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Abstract

The severe monsoon flooding in 2021 exposed the intricate hydrogeological processes affecting groundwater resources near
Ayankulam village in the semi-arid terrain of South Tamil Nadu, India. Despite extensive inundation from overflow of the
Nambiar canal, the village well remained dry due to diversion of recharge away from shallow aquifers into deeper concealed
karst formations present in the underlying calcarenite bedrock. Detailed geophysical surveys utilizing Azimuthal Square
array resistivity combined with Magnetotellurics successfully identified and mapped subsurface pathways of sinking streams
that rapidly transported surface water vertically into deeper fractured basement aquifers instead of laterally recharging the
shallower dug well. Geochemical analysis of groundwater samples collected from wells in the area revealed progressive
evolution of ionic compositions along groundwater flow paths dominated by water—rock interactions including carbonate
mineral dissolution, silicate weathering, cation exchange and evaporation. Findings indicated that excessive recharge from
heavy rainfall events caused accelerated subsurface drainage of fresh groundwater away from inland recharge zones near
Ayankulam village towards the coast. This rapid drainage driven by the hydrostatic pressure exerted by the intense monsoon
recharge on the highly permeable karst conduit networks buried beneath the low permeability overlying clay-rich soils. The
diversion of freshly recharged water from the surface into deeper aquifers before it could reach the shallow dug well resulted
in the phenomenon of “dry fallout” observed in Ayankulam village. This integrated geophysical and geochemical study
provided evidence that sinking streams and the complex linkage between shallow and deeper aquifers control groundwater
occurrence and movement in the region. The findings emphasize the need for enhanced monitoring and measurement of
hydrogeological parameters coupled with integrated water resources management. This is vital for sustainably harnessing
water resources amidst growing demands from the increasing population and intensifying climate change pressures that
exacerbate rainfall variability.
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Introduction

Groundwater is a vital resource for both human needs and
ecosystem health, and sinking streams are one of its key
sources (Goldscheider 2019). Groundwater and sinking
streams are both components of the water cycle, but they
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differ in their physical properties and movement (White
2002; Goldscheider 2019). Groundwater is the water that sat-
urates the pores and fractures in geologic formations beneath
the land surface, flowing slowly through the subsurface and
eventually discharging into streams, rivers, and other surface
water bodies (Bowen 1986). In contrast, sinking streams,
also known as losing streams, are surface water bodies that
flow into the ground and recharge the groundwater aquifer
(Bonacci 2015). The water in sinking streams moves quickly
through the subsurface, typically in areas with karst geology,
and can emerge in springs or wells in other locations (Barry
et al. 2018). While both groundwater and sinking streams
contribute to the water cycle, they differ in their flow rates,
movement, and interaction with the land surface (Katz et al.
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1998). Exploring these water resources in arid and semi-arid
regions can present formidable challenges, but geophysical
methods offer a vital means of continuously scanning and
evaluating subsurface water saturation—a crucial task, par-
ticularly in remote areas (Ravindran 2012; Sener et al. 2021).

Geophysical methods, such as electrical resistivity
method, ground-penetrating radar (GPR), and electromag-
netic (EM) surveys used to map the subsurface geology,
identify areas with high water content, and detect the pres-
ence of sinkholes or other features associated with sinking
streams (Gomo 2023). Square array resistivity method and
magnetotelluric (MT) are two geophysical techniques used
for identifying sinking streams (Ravindran 2012; Nenna
et al. 2013). The square array resistivity method is particu-
larly useful in areas with shallow water tables, as it can pro-
vide high-resolution images of the subsurface (Obiadi et al.
2013). Magnetotelluric method can provide information
on the electrical conductivity of the subsurface at differ-
ent depths and made comparison of both methods regarding
the subsurface changes in formation as well as groundwater
location (Gomo 2023). Both techniques used to map the sub-
surface geology, identify areas with high water content, and
detect the presence of sinkholes or other features associated
with sinking streams. However, the quality of the presence
of the water present beneath the earth surface varies due to
different conditions, which can be associated by geochemi-
cal approach (Ravindran 2012; Obiadi et al. 2013; Sener
et al. 2021).

The use of geochemistry for identifying sinking streams
is essential for understanding the complex chemical and
physical interactions between water, rock, and soil in the
subsurface (Krishna Kumar et al. 2014). Sinking streams are
unique features in karst landscapes where surface water infil-
trates into the subsurface through sinkholes or other types
of conduits, recharging groundwater aquifers (Barry et al.
2018; Jeelani et al. 2011). Geochemistry provides valuable
insights into the movement and interaction of water, solutes,
and gases in the subsurface, which is crucial for identify-
ing sinking streams and their connection to groundwater
(Katz et al. 1998). Analysing the chemical composition of
groundwater and surface water can identify the sources and
pathways of water flow, track the movement of solutes and
contaminants, and detect changes in water quality that may
indicate the presence of sinking streams (Ammar 2015).
The use of geochemistry in identifying sinking streams and
their connection to groundwater is essential for developing
a comprehensive understanding of the complex hydrological
systems in karst areas (Katz et al. 1998; Goldscheider 2019).

There are very limited researches carried for the sink-
ing streams occurrences and their impact to the surrounding
environment. The article by Barry et al. (2018) provides an
innovative and comprehensive approach to understanding
the hydrologic system of a siliciclastic pseudo-karst aquifer

in southeast Minnesota, USA, using a combination of dye
tracing, water chemistry, and passive geophysics. Jeelani
et al. (2011) presents a thorough geochemical analysis of
surface water and spring water in the SE Kashmir Val-
ley, Western Himalaya, providing valuable insights into
water—rock interaction and hydro-geochemical processes in
the region associated with sinking streams. Zhu et al. (2011)
highlights the challenges of using electrical resistivity meth-
ods to locate karst conduits in the Inner Bluegrass Region,
Kentucky, and provides useful insights for improving the
accuracy and reliability of geophysical surveys in karst ter-
rains. Kaufmann and Romanov (2016) provides a compre-
hensive analysis of the structure and evolution of collapse
sinkholes through the integration of physico-chemical mod-
eling and geophysical fieldwork, highlighting the importance
of understanding the complex processes that contribute to
their formation. The study by Martel et al. (2018) demon-
strates the combined use of electrical resistivity tomography,
ground penetrating radar, interferometric synthetic aperture
radar, and tracer tests to effectively characterize and visual-
ize complex karst aquifer systems beneath urban areas with-
out drilling or disruption, as exemplified in their research
on the karstic groundwater underlying Quebec City. During
periods of flooding or low water availability, the physical
interactions between sinking streams and the movement of
groundwater within the karst aquifer become crucial factors
to consider. The ponor zone serves as a conduit for sinking
streams, allowing them to merge with the potentiometric
surface, thereby creating a dynamic relationship between
these two elements (Koit et al. 2022; Bailly-Comte et al.
2010).

The overarching objectives of this research are threefold:
firstly, to delineate and map subsurface fracture zones and
associated sinking stream conduits within the predominant
karst topography through implementation of geophysical
techniques including azimuthal square array electrical resis-
tivity surveying and magnetotelluric soundings; secondly, to
analyze and interpret geochemical signatures of groundwa-
ter samples collected from selected wells across the study
area in order to identify hydro-geochemical connections and
flow pathways linking groundwater to the mapped sinking
streams; and thirdly, to integrate the acquired geophysical
and geochemical datasets to demonstrate and elucidate link-
ages between the delineated sinking stream networks and
submarine groundwater discharge observed in the coastal
zone, thereby facilitating conceptualization of the key occur-
rence mechanisms, pathways, and integral hydrological
role of sinking streams in the complex subsurface hydraulic
regime of the region.
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Study area

The study area under examination is located in the coastal
zone and encompasses diverse geological formations. Span-
ning the coordinates N 8°18.114', E 77°51.086" within the
Tirunelveli district of Tamil Nadu, this region encompasses
various soil types, including clay-rich soil, alluvium depos-
its, sandstone, Calcarenite, Leptinite, weathered gneissic
rock, and basement rock (Fig. 1). The surface layer is typi-
cally covered by alluvium deposits throughout the entire
region. The area experiences a subtropical climate, charac-
terized by hot and dry conditions during May and June, and
pleasantly cool weather in December and January. Humid-
ity levels range from 79 to 84%, while the average mini-
mum and maximum temperatures hover around 22.9 °C and
33.5 °C, respectively.

Rainfall

Data collected from IMD stations spanning 2010-2020 for
the district. The semi-arid study area of Tirunelveli exhibits
a highly seasonal rainfall regime dominated by the North-
east monsoon, with average October-December precipitation
ranging from 138.9 to 193.7 mm. Extreme rainfall events
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over 300 mm frequently occur during this three-month
period. Conversely, the region experiences considerably
drier and more variable conditions during the Southwest
monsoon (average rainfall of 20.6-38.6 mm over June—Sep-
tember). Over the past decade (2011-2020), the rainfall pat-
tern shows high inter-annual variability, fluctuating between
flood years with ample precipitation to drought years with
severely deficient rainfall (IMD data). This point to grow-
ing rainfall erraticism, likely linked to changing monsoon
dynamics and increasing climate change pressures in the
region.

Geological and hydrogeological settings

The study area underlain predominantly by hard rock geo-
logical formations comprising charnockite and garnetiferous
gneisses. The weathered zones in these formations extending
up to depths of 10-35 m below ground level form potential
aquifers. Aquifer parameters indicate moderate groundwater
potential in the district, with specific capacity ranging from
12 to 78 Ipm/m-d, transmissivity varying from 3 to 212 m%/d,
and yields of dug wells being 0.15-6 Ips. Pre-monsoon water
levels range between ground level and 15 m below ground
level (CGWB). However, post-monsoon water levels rise
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Fig. 1 Study Area map showing collected water sample location and Geomorphology
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due to recharge and may even reach ground level. Long term
analysis of groundwater level data indicates declining trends
in some parts of the district. The monitoring network com-
prises 168 observation wells and 82 piezometers but faces
constraints like insufficient density, lack of alternate wells
when existing ones fail, and outdated measurement equip-
ment. Based on the 2013 assessment, the district categorized
as Semi-Critical, with a 74% stage of groundwater develop-
ment. While the overall water quality ranges from moderate
to good, issues like salinity intrusion in coastal areas as per
CGWB report.

Materials and methods

To investigate the presence of sinking stream groundwater,
fractured zones, subsurface lithology, and groundwater flow
channels in this study, a combination of geophysical and
geochemical techniques was employed. Specifically, the
Azimuthal square array approach, Magnetotelluric method,
and Hydrogeochemistry method were utilized to conduct the
exploration within the study area.

Azimuthal square array method

Geophysical techniques play a crucial role in indirectly map-
ping subsurface rock formations and identifying groundwa-
ter-related issues (Ramanujam et al. 2006). The implementa-
tion of azimuthal square arrays for resistivity studies proves
particularly beneficial in detecting water-bearing formations
and determining key parameters such as the depth, thickness,
and extent of the water table (Habberjam 1972; Ramanujam
et al. 2006). This information holds immense value in terms
of anticipating future industrial development. By rotating an
electrode array, it becomes possible to assess the directional
variations in electrical anisotropy and calculate the apparent
resistivity across different orientations (Habberjam 1972).
The resistivity of soils and rocks influenced by the amount
and quality of water present within their pore spaces and
fractures (Habberjam 1972; Lane et al. 1995).

In the Azimuthal square array method, a square arrange-
ment formed by inserting four electrodes into the ground.
Three measurements taken for each square: two perpen-
dicular measurements (a and 3) were used to determine the
apparent resistivity (pa), while one diagonal measurement
(y) was performed to validate the results. In a homogeneous
isotropic material, pay would be equal to zero, while in a
homogeneous anisotropic material, pay would be equal to
pao— paf. The calculation of apparent resistivity followed
the equation outlined in the research conducted by Habber-
jam and Watkins in 1967.

pa=K(AV/ID) ()

where, K=2r a/ (2— \/2) and “a” is the length of the side
of a square array (Fig. 2).

To measure azimuthal apparent resistivity in this study,
a square array utilized, with rotation around its center and
expanded electrode spacing by a factor of a\/2 at each
azimuth. This approach allowed for the interpretation of
resistivity data as an indicator of depth, which is crucial
for detecting water-bearing formations and estimating their
thickness and water table depth. In a homogeneous, isotropic
material, the side length of the square array was approxi-
mately equal to the penetration depth. Data collection per-
formed using the CRM-500 Aquameter instrument, consist-
ing of a resistivity meter, steel electrodes, and a 12 Volts
D.C. battery. Each cable set included four electrode cables,
and the center point of the square array used to identify the
measurement location.

Magnetotelluric method

The magnetotelluric method served as a valuable tool for
investigating subterranean aquifers and associated geological
features (Vozoff 1991; Falgas et al. 2009). This technique
enabled researchers to study landscape tectonic movements,
freshwater migration, saline intrusion, aquifer thickness,
and the transformation of river and coastal silt into meta-
sedimentary rock from a geomorphological perspective
(Abdelzaher et al. 2011). Previous studies have successfully
employed magnetotelluric approaches to locate and charac-
terize subsurface freshwater discharge, formations, and geol-
ogy (Li and Jie 2017; Vozoff 1991; Abdelzaher et al. 2011,
Falgas et al. 2009; Demirci et al. 2017). The ADMT-300S
equipment, equipped with M and N copper probes, used to
perform the technique. The electrodes positioned at equal
distances and depths of coverage to reach a depth of 300 m.
Variation in resistivity allowed discrimination among differ-
ent soil types, rocks, and shoreline boundaries. Magnetotel-
luric data collected from the M and N electrodes analyzed
using Surfer software, which produced 2D and 3D models
of subsurface rock structures.

Hydrogeochemistry

Groundwater is a dynamic system influenced by various fac-
tors, including host rock features and underlying rock types.
Understanding the geochemical quality of groundwater is cru-
cial for effective resource management for drinking, household
and industrial purposes, as well as irrigation (Aris et al. 2007
Khan and Jhariya 2018; Krishna Kumar et al. 2014; Mostafa
et al. 2017; Nagaraju et al. 2016). Sampling and analysis of
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groundwater from different locations are essential to evaluate
its quality. One-litre polythene bottles used to collect samples,
which rinsed with the sampled water to prevent contamination.
Representative sampling ensured by pumping the well for a
few minutes before collecting the sample. The collected data
analyzed using various techniques, such as the Piper Trilinear
Diagram and Wilcox Plot.

Parameters such as color, turbidity, total dissolved solids
(TDS), electrical conductivity, pH, salinity, alkalinity, major
cation, and anion concentrations were determined. The Piper
Plot used to determine the percentage concentration of major
cations and anions, while the Wilcox plot was useful for evalu-
ating the suitability of irrigation water based on Na percentage
and electrical conductivity (EC). Electrical conductivity com-
monly used to determine the salinity level of irrigation water,
and Na percentage served as an essential indicator of water
suitability for irrigation purposes.

@ Springer

Results and Discussion
Azimuthal square array

In this study, eight resistivity profiles collected in a
NE-SW orientation utilizing the azimuthal square array
method to delineate the subsurface geological structures
and groundwater resources. Depth sounding curves gener-
ated for all profiles plotting the apparent resistivity values
against the current electrode spacing, also referred to as the
‘A’ spacing. Analysis of the apparent resistivity-A spacing
curves provides insights into the true resistivity and depth
of the geological layers underlying each station (Ravindran
2012; Obiadi et al. 2013). The maximum recorded appar-
ent resistivity value of 13,346 Ohm-m within the survey
area is strongly indicative of the presence of crystalline
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basement rocks of the charnockite type at depth (Lane
et al. 1995).

The results showed that in all the resistivity profiles col-
lected, spanning depths of 25-40 m, freshwater saturated
zones exhibiting relatively low resistivity values within
the range of 100-120 Ohm-m were consistently detected
at depths between 12 to 18 m. As resistivity inversely cor-
related to moisture content, these anomalous low resistiv-
ity zones interpreted to represent groundwater aquifers
contained within saturated weathered/fractured basement
bedrock (Yeboah-Forson and Whitman 2013; Sener et al.
2021). In profile 1, which covered a subsurface distance of
40 m in the NE-SW orientation, a prominent low resistiv-
ity anomaly indicative of a saturated freshwater zone was
uncovered at depths of 8—10 m, exhibiting resistivity values
of 100—120 Ohm-m. This likely represents water saturation
within shallow fractured basement aquifers. Similarly, profile
2 reaching a depth of 30 m revealed a freshwater saturated
zone at 12—14 m depth with resistivity of 100-120 Ohm-m,
while profile 3 extending to 38 m depth uncovered a low
resistivity anomaly at 13—16 m depth (100-120 Ohm-m)
associated with fractured bedrock aquifers. Profile 4 imaged
the subsurface up to 30 m depth and detected a freshwater
zone at 13—-14 m depth (100-120 Ohm-m). The depth ver-
sus apparent resistivity results for profiles 1 to 4 displayed
in Fig. 3.

Furthermore, analysis of profiles 5 to 8 covering depths
of 28 to 30 m consistently revealed low resistivity anoma-
lies at 13—19 m depth, with resistivity ranging from 100
to 120 Ohm-m (Fig. 4). These zones interpreted to repre-
sent productive water-bearing weathered basement aquifers
recharged by sinking stream deposits within the overlying
formations (Ravindran 2012; Yeboah-Forson and Whitman
2013). Inverted 2D resistivity models revealed a layered
sequence of topsoil, weathered/fractured gneiss at 5-12 m
depth, freshwater-saturated calcarenite/leptinite beds at
12-22 m, gneissic/migmatite rock at 22—34 m, and basement
charnockite below 34 m (Table 1). This agrees with typical
stratification patterns in crystalline basement aquifer systems
(Ramanujam et al. 2006, Ravindran 2012; Yeboah-Forson
and Whitman 2013).

Magnetotelluric method

Magnetotelluric (MT) profiling of the study area includes
six profiles, reaching depths of 100-300 m, revealed low
resistivity anomalies (0.02-0.18 Qm) indicative of satu-
rated zones at 30-150 m depth (Fig. 5). As MT resistivities
are inversely correlated with fluid saturation (Albouy et al.
2001; Li et al. 2017), these conductive zones likely represent
sinking stream recharge into permeable weathered/fractured
basement aquifers (Falgas et al. 2009; Koit et al. 2022). Pro-
file 1 exhibited a low resistivity anomaly (0.02—0.10 Qm)

at 30 m depth, while Profile 2 showed a conductive zone
(0.048-0.07 Qm) at 10 m depth. Profiles 3 and 4 detected a
prominent saturated layer (0.10-0.18 Qm) at 150 m depth.
Resistivity models uncovered stratified lithology compris-
ing near surface weathered rock (0.22-0.30 Qm), underlain
by water-bearing weathered/fractured gneissic bedrock. This
agrees with typical crystalline basement stratification where
surface clay-rich sinking stream deposits facilitate ground-
water movement through deeper conduits in fractured base-
ment rock (Falgas et al. 2009; Bailly-Comte et al. 2010).

Profile 5 spans to a depth of 100 m over 24 m distance
indicated near-surface weathered calcareous rock exhibit-
ing resistivity values of 0.050-0.065 Ohm-m, underlain by
fresh crystalline gneissic and granitic basement rock with
higher resistivity in the range of 0.070-0.076 Ohm-m. The
resistivity models are consistent with the typical subsurface
stratification of deeply weathered terrains comprising clay-
rich sinking stream deposits in the near surface underlain by
fractured aquifers in the weathered bedrock overlying fresh
and unweathered crystalline basement rock (Falgas et al.
2009; Bailly-Comte et al. 2010). Profile 6 reached 300 m
depth across 160 m distance revealed a prominent shallow
low resistivity anomaly ranging from 0.047 to 0.067 Ohm-m
occurring at a depth of around 150 m. This conductive zone
interpreted to represent a significant fractured and weathered
bedrock aquifer, likely saturated by the downward percola-
tion of surface water from sinking stream deposits (Li et al.
2017; Gomo 2023).

Hydrogeochemistry

The water quality analysis of 10 samples collected from vari-
ous sampling stations (A1 to A9) in and around Ayankulam
village and (A9 and A10) in Karikovil and Uvari for differ-
ent physio-chemical parameters including pH, temperature,
electrical conductivity, total dissolved solids, major cations
(sodium, potassium, magnesium, calcium), major anions
(chloride, sulphate, bicarbonate, carbonate).

The pH values range from 6.81 to 9.66, indicating
slightly acidic to slightly alkaline water. pH depends on
geology, residence time and geochemical reactions (Glynn
and Plummer 2005). The observed range reflects mixed
influence of natural and anthropogenic factors. Tempera-
ture varies from 25 to 29.7 °C, which is normal ground-
water temperature range, indicating recent recharge (Chou
2021). Electrical conductivity varies widely from 255 to
1070 pS/cm across samples. The total dissolved solids
ranges from 170 to 705 mg/L. As per classification, the
samples range from fresh (< 1000 mg/L TDS) to brack-
ish (1000-10,000 mg/L TDS) type. The major cations in
order of abundance are — calcium (11-79 mg/L), sodium
(18-94 mg/L), magnesium (4-23 mg/L) and potassium
(2-10 mg/L). The abundance indicates silicate mineral
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Fig.3 Electrical resistivity profile 1 to 4

weathering influences the Ca-Mg composition while Na
may come from evaporation and base exchange processes
(Xiao et al. 2015). The major anions are bicarbonate
(46-295 mg/L), chloride (31-141 mg/L) and sulphate
(7-67 mg/L). Bicarbonate represents dissolved carbon
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dioxide from soil zone reactions. Chloride may be from
natural or anthropogenic sources while sulphate comes
from oxidation of sulphide minerals (Miao et al. 2013).
The samples are slightly alkaline, fresh to brackish type,
moderately hard water with mixed composition of major
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cations (Ca-Na-Mg) and anions (HCO3-C1-SO4). The
physio-chemical parameters show spatial variation based
on sampling location, which indicates influence of local
geological controls and geochemical processes on ground-
water quality (Mishra et al. 2023). A statistical summary
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of all groundwater samples provided in Table 2, offering a
comprehensive overview of the hydrochemical parameters
analysed.

The Piper plot for the 10 samples shows majority fall-
ing in the mixed hydrochemical facies region indicating
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Table 1 Lithology result from all profiles

Depth  Depth  Formation of Rock Water iden-

from up to tified (yes

(m) (m) or N0)

0 5 Red soil mix with sand No

6 12 Weathered gneissic rock No

13 22 Calcarenite/Leptinite Yes

23 34 Gneissic rock/some Migmatite No
rock

35 54 Charnockite/pegmatite vein intru-  Below level
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combined influence of rock dominance and evaporation
processes (Mussa and Mjemah 2023). Most samples clus-
tered together in the central diamond field except sample Al,
which plots separately towards the Ca-Mg-HCO3 end. This
indicates that sample A1 has more freshly recharged type
composition while other samples represent mixing of differ-
ent source waters. In general, the samples belong to mixed
Ca-Na-HCO3-ClI hydrochemical facies type. This means
the ionic composition derived from mixing of different
groundwater sources and geochemical reactions like silicate
weathering, ion exchange, evaporation etc. (Kuldip-Singh
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Table 2 Statistical summary of groundwater samples

Table 3 Water type of samples collected

Parameter Unit Min Max Average St. Dev Station ID Latitude Longitude Water type

pH 6.8 9.7 7.1 7.3 Al 8.294598 77.84691 Ca2+-Mg2+-HCO-3-Cl-
EC uS/cm 255.0 1070.0 743.0 335.0 A2 8.29018 77.84513 Na+-Ca2+-HCO-3-Cl-
TDS mg/l 170.0 705.0 479.3 209.1 A3 8.301082 77.83819 Ca2+-Na+-CI-HCO-3
Ca mg/l 11.0 79.0 58.8 26.5 A4 8.300565 77.84555 Ca2+-Na+-Mg2+—HCO-3-Cl-
Mg mg/l 4.0 23.0 16.9 7.4 AS 8.300174 77.85711 Na+-Ca2+-CI-HCO-3
Na mg/l 18.0 94.0 60.6 31.6 A6 8.311044 77.84691 Ca2+-Cl—HCO-3

K mg/l 2.0 10.0 6.4 34 A7 8.309605 77.8481 Na+-Ca2+-CI-HCO-3
Fe mg/l 0.0 0.2 0.0 0.1 A8 8.310438 77.84943 Na+-Ca2+-CI-HCO-3
Cl mg/l 31.0 341.0 120.9 89.8 A9 8.309809 77.8539  Ca2+-Na+-CI-HCO-3
HCO3 mg/l 46.0 295.0 222.7 100.5 A10 8.309453 77.86518 Na+-Ca2+-HCO-3-Cl-
SO4 mg/l 7.0 67.0 37.7 24.9

et al. 2011). The clustering of most samples in the Piper plot
indicates hydrochemical similarities of groundwater from
different sampling stations across the study area. This means
the major ion chemistry primarily controlled by the geology
and geochemical processes, which affect the aquifers in the
region (Li et al. 2018). Sample Al is an outlier possibly
due to local recharge source contributing more Ca-HCO3
type signature. Overall, the Piper diagram is indicative of
evolutionary history of groundwater as it flows through the
aquifer system undergoing different hydro-geochemical pro-
cesses leading to chemical modifications is shown in Fig. 6
(Table 3).

The Wilcox plot for the samples shows most data points
falling in the mixed type water field indicating combined
effects of evaporation and rock dominance (Ghalib 2017).
One sample falls in the Ca-HCO3 water type region indicat-
ing a more freshly recharged composition with low TDS. The
other samples distributed along the mixing line that connects

Piper Plot
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Fig.6 Piper plot for water samples

Ca2 +dominant waters to Na+ K dominant waters, repre-
sents base exchange reactions. The samples also align along
the mixing line of CI+ S04 rich waters to HCO3 + CO3 rich
compositions indicating influence of evaporation and sili-
cate weathering reactions respectively (Ghalib 2017: Li et al.
2018). Thus, the Wilcox diagram indicates that the samples
have evolved through mixing of two end member composi-
tions — a Ca-HCO3 type fresh recharged water and a more
mineralized Na-Cl type water. Various hydro-geochemical
processes like silicate weathering, base exchange, evapora-
tion and mixing of different source waters across the region
results in the mixed composition observed in most samples
(Wagh et al. 2018). The Wilcox plot is therefore useful in
elucidating the major geochemical processes controlling the
ionic compositions and displayed in Fig. 7.

The hydrochemical evolution of the groundwater con-
trolled by several geogenic and anthropogenic factors
(Krishna Kumar et al. 2014; Mostafa et al. 2017). In shallow,
recently recharged aquifers, the water has a Ca-Mg-HCO3
composition derived from carbonate and silicate mineral
weathering. Dissolution of calcite, dolomite and silicate
minerals like feldspars releases Ca2 +, Mg2 +and HCO3-
ions into the water (Tiwari et al. 2021). Cation exchange
of Ca2 +and Mg2 + with Na + on clay minerals can occur
(Robin et al. 2015). In deeper, confined aquifers with longer
residence times, base exchange of Ca2 + by Na+is more
extensive leading to a Na-HCO3 composition (Robin et al.
2015). Upward leakage of deeper Na-HCO3 type water into
shallow aquifers can create mixed Ca-Na-HCO3 compo-
sition (Do et al. 2020). In areas with longer groundwater
flow paths, evaporation leads to concentration of major ions
increasing salinity, hardness and shifting the composition
towards Na-Cl type (Do et al. 2020). In coastal areas, seawa-
ter intrusion due to groundwater over-exploitation introduces
more Na+ and CI- ions (Robin et al. 2015; Do et al. 2020).
Anthropogenic activities like domestic sewage, agricultural
practices and industrial effluents can also provide sources
of major ions through water—rock interactions, biochemical
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Fig.7 Wilcox plot for water
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processes and induced mixing (Krishna Kumar et al. 2014;
Mostafa et al. 2017; Nagaraju et al. 2016).

The elevated chloride concentrations found in samples
A3, A7, A8 and A9 are interesting anomalies considering
the prevailing calcium-rich lithology of weathered gneiss
and granitic aquifers in the study area. Typical groundwater
chemistry in granite/gneiss terrains is a Ca-Mg-HCO3 water
type produced by silicate hydrolysis and carbonate dissolu-
tion reactions, which release Ca2 + and HCO3- into solu-
tion (Tijani 1994). However, the high chloride and sodium
levels in these samples point towards additional sources
and processes introducing Na-Cl salts. One possibility is
the upward seepage of deeper, confined saline groundwa-
ter into the shallow aquifers tapped by these wells (Negm
et al. 2018). Cross-formational flow by faults, fractures or
breaches identified in the geophysical surveys, creating
hydraulic connectivity between deeper and shallow zones.
As chloride-rich water intrudes into the shallow calcium-
rich aquifer, cation exchange of Ca2+in clay minerals for
Na+ from deep water can occur. This base exchange process
releases Ca2 + to groundwater but introduces chloride lead-
ing to the mixed Ca-Na-Cl composition observed (Raju et al.
2016). The low permeability of the red clayey soil horizons
overlying the weathered gneiss can promote longer resi-
dence times for groundwater in the subsurface (Comte et al.
2018). Slow seepage of recharge through fine-grained clay-
rich soils enhances mineral-water contact and weathering
interactions (Comte et al. 2018). Under the suboxic/anoxic
conditions in the soils, dissolution of iron hydroxides can
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release sulfate ions into solution while feldspar hydrolysis
may contribute potassium. Longer reaction times associated
with sluggish matrix flows in clay zones could potentially
contribute to the slightly higher sulphate and potassium
noted in sample AS. The fine clays may also impose acidity
through associated H +1ions (Vaidya and Fogler 1992). How-
ever, in areas where the low permeability red soils passed
by rapid recharge through fractures, sinkholes and cavities,
such chemical effects are likely mitigated. Hence, the red
soil influence localized based on predominant flow paths.
High intensity rainfall events during monsoons facilitate
large volumes of freshly recharged water rapidly reach the
water table through both matrix and preferential flow paths.
This dilute younger recharge water flushes the aquifer sys-
tem, depleting highly soluble ions like chloride while adding
calcium released from carbonate dissolution in the unsatu-
rated zone as well as bicarbonate derived from soil zone
CO, (Ahmed and Clark 2016). In contrast, the dry season
has negligible recharge while prolonged residence times
and shallow water tables prone to evapotranspiration lead
to evaporative concentration of more conservative solutes
like chloride and sodium (Ahmed and Clark 2016). Thus,
calcium, magnesium and bicarbonate expected to increase
after monsoon recharge events while chloride and sodium
would be higher in the pre-monsoon summer months. The
sampling locations A9 and A10 in the coastal zone provide
an opportunity to evaluate potential seawater mixing effects
on groundwater chemistry. Interaction between the discharg-
ing fresh groundwater and intruding seawater along coastal
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margins can induce cation exchange, where Ca2 +ions in
the fresh water exchanged for seawater-derived Na + and
Mg2 + (Andersen and Nyvang 2020). This promoted calcite
dissolution increasing alkalinity and dissolved inorganic car-
bon. When reduced iron in anoxic groundwater discharges
into the toxic seawater environment, rapid oxidation and
hydrolysis reactions occur, releasing protons and lowering
pH (Ahmed and Clark 2016; Andersen and Nyvang 2020).

Karst identified from magnetotelluric method

The magnetotelluric (MT) and azimuthal square array direct
current (DC) electrical resistivity techniques provided com-
plementary geophysical datasets that enabled characteri-
zation of the karst aquifer system across multiple depths.
While the azimuthal square array method optimized for
high resolution shallow profiling to depths of around 40 m,
the MT soundings penetrated much greater depths reach-
ing 300 m. This allowed for a comprehensive investigation
from the near surface down to the deeper subsurface. The
azimuthal square array resistivity results were effective in
mapping fractures, weathered zones, and shallow aquifer
structures (Habberjam 1972; Ravindran 2012). In con-
trast, the MT method proved capable of imaging the exten-
sive network of karst conduits, caves and cavities that had
developed at varying depths across the study area (Falgas
et al. 2009; Koit et al. 2022). These observed karst features
aligned well with the typical stratigraphic patterns expected
for limestone and carbonate-dominated aquifer settings. By
combining the resistivity and MT datasets, an integrated
subsurface model developed delineating the karst formations
identified at different depths. This modeling revealed that
the shallow karst features mapped by the azimuthal square
array method in the depth range of 28-40 m were likely
hydrologically connected via deeper conduits to more exten-
sive karst networks imaged by the deeper-penetrating MT
method at depths > 150 m. Essentially, the karst structures
had coevolved from the near surface down to the deeper sub-
surface resulting in a complex, interconnected karst drainage
system.

The groundwater flow dynamics within this karst drain-
age system conceptualized based on the observed Geophysi-
cal survey and bore hole drilled in Karikovil area depth of
around 185 m in the coastal zone. Although the shallow
aquifer at Ayankulam appeared saturated, hydraulic gradi-
ents showed subsurface flow occurring from this zone to
fill the deeper karst conduits. This indicated the prevalence
of sinking stream type recharge, where surface water rap-
idly transmitted through swallow holes, sinkholes and con-
duits into the deeper karst network. The 2D resistivity-MT
model provided visual confirmation of these hypothesized
groundwater flow paths connecting the shallow and deep
karst structures (Fig. 8).

Conclusion

This integrated study employed electrical resistivity pro-
filing and magnetotelluric surveys along with detailed
hydrochemical analysis effectively characterize the com-
plex, multi-layered karst aquifer system in the terrain near
Ayankulam village. The electrical resistivity depth sound-
ings identified distinct fractured and weathered zones occur-
ring at shallow depths from 5 to 12 m. These fractured rock
layers likely represent perched aquifer units contained within
low permeability near-surface clay-rich soils and weathered
crust. The resistivity anomalies uncovered at greater depths
of 12-22 m probably correspond to leaky confined aquifer
formations as well as semi-confined aquifers sandwiched
between impermeable layers. The magnetotelluric surveys
proved useful in mapping out the extensive network of karst
conduits, caves and cavities that have developed in the car-
bonate formations at varying depths across the study area.
These mapped karst structures provide potential preferential
flow paths and physical evidence for the downward move-
ment of groundwater from the inland recharge zones near
Ayankulam village towards the coast. This groundwater flow
connectivity validated by the successful extraction of fresh-
water from a bore well drilled to a depth of around 185 m in
the coastal zone near Karikovil.

The observed Ca-HCO3 dominated hydrochemical facies
along with high dissolved calcium content in the ground-
water samples reflects active water—rock interaction and
carbonate mineral dissolution processes occurring within
the predominant limestone, calcarenite and leptinite litho-
logical formations making up the karst aquifer matrix. The
abundance of highly soluble carbonate rocks facilitates
rapid chemical weathering reactions as groundwater flows
through the aquifer conduits. This results in the dissolution
of calcite, dolomite and associated carbonate minerals, lead-
ing to the release of Ca2+and HCO3- ions into the water.
Sinking stream loss identified as the major mechanism for
groundwater recharge contributing to the active carbonate
dissolution signatures. Spatial variations in recharge sources
and geochemical evolution pathways accounted for differ-
ences in ionic compositions across the study area. Seasonal
changes related to recharge quantities and residence times
also caused fluctuations in hydrochemistry. Ultimately, the
geochemical and isotopic data coupled with water table con-
tours indicated that excess fresh groundwater draining from
the inland recharging karst aquifers discharges into the sea as
submarine groundwater discharge. This has implications for
freshwater management and indicates potential for exploring
mixed Ca-Mg-Na-HCO3-Cl composition brackish waters for
treated utility applications.
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