfall. d18O–TDS correlations and hydrochemical facies
evolution (HFE) diagram do not infer any seawater intrusion into these coastal aquifers.
Keywords. Environmental isotopes; trace metals; quality indices; HFE diagram; geochemical evolution;
coastal zone; Andhra Pradesh.

1. Introduction
Groundwater plays an important role in all
domains of human development from drinking to
irrigation to industry. Freshwater resources are
over-exploited due to population explosion and the
subsequent demand for food and potable water.
This phenomenon has led to severe stress on the

groundwater resources in most of the countries and
also resulted in deterioration in water quality
(Saha and Ray 2019). India being one of the most
populous countries, the freshwater resources,
especially groundwater resources are under
tremendous stress. The coastal zones, arid and
semi-arid regions have been witnessing a serious
threat to exiting water resources (Chidambaram
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et al. 2018; Keesari et al. 2019). Hence, assessment
of groundwater resources for their quality and
recharge sources becomes crucial, so that proper
strategies to improve the groundwater quality and
quantity can be implemented.
Hydrochemistry plays a vital role in assessing
the water quality and geochemical processes. On
the other hand, environmental isotopes help in
providing the information on the source and
mechanism of groundwater recharge, interconnections between water bodies and aquifer dynamics
(Deshpande et al. 2003; Chidambaram et al. 2018;
Keesari et al. 2019). Several researchers have
employed major ion data to evaluate the hydrogeochemical processes in groundwater systems in
India (Jayalakshmi et al. 2012; Roy et al. 2018;
Sharma et al. 2018; Keesari et al. 2019). Studies
have reported high Cuoride concentration in
groundwater in many parts of south India (Keesari
et al. 2007; Chidambaram et al. 2013). Some of the
researchers have applied electrical resistivity and
induced polarization methods for determining Cuoride contamination in Nalgonda district, Andhra
Pradesh (Mondal et al. 2010a). In addition, high
salinity due to seawater intrusion in coastal regions
was also reported by researchers (Sarwade et al.
2007; Bhattacharya et al. 2008; Mondal et al.
2010b, 2011b; Mondal and Singh 2011a; Lagudu
et al. 2013; Anil Kumar et al. 2015; Chidambaram
et al. 2018).
Studies were also carried out on the water
quality and trace metal occurrences in groundwater in coastal parts of Andhra Pradesh and
adjoining areas in India. The elevated levels of
trace metals were attributed to marine sediments
in Krishna delta (Mondal et al. 2010c). Rock
weathering and anthropogenic inputs were found
to be the sources of elevated levels of trace metals
in groundwater of Cuttack region (Das 2003).
Strontium and boron indicators were used to assess
the seawater intrusion along the coastal areas of
Krishna basin, Andhra Pradesh (Saxena et al.
2004). Impact of artiBcial structures on reducing
the salinity in groundwater of Krishna delta was
evaluated using hydrochemistry (Mondal et al.
2008a). High levels of NO3 up to 250 mg/L were
reported in coastal groundwater of Visakhapatnam
and Srikakulam districts (Hariharan 2007; Mondal
et al. 2008b; CGWB 2013; Chowdeswararao and
Kalyani 2018). Groundwater quality is found to be
suitable for drinking and irrigation purposes in
parts of Srikakulam district and the dominant
factor controlling the geochemistry of groundwater
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was found to be irrigational return Cows followed
by geogenic factors (Satyanarayana et al. 2017;
Nadikatla et al. 2020). Chronic kidney disease
(CKD) is found to be prevalent in residents of
Uddanam region of coastal Andhra Pradesh. It is
found that the prevalence is 4–18 times more than
reported in any study done in India (Rajendiran
et al. 2019a, b). Studies suggested multiple reasons
for CKD in the study area, which includes presence
of high levels of silica content or heavy metals in
drinking water, prolonged dehydration, heat stress
nephropathy, non-steroidal anti-inCammatory
drug use, gene mutation and pesticide use (Gadde
et al. 2017; Aruna and Mohammad 2019).
Many of the studies carried out in this region
were mainly limited to basic water quality parameters, dissolved silica and there is no information on
other trace metal abundance in groundwater and
the source of groundwater. In this study, the overall
groundwater quality was evaluated in parts of
Uddanam region covering two mandals (Kanchili
and Kaviti) with the following objectives: (i) estimation of the composite water quality indices for
drinking and irrigation, (ii) assessment of hydrochemical evolution, (iii) identiBcation of the
groundwater recharge sources, and (iv) evaluating
the possibility of seawater intrusion.

2. Methodology
2.1 Study area
The area of interest comes under Uddanam region
of Srikakulam district, Andhra Pradesh that falls
parallel to northeast coastal region of India
(Bgure 1a). The main rivers that drain the district
are Vamsadhara and Nagavali (Bgure 1b). The
general drainage pattern of this region is dendritic
to sub-dendritic and occasionally parallel at places.
The drainage density varies from \0.2–1 km/km2
(APSAC 2018). The climate of the district is
moderate and characterized by high humidity
throughout the year. The study area receives a
total rainfall of about 1130 mm per year with a
minimum in January (9.7 mm) and maximum in
October (233 mm). The rainfall is mainly received
during southwest monsoon (70% between June and
August) followed by northeast monsoon (20%
between September and December). The average
annual temperature is 28.2°C and normally the
range varies from 24.0° to 32.9°C (Ramana Rao
2018). Based on geomorphology, the district can be
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Figure 1. (a) Andhra Pradesh district map, the study region belongs to Srikakulam district in northeast corner (highlighted),
(b) Google earth map showing important cities, major rivers and rainfall monitoring station (Kakinada). Yellow encircled portion
– Uddanam region, Srikakulam district, (c) hillshade map of the study area, (d) geology of the study area (cropped from CGWB
2013), and (e) groundwater sampling points, UD – for isotopes and major ions as per table 1, TR – trace metals as per table 5.
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19.5
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26.8
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7.4
27.6
7
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4
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–5.95
–4.41
–4.78
–2.56
–1.14
–6.05
–5.96
–0.78
–2.13
–3.49
–6.05
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–38.66
–30.70
–32.92
–16.09
–14.69
–44.15
–39.57
–17.37
–23.28
–30.44
–44.15
–14.69

divided into four distinct units, viz., structural
hills, pediplains, alluvial plains and coastal plains.
Major part of the study area is represented by
structural hills (towards west), which are extensions of Eastern Ghats trending in NW–SE direction (Bgure 1b). The undulating topography and
extension of the Eastern Ghat can be clearly seen
in the Hillshade map (Bgure 1c). The coastal plains
located towards east occur parallel to the sea and
are predominantly marine origin. The main soil
types are red soils, red loams, sandy loams, sandy
soils, black soils and alluvial soils.

2.2 Geology and hydrogeology
Note: Longitude and latitude in degrees, temp (°C), EC (lS/cm). d18O and d2H in % and other parameters in mg/L.

Kaviti
Pragadaputugga
Karrivani Palem
Kanchili
Sanyashi Puttga
Kesaripad
Patha Arpuram
Kottha Ampuram
Nelavanka
Mutyaalapeta
UD-1
UD-2
UD-3
UD-4
UD-5
UD-6
UD-7
UD-8
UD-9
UD-10
Minimum
Maximum

84.691783
84.691783
84.683417
84.584072
84.716583
84.610106
84.590286
84.592150
84.728281
84.697382

19.012286
19.019372
18.972003
18.980028
19.057758
19.061547
19.000553
18.999211
19.039836
19.028964

28.25
27.53
28.34
26.30
27.90
28.73
29.90
27.87
27.43
29.10
26.30
29.90

7.43
7.59
7.85
8.2
7.56
8.3
7.7
8.06
7.9
7.6
7.43
8.30

160
340
370
140
560
120
280
160
230
140
120
560

697
1326
1134
322
1539
341
1032
417
607
990
322
1539

45.2
188
126
22.8
345
33
162
36.5
65.9
145
22.8
345

14.5
11
10.2
3.1
0
9.1
10.1
0.9
0.1
11.5
0
14.5

16.5
32.8
38.4
7.9
9.2
5.7
19.2
8.5
18.5
22.5
5.7
38.4

72
56.8
55.9
28.6
6.3
23.6
38.5
40.8
37.3
36.7
6.3
72

Cl–
F–
Ca2+
Mg2+
K+
Na+
EC
Alkalinity
pH
Temp.
Latitude
Longitude
Site
Sample Id.

Table 1. Sample location details, physico-chemical, chemical and stable isotope values of groundwater samples from the study area.

NO3–

SO42–

d18O

d2H
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The geological formations of this area belong to
Precambrian Eastern Ghat Super Group (EGSG),
Upper Gondwana, Tertiary and Recent formations
(Bgure 1d). Quaternary formation consists of
laterites and lateritic soils, Gondwana formation
consists of sandstone with interbedded clays and
conglomerates, intrusive-pegmatite and quartz
veins. The EGSG is a largely granulite terrain, also
comprises granites, migmatites, anorthosites and
alkaline rocks. The consolidated formations include
crystallines (khondalites, charnockites and granitic
gneisses) and metasediments (dolomites, shales,
phyllites and quartzites) of Archaean and Precambrian periods, respectively. The khondalite group of
rocks can be seen as prominent hill ranges and
composed of khondalites, calcgranulites gneisses
and quartzites (CGWB 2013; APSAC 2018).
Groundwater occurs in almost all geological
formations and the potential mainly depends on
the nature of rock type, relief and geomorphology
of the area, rainfall and other hydrogeological
characteristics. In the study area, the aquifers can
be broadly divided into hard-rock type comprising
khondalites, quartzites, charnockites, granitic
gneiss formations and soft-rock type comprising
sandstone and alluvium formations. Groundwater
occurs under unconBned to semi-conBned conditions in the hard-rock formations, while it occurs
under unconBned to conBned conditions in softrock formations (APSAC 2018). The bore wells
constructed in the hard rock formations generally
tap the fractured and Bssured zones and the yields
range between 50 and 200 m3/d. The higher yields
are limited to the available thickness of fractured,
Bssured and jointed zones. The occurrence of
fractures is limited down to 30–40 m bgl and
occasionally extends down to 70–100 m bgl.
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The river alluvium being unconsolidated
sediment and highly porous and permeable forms a
potential aquifer system. The yields are higher in
alluvial aquifers than in the hard-rock aquifers.
Occasionally yields up to 500 m3/d are also observed
in the sediments consisting of thick sand and gravel
beds. The yields in sandstone formation range
between 500 and 1600 m3/d. Granularity of the
sandstone bed is the deciding factor of yield potential as the higher yields are recorded in the wells
tapping coarse sandstone beds (CGWB 2013).
Based on the net annual groundwater availability,
the study area is categorized as ‘safe zone’.

2.3 Sampling and measurement
The investigated area is about 180 km2 and falls
between 18.90°–19.10°N latitudes and 84.50°–
84.80°E longitudes (Bgure 1e). Groundwater sampling was carried out during pre-monsoon period
between May and June 2019 and a total of 19
samples were collected, which include 10 samples
for major ions, environmental isotopes and nine
samples for trace metals. Existing hand pumps and
dug wells were chosen for sampling. The typical
well depths are 40–75 m below ground level. After
collection, the groundwater samples were Bltered
using 0.45 lm pore size membrane Blters and
stored in polyethylene bottles for major ions. For
trace metals, acid leached polyethylene bottles
were used and samples were preserved in acidic
condition (pH \ 2) by adding ultrapure nitric acid.
Both major ions and trace metal measurements
were completed within a month of sampling. Physico-chemical parameters such as pH, temperature
(°C), and electrical conductivity (lS/cm) were
measured using in-situ hand-held water quality
meters (Hanna Make). Alkalinity (as mg CaCO3/
L) was measured by titrating 10 mL of water
sample with 0.02 N H2SO4, the mixed indicator
(Bromocresol green–Methyl red) was used for
indication of the end-point of the titration. Since
the pH of the groundwater is nearly neutral, total
alkalinity (mg CaCO3/L) is attributed to bicarbonate ions and HCO3 concentration (mg/L) was
calculated by multiplying 122 to the measured
alkalinity value. The sampling location details and
in-situ parameters are given in table 1.
Major cations, viz., Na+, K+, Mg2+ and Ca2+
and major anions, viz., Cl, SO42, NO3 and F
were analyzed by ion chromatography system (DX500) coupled with an electrochemical detector (ED

40). A sample loop of 25 lL was used for sample
loading. Analytical columns AS-11+AG-11 and
CS12A+CG12A were used for separating anions
and cations, respectively, from water samples. The
mobile phases 3–15 mN NaOH in gradient mode
and 21 mN H2SO4 in isocratic mode were used to
elute anions and cations from the separating columns, respectively. The electrochemical detector
in conductivity mode with eluent suppression was
used for quantiBcation. A few trace elements were
also measured from the acidiBed samples using
ICP-OES. The elements measured were SiO2, Al,
B, Mn, Pb, Zn, Fe, Cu, P, Cd, Co, Cr and Ni. The
instrument performance was checked by running
blanks and calibration standards. The bias in the
analytical measurements was corrected and is
found to be 2–5% (3r). Accuracy of the chemical
analysis was checked using charge balance error
(CBE) as shown by equation 1. The CBE was
within the allowed limit of ± 5% (Hounslow1995).
CBE ð% Þ ¼

meqðcationsÞ  meqðanionsÞ
 100
meqðcationsÞ þ meqðanionsÞ
ð1Þ

Environmental isotopes in water samples were
measured by Isotope Ratio Mass Spectrometer
(Isoprime 100, UK). For d2H analysis, 1 mL of the
water sample was equilibrated with H2 in presence
of Pt-coated Hokko beads catalyst at 50°C for 90
min and the gas was introduced into the mass
spectrometer. The d18O of the sample was
measured by equilibrating 1 mL of water with
CO2 gas at 50°C for 8 hrs and the equilibrated gas
was introduced into the mass spectrometer. The
results are reported in d-notation and expressed in
units of parts per thousand (denoted as %). The d
values are calculated using (Coplen 1996):


Rx
 1  1000
ð2Þ
dð&Þ ¼
Rs
where R denotes the ratio of heavy to light isotope
(e.g., 2H/1H or 18O/16O) and Rx and Rs are ratios
in the sample and standard, respectively.The analytical precision for d2H is ± 1.0% and for d18O is
± 0.2 % (2r).

2.4 Estimation of drinking water and irrigation
suitability indicators
The drinking water suitability was assessed using
individual ion concentrations based on WHO
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(2011) and BIS (2012) as well as TDS and TH
estimated using the following equations (3, 4).
Total dissolved solid (TDS in mg/L) can be
calculated from the measured EC using the
equation (3):

Magnesium Hazard (MH) ratio is calculated by
the equation (9):

TDS ðmg=LÞ ¼ 0:64  EC ðls=cmÞ

Kelley’s ratio (KR) is estimated using equation
(10) (Kelley 1963):

ð3Þ

TH (mg/L of CaCO3) was calculated by equation
(4) (Todd D 1960):
2þ

TH ¼ 2:497  Ca

þ 4:115  Mg

2þ

þ

Ca þMg2þ
2

ð5Þ

where concentrations are in meq/L.
Percentage sodium (Na%) is calculated using
equation (6) (Wilcox 1955):
Na% ¼

ðNaþ þ Kþ Þ  100
Ca2þ þ Mg2þ þ Naþ þ Kþ

ð6Þ

RSC is deBned by Eaton (1950) using equation (7)

  2þ

2
RSC ¼ HCO
 Ca þ Mg2þ
ð7Þ
3 þ CO3
where all the concentrations are in meq/L. Water
with RSC \1.25 is suitable for irrigation, whereas
1.25–2.5 is in doubtful category and [2.5 is not
suitable for irrigation (Lloyd and Heathcote 1985).
PI is calculated using equation (8):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Naþ þ HCO
3
 100
ð8Þ
PI ¼ 2þ
2þ
Ca þ Mg þ Naþ
where concentrations are in meq/L. PI values
categorise three classes of water, class I (100% of
maximum permeability) is suitable for irrigation,
class II (75% of maximum permeability) is
marginally suitable for irrigation and class III
(25% maximum permeability) is unsuitable for
irrigation.

Mg2þ
 100
Ca2þ þ Mg2þ

KR ¼

ð4Þ

where TH, Ca2+, Mg2+ concentrations are expressed in mg/L.
The suitability of groundwater to irrigation was
evaluated by sodium absorption ratio (SAR),
residual sodium carbonate (RSC), percent of
sodium (Na%), magnesium hazard (MH) and permeability index (PI). In addition to these indicators, USSL and Wilcox diagrams were also used to
assess the suitability of the groundwater to irrigation. The SAR value is calculated using equation
(5) (Richards 1954):
Na
SAR ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2þ

MH ¼

Naþ
Ca2þ þ Mg2þ

ð9Þ

ð10Þ

where concentrations are in meq/L. KR \ 1 indicates suitability of water to irrigation while KR[1
is harmful.
Corrosivity ratio (CR) represents vulnerability
to corrosion on metallic surfaces by aAected water
and is denoted as ratio of alkaline earths to saline
salts in water. The CR is calculated by equation
(11)
CR ¼

ðCl=35:5Þ þ 2ðSO4 =96Þ
2fðCO3 þ HCO3 Þ=100g

ð11Þ

where the ionic concentrations are in mg/L.
The groundwater samples having a CR\1 are
considered to be safe and [1 to be unsafe.
Composite parameters give a more pragmatic
outcome than individual parameters in water
quality assessment. Drinking water quality index
(DWQI) mirrors the impact of amalgamated
quality of water parameters on the overall quality
of water towards drinking while irrigation water
quality index (IWQI) provides information usable
for varied soil type and crop sensitivity. The
adopted weighted arithmetic index approach
introduced by Brown et al. (1970) was employed
for both the quality indices. Parameters used to
calculate DWQI were: pH, electrical conductivity,
total dissolved solids, total hardness, total alkalinity, Mg2+, Cl, F, SO42 and NO3. To calculate the DWQI, the WHO standards (WHO
2011) are used. IWQI is based on the six indices:
MH, RSC, EC, Na%, PI and SAR, which are more
relevant and important to the irrigational use.
DWQI /IWQI are computed by equations (12–15):
P
qn Wn
ð12Þ
DWQI ðIWQIÞ ¼ P
Wn
where Wn is the unit weight of nth parameters,
which is calculated using equation (13):
Wn ¼

K
Sn

ð13Þ
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where K is the constant of proportionality and
calculated using equation (14):
1
K ¼P1

3.1 Water quality
ð14Þ

Sn

and qn is quality rating calculated as (equation 15):
qn ¼ 100 

Vn  Vio
Sn  Vio

ð15Þ

where n represents parameters of water quality
and qn is the quality rating of the nth parameter,
which displays the contribution of the parameter
towards the contaminated water vis-a-vis the
standard value. Vn = observed value of the sample,
Sn = standard value of nth parameter, Vio = ideal
value of nth parameter in pure water (i.e., 0 for all
other parameters except pH which has value 7).
The relative weights for the drinking and irrigation
parameters are given in tables 2 and 3,
respectively.
Table 2. Relative weight of chemical parameters for DWQI
estimation (WHO 2011).

Parameters

Highest permitted
values of
water (Sn)

Relative
weightage
(Wn)

8.5
1500
1000
300
100
250
250
50
1.5
600
500

0.141576
0.000802
0.001203
0.004011
0.012034
0.004814
0.004814
0.024068
0.802265
0.002006
0.002407
1

pH
EC
TDS
Ca2+
Mg2+
Cl
SO42
NO3
HCO3
TA
TH
P
Wn

Table 3. Relative weight of irrigation parameters for IWQI
estimation.

Parameter
MH
RSC
Na%
SAR
EC
PI
P
Wn

Units

Suitable limit
for irrigation

No unit
meq/L
%
No unit
lS/cm
No unit

50
2.5
60
18
2250
85

3. Results and discussion

Relative
weightage
(Wn)
0.039649
0.792972
0.033041
0.110135
0.000881
0.023323
1

The physico-chemical and isotope data are given in
table 1. The temperature varies from 26.3° to
29.9°C and pH from 7.4 to 8.3. The pH of the
samples is alkaline but within the permissible limit
of 6.5–8.5 prescribed for drinking water by BIS
(2012) and WHO (2011). Electrical conductivity
(EC) indicates the total dissolved ions and varies
from 322 to 1539 lS/cm in the study area (table 1).
Sodium in groundwater varies from 23 to 345 mg/L
and potassium from 0 to 14.5 mg/L (table 1).
There are no guideline values for Na+ and K+, but
for people with heart ailments excess Na+ intake is
a matter of concern (WHO 2011). Silicate rock
weathering and ion exchange with the clay could be
the sources for Na+ and K+ ion in the groundwater.
The Ca2+ in the samples varies from 6.3 to 72 mg/
L (within allowed limits, BIS 2012) and Mg2+ from
5.7 to 38.4 mg/L (table 1). Carbonate minerals
along with minerals from silicate rocks are the
major sources of alkaline earth metals in the study
area. Cl concentration in groundwater varies from
10.5 to 145 mg/L, SO42 from 4.0 to 88 mg/L
(table 1) and HCO3 from 146 to 683 mg/L
(table 4). Bicarbonate ions in the groundwater are
contributed by root zone respiration and silicate
weathering (Keesari et al. 2007). Chloride and
sulphate are mainly contributed by evaporite dissolution in the unsaturated zone and marine salts
present in the subsurface (Mondal et al.
2010a, b, c). In addition, anthropogenic contamination such as industrial and domestic waste also
contributes to high sulphate and chloride to
groundwater (Mondal et al. 2008b; Satyanarayana
et al. 2017; Nadikatla et al. 2020).
The estimated TDS values of the groundwater
range from 206 to 985 mg/L (table 4). All the
samples fall within the permissible limits for
drinking, i.e.,\1000 mg/L (WHO 2011; BIS 2012).
Total hardness of water is another parameter to
check domestic usability of water. Hardness is
caused by dissolved salts of Ca2+ and Mg2+. High
TH in drinking water may cause many diseases,
like, calciBcations of arteries, urinary concretions,
and diseases of kidney or bladder or stomach disorder. TH values range from 53 to 298 mg/L
(table 4). ClassiBcation of groundwater based on
TH (Durfor and Becker 1964) indicates that
majority of samples fall under very hard category
(TH[180 mg/L). Among inorganic contaminants,

J. Earth Syst. Sci. (2020)129:205
Note: CBE (Charge Balance Error, %), TDS (Total dissolved solids, mg/L), HCO3 in mg/L, SAR (Sodium Absorption Ratio), RSC (Residual Sodium Carbonate), TH (Total
Hardness), KR (Kelley’s Ratio), CR (Corrosivity Ratio), PI (Permeability Index), CAI – Chloro Alkaline Indices, DWQI – Drinking Water Quality Index, IWQI – Irrigational
Water Quality Index, MH – Magnesium Hazard and Dexcess in %.

–0.18
–1.19
–1.19
–2.62
–4.27
–1.57
–1.11
–1.38
–2.09
–0.62
–4.27
–0.18
3.67
5.58
3.06
–2.18
4.45
–3.05
4.72
4.24
3.06
4.00
–3.05
5.58
UD-1
UD-2
UD-3
UD-4
UD-5
UD-6
UD-7
UD-8
UD-9
UD-10
Minimum
Maximum

446
849
726
206
985
219
660
267
388
634
206
985

195.2
414.8
451.4
170.8
683.2
146.4
341.6
195.2
280.6
170.8
146
683

1.25
4.91
3.18
0.97
20.49
1.58
5.32
1.36
2.20
4.65
0.97
20.49

32.08
60.44
49.10
34.01
93.33
50.32
67.59
37.05
45.87
64.18
32.08
93.33

–1.75
1.26
1.45
0.72
10.12
0.75
2.10
0.46
1.21
–0.88
–1.75
10.12

248
277
298
104
54
82
175
137
169
184
54
298

0.40
1.48
0.92
0.48
14.00
0.87
2.01
0.58
0.85
1.71
0.40
14

27.43
48.78
53.12
31.30
70.66
28.49
45.13
25.57
45.00
50.28
25.6
70.7

54.28
78.65
71.74
86.82
114.15
96.82
89.23
78.09
80.17
79.87
54.3
114

0.65
0.66
0.40
0.13
0.25
0.27
0.62
0.19
0.22
1.73
0.13
1.73

14.14
29.29
25.66
49.33
92.52
19.06
14.27
37.44
41.55
19.84
14.14
92.5

2.78
8.48
7.90
5.35
20.19
6.12
9.26
4.94
6.91
6.66
2.78
20.19

–0.08
–0.53
–0.37
–0.26
–1.03
–0.36
–0.60
–0.28
–0.39
–0.46
–1.03
–0.08

Dexcess
CAI-2
CAI-1
IWQI
DWQI
CR
PI
MH
KR
TH
RSC
Na%
SAR
HCO3
TDS
CBE
Sample Id.

Table 4. Estimated parameters.

8.94
4.58
5.32
4.39
–5.57
4.25
8.11
–11.13
–6.24
–2.52
–11.13
8.94
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NO3 and F are two widespread contaminants,
the permissible limits for NO3 and F are 45 and
1.5 mg/L, respectively (WHO 2011). In the study
area, the groundwater samples contain F and
NO3 concentrations in the range of 0.1–1.6 and
0.1–56 mg/L, respectively (table 1). One sample
showed high F (1.6 mg/L) and two samples
showed NO3 concentration (49 and 56 mg/L) over
permissible limits.

3.2 Irrigation suitability
Presence of calcium and magnesium in soil clays
makes soil easily cultivable and results in better
permeability. An increase in sodium in the soil
makes it hard and compact. This reduces inBltration and internal drainage rates of water and air
into the soil (Karanth 1987). The SAR values vary
from 0.97 to 20.5 (table 4) and fall under excellent
to good category for irrigation except one sample
(UD 5). High sodium concentration in the soil
makes it alkaline in combination with CO32 and
HCO3 and makes it saline in combination with
Cl. Both the saline and alkaline soils are not
favourable for irrigation. Na% values for the premonsoon samples vary from 32 to 93 and fall under
excellent to good category except UD-2, 5 and 7
(table 4). High Na+ along with high EC limits the
osmotic activity of the plants and reduces the
intake of water nutrients necessary for growth.
Wilcox diagram is commonly used to understand
the combined eAect of EC and Na% (Wilcox 1955).
It is clear that majority of the groundwater samples
are suitable for irrigation (excellent to good) and
only few samples fall in poor to doubtful category
(Bgure 2a). Similarly, in the United States, salinity
laboratory (USSL) diagram that describes the irrigation suitability of groundwater based on SAR and
EC, most of the groundwater samples fall in low to
medium hazard zone (Bgure 2b). In the study area,
the RSC values vary from 1.75 to 10.1 (table 4)
and fall under suitable category except two samples
(UD-5 and UD-7).
Long term usage of groundwater for irrigation
aAects the permeability index (PI) of groundwater,
which is again inCuenced by Na+, Ca2+, Mg2+ and
HCO3 concentrations. The PI values of the
groundwater range from 54.3 to 114 (table 4).
From Doneen’s chart, it is clear that most of the
groundwater samples are suitable for irrigation and
three samples fall in class III zone reCecting
unsuitability of groundwater for irrigation

J. Earth Syst. Sci. (2020)129:205

Page 9 of 18 205

Figure 2. (a) Wilcox diagram, (b) USSL diagram, and (c) Doneen’s permeability index plot of groundwater samples of the
study area.

(Bgure 2c). Magnesium Hazard (MH) is the measure of Mg2+ against Ca2+ and Mg2+which can be
used to assess the eAect of magnesium in irrigated
water. Water is considered as a threat when the
values of MH exceed 50% and water becomes
unsuitable for agricultural purposes (Szabolcs and
Darab 1964). In the water samples of the study
area, MH ranged from 25.6 to 70.7% (table 4).
Only one sample showed high MH (70%) and two
samples show [ 50% and rest of the samples show
MH values \50% (table 4).
KR values in groundwater range between 0.4
and 14 (table 4). As seen in the previous cases, one
sample (UD-5) showed very high KR, three samples marginally higher CR and rest of the samples
show KR \ 1. The groundwater samples having a
CR \ 1 are considered to be safe and [1 to be
unsafe. The CR values of groundwater range
between 0.13 and 1.73 (table 4). Only a single
sample falls in unsafe group (UD-10), while the rest
of the samples fall in safe group (CR \ 1).
3.3 Composite water quality index
The DWQI values of the groundwater samples
range from 14.1 to 92.5 (table 4). All the samples
fall under excellent to good water quality (\50)
except UD-5, which falls in poor quality category.
The IWQI values of the groundwater samples
range from 2.8 to 20.2 (table 4) and fall in excellent

category (i.e., \25). The overall interpretation of
the groundwater quality towards drinking and
irrigation clearly indicates that the present status
of the groundwater is good.
3.4 Hydrogeochemical processes
The hydrochemical nature of groundwater is
studied using Piper’s trilinear, Chadha’s, Gibb’s
plots and hydrochemical facies evolution (HFE)
diagrams. Among cations, Na+ and Ca2+ are found
to be dominant followed by Mg2+. In the case of
anions, HCO3 and Cl are the dominant anions,
while SO42 is present in relatively lower concentration. Five major water types can be found, viz.,
Ca–Na–HCO3, Na–Ca–HCO3, Na–Mg–HCO3–Cl,
Ca–Mg–HCO3–Cl and Na–HCO3. Groundwater in
carbonate rocks typically shows Ca–Mg–HCO3
type, while in sandstone, granitic/gneisses rock
types normally shows Na–Ca–HCO3, Na–Ca–
HCO3–Cl and Na–Mg–HCO3–Cl. The facies representation of the groundwater in this area is found
to be in good agreement with the geology comprising of khondalites, charnockites, granitic
gneisses and sandstone (CGWB 2013). Piper plot
was also used to unravel the hidden geochemical
processes controlling the groundwater chemistry.
Examination of the facies changes in diamond Beld
of Piper’s plot (Bgure 3) infers to three geochemical
pathways; R-1, R-2 and R-3. The facies variation of
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to 1326 lS/cm (UD-2, 7). Weathering of Nasilicates from granites or gneisses and Mg-silicate
from pyroxene minerals which are common in
charnokites could be possible reactions leading to
Na+ and Mg2+ in the groundwater. The rock–water
interaction controlling the groundwater chemistry
of this area is further conBrmed by Gibb’s plot
(Bgure 4 a and b). The sample data cluster near the
rock–water dominant Beld, which spreads towards
evaporation Beld, is more evident from Bgure 4(b).
The impact of evaporative enrichment on the
groundwater is further ascertained by environmental isotope systematics.
The weathering reactions involving Na, Mg and
Ca silicates or aluminosilicates can be shown as:
Mg-silicates weathering (equations 18 and 19):
MgSiO3 þ H2 O þ CO2 $ Mg2þ þ HCO
3 þ SiO2

Figure 3. Piper’s trilinear diagram of the major ion data of
groundwater, R-1, 2 and 3 – reaction pathways, numbers –
sample Ids as shown in table 1. Size of the symbol is
proportional to TDS value.

ð18Þ
Mg2 SiO4 þ CO2 þ H2 O
$ Mg2þ þ HCO
3 þ H4 SiO4

ð19Þ

Calcic-feldspar weathering (equation 20):
groundwater follows closely with the total ionic
concentration (EC).
In pathway R-1, the groundwater changes its
facies as follows (equation 16):
CaNaHCO3 ! NaCaðMgÞHCO3 Cl ð16Þ
The initial facies of the groundwater is
Ca–Na–HCO3, which is typical of recharge water
or rainwater (Keesari et al. 2007). Hydrochemical
facies are either Ca–Na–HCO3 or Na–Ca–HCO3
and change to Na/Ca–Mg–HCO3–Cl indicating
addition of Mg2+ and Cl into the system.
Rainwater/recharging water during its travel
through unsaturated zone accumulate salts by
dissolving evaporite salts, which are halites and
carbonate minerals. Along with facies variation the
EC of the groundwater also changes from \550
lS/cm (UD-4, 6, 8, 9) to *700 to 1030 lS/cm
(UD-1, 3).
In pathway R-2, the groundwater changes its
facies as follows (equation 17):
Na/CaMgHCO3 Cl
! NaCa/MgHCO3 Cl

ð17Þ

At this stage, the groundwater changes from Na/
Ca-type to Na-type and the Mg2+ concentration
increases to the order of Ca2+ concentration. The
EC of the groundwater further increases from 1030

CaAl2 Si2 O8 þ H2 O + CO2
$ Al2 Si2 O5 ðOH)5 þ Ca2þ þ HCO
3

ð20Þ

Na-silicate weathering (equation 21):
NaAlSi3 O8 þ Hþ þ H2 O
$ Naþ þ H4 Al2 Si2 O9 þ H4 SiO4

ð21Þ

In pathway R-3, the groundwater changes its facies
as follows (equation 22):
NaCa/MgHCO3 Cl ! NaHCO3

ð22Þ

The groundwater transforms to Na–HCO3 from its
earlier facies and reaches highest mineralised state
(UD-5, 1530 lS/cm) as noted in this study. This
modiBcation of the facies could result from the
contribution of silicate or carbonate rock weathering. In addition, ion exchange can also modify the
groundwater chemical composition depending on
the type of interaction with clay in the subsurface.
Groundwater undergoing ion-exchange normally
reCects long residence time leading to higher mineral content, which is in agreement with the above
observation.
The ion exchange process can also be veriBed
by examining the chloro-alkaline indices (CAI-1
and CAI-2) as given by equations (23 and 24)
(Schoeller 1967):
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Figure 4. Gibbs diagram of groundwater data (a) anionic and (b) cationic plots.

CAI-1 ¼
CAI-2 ¼

Cl  Naþ  Kþ
Cl

Cl  Naþ þ Kþ

2

SO2
4 þ HCO3 þ CO3 þ NO3

ð23Þ
ð24Þ

The concentrations are expressed in milliequivalents. If ion exchange process occurs
between the dissolved Mg2+ and Ca2+ in the
water and the adsorbed Na+ in the clay matrix,
both of the indices are expected to be negative and
if the exchange occurs in the reverse order, then the
indices are positive. From table 4, it can be noted
that both the indices are negative in all the
groundwater samples, CAI-1 ranges from –4.3 to
–0.2 and CAI-2 ranges from –1.0 to –0.08.
Therefore, the governing ion exchange reaction
can be written as follows (equation 25):
Na2 ðKÞClay þ Ca2þ ! Ca2þ Clay þ 2Naþ ðKþ Þ
ð25Þ
The ion exchange process is further veriBed by
(Ca2+ + Mg2+) – (HCO3– + SO42) vs. Na+Cl
(milliequivalents per liter) plot. Water undergoing
ion exchange would fall on a line with slope of –1,
while water plotting close to zero value on the xaxis is not inCuenced by ion exchange (Jankowski
et al. 1998). Figure 5(a) shows that the slope of
the best-Bt equation is –0.85, close to –1 indicating
ion exchange process occurring in groundwater.
The change from Ca-dominant type to Nadominant type in the groundwater could also be
due to calcite precipitation. The evaporation

process can lead to calcite precipitation during
inBltration, which may also contribute to facies
variation from Ca-type to Na-type. The facies
variation in groundwater samples shown by above
three pathways is in accordance with the normally
observed geochemical evolution. The groundwater
does not reach the Bnal stage of Na–Cl type, but
stays at Na–HCO3 type. One groundwater sample
shows Na–Cl–HCO3 type with moderate EC of 990
lS/cm (UD-10). This groundwater represents
mixing of minor amounts of saline water with
freshwater. The source of saline water could be
either aquafarm activity or other anthropogenic
factors.
The geochemical characterization of groundwater can also be done by Chadha’s plot (Chadha
1999). The plot is divided into four Belds based on
the hydrochemical processes. Field-1 represents
recharging waters (Ca–HCO3 type), Field-2 represents reverse ion exchange waters (Ca–Mg–Cl
type), Field-3 represents end member waters (seawater Na–Cl type) and Field-4 represents base ionexchange waters (Na–HCO3 type). Chadha’s plot of
the groundwater samples of this area shows that
data falls in mainly two Belds, Field-1 and Field-4
(Bgure 5b). Group (i) falling in Field-1 represents
recharging waters (UD-3, 4, 8, 9), while group (ii)
indicates presence of ions derived from salt dissolution (UD-1, 6). Groundwater samples falling in
group (iii) of Field-4 represent ion exchange process, which culminates to a more evolved facies
(Na–HCO3) of the study area (UD-5) falling on the
top corner of the plot. Similar processes were also
envisaged in Piper’s trilinear plot (Bgure 3).

205

Page 12 of 18

J. Earth Syst. Sci. (2020)129:205

Figure 5. (a) Plot of (Ca2+ + Mg2+) – (HCO3 – SO42) vs. Na+–Cl. The line with slope –1 represents ion exchange and the
best Bt line has slope –0.85, and (b) Chadha’s plot depicting the geochemical processes in groundwater.

3.5 Trace metal distribution with special
reference to silicon
Trace elements are contributed to groundwater
from a variety of sources both natural and
anthropogenic. Some trace elements are needed for
human body functions, but if accumulated beyond
the permissible limit can lead to severe health
eAects (WHO 2011). Toxic metals such as lead
(\0.05 mg/L), cadmium (\0.01 mg/L) and chromium (\0.02 mg/L) are found to be below detection limits in groundwater samples (table 5).
Transition metals, Ni and Co are also found in low
concentrations (below detection limit, \0.2 and
\0.01 mg/L, respectively), due to their tendency
to precipitate easily with metal oxides. Other
transition metals, Mn and Fe concentrations are
present in the groundwater ranging from \ 0.01 to
0.3 and 1.3 to 56 mg/L, respectively. The Fe concentration in water usually gives aesthetic problems to water consumers. Higher Fe concentrations
in the aquifers might have resulted from the
interaction of Fe minerals and subsequent dissolution. Another possibility of high Fe in groundwater could be onset of reducing conditions in the
aquifer due to the removal of dissolved oxygen by
organic matter oxidation. Reducing conditions
allow the formation of Fe2+ (ferrous) from Fe3+
(ferric) which is more soluble. Similar observations
(high Fe) were noted by Mondal et al. (2010a, b, c)
in groundwater located south of the study area. Cu
and Zn concentrations in groundwater of this area
range from 0.03 to 0.3 and 0.1 to 3.4 mg/L,
respectively. Cu occurrence is suggestive of possible enrichment from aquifer materials such as
feldspar, biotite and muscovite minerals, while Zn
might have been derived from metal processing

activities. Phosphorus and boron, both representing fertilizer input, are found to be very low in
groundwater close to detection limits, 0.01 and 0.1
mg/L, respectively. The dissolved Al concentrations are also found to be very low, \0.01 to 0.7
mg/L, which can be attributed to poor solubility of
Al minerals.
One of the hypotheses ascribed to the chronic
kidney disease (CKD) prevalence in this region is
high silica content (Rajendiran et al. 2019). Silica is
contributed by weathering of many rock-forming
minerals such as feldspar, olivine, etc., and mostly
present as orthosilicic acid (H4SiO4 or Si(OH)4).
Plankton Bxation, sediment settling, or reactions of
dissolved silicon with clay minerals (reverse
weathering) are pathways through which Si is
removed from the water. The equilibrium content
of SiO2 at pH = 7 is 6.0 mg/L for Quartz and 115
mg/L for amorphous silica. Most unpolluted
groundwaters have silica content 5–50 mg/L (2r
range), while 50–260 mg/L indicates contamination (Hitchon et al. 1999). The groundwater of this
area contains silica in the range of 34–131 mg/L
indicating slightly excess Si over ambient levels. A
similar range of silica concentration (37–267 mg/L)
was reported in groundwater of Uddanam region
(Satyanarayana et al. 2017). The silica contour
map indicates that there is no systematic spatial
distribution, but higher concentration occurs in few
pockets in the study area (Bgure 6a). Mineral
weathering contributes silica as well as bicarbonate
(equations 18–20), therefore it is expected that the
contour diagrams of both the ions look similar,
which is not the case in the present study
(Bgure 6a, b). The incoherent trends in silica
and bicarbonate may also be due to masking by
other dominant geochemical processes such as
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Table 5. Trace metal data of groundwater samples from study area.
Sl. no.
TR-1
TR-2
TR-3
TR-4
TR-5
TR-6
TR-7
TR-8
TR-9
Minimum
Maximum

Site

Latitude

Longitude

SiO2

Fe

Al

B

Mn

Zn

Cu

Pedasrirampuram
Kattivaram
Makarampuram
Chinakojjeria
Pedakojjeria
Varakha
Nelavanka
Mutyaalapeta
Borivanka

18.979
18.976
18.988
19.000
19.010
18.987
19.039
19.028
18.984

84.627
84.630
84.634
84.623
84.635
84.649
84.728
84.697
84.666

100
68
50
131
130
101
34
89
50
34.1
131

32.0
10.4
1.90
1.30
1.90
15.0
56.0
17.0
5.50
1.3
56

0.00
0.70
0.60
B0.1
B0.1
B0.1
B0.1
B 0.1
0.50
0
0.7

0.20
0.10
0.10
0.10
0.10
0.10
0.20
0.20
0.10
0.1
0.2

0.30
B0.01
B0.01
B0.01
B0.01
0.10
0.30
0.20
B0.01
0.1
0.3

0.40
0.20
0.20
0.10
0.20
0.20
3.40
2.90
0.10
0.1
3.4

0.03
B0.01
B0.01
B0.01
B0.01
B0.01
0.30
0.10
B0.01
0.03
0.3

Note: All concentrations in mg/L, Pb (\0.05 mg/L), P, Cd, Cu (\ 0.01 mg/L), Cr (\0.02 mg/L) and Ni (\0.2 mg/L) for all the
groundwater samples.

Figure 6. Contour diagrams of (a) SiO2 (mg/L), (b) HCO3 (mg/L), (c) d18O (%) and (d) TDS (mg/L) of groundwater
samples in the study area.

dissolution of carbonates or acidic weathering of
sodium silicate (equation 21). There is also a possibility of anthropogenic sources such as cosmetics,
microchips, lubricants, semi-conductors, transistors, bleaching agents and glue, contributing high
silica content in groundwater. High concentrations

of soluble silicon compounds may disturb phosphorylation, which is important for protein functioning. However, all naturally occurring types of
silicon, sand and silicon compounds are non-toxic
and elementary silicon has no clear mechanism of
toxicity.
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3.6 d2H and d18O characteristics of groundwater
Hydrogen and oxygen isotopes of water are proven to
be potential tracers to understand the evaporation
eAect on the groundwater system (Clark and Fritz
1997). The stable isotope data indicates that d18O
values range from –6.0% to –0.8% and d2H values
range from –44.2% to –14.7% (table 1). In order to
evaluate the correlation between stable isotopes
(d2H and d18O) of groundwater samples and infer the
nature of recharge sources, d2H vs. d18O is plotted
(Bgure 7a). In addition to the groundwater isotope
data, the plot also includes Global Meteoric Water
Line (GMWL), Local Meteoric Water Lines
(LMWL) taken from the nearest rain station (Kakinada, shown in Bgure 1b).
The best-Bt line equations for GMWL and
LMWL are shown below (equations 26–28):
GMWL: d2 H ¼ 8:17  d18 O þ 11:27

ð26Þ

LWML (Kakinada): d2 H ¼ 8:23  d18 O þ 9:63
ð27Þ
Best-fit line for groundwater:
d2 H ¼ 4:9  d18 O  10:2

ð28Þ

It can be seen that the groundwater samples fall
on the best-Bt line with a slope of 4.9, indicating
overall evaporation of the water samples
(Bgure 7a). The lower intercept (–10.2) compared
to GMWL and LMWL indicates modiBcation of
source moisture isotopic signature or it could also
be due to presence of multiple vapour sources

(Clark and Fritz 1997; Deshpande et al. 2003). The
source moisture to rainwater responsible for
groundwater recharge in this area was evaluated
by examining the rainfall distribution and isotopic
signatures of rainfall at Kakinada. Upon extending
the best-Bt line, it intersects at approximately
–6.0% and –40.0% for d18O and d2H, respectively
(Bgure 7a), indicating the starting composition of
the recharging water/rainwater before inBltration.
The southwest (SW) monsoon has its source from
Indian Ocean and Arabian Sea and is characterized
by enriched isotopic composition, while northeast
(NE) monsoon, due to its long traverse of the
moisture and rainout process, is characterized by
depleted signature (Deshpande and Gupta 2012).
The weighted average values of d18O and d2H in
precipitation for SW are –3.0% and –14.0%,
respectively, and for NE are –8.6% and –58.4%,
respectively. The overall annual weighted average
values of d18O and d2H for precipitation during
2003–2006 are –5.5% and –35.1%, respectively
(Bhishm Kumar et al. 2010). The recharge water
isotope values of this area fall close to the weighted
average values of the annual precipitation. This
clearly suggests the contribution of both monsoons
to groundwater recharge. The deuterium excess
(Dexcess) is a measure of the relative proportions of
d18O and d2H contained in water and very useful in
evaluating the moisture sources for a given
precipitation process. It is estimated using the
following equation (29)
Dexcess ¼ d2 H  8  d18 O

Figure 7. (a) d2H vs. d18O plot and (b) Dexcess vs. d18O plot.

ð29Þ
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Figure 8. (a) TDS vs. d18O plot and (b) hydrochemical facies evolution (HFE) plot of groundwater samples.

This parameter reCects the physical conditions
such as air temperature, humidity and surface
temperature of the source area responsible for
vapour transport to the site of precipitation. The
Dexcess of oceanic origin is normally 10% in
temperate climate, which changes if the conditions
at the site of evaporation are different or if the
vapour source is a mixture or if the falling raindrops
undergo evaporation (Clark and Fritz 1997). The
Dexcess values of the groundwater vary from –11.1
to 8.9% (table 4) and are \10% indicating
modiBcation in the rainwater before recharge or
contribution of recycled moisture or presence of
multiple sources of moisture to rain (Bhishm Kumar
et al. 2010). The plot of d18O vs. Dexcess is used to
understand the processes of moisture recycling in
this area (Bgure 7b). It is observed that the Dexcess
values show an inverse trend with d18O values, i.e.,
groundwater enrichment is accompanied by a
progressive decrease in the Dexcess values. This
trend can be explained by the presence of admixture
of moisture sources from both Arabian Sea and Bay
of Bengal (Deshpande et al. 2003). Similar
observations were also noticed in the d2H vs. d18O
correlation (Bgure 7a).
The d18O distribution (Bgure 6c) in the study
area shows a general trend of enrichment from
inland to coast and a similar pattern is also seen in
the case of TDS (Bgure 6d). The cause for this
increase was evaluated using d18O vs. TDS plot and
HFE diagram. Seawater intrusion results in
enrichment of both d18O as well as TDS, as shown
by the mixing line in the Bgure 8(a). The sample
data does not fall on mixing line, but fall nearly
parallel d18O axis, indicating that the observed

increase in TDS is not because of seawater intrusion. This aspect was further veriBed by HFE
diagram, which provides an overview of the main
hydrochemical processes occurring in a particular
aquifer (Elena and Javier 2014). In this diagram,
the hydrochemical facies are determined as a
function of the percentages of the two principal
anions and the two principal cations, calculated as
the proportion of the total anions and cations,
respectively (in meq/L) and the boundary represents the dynamic reaction of the aquifer to seawater/freshwater ingress at different times.
Geochemical processes such as oxidation, dissolution of evaporate and external inputs can also be
identiBed and interpreted on this diagram in
addition to salinization processes.
The HFE plot in this study was constructed
based on the excel macro prepared by Elena and
Javier (2014). In HFE plot, all the sample data fall
above the boundary except one, which indicates
that the samples belong to the freshening Beld and
not the intrusion Beld (Bgure 8b). In particular, the
samples fall mainly in the freshwater Beld and
substage-f4. One sample fall in the intrusion Beld,
substage-i1 indicating the boundary zone between
two invasive Cows. These independent evidences
clearly rule out the seawater intrusion into the
coastal aquifers of this area.

4. Conclusions
The study was undertaken to investigate the
hydrochemical, trace metal and isotopic characters
of the groundwater in parts of Uddanam region,
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Andhra Pradesh, which is witnessing increasing
health ailments especially chronic kidney diseases.
The basic water quality parameters clearly suggest
that the groundwater is slightly alkaline and fresh
in quality. The estimated irrigational parameters
suggest that the groundwater is suitable for agriculture. The composite quality indices for drinking
(DWQI) and irrigation (IWQI) show values from
14.1 to 92.5 and 2.8 to 20.2, respectively, inferring
good to excellent category.
The major facies found were Ca–Na–HCO3,
Na–Ca–HCO3, Na–Mg–HCO3–Cl, Ca–Mg–HCO3–
Cl and Na–HCO3. Three geochemical pathways
(R-1, R-2 and R-3) were discerned from the
trilinear diagram suggesting contribution from
mineral weathering, evaporite dissolution and
base-exchange reactions which are veriBed by
chloro-alkaline indices (CAI-1: –4.3 to –0.2, CAI-2:
–1.0 to –0.08) and other ionic scatter plots. Most of
the measured trace metals show very low concentrations close to detection limits and do not seem
to pose any threat to the health of the people.
Dissolved silica concentration range from 34 to 131
mg/L and few samples show higher levels ([50 mg/
L). No particular spatial trend in silica concentration was observed indicating that the silica occurrence in groundwater is sporadic. Silica and HCO3
distributions suggest anthropogenic sources
contributing to high silica in groundwater.
The environmental isotopic results indicate that
groundwater is recharged by evaporated sources.
The weighted average isotope values of annual
precipitation (d2H: –35%, d18O: –5.5%) match
with that of the initial composition of groundwater
before evaporation. This indicates contribution of
both the SW and NE monsoons to groundwater
recharge. Dexcess values again suggest the contribution of multiple vapour sources to groundwater
recharge. The d18O vs. TDS and hydrochemical
facies evolution (HFE) diagram indicated that the
increase in groundwater TDS towards the coast is
due to water–rock interaction and not due to
seawater intrusion.
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