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ABSTRACT
This hydrogeochemical study examines surface water quality
over a 1007 km² coastal area with Quaternary marine and flu-
vial sediments, highlighting the influence of natural and human
factors on water chemistry and its spatial variability. Physico-
chemical parameters such as Electrical Conductivity (EC), To-
tal Dissolved Solids (TDS), and Total Hardness (TH) exhibit
decreasing gradients from inland areas toward the coast, at-
tributed to dilution by rainwater, tidal flushing, and lower min-
eral content in sandy coastal sediments. Major ion chemistry
highlights contrasting water type: inland zones show elevated
sodium and chloride concentrations suggestive of both saline
water encroachment and evaporative effects of fresh surface
water while coastal samples are enriched in calcium and bi-
carbonate, indicating low saline water influenced by recharge
dynamics. Piper and Wilcox diagrams corroborate this spa-
tial variability from saline Na–Cl type in the north to mixed
Ca–Mg–HCO� type in the south. Trace element concentra-
tions (Fe, Mn, Pb, Ba, Zn) reflect both geogenic sources and
localized anthropogenic inputs, including industrial discharge
and agricultural runoff. Gibbs diagram shows physico-chemical
characteristics of the water in this area is controlled by evapo-
ration and precipitation. A novel Trend Feasibility Map (TFM)
was developed to spatially visualize water quality trends and
identify direction of suitability for drinking and irrigation. The
TFM integrates hydrochemical and geospatial data, offering a
practical tool for water resource planning in coastal settings.
Overall, the study underscores the necessity of spatial and di-
rectional approach to water quality assessments in dynamic
coastal environments.
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1. Introduction

Quaternary coastal areas globally exhibit signif-
icant changes in water sample geochemistry due to
the interplay of sea-level fluctuations, sediment dy-
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namics, and human activities (Distefano et al., 2021).
Studies show that groundwater in these regions often
displays increasing salinity, altered major ion compo-
sition, and isotopic shifts as it approaches the shore-
line, primarily from seawater intrusion, rock-water
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interactions, and anthropogenic pressures, as seen in
coastal India and other international examples (Du
et al., 2015; Kumar et al., 2022; Anders et al., 2014).
Water geochemistry in the Godavari River is shaped
by basalt weathering in the upper basin, groundwater
discharge and carbonate precipitation in the middle
reaches, and seawater intrusion in the delta. Ma-
jor ions and isotopic signatures show strong spatial
and seasonal variability, influenced by both natu-
ral lithology and human activities such as irrigation
and damming (Das et al., 2005; Navasakthi et al.,
2023; Srinivas et al., 2011). The Krishna–Godavari
(KG) delta, located along the eastern coast of Andhra
Pradesh, India, is a vital agrarian and ecological re-
gion characterized by its extensive alluvial plains and
complex hydrogeological systems (Anjaneyulu et al.,
2015). Formed by the confluence of the Krishna and
Godavari rivers, the delta comprises quaternary sed-
iments of both fluvial and marine origins, including
formations such as Ramachandrapuram, Kaikaluru,
Godavari, Goguleru, and Polatitippa, dating back to
the Holocene epoch (Rao, 1992). These formations
have been shaped by processes like marine transgres-
sions and fluvial deposition, resulting in a diverse
lithological framework that significantly influences
groundwater and surface water chemistry (Fig. 1; Rao
and Subrahmanyam, 2017).

The region’s hydrogeochemistry is further influ-
enced by challenges such as seawater intrusion, ex-
cessive groundwater extraction, and various anthro-
pogenic pressures. Elevated concentrations of total
dissolved solids, sodium, and chloride have been ob-
served in specific areas, suggesting salinization pro-
cesses driven by both natural and human-induced
factors. Additionally, trace elements like iron, man-
ganese, lead, and barium have been detected in
concentrations exceeding permissible limits in some
groundwater samples, raising concerns about water
quality and potential health risks (Rao and Subrah-
manyam, 2017; Mondal et al., 2010).

Despite the critical importance of water quality
in the KG delta, there is a notable paucity of com-
prehensive studies focusing on the hydrogeochemical
characterization of surface water in this region. While
groundwater has been the subject of various inves-
tigations, surface water—equally crucial for agricul-
ture, aquaculture, and domestic use—has not been
extensively analysed, particularly concerning trace el-
ement concentrations and their spatial distribution
patterns. This gap in knowledge hampers effective

water resource management and the development of
strategies to mitigate contamination and salinization.

To address this deficiency, the present study un-
dertakes a detailed hydrogeochemical analysis of sur-
face water samples from the coastal areas of Andhra
Pradesh within the KG delta. By examining parame-
ters such as pH, EC, TDS, TH, major ions, and trace
elements, the research aims to elucidate the spatial
variability and underlying processes influencing water
quality. The study employs tools like Piper, Wilcox
and Gibbs diagrams to classify water types and assess
suitability for various uses. While traditional water
quality index maps offer zonal analysis of water qual-
ity from large number of data set without consider-
ing directional trends, our new tool, TFM, introduces
spatial trends with directional information for water
quality parameters from limited number of datasets.

Through this comprehensive approach, the study
aims to address existing knowledge gaps—such as wa-
ter quality near the mouth of the KG delta, the im-
portance of a directional approach to water quality,
and the impact of man-made water channels widely
used for agriculture and aquaculture in the region—
by providing valuable insights into the geochemical
processes influencing surface water in the KG delta.

2. Geology and geomorphology of study area

The Krishna–Godavari Basin (KG Basin) encom-
passes the extensive deltaic plain formed by the Kr-
ishna and Godavari rivers along India’s east coast,
in Andhra Pradesh, where these rivers discharge into
the Bay of Bengal. The study area lies within the
Krishna–Godavari Delta complex of the K–G Basin
and dates back to the Holocene. These Quaternary
sediments, collectively referred to as the Krishna–
Godavari Group, were deposited during the Holocene
period and originate from the erosion of the Deccan
Traps and Proterozoic gneissic rocks (Pattan et al.,
2008).

Geologically, the study area is characterized by
Quaternary sediments of both marine and fluvial ori-
gin, which are part of the Krishna–Godavari Group
and date to the Holocene period. Within this group,
the Ramachandrapuram and Kaikaluru formations
are assigned to the Early Holocene, while the Go-
davari, Goguleru, and Polatitippa formations corre-
spond to the Late Holocene (Pradhan, 1988; Renga-
mannar and Dashora, 1989; Reddy and Singaraju,
1989). The area predominantly features exposures
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Fig. 1. Regional geomorphological map of Krishna and Godavari delta showing study area (modified after Rao et al., 2013). Inset:
Outline map of India showing Andhra Pradesh and deltaic portion.

of Quaternary deposits, including brown silty clay
from the Polatitippa Formation and brown fine sand
from the Kaikaluru Formation. However, due to
widespread anthropogenic activities such as settle-
ment development, agriculture and aquaculture, dis-
tinguishing between different lithological units in the
field is highly challenging.

The study area lies within a predominantly
flat coastal plain near the eastern shoreline of the
Krishna–Godavari Basin. It features geomorphic ele-
ments such as sand ridges and sandy beaches, charac-
teristic of an older coastal plain setting (Murali et al.,
2020; Ramana Murty et al., 1993). The terrain ex-
hibits minimal relief, with elevations ranging from be-
low mean sea level (MSL) to about 36 meters above
MSL. Hillshade analysis derived from digital elevation
models indicates that the study area is predominantly
flat. However, in the southeastern portion near the
coast, sand ridges cause a noticeable elevation com-
pared to the surrounding terrain. The study region
extends longitudinally from 81°15�E to 81°30�E (cov-
ered by SOI toposheet 65H7), and continues up to

81°45�E (within toposheet 65H11). This coastal zone
is significantly influenced by the Godavari River and
Krishna River, which contribute to the deposition
and shaping of Quaternary sediments in the region
(Pattan et al., 2008; Gurunadha Rao et al., 2011).
These fluvial and deltaic processes are key to the de-
velopment of the Krishna–Godavari delta complex.

3. Materials and methods

Water samples were collected from 12 locations
within the coastal region of Andhra Pradesh from the
toposheets 65H7 and 65H11. The sampling area fo-
cused on the top half portions of both toposheets,
which predominantly feature a network of man-made
nalas and canals designed for irrigation and aquacul-
ture purposes. The study area is characterized by
alluvial deposits with a gentle coastal gradient, influ-
enced by both fluvial and marine processes. Geolog-
ically, the region is composed of recent to sub-recent
sediments consisting of sand, silt and clay. The wa-
ter samples were collected during the post-monsoon
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Fig. 2. Hillshade map of the study area showing water sample locations with two natural river Godavari and Upputeru.

period, between August and September 2022, to cap-
ture the effects of seasonal recharge and runoff. The
12 sampling locations were systematically designated
using a quadrant naming system (A1, B1, C1, A2,
B2, C2, etc.), ensuring spatial representation across
both toposheets (Fig. 2). A1, B1, C1 of both the
toposheet is northern zone of the study area while
A2, B2, C2 of both the toposheet is considered as
lower half. For sample numbering instead of full name
system e.g. 65H07 and 65H11 short form like 7 and
11 is used for ease of reading e.g. 7/A1 instead of
65H07/A1. One quadrant area is bounded by 5′×5′ of
a toposheet which is near about 81 km². All samples
were obtained from surface waters within the canals
and nalas, which serve as critical sources for agricul-
tural activities and have potential environmental and
health significance.

After collection, the water samples were stored
in pre-cleaned, high-density polyethylene bottles, en-
suring minimal contamination. Standard procedures
recommended by the Geological Survey of India
(GSI, 2014) were followed for sample preservation
and transportation. Field parameters such as pH,
EC, TDS are measured immediately at the site of
sampling using portable multi-parameter meters (Ta-
ble 1). This on-site assessment helps in capturing the
real-time physicochemical state of the water before
any changes could occur during transport.

For major cation analysis, samples are preserved
in the field by acidifying with ultrapure nitric acid
(HNO�) to maintain a pH of less than 2, while sam-
ples meant for anion analysis are kept unacidified and

transported under cool conditions. In some cases,
filtration using 0.45-micron filters is conducted on-
site, especially when the analysis of trace metals is
required.

In the laboratory, major cations such as cal-
cium (Ca2+) and magnesium (Mg2+) were deter-
mined by titration methods. Sodium (Na+) and
potassium (K+) concentrations were measured using
a flame photometer (Table 1). Anions like bicarbon-
ate (HCO3-) and carbonate (CO32-) were estimated
through acid titration, chloride (Cl-) is determined
using the argentometric titration (Mohr’s method)
and sulphate (SO42-) is analysed by chromatography.
Nitrate (NO3-) and fluoride (F-) concentrations were
determined using ion-selective electrodes (ISE). For
trace metals such as iron (Fe), manganese (Mn), lead
(Pb), Barium (Ba) and zinc (Zn), advanced tech-
niques like Inductively Coupled Plasma Mass Spec-
trometry (ICPMS) was used (Table 2). Instrumental
analyses were carefully calibrated using certified stan-
dard solutions, and rigorous quality control was main-
tained by analysing blank samples, duplicate samples,
and internal standards.

4. Results

4.1. pH Range
The pH of the water samples varies from 7.2 to

8.1, indicating a slightly alkaline nature for most sam-
ples. The lowest pH (7.2) is observed in sample
11/C1, and the highest (8.1) is observed in sample
7/C2 (Table 1). In the study area, the pH values
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Table 1. Physicochemical characteristics of surface water samples from the study area, including pH, electrical conductivity (EC),
total dissolved solids (TDS), total hardness (TH), major cations (Ca2+, Mg2+, Na+, K+), anions (HCO3

-, Cl-, SO4
2-, NO3

-), and
fluoride (F-).
Sample pH EC TDS TH Ca Mg Na K HCO3 Cl SO4 NO3 F
Ref No. (µS/cm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
65H07/A1 8.0 4910 3192 1050 72 212 429 43 805 1071 23 19 1.89
65H07/B1 8.0 3800 2470 650 80 109 439 22 671 851 21 23 2.00
65H07/C1 7.8 2290 1489 470 80 66 238 17 305 581 13 8 1.80
65H07/A2 7.3 690 449 200 52 17 86 5 317 106 8 12 1.90
65H07/B2 8.0 690 449 220 56 19 92 6 293 128 <5 9 1.80
65H07/C2 8.1 992 645 240 56 24 129 7 305 184 <5 11 1.90
65H11/A1 7.3 1291 839 370 64 51 119 12 305 298 9 12 1.40
65H11/B1 7.3 1488 967 280 56 34 181 10 281 284 11 13 1.70
65H11/C1 7.2 613 398 150 40 24 89 25 195 149 <5 <5 0.09
65H11/A2 7.9 1158 753 250 60 24 149 15 354 227 8 17 1.90
65H11/B2 7.5 284 185 100 28 10 52 21 207 43 <5 <5 0.07
65H11/C2 7.4 275 179 160 40 15 33 <5 207 50 <5 8 1.94

Table 2. Concentrations of trace metals in surface water samples from the study area, including Iron (Fe), Manganese (Mn), Lead
(Pb), Barium (Ba) and Zinc (Zn).

Sample Ref No. Fe (ppb) Mn (ppb) Pb (ppb) Ba (ppb) Zn (ppb)
65H07/A1 236.65 2.50 5.79 36.41 11.70
65H07/B1 105.03 1.49 1.87 49.71 8.12
65H07/C1 210.33 <0.5 0.74 414.70 3.96
65H07/A2 105.48 8.98 28.68 1124.30 7.38
65H07/B2 114.80 <0.5 1.54 97.74 13.35
65H07/C2 1066.88 0.94 2.56 76.86 26.87
65H11/A1 <100 1.28 1.48 49.95 44.71
65H11/B1 370.59 1.44 2.59 90.79 18.58
65H11/C1 <100 <0.5 <0.5 2434.01 2.87
65H11/A2 134.72 1.31 2.54 1402.52 13.15
65H11/B2 537.31 <0.5 2.38 47.06 9.97
65H11/C2 147.92 0.58 1.78 39.55 40.24

show a decreasing trend from west to east. Most
of the sampling points exhibit a curving, inverted S-
shaped pattern in pH distribution, indicating a grad-
ual but non-linear change across the region. However,
one anomalous sample, located near point A2 of map
sheet 65H/7, deviates from this trend and does not
conform to the overall spatial pattern (Fig. 3).

4.2. Electrical Conductivity (EC)

The EC ranges from 275 µS/cm to 4910 µS/cm.
Sample 7/A1 has the highest EC of 4910 µS/cm,
which suggests high dissolved ions in the water. On
the other hand, sample 11/C2 has the lowest EC of
275 µS/cm, indicating fewer dissolved ions (Table 1).

4.3. Total Dissolved Solids (TDS)

TDS values range from 179 ppm to 3192 ppm.
The highest TDS value (3192 ppm) is observed in
sample 7/A1, indicating higher mineralization, while
the lowest value (179 ppm) is found in sample 11/C2,
suggesting relatively low mineral content (Table 1).

4.4. Total Hardness (TH)

Hardness is measured in ppm, with values rang-
ing from 100 ppm to 1050 ppm. Sample 7/A1 shows
the highest hardness (1050 ppm), indicating it has
the highest concentration of calcium and magnesium.
Samples such as 11/B2 have a lower hardness (100
ppm), indicating soft water (Table 1).

4.5. Ionic concentration

Calcium levels range from 28 ppm to 80 ppm, and
magnesium levels vary from 10 ppm to 212 ppm, both
contributing to the overall hardness. Sodium concen-
trations range from 33 ppm to 439 ppm, with the
highest concentration found in 7/A1, which may indi-
cate salinity (Table 1). Potassium levels are generally
low across the samples, with a maximum of 43 ppm.
Bicarbonate (HCO3) levels range from 43 ppm to 805
ppm, with 7/A1 again showing the highest concentra-
tion. Chloride levels range from 43 ppm to 1071 ppm,
with the highest value observed in 7/A1, suggesting
higher salinity in this sample. Sulphate levels are be-
tween 8 ppm and 23 ppm, with 7/A1 again showing
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Fig. 3. Bar diagram showing pH values in both the toposheets with trend lines (inverted S shaped red colour line).

Fig. 4. Piper Diagram water samples based on ion concentrations. Zone 1: Alkaline earth (Ca+Mg) exceeds alkalis (Na+K), Zone
2: Alkalis exceeds alkaline earth, Zone 3: Week acids (CO3+HCO3) exceed strong acids (SO4+Cl), Zone 4: Strong acids exceed
week acids, Zone 5: Calcium-Magnesium bicarbonate type, Zone 6: Calcium-Chloride type, Zone 7: Sodium-Chloride type, Zone
8: Sodium bicarbonate type, Zone 9: Mixed type (no cation-anion exceed 50%).

the highest concentration of 23 ppm. Nitrate and
phosphate levels are generally low across all samples,
with nitrate concentrations mostly under 5 ppm and
phosphate levels peaking at 3 ppm in 7/C1. Fluo-
ride concentrations are consistently below 2 ppm in
all samples, indicating low fluoride content. Overall,
the data suggests that 7/A1 has the highest mineral
content and salinity, while 11/B2 is the softest water
sample with the lowest hardness and mineral.

While observing the anions (HCO3-, Cl- and
SO42-) and cations (Ca2+, Mg2+, Na+ and K+) in
the water sample Piper diagram was prepared which
shows a spatial controlled pattern (Piper, 1944). All
the samples of northern zone of both the toposheets
are falling in zone 2, 4 and 7 while lower half water
samples are falling in zone 3, 5 and 9 (Fig. 4). Gibbs
diagram was prepared which shows northern zone
samples like A1, B1 and C1 of both the toposheet
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is falling near to evaporation dominance zone while
A2, B2 and C2 are falling in the mixed zone (Fig. 6;
Gibbs, 1970).

The Wilcox diagram assesses groundwater suit-
ability for irrigation based on Salinity Hazard (con-
ductivity or TDS) and Sodium Hazard (SAR). Salin-
ity is classified from C1 (low, excellent for irrigation)
to C4 (very high, generally unsuitable). Sodium haz-
ard ranges from S1 (low, safe for all soils) to S4 (very
high, unsuitable for most crops). Water in C2–C3 and
S1–S2 zones is typically usable with proper soil and
crop management. The majority of the samples fall
within the S1–S2 (Low to Medium Sodium Hazard)
and C2–C3 (Medium to High Salinity Hazard) cat-
egories, indicating that the sodium levels for irriga-
tion are generally acceptable (Fig. 5). Notably, sam-
ples 7/A1 and 7/B1, marked with black and brown
triangles, fall within the S2C3 zone, suggesting a
medium sodium hazard and a high salinity hazard.
This means that the water is marginally suitable for
irrigation and demands careful management, partic-
ularly in poorly drained soils or for sensitive crops
(BIS, 2012). In contrast, samples from the southern
region, 11/B2 and 11/C2, fall predominantly within
the S1C2 range, indicating low sodium and moderate
salinity hazard. These water samples are suitable for
irrigation with minimal restrictions (BIS, 2012).

4.6. Trace element concentration

The trace element analysis of the surface water
samples shows distinct variability in the concentra-
tions of iron, manganese, lead, barium and zinc. Iron
concentrations range widely from below 100 ppb (e.g.,
in samples 11/A1 and 11/C1) to as high as 1066.88
ppb in sample 7/C2, indicating significant spatial
variation (Table 3). Manganese levels are generally
low, with most samples registering below 1 ppb or
below detection limits (<0.5 ppb), except for sam-
ple 7/A2, which shows a relatively high value of 8.98
ppb. Lead concentrations are mostly low, with many
samples showing values below 3 ppb; however, sample
7/A2 records the highest concentration of 28.68 ppb.
Barium exhibits a broad range of values, from 36.41
ppb in sample 7/A1 to an exceptionally high concen-
tration of 2434.01 ppb in sample 11/C1. Zinc levels
range from 2.87 ppb to 44.71 ppb, with the highest
concentration found in sample 11/A1. These obser-
vations highlight considerable differences in trace ele-
ment distribution across the sampling locations, with
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Fig. 5. Wilcox diagram illustrating the classification of irrigation water quality based on sodium hazard (SAR) and electrical
conductivity (EC) for the analysed water sample.

certain sites exhibiting markedly elevated concentra-
tions of specific metals.

5. Interpretation

5.1. pH:

Surface water in this coastal region exhibits a
slightly alkaline pH primarily due to natural geo-
chemical processes. The dissolution of carbonate
minerals such as calcite and dolomite—common in
coastal aquifers—releases bicarbonate ions, enhanc-
ing alkalinity and contributing to pH stabilization
(Hem, 1985). Additionally, interaction between
coastal groundwater and seawater, which naturally
has a higher pH (around 8.1–8.3), elevate surface wa-
ter pH, particularly during dry seasons (Langmuir,
1997). Anthropogenic influences also contribute to
this alkaline environment. Agricultural runoff and
effluent discharges introduce lime or bicarbonate-rich
materials, such as fertilizers or construction waste,
further raising pH levels. During dry periods, lim-
ited freshwater recharge leads to the concentration

of these ions, amplifying the buffering capacity and
sustaining alkaline conditions (Custodio and Brugge-
man, 1987). Elevated concentrations of total dis-
solved solids and electrical conductivity, mainly due
to sodium, chloride and bicarbonate ions, reinforce
this stability (Freeze and Cherry, 1979).

5.2. EC and TDS

The EC varies with minimum value of 275 to max-
imum value 4910 µS/cm (Table 3). EC is a measure
of the water’s ability to conduct electricity, related
to the concentration of dissolved salts. Values above
1500 µS/cm indicate high salinity, which may limit
the water’s suitability for irrigation and sometimes
for drinking (Table 5; BIS, 2012). Samples like 7/A1
with EC close to 5000 µS/cm suggest very high salin-
ity, pointing toward possible saline contamination or
natural mineral dissolution. TDS values range from
179 ppm to 3192 ppm. TDS below 500 ppm is consid-
ered excellent for drinking, while values above 1500
ppm are unsuitable for human consumption without
treatment (Table 5; BIS, 2012). Hence, samples like
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Fig. 6. Gibb’s bivariate diagram showing evaporation vs precipitation concentration of water samples.

7/A1 (3192 ppm) indicate highly mineralized water,
possibly not fit for drinking. While EC and TDS
are correlated, they are distinct parameters that ex-
hibit similar spatial trends like both decreases to-
wards coast line. This happens because of two rea-
sons i.e. anthropogenic barriers like lots of pondlike
structure which hold fresh water for irrigation and
fish culture prevent saline water intrusion. Here in
this area the water from that reserve get mixed to
the man-made canals and also receive water from this
which cause frequent mixing of water cause dilution
of riverine TDS.

5.3. TH

Values of TH decreases from 1050 ppm in 7/A1 to
100 ppm in 11/B2. A gradual decreasing EC and TH
towards coast has been observed in the water sam-
ples. This is due to dilution by fresher water sources
like rainwater and surface runoff. Coastal sediments
are mainly sandy and less mineral-rich compared to
inland formations, resulting in reduced water-rock in-

teraction and lower dissolution of hardness-causing
minerals. Frequent tidal flushing and shorter ground-
water residence time near the coast also limit salt
accumulation, further contributing to the observed
decrease in EC and TH values. Calcium and Magne-
sium concentrations are also significant. Calcium val-
ues between 28 ppm and 80 ppm are common, where
higher concentrations (>75 ppm) like in 7/B1 may
contribute heavily to hardness. Magnesium values
are very high in some samples, notably 212 ppm in
7/A1, which is quite elevated compared to the WHO
(1996) guideline of 50 ppm for drinking water (Ta-
ble 6). High magnesium concentrations can cause a
laxative effect if consumed regularly.

5.4. Ionic concentration

Sodium levels are especially high (up to 439 ppm).
For drinking purposes, sodium concentration should
preferably be below 200 ppm. Excess sodium can
cause taste issues and health concerns, especially for
people with hypertension. Samples exceeding 200
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Fig. 7. Trend Feasibility Map (TFM) depicting the spatial trends of pH, electrical conductivity (EC), and hardness in water
samples, highlighting zones of increasing or decreasing water quality.

ppm (like 7/A1, 7/B1) would be unsuitable without
treatment (Table 5). Potassium values remain rela-
tively low (<50 ppm), within safe and normal natu-
ral ranges. Potassium at these levels does not pose
a health risk. Carbonate is absent (ND = not de-
tected) in all samples, but bicarbonate values range
from 195 to 805 ppm. High bicarbonate concentra-
tions indicate a good buffering capacity, but also hint
at the possibility of alkalinity-related issues in irriga-
tion waters, especially when paired with high sodium.
Chloride values vary from 43 to 1071 ppm. Chloride
above 250 ppm can make the water taste salty and
is a marker for possible contamination from saltwa-
ter intrusion, sewage, or agricultural runoff. Sam-
ples exceeding this, like 7/A1, indicate potential non-
potability. Sulphate levels are moderate, with a max-
imum of 23 ppm, which is well within safe drinking
limits (<250 ppm according to WHO (1996) stan-
dards). No sulphate-related problems are indicated.
Nitrate concentrations are low across the samples
(<13 ppm). Nitrate levels below 45 ppm are con-
sidered safe for drinking. Thus, there is no immedi-
ate risk of agricultural pollution or sewage contami-
nation here. Phosphate concentrations are very low
(generally <2 ppm), indicating minimal agricultural
fertilizer contamination or industrial pollution. Flu-

oride (F-) concentrations are mostly below 2 ppm,
with the highest being 2 ppm in 7/B1. According
to WHO (1996) guidelines, the fluoride limit is 1.5
ppm; therefore, slightly elevated fluoride may pose a
risk of dental fluorosis if consumed over the long term
(Table 5).

5.5. Correlation coefficient (r) between ions

A correlation matrix prepared for all physico-
chemical properties (Table 4) reveals very strong
(green, r � 0.90) and strong (orange, r � 0.80) correla-
tions between the measured parameters. Notably, to-
tal hardness (TH), total dissolved solids (TDS), and
electrical conductivity (EC) exhibited exceptionally
high correlation coefficients (r = 0.98–0.99). While a
strong correlation between TDS and EC is expected,
the similarly high correlation with TH suggests that
water hardness is predominantly influenced by the
concentration of dissolved solids. Furthermore, both
cations and anions in the water samples demonstrated
strong correlations (r � 0.90), consistent with the prin-
ciple of electroneutrality, which dictates that the to-
tal positive and negative charges in a solution must be
balanced. These findings indicate that the ions con-
tributing to hardness and alkalinity likely originate
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from a common source. Collectively, these relation-
ships suggest that the same set of ions is responsible
for increasing water hardness, alkalinity, and conduc-
tivity, primarily through their presence as dissolved
solids.

5.6. Interpretive diagrams

The Piper diagram reveals a clear spatially con-
trolled geochemical pattern that aligns with the di-
vision of the study area into northern and southern
zones (Fig. 4). These samples predominantly plot
in fields 2, 4, and 7, indicating alkali (Na+ + K+)
dominance over alkaline earths (Ca2+ + Mg2+) and
strong acid (Cl- + SO42-) dominance over weak acids
(HCO3-), thus classifying the water type as sodium-
chloride (NaCl) or saline (Tarawneh et al., 2019; Xu
et al., 2023). This geochemical characteristic suggests
influence from marine or coastal processes, saline in-
trusion, or evaporative concentration, particularly in
areas closer to the coastline or with reduced fresh
water recharge. Lower half samples fall in fields 3,
5, and 9, reflecting alkaline earth dominance, Weak
acid dominance (Fig. 4). Water type is Mixed or Ca–
Mg–HCO� type. This indicates low saline and bicar-
bonated groundwater, often associated with recharge
zones, less mineralized environments, or carbonate-
rich aquifers. The presence of mixed-ion points to
water-rock interaction and less saline influence. The
observed water types and its transitions are likely in-
fluenced by multiple factors. These factors are ge-
ological controls, distance from coastline, recharge-
discharge dynamics and anthropogenic impacts. The
proximity of the northern zone to the sea increases the
chance of saline influence and marine aerosol input.
The southern zone possibly acts as a recharge area
with more active flushing and less evaporative con-
centration. This interpretation supports the spatial
differentiation of groundwater quality shown in the
TFM and aligns with other parameters such as TDS
and hardness, which also vary systematically across
the landscape (Fig. 7). This reflection of less evap-
oration and a mixed environment in southern part
samples come clearly in TDS vs alkali in Gibbs bivari-
ate diagram (Fig. 6). Gibbs bivariate diagram shows
the effect of precipitation and evaporation which is
calculated from two parameters i.e. TDS and al-
kali (Gibbs, 1970). Water physico-chemical charac-
ter is not influenced by lithology in this study area
rather it is combined effect of rainfall and evapora-
tion process. Additional to this besides being placed
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Table 5. Feasibility Index table for anions and cations w.r.t. to drinking water and irrigation water (after BIS IS 10500, 2012;
Central Pollution Control Board (CPCB), 2008 and Ayers and Westcot, 1985).

Drinking Index Irrigation Index Remarks
Class 1 Class 2 Class 1

pH Range 6.5–8.5 <6.5 and >8.5 6.5–8.5 All the samples are within permissible limit
N 12 0 12

TDS Range <500 500–2000 <2000 Two samples i.e. 65H07/A1 and B1 is having more TDS than
permissible limit

N 5 5 10
TH Range <200 200–600 <600 Two samples i.e. 65H07/A1 and B1 is having more TH than

permissible limit
N 4 6

Ca Range <75 75–200 <200 All the samples are within permissible limit
N 10 2 12

Mg Range <30 30–100 <100 Two samples i.e. 65H07/A1 and B1 is having more Mg than
permissible limit

N 7 3
Na Range NA NA <200 Three samples i.e 65H07/A1, B1 and C1 are above the permis-

sible limit
N - - 9

K Range NA NA <10 Seven samples having more than the permissible limit for irri-
gation purpose

N - - 5
HCO3 Range NA NA NA NA

N - -
Cl Range <250 250–1000 <1000 One sample i.e. 65H07/A1 is having more Cl than permissible

limit
N 7 4 11

SO4 Range <200 200–400 <400 All the samples are within permissible limit
N 12 0 12

NO3 Range <45 No relaxation <45 All the samples are within permissible limit
N 12 0 12

F Range <1.0 1.0–1.5 <1.5 Rest all the 09 samples are above the limit but within 2 ppm
N 2 1 3

at the Krishna and Godavari delta portion which have
flown over various lithologies of Peninsular India the
water does now follow any of the lithological trend.
This shows the manmade waterways are generated in
a closed system or partially connected to these two
rivers which doesn’t allow to intermix with the litho-
logical variation.

Wilcox diagram shows northern samples (top
half of toposheets) tend to show higher salinity
and sodium levels (S2C2 to S2C3), potentially due
to proximity to coast, marine influence, or lower
recharge rates. Southern samples (lower half) are
generally in safer zones (S1C2), making them more
suitable for sustained agricultural use (Fig. 6). Man-
agement Implication: In areas with S2C3 classifica-
tion, farmers should consider soil conditioning, salt-
tolerant crops, and irrigation techniques that mini-
mize salt buildup.

5.7. Trace elements concentration

The trace element concentration variations across
the surface water samples suggest a combination of
geogenic and anthropogenic influences (Indugula and

Venkata Vajjha, 2023). Elevated iron concentration,
particularly in sample 7/C2, may result from natu-
ral weathering of iron-rich minerals or localized input
from anthropogenic sources such as corroded infras-
tructure. The generally low manganese levels imply
oxidizing environmental conditions, with the excep-
tion of the high value in 7/A2, which could indi-
cate localized reducing environments or mineral dis-
solution. The significantly high lead concentration
in 7/A2 suggests possible contamination from indus-
trial or urban sources, as lead is not commonly abun-
dant in natural water systems without external input.
A very strong correlation was observed between Mn
and Pb (r = 0.98), suggesting a link to the aquacul-
ture feeds (Table 4). Since Mn is an essential mi-
cronutrient for fish growth, it appears that Pb is also
present in these feeds. This indicates that fish feed
is likely produced from common sources containing
both Mn and Pb. Even study shows fish feeds and
fish farms use these trace elements unintentionally
but regular use cause accumulation as observed in
some of the water sample in this area where extensive
aqua culture activity occurs (Mannzhi et al., 2021).
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Table 6. Feasibility Index table for anions and cations w.r.t. to irrigation water (after BIS, 1998).
Drinking Index Irrigation Index Remarks
Class 1 Class 2 Class 1

Fe Range 1 No relaxation NA One sample i.e. 65H07/C2 above the permissible limit
N 11 1 -

Mn Range <0.1 0.1–0.3 NA All the samples are within permissible limit
N 12 0 -

Pb Range <0.1 No relaxation NA All the samples are within permissible limit
N 12 0 -

Ba Range <0.7 No relaxation NA Three samples i.e 65H07/A2 and 65H11/C1 and A2 are above the
accepted limit

N 9 3 -
Zn Range <5 5–15 NA All the samples are within permissible limit

N 12 0 -

The extreme barium concentrations, particularly in
samples 11/C1 and 11/A2, may originate from man-
ufacturing discharge or agricultural runoff (Maurya
et al., 2019). Zinc levels are generally moderate, but
the highest concentration in 11/A1 may reflect con-
tamination from agricultural runoff, vehicular traf-
fic or waste disposal activities. Skewness of all the
trace elements are high indicating water flown over
a mixed environment where specific lithology signa-
ture is not preserved (Table 3). Overall, the spatial
distribution patterns of these trace elements point
to localized sources of contamination and underscore
the importance of further investigation to distinguish
between natural and anthropogenic contributions to
water quality in the study area.

6. Trend Feasibility Map (TFM): A new spa-
tial approach to water quality

In a study area covering approximately 1007
km2, encompassing two toposheets, various physico-
chemical parameters such as pH, TDS, EC, salinity,
and hardness were analysed. While the parameters
initially displayed a wide range of values, a closer spa-
tial examination revealed a distinct trend influenced
by the distance from the coastline both longitudi-
nally and latitudinally, reflecting spatial variations.
This spatial pattern exhibited a consistent gradient
across most water quality parameters, with concen-
trations either increasing or decreasing proportionally
with distance from the coastline (Table 6). The direc-
tion and magnitude of these gradients demonstrated a
clear correlation between coastal proximity and water
quality, directly influencing the suitability of water
for both drinking and irrigation purposes. Based on
the sample values and their comparison with national
standards, the suitability of water for drinking has
been assessed. Accordingly, two suitability classes

were defined based on their accepted and permissible
limits: Class 1 (high suitability), Class 2 (low suit-
ability). In case of irrigation only permissible limit
was considered (BIS, 1998). To better visualize the
spatial distribution of water quality, a novel concep-
tual mapping technique referred to as the Trend Fea-
sibility Map has been introduced, offering an intuitive
representation of regional trends in water suitability
(Fig. 7). The TFM synthesizes analysed water qual-
ity data into a simplified, visually interpretable for-
mat that highlights gradient directions and their cor-
relation with coastal distance. This tool offers valu-
able insights into water suitability across the land-
scape and serves as a practical framework for future
research and planning in coastal and peri-coastal re-
gions. Water Quality Index (WQI) is another way
for spatial analysis of water quality but demands a
greater number of samples (Horton, 1965). But, in
TFM method small number of samples could be pre-
sented spatially.

The study area is longitudinally aligned, extend-
ing from toposheet 65H/07 on the left to 65H/11 on
the right, and is divided into 5�×5� quadrants labelled
A, B, and C. An interpreted ”line of separation” de-
marcates the northern and southern zones, indicating
a possible hydrological boundary that influences the
region’s water chemistry. In terms of pH trends, the
northern zone shows a decreasing pattern from west
to east, while the southern zone generally shows an in-
creasing trend. However, the pH values remain within
the safe range for drinking water, as per BIS (2012)
guidelines—ranging from 7.2 to 8.0 in the north and
7.3 to 8.1 in the south (Fig. 7). Similarly, TDS values
range from 398 to 3192 ppm in the northern region
and from 179 to 753 ppm in the southern region. In
the northern part, samples from quadrants A1 and
B1 of map sheet 65H/07 fall within the moderate
range for drinking water, with only a slight impact
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on taste. Despite the higher TDS values, the water
remains suitable for irrigation with minimal effect on
crops (BIS, 2012). In the southern region, all sam-
ples fall within the low to moderate range, making
the water suitable for both drinking and irrigation,
with only a slight alteration in taste (Fig. 7). In the
northern region, TH values range from 150 to 1050
ppm, while in the southern region they range from
100 to 250 ppm. For irrigation purposes, all samples
fall within the safe range. However, for drinking pur-
poses, most samples are within the moderately hard
category. An exception is the sample from quadrant
A1 of map sheet 65H/07, which has a TH value of
1050 ppm. This makes the water very hard, resulting
in poor taste and potential scaling issues.

In terms of feasibility, the pH values of all water
samples exhibit a decreasing trend from west to east
in both the northern and southern regions. These
values remain within a range that is generally consid-
ered safe for both health and irrigation purposes. The
TDS level decrease from west to east in the northern
region, whereas they increase in the southern region.
In the north, higher TDS levels are likely due to the
mixing of multiple environmental factors and the dis-
tance from seawater, which may pose health risks.
In contrast, the southern region contains a moder-
ate level of dissolved solids, presenting fewer health
concerns. From an irrigation standpoint, TDS lev-
els do not pose any significant issues. TH displays
a decreasing trend from west to east in the northern
region, while it increases in the southern region. In
terms of feasibility, water in both regions may require
slight treatment to be fully suitable for drinking and
irrigation.

7. Conclusions

The hydrogeochemical investigation of the coastal
study area reveals a complex interplay of geologi-
cal, hydrological and anthropogenic factors influenc-
ing surface water quality which exhibits distinct spa-
tial variability in its water chemistry from the follow-
ing conclusions.

1. Physico-chemical parameters such as EC, TDS
and TH display clear spatial gradients, gener-
ally decreasing from inland regions toward the
coast. These trends reflect both natural dilu-
tion by rainwater and surface runoff, and the
influence of less mineralized, sandy coastal sed-
iments. While certain inland samples i.e. 7/A1

and 7/B1 exhibit elevated salinity and mineral
content, potentially rendering them unsuitable
for drinking, the overall water quality remains
within acceptable limits for irrigation in most
areas (Table 5).

2. Elevated sodium and chloride concentration in
some northern samples indicate possible evap-
orative concentration. Conversely, southern
samples with higher proportions of calcium and
bicarbonate suggest active recharge zones with
limited salinization. This spatial transition
in water types—from Na–Cl to Ca–Mg–HCO�
mixed type—is supported by both Piper and
Wilcox diagrams, indicating a shift from saline
to less saline water chemistry across the study
area.

3. Gibbs bivariate diagram shows all the salinity
regrading issue is not from the lithology rather
from evaporation and precipitation phenomena.

4. Trace element analysis confirms the influence
of both natural and anthropogenic sources. El-
evated concentrations of iron, lead, barium, and
zinc in certain samples point to localized con-
tamination and agricultural runoff. While most
trace metals remain within permissible limits, a
few samples i.e. 28.68 ppb of Pb in 7/A2 and
2434.01 ppb of Ba in 11/C1 which exceed rec-
ommended thresholds, underscoring the need
for continuous monitoring.

5. To visualize and manage this spatial hetero-
geneity in water quality, the development of
TFM has proven highly effective. From this
a quick visualization come out like pH is de-
creasing from west to east. TDS is decreasing
from west to east in the northern and increas-
ing from west to east in the southern part. TH
is decreasing from west to east in the northern
part and increasing in the southern part.

6. In conclusion, it is observed that patterns are
influenced by seawater proximity and anthro-
pogenic pressures. Distance from the coast be-
came a major factor in controlling the chemi-
cal concentration of water. Extensive irrigation
and fish culture with additional factor of evap-
oration and precipitation activity reverse the
trend of salinity and bicarbonate concentration
in the surface water. Rainfall and fresh wa-
ter interaction in the coastal part make the wa-
ter less saline while water away from the coast
affected by anthropogenic activity extensively
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which make it more saline. Overall, these com-
bined natural and anthropogenic factors create
a chemically stable water environment that is
non-aggressive toward plumbing infrastructure
and generally safe for aquatic ecosystems.
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