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Abstract

Hydrogeology, with time, has become one of the cardinal subjects of geoscience, both globally and in India. In this study,
importance of groundwater in context of food security, societal development, public health and hygiene as a driver of
economic growth is discussed and researched. Groundwater science embodies a multi-disciplinary approach for physical
demarcation of aquifers, their hydraulic characterization, establishing linkages amongst aquifers in multi-tiered aquifer
systems, targeting aquifers in different areas, rock-water interaction, pollution of groundwater and remediation of contami-
nated aquifers etc. An array of investigative tools like, multispectral remote sensing data, electrical, magnetic and seismic
geophysical surveys, environmental isotopes, microgravity variations, geographic information system etc. were employed.
Significant work is also being conducted to address sustainable management of groundwater resources, and related socio-
economic-political issues. This review article presents a kaleidoscope of researches carried out in India on various issues of
groundwater science and management during the last four years, as the Indian academicians, professionals, researchers and

policymakers strive for sustainable management of this resource.
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Introduction

The per capita water availability in India which was around
1816 m* in 2001 predicted to reduce to 1140 m* by 2050
(Saha and Ray 2019). In the last four decades, a compre-
hensive shift in water resources was observed, from surface
water to groundwater. At present, in India, groundwater
accounts for about 65 percent of irrigation needs, 85 percent
of rural supply and over 50 percent of urban water consump-
tion. However, such dependence does not come without a
price, as the adverse impacts like declining water levels,
drying up of wells, rising geogenic contamination, saline
water ingress in the coastal fresh water aquifers, and soci-
etal implications like rising inequity between rich and poor
farmers (Sikka et al. 2022). Climate change phenomenon is
further complicating the issues.

Hydrogeologically, the aquifers in India can be grouped
into two broad categories based on the transmissive and stor-
age characteristics of the formations; (1) soft rocks aquifers
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(2) hard rocks aquifers. The soft rocks form potential aqui-
fers, because of higher transmissivity and storage. However,
in hard rock formations, groundwater occurs primarily in
secondary porosities like fractures, joints and solution cavi-
ties and has comparatively low transmissivity and storage
coefficient. On the other hand, aquifers in the hilly areas are
often complex, discontinuous and has local spread.

India exhibits a wide variety of geological formations,
ranging in age from Archaean to Recent. Globally, aqui-
fers are classified on the basis of geological formations and
structures. Numerous classifications were also proposed for
India by Govt. Departments, research institutions and indi-
viduals. First systematic approach to classify the country
based on the geo-hydrogeological characteristics was taken
up by Central Ground Water Board, India (CGWB 2012) in
which 14 Principal Aquifer Systems (PAS) were delineated
which were subdivided into 42 major aquifer systems (Singh
et al. 2019). Out of the 14 PAS, alluvium (unconsolidated
deposits of Quaternary age) covers about 31 percent of the
area of the country and is mostly confined in the northern
states; Assam, West Bengal, Bihar, Uttar Pradesh, Punjab,
Haryana and Rajasthan. The second important aquifer sys-
tem is formed by basalt, covering about 17 percent area
of the country and spread over the states of Maharashtra,
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Gujarat, Karnataka, and Madhya Pradesh. The other aquifer
types are shale and limestone covering about 7 and 2 percent
area respectively. About 35 percent of the area is underlain
by a wide array of hard rock aquifers viz. Gneiss, schist,
Banded Gneissic Complex (BGC), quartzites, khondalites,
charnockites, granite, and intrusives. They cover mostly the
central, eastern and southern parts of India.

Groundwater resource availability

The groundwater resource is divided into static and dynamic
(or replenishable). In India, dynamic groundwater resource
is considered as the volume of annual recharge that is avail-
able from all sources after taking into account the natural
discharge that flows out from the aquifer. Being a monsoon
driven climate, rainfall is the main source of recharge in
India, while the other sources are seepage from canal and
water bodies, return flow from irrigation, lateral transbound-
ary flow etc. (Saha et al. 2020).

CGWB in association with the State and Union Territo-
ries (UTs) agencies access the replenishable resource, con-
sidering the lowest administrative units (block/taluk/firqa)
as a unit for calculation. The assessment is being done on a
regular basis since 2004 based on the groundwater estima-
tion methodology framed by CGWB. Latest estimation made
in 2022 reveals that the total annual groundwater recharge
is 437.6 BCM while Annual Extractable Groundwater
Resource is 398 BCM. The Total Groundwater Extraction
is worked out as 239.16 BCM indicating 60 percent Stage
of Groundwater Extraction (SOE). About, 67 percent of the
total 7089 Assessment Units (AUs) in the country come
under the Safe category (SOE <70%). About 14 percent
of the AUs are categorized as over-exploited where annual
extraction exceeds the recharge. Nearly, 4 percent of AUs
fall under critical category with SOE between 90 and 100%

(Fig. 1).
Chemical quality and contamination

The broad chemical quality of groundwater in the shal-
low aquifers, which is under intense use is found to be Ca-
HCO; or Ca-Mg-HCO; water type. As the groundwater
flows from recharge to discharge area, it is observed that
hydro-chemically it matures to the types dominating with
alkalis (Na, K) and strong acids. Anthropogenic pollution
of groundwater is reported widely from different parts of
India, particularly impacting the shallow aquifers around the
industries, mines, oil fields, urban landfills etc., however,
they are sporadic and localized in nature. Geogenic con-
tamination, on the other hand, is impacting large parts of
the country affecting different aquifer types. The four most
widespread geogenic contaminants are; (i) Arsenic- Limit
for potable use 0.01pg/1, reported from 21 States but mostly

prevalent in the Indo-Ganga—Brahmaputra Plains. (ii) Fluo-
ride- Limit 1.5 mg/l, mostly prevalent in the hard rocks and
older alluvium areas and reported from 20 states, (iii) Salin-
ity, maximum permissible limit 2000 uS/cm, reported from
16 states underlain by both soft and hard rock aquifers. (iv)
iron, desirable limit 0.3 ppm, reported from 26 states repre-
senting all aquifer typologies. Nitrate contamination (limit
45 mg/1) is also widespread, however, it can broadly be con-
sidered as anthropogenic as it mainly comes from excess use
of fertilizers and pesticides in the agriculture field. Nitrate
contamination is reported from 21 states underlain by all
types of aquifers.

Researches in different domains
of groundwater issues

As discussed earlier, groundwater science and technology,
management and policy issues are widely being researched
because of its huge economic and social importance. The
researches carried out during the period 2020-2023 in India,
and published in well refereed international journals/books
are downloaded and thoroughly scanned. The broad areas
demarcated for discussion are a) Aquifer mapping and man-
agement. b) Groundwater contamination c¢) Health hazard
due to contaminated groundwater. d) Artificial recharge and
rainwater harvesting. ) Groundwater policy and governance.
f) Geophysical investigation. g) Understanding behaviour of
groundwater resources in time and space through GRACE
data. h) Isotope-based studies. i) Groundwater modelling,
remote sensing and GIS. The details of each section are dis-
cussed below.

Aquifer mapping and management

Government of India had launched the ambitious National
Aquifer Mapping and Management programme for sus-
tainable management of groundwater resources in the
country. The entire area suitable for groundwater map-
ping in the country spread over nearly 2.5 million sq. km
area has been covered under this programme by March
2023. Saha et al. (2020) have discussed the objectives of
the programme with an example of the typical outputs of
the mapping programme and the manner in which the pro-
gramme outputs would lay the foundation for scientific
management of groundwater resources in the country.
Brahma (2022) has presented the findings of the aquifer
mapping study from a multi-layered aquifer witnessing
the twin groundwater contamination issues of arsenic and
fluoride from Murshidabad and adjoining Birbhum dis-
trict of West Bengal. Jain et al. (2023) have presented the
utility of the aquifer mapping in management of ground-
water resources in basaltic aquifers of Nashik district,
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Fig. 1 Assessment unit wise stage of groundwater development in India (CGWB)

Maharashtra. Lamsoge et al. (2022) have discussed the
aquifer management plans for basaltic aquifer system of
Jalna district, Maharashtra. Joshi et al. (2021a) studied
the groundwater depletion pattern in the north-western
India and the drivers of groundwater depletion in the
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north-western India were investigated by van Dijk et al.
(2020). Further, Ali et al. (2021) studied the spatial-tem-
poral variations of groundwater resources of Delhi and
adjoining NCR.
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Groundwater contamination

Groundwater contamination is one of the most popular
domain of research in India. The major contaminants that are
reported and studied in India are; Arsenic, Fluoride, Nitrate,
Uranium and Salinity. Therefore, numerous studies were
conducted on these contaminants. For e.g., Kumar et al.
(2023) reviewed uranium and arsenic content in the ground-
water of Malwa district of Punjab. The authors reported that
over-exploitation of groundwater along with anthropogenic
activity significantly modified the hydro-geochemistry and
may trigger release of uranium and arsenic in groundwater.
Krishan et al. (2023) also studied the Punjab region. Khan
and Rai (2023) studied Laskar region of Uttarakhand and
Pal et al. (2023) studied three districts from Indo-Gangetic
regions of Bihar and reported arsenic contamination in
groundwater. Further, Biswas et al. (2023) reported elevated
arsenic and fluoride along the coastal areas of West Ben-
gal. Singh et al. (2023) studied Nadia and North 24 Parga-
nas districts of West Bengal and reported high arsenic in
the groundwater along with surface water, soils, and rice
grains. Furthermore, Goswami et al. (2023) investigated the
north-eastern region and studied arsenic—chromium-lead.
The authors reported that groundwater is at high risk of
co-contamination by As—Cr—Pb. Verma and Sinha (2023)
investigated health risk assessment due to consumption of
elevated levels of arsenic through Monte Carlo simulations.
The authors observed that a high risk of cancer is predomi-
nant in the eastern bank of the river Ganga than in the west-
ern part. Yadav et al. (2022) compiled the arsenic removal
techniques for the low and middle income countries.

In a detailed investigation by Ali et al. (2023), statistical
correlation between fluoride and other potential parameters
of Indian groundwater has been studied. Ali et al. (2023)
found that alkalinity plays a pivotal role in mobilization of
fluoride from sediments/rocks and are more prevalent in
arid/semi-arid alluvial plains over hard rock. Earlier Ali
et al. (2021) investigated groundwater in Delhi, and observed
elevated fluoride levels in one-third of the drinking wells.
However, the groundwater in the vicinity of Yamuna river
in Delhi was found to be comparatively safe with fluoride
(Ali et al. 2022). Mridha et al. (2021) observed high fluo-
ride concentration in drinking water and staple food among
population residing in the fluoride endemic regions of Bihar.
Senthilkumar et al. (2021) investigated Gujarat state and
found high concentration of fluoride in many drinking wells.
Tiwari et al. (2020) studied Dausa district of Rajasthan and
found elevated fluoride level in more than 80 percent of
the samples. Further, Ali (2023); Nizam et al. (2022) and
Sulaiman et al. (2023) reported elevated levels of fluoride
in the Indo-Gangetic plains.

The imprints of seawater intrusion on the groundwater
quality in the two most exploited aquifers along coastal

Gujarat were investigated by Bhagat et al. (2021). The
authors found that the groundwater quality of the area is
severely affected by the heavy pumping of fresh groundwa-
ter. Ayyandurai et al. (2022) studied groundwater suitability
for irrigation and groundwater quality in the coastal areas of
Cuddalore district of Tamil Nadu. Furthermore, Kom et al.
(2022) investigated the Coimbatore region of southern India
for the groundwater suitability for drinking and irrigation.
The authors reported more than 60% of the groundwater
samples are of poor quality as revealed through Water Qual-
ity Index (WQI).

Soujanya Kamble et al. (2020) assessed the groundwater
in the vicinity of solid waste dumpsite at Hyderabad, India.
The groundwater is analyzed for physicochemical, micro-
biological, biological and heavy metals. The authors found
that nearly 75% of the samples are of poor quality and sug-
gested continuous monitoring of the drinking wells in the
area. Negi et al. (2020) evaluated groundwater quality in
the vicinity of landfill sites of three important cities of north
India i.e., Chandigarh, Mohali, and Panchkula and found that
majority of the samples are contaminated with major ions
and biological parameters. Further, the impact of landuse
changes on the groundwater quality for Delhi NCR were
studied by Sarkar et al. (2020).

Verma et al. (2020) assessed the groundwater quality of
Bokaro district of Jharkhand through WQI and GIS database
approaches and highlighted that groundwater is unsuitable
for drinking and require prior treatment before consump-
tion. Patil et al. (2020) studied Kanavi Halla sub-basin of
Karnataka and found that groundwater quality in 2/3 sam-
ples are of poor quality. Kumari and Rai (2020) evaluated
groundwater quality for drinking and irrigation in Haryana,
western India. Based on various irrigation parameters, the
authors found that groundwater is highly saline and unsuit-
able for irrigation.

Marghade et al. (2021) studied groundwater in a semi-
arid region of eastern Maharashtra and showed shifting of
hydrochemical facies along groundwater flow path. The
authors observed that water—rock interactions, de-dolomiti-
sation and reverse ion exchange largely governed hydrogeo-
chemistry of the groundwater. Lal et al. (2020) studied Sri-
kakulam district of Andhra Pradesh and reported high silica
and lead along with phthalates in groundwater. The region is
also a hotspot for chronic kidney disease of unknown etiol-
ogy (CKDu). However, pesticides were not reported from
the study area. Groundwater quality of Chandel district of
Manipur, India was assessed by Alam et al. (2020), who
attributed water—rock/sediments interaction for governing
the hydrogeochemistry of the area. Further, Ahamad et al.
(2023) documented the groundwater quality of the arid and
semi-arid regions of entire India and found that groundwater
in majority of the regions are contaminated by geogenic as
well as anthropogenic sources (Ali and Armanuos 2023).
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Health hazard due to contaminated groundwater

Subba Rao (2021) studied nitrate and fluoride contamination
in southern India using Entropy-Weighted Water Quality
Index (EWWQI) and Total Chronic Hazard Index (TCHI).
The author observed that children are more vulnerable to
non-carcinogenic health risk assessment due to consumption
of contaminated groundwater. Karmakar et al. (2021) inves-
tigated health risk assessment from groundwater from indus-
trial area of Tripura state and applied Nemerow Integrated
Pollution Index (NIPI). Further, the authors found that chil-
dren are more vulnerable to chronic health risk. Adimalla
(2020) investigated groundwater quality in Precambrian
hard rock terrain of South India. The author observed that
more than half of the samples were having elevated levels
of fluoride and nitrate. Further, Thabrez et al. (2023) used
fuzzy logic concepts to evaluated health risk assessment
due to consumption of fluoride contaminated groundwater
in southern India.

Chakraborty et al. (2022) studied groundwater quality
and evaluated the impact of human health risk assessment
due to consumption of contaminated groundwater from Cho-
tanagpur plateau fringe region of central India. The authors
evaluated drinking water quality based on Groundwater
Quality Index (GWQI) and Heavy Metal Pollution Index
(HPI) and reported that groundwater is contaminated with
heavy metals and the humans are likely exposed to risk.
Singh et al. (2020) studied groundwater quality of Punjab,
northern India and evaluated health risk assessment due to
consumption of fluoride and nitrate contaminated ground-
water. The authors reported that hazard index (HI) of most
of the samples were HI > 1 for children and adults.

Similarly, Kadam et al. (2022) studied Shivganga river
basin of Maharashtra, and studied boron and fluoride. The
authors found that children are more vulnerable than other
age groups and similar observation was also reported by
Kumar et al. (2023). Madhav et al. (2021) also evaluated
groundwater quality and studied associated potential human
health risk assessment in Bhadohi area of Uttar Pradesh.
The authors evaluated Chronic Daily Intake (CDI) value
and found that the inhabitants are at higher risk of lead in
groundwater. However, the overall groundwater quality was
found to be of good quality. Further, Shukla and Saxena
(2020) studied parts of Raebareli district of Uttar Pradesh
and Gugulothu et al. (2022) studied rural part of Telangana
and reported elevated levels of nitrate (attributed to use of
fertilizers) and fluoride and evaluated their health risk.

Artificial recharge and rainwater harvesting
Artificial recharge is considered as a major supply-side inter-

vention for combating groundwater depletion and aquifer
desaturation that has engulfed large parts of India. The major
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issues for planning and execution of artificial recharge or
managed aquifer recharge activities are: a) hydrogeologically
suitable sites to take up recharge measures so that the water
transmits quickly to the aquifer as well as stored; b) avail-
ability of the source water for recharge; c) proper design of
the structures so that optimal benefit of the investment can
be achieved; d) Community participation so that they own,
monitor, maintain the structure and share the benefits.

Saha et al. (2022b) made an extensive review on the
researches carried out in the execution of State and Central
Govt. projects and schemes, guidelines and manuals avail-
able and policies adopted in India. The study reveals that
significant researches are available in this domain but are
mainly focussed on the delineation of suitable zones and
sites for recharge. The areas lacking research include aspects
like impact assessment, cost—benefit analysis and the social
conflicts as being reported at some places.

A study conducted by Soni et al. (2020) deals with
recharge through open dug well in Udaipur area of Rajasthan
marked by semi-arid environment. Though, adequate
recharge takes place, the team highlighted the water qual-
ity issue as the wells were found unsuitable for drinking
use in non-monsoon season. Proper well-head filtration is
recommended before putting water in the wells for recharge.
Kadam et al. (2023), used an integrated approach using
hydrogeological, geospatial and multi-criterion decision
analysis to assess subsurface storage potential and also to
delineate suitable areas for artificial recharge in a semi-arid
region of the same state. Furthermore, Bandyopadhyay et al.
(2021) evaluated the potential of Aquifer Storage and Recov-
ery (ASR) in South Bihar region.

Fauzia et al. (2021) used GIS based weight and overlay
index model to delineate suitable zones for recharge. Ten
thematic layers related to recharge process are superim-
posed and suitable zones for recharge has been identified.
In a similar study, Arshad et al. (2022) superimposed related
thematic layers to delineate suitable zones for recharge. The
investigated areas are crystalline hard rock, and the ground-
water often found to be contaminated with fluoride. In a
similar study on the Deccan Trap areas in the drought-prone
Manjeera basin (Saha et al. 2023), multi-criterion decision
analysis (MCDA) driven analytical hierarchy process (AHP)
and multi-influencing factor (MIF) was used for delineating
potential zones for groundwater recharge.

Geophysical techniques are often used to delineate suit-
able zones for recharge. Mishra et al. (2023), used Electrical
Resistivity Tomography (ERT) and sediment characteristics
in the central part of the Indo-Gangetic plains and identi-
fied a good permeable layer at 6-48 m bgl, can be taken
up for recharge. In the NGRI campus Hyderabad, Kumari
et al. (2021) similarly used ERT and other related thematic
layers and found that about 72% of the area falls under poor
to very poor zone, while only 5% area is marked by good to
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very good zone for groundwater recharge. Rao et al. (2023)
used remote sensing and Dar-Zarrouk parameters (derived
through resistivity survey) and delineated groundwater
potential zones in the Eastern Ghats Mobile Belt (EGMB)
in East Godavari district of Andhra Pradesh.

In a study, Jha et al. (2021) elaborated the recharge effort
by constructing recharge wells using diverted flood water in
Ramganga basin, Uttar Pradesh. The estimation indicated
that 72.4 km® of flood water can be recharged in 78 days
during wet season. Alam et al. (2022) studied the impacts of
large number of check dams constructed in the Kamadhiya
catchment in Saurashtra region of Gujarat state. Groundwa-
ter demand for irrigation has increased considerably and sur-
passed the recharge from check dam. The study emphasize
that management of water demand is also equally important
beside recharging aquifers.

Stable and environmental isotopes are often being used to
understand groundwater recharge process and mechanism.
Joshi et al. (2021) studied depth related spatial variation
of isotope composition of surface, ground and rainwater
in Sutlej-Yamuna plain in north eastern India. They have
delineated three zones with different recharge sources. In a
similar study by Jesiya et al. (2021), the groundwater from
the coastal areas of Kozhikode district Kerala analysed sta-
ble isotopes in precipitation, groundwater and river water.
The study could have assessed the percentage of recharge in
urban and lateritic aquifer.

Keesari et al. (2021) applied stable oxygen, hydrogen and
tritium isotopes along with hydrochemical modelling tool to
understand the recharge process in multi-layered Gangetic
aquifers till 300 m bgl. The study revealed shallow aqui-
fer holds modern groundwater recharge from rainfall and
through lateral flow. The middle aquifer get recharge from
marginal alluvial area where it is exposed on the surface,
while the deeper aquifer holds palaeo water, recharged dur-
ing 3.5 to 4.7 ka.

The springs in the entire stretches of Himalaya across the
northern boundaries as well as in the north-eastern states
and parts of the Western Ghats, are the lifeline of drinking
and irrigation uses since ages. Anthropogenic interventions
in the spring sheds have caused reduction of recharge in the
spring sheds and drying up of springs. The quality of spring
water is also getting affected. Rani et al. (2022) used multi-
criteria decision-making approach in the Upper Kosi catch-
ment in Uttarakhand state to delineate the recharge areas of
the catchments and its potential and found that about 20% of
the area has good to excellent recharge potential.

Groundwater policy and governance
Globally, India is the largest extractor of groundwater,

however livelihood of millions of farmers is linked to this
resource. Besides, almost entire rural drinking need and

more than half of the urban need depends on it. Socio-eco-
nomic issues related to groundwater are complex and chal-
lenging for sustainable management of this resource. Several
researches have been carried out on these issues.

Bajaj et al. (2021) highlighted groundwater over-exploi-
tation in the north-western states of India and the interplay
of policies of different Govt. Departments linked to ground-
water exploration, resource development, monitoring and
assessment. They opinioned that an integrated approach is
needed to achieve sustainable management of groundwater.
Ananda and Aheeyar (2020) discussed about the dynamics
of groundwater markets and other emerging groundwater
sharing institutional arrangement in India. They highlighted
the need of promoting the scope of small group for ground-
water sharing where social regulatory measures will also
work. The authors also highlighted the impact of distortion-
ary subsidies given for groundwater-based irrigation.

Community based approach on managing groundwater
resource and aspects related to the use of aquifers as a com-
mon pool resource is highlighted by Kulkarni et al. (2021).
The authors emphasised that the gaps between policies and
practices should also be minimised. Landy et al. (2021) sur-
veyed Barambadi watershed in Karnataka state and observed
that the local aquifers are not managed as common pool
resources. Taking note on the rising over-exploitation, Pan-
dey et al. (2022) have mentioned the need of decoupling
groundwater right and land ownership. Besides community
based approach, they have also highlighted some other issues
like rationing the power tariff for irrigation well, aquifer-
based plan and legal empowerment of participatory irriga-
tion management.

Rosencranz et al. (2021) have linked the green revolu-
tion particularly in the north-western part of India and the
rising groundwater over-exploitation. The related laws in
the states are studied and highlighted that isolated, depart-
ment oriented decision making and actions often result in
cross purpose and inefficient use of the resource. In a sig-
nificant study, Malakar et al. (2021) argued that the climate
variability also playing a crucial role in groundwater stor-
age change besides the extraction. In a study spanning over
Indo-Ganga—Brahmaputra-Meghna basin, they assessed
the impact of local precipitation, global climate cycle and
human influence on groundwater level during the period
1985 to 2015. Groundwater extraction is impacting the shal-
low aquifer while, the deeper aquifer is more likely to be
impacted by climate change. They opinioned for the neces-
sary policy intervention in this regard.

Is the severe air pollution witnessed by National Capital
Region (NCR) of New Delhi linked to groundwater over-
exploitation in the adjoining states? The answer is partially
yes. Saha et al. (2022a) and Mukherjee et al. (2022) stud-
ied how the Govt. policies to arrest the rising groundwater
extraction is driving the farmers for burning the stubble of
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Kharif paddy after harvesting which contributes to signifi-
cant air pollution.

Geophysical investigation

Geophysical investigations comprises an important and
effective tool for groundwater studies. Significant researches
are taking place on various techniques in a variety of studies.
Significant studies were conducted on the coastal aquifers
to understand saline water ingress because of fresh ground-
water pumping. Kumar et al. (2023) reviewed the differ-
ent geophysical studies for this in the eastern India coastal
regions and recommended a detailed subsurface imaging
for the entire coastal belt to understand the complex coastal
aquifer and sea water intrusion in space and time. In Mut-
tom-Mandikadu coastal region of Tamil Nadu, a combina-
tion of geophysical (VES), geospatial and hydrochemical
approaches were undertaken and found that about 21% of
the area is vulnerable to sea water intrusion. The zones
with fresh groundwater potential are delineated. Similarly,
Gnanachandrasamy et al. (2020), carried out a compres-
sive hydro-geophysical survey in the coastal Lower Vellar
River basin, underlain by Tertiary and Quaternary forma-
tions. In Digha area of West Bengal, Kumar et al. (2022a)
have applied an integrated approach involving magnetic
susceptibility, hydrochemical and isotopic study to assess
the sea water intrusion. They have recommended ground-
water recharge, to reduce groundwater dependence and con-
stant monitoring of water quality. Sekar et al. (2021) have
adopted VES survey in the coastal aquifer of industrialised
Tutikorin area marked by heavy industrial extraction. Fresh
water bearing zones are detected in deeper horizons that can
be used under a regulated pumping.

Multiple techniques of geophysical surveys are taken
up to delineate groundwater potential zones in unexplored
areas. Sankar et al. (2023) applied VES and Dar-Zarrouk
parameters to delineate potential areas for groundwater
development both in hard rock and sedimentary areas of
Thiruchirappalli district of Tamil Nadu. In a similar study,
Arunbose et al. (2021), studied Karumeniyar River basin of
Tamil Nadu. Anoop et al. (2021) studied the Kalanad basin
of Kasaragod district, Kerala. Further, Stanly et al. (2021)
studied Valliyan River basin in the southern tip of India.

Bhatnagar et al. (2022) used VES survey with Schlum-
berger configuration in Rajouri district of Jammu and Kash-
mir to identify the characteristics of geoelectric layers and
potential zones of groundwater development. Sandeep et al.
(2023) studied the geoelectrical and hydrogeological charac-
teristics of shallow unconfined lateritic aquifers of northern
Kerala using VES survey. The areas suitable for groundwater
development through dug wells are delineated. Anamika and
Emmanuel (2022) have applied AHP model using remote-
sensing and magnetic parameters to assess the evaluation
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indicators of groundwater occurrence in the Perambalur
district of Tamil Nadu. About 49% of the area is deline-
ated as high potential zone favourable for both groundwater
recharge and storage. The potential zones are also validated
with water level data of the area.

Application of GRACE data

In recent years, significant researches are taking place on
application of Gravity Recovery and Climate Experiment
(GRACE) data for understanding the spatial and temporal
behaviour of groundwater resource and levels. Karunakal-
age et al. (2021) analysed a set of post-monsoon data from
2003 to 2019 around Mehsana district of Gujarat. The
GRACE data was downscaled and further analysis indi-
cated a negative anomaly of groundwater storage of about
-60.33 +5.00 mm/yr for the period. Sarkar et al. (2020a)
used RL5 land data product (2003-2016) accessed from
GRACE satellite to assess interannual variability of ground-
water storage in parts of India where water resource is under
stress. Maximum groundwater storage change is observed
in Delhi, northern Uttar Pradesh and some parts of Haryana
(-7.52 cm/year). In a similar study, Singh and Saravanan
(2020) combined GRACE output and soil moisture data
from Global Land Data Assimilation System (GLDAS) to
estimate the change in groundwater storage in Wainganga-
Wardha and Mahanadi basin.

In a study covering the groundwater-stressed region of
Punjab and Haryana, the GRACE data as well as long-term
water level (2005-18) were studied by Pranjal et al. (2021).
They reported severe decline in the water level and inad-
equate recharge causing land deformation authenticated by
DInSAR (Differential Interferometric Synthetic Aperture
Radar) performed using Sentinel-I and SAR-sensor data.
Srivastava and Dikshit (2022) used GRACE data along
with GLDAS hydrological model to assess the change in
groundwater storage in the Indo-Gangetic plains. Inter-
estingly, looking into seasonal analysis, it was found that
maximum depletion rate is prevalent for monsoon period
near the Himalayan belt area. Malakar et al. (2021) ana-
lysed GRACE-derived groundwater storage, water gap
model-based groundwater recharge and groundwater with-
drawal backed up by Artificial Neural Network (ANN) based
analyses of > 5500 monitoring wells-based water level data
(1996-2008). They opinioned that higher declining rate will
be observed for the forecasting period of 2019-23 in parts of
North-Central India and South India, rather than the always
mentioned North-Western part of India.

The problem of groundwater depletion and land subsid-
ence has been studied by several authors (Agarwal et al.
2021; Garg et al. 2022; Kadiyan et al. 2021; Kumar et al.
2022; Chatterjee et al. 2023; Pranjal et al. 2023). Agarwal
et al. (2021) used Sentinel-1 C-band radar images and the
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persistent scatterer interferometric synthetic aperture radar
(PSInSAR) methodology for the period 2016 to 2020 to
study land movement for London and National Capital
Territory (NCT), Delhi. Pranjal et al. (2023) presented an
approach for an improved estimate of regional groundwater
storage (GWS) change in north-western India by integrat-
ing GRACE data and in situ data. Chatterjee et al. (2023)
studied the impact of groundwater over-extraction in parts of
the National Capital Territory of Delhi (NCT Delhi), India
using the long-term groundwater level data analysis and spa-
ceborne geodetic observations.

Isotope based studies

Isotope-based investigations are increasingly being used for
improved understanding of the groundwater system like the
groundwater recharge processes, aquifer dynamics, inter-
action of surface and groundwater sources, and submarine
groundwater discharge etc. Several isotopic studies from dif-
ferent geographical parts of the country has been carried out
in recent years. Some of the isotope application researchers
are also mentioned in the Artificial Recharge section.

Das et al. (2021) have studied the stable isotope dynamics
of groundwater interaction with the Ganga River. Hydro-
graph separation and end-member mixing analysis using
high-resolution water isotope (5'%0 and &°H) and electri-
cal conductivity data has been attempted to characterise the
spatio-temporal discharge parameters of the river at its mid-
dle course. The results indicate that groundwater discharge
to the river is highest (30%) during the pre-monsoon and
reduces during post-monsoon to 25% while during the peak
monsoon, the river recharges the groundwater due to reversal
of the flow gradient.

The rate of recharge of aquifers in the sedimentary and
the volcanic terrains from the state of Madhya Pradesh was
studied by Pandey et al. (2023) using isotopic mass balance
approach. Swetha et al. (2020) from a study in the Kuttiyadi
river basin in Kerala estimated the contribution of surface
water to groundwater recharge in different physiographic
regions (low land, mid land and high land zones) of the
basin. Roy et al. (2022) using the environmental isotopes
unravelled the 30 ka recharge history of a multi-tiered allu-
vial aquifer system from NW India. Danish et al. (2019)
used the dissolved concentration of Sr isotopes and 8’Sr/*°Sr
ratios for estimating the Submarine Groundwater Discharge
(SGD) fluxes for Chilika lagoon and estimated that SGD
accounts for nearly 20% of the total water supplied to the
Chilika lagoon during the pre-monsoon season.

A novel approach for assessment of aquifer vulnerability
has been proposed by Roy et al. (2022) for aquifer system of
NW India in which weighted isotope geospatial model has
been developed by combining 8'%0, §°H, aquifer perme-
ability and water level data for vulnerability assessment. The

model has been validated with NO; concentration in ground-
water. Sreedevi et al. (2021) have used deuterium excess as
a proxy for recharge in granitic aquifers in an evaporative
environment. Recharge processes in the fractured basement
terrains of Gujarat has been elucidated through integrated
environmental isotopes (5'%0, §°H, and 6°H) and hydrogeo-
chemical studies by Pradhan et al. (2022).

Groundwater modelling, remote sensing and GIS

Groundwater modelling is a valuable tool that provides
insights into the response of groundwater systems to nat-
ural and stressed conditions and can be used for making
informed decisions for different purposes like management
of groundwater resources and environmental protection.
The research papers published in recent years have used
modelling to study the behaviour of the aquifer systems in
various parts of the country, ascertaining the risk hazard of
arsenic contamination in the country, predicting water lev-
els, groundwater balance studies, and accounting for river-
aquifer interactions.

Senthilkumar and Gnanasundar (2022) developed a
groundwater model for the highly stressed aquifer system
of Chennai which is witnessing both over-exploitation and
degradation of groundwater quality due to saline water
intrusion. Singh and Ghosh (2022) developed groundwater
flow modelling for Cachar in the north-eastern part of the
country. The groundwater model of north-western India was
developed by Shekhar et al. (2020). Pande et al. (2022) mod-
elled the basaltic aquifer systems of Maharashtra. Prayag
et al. (2023) developed a flow model for the Cauvery delta
in which changes in groundwater resources due to decrease
in canal flows and increased groundwater extraction in the
last 30 years has been assessed. Mukherjee et al. (2021)
used the Al based modelling for determining groundwater
arsenic hazard on a regional scale across the country. The
authors using the statistical and machine learning methods
have modelled the probability of arsenic concentration in
groundwater at 1 km resolution. Podgorski and Berg (2020)
created a random forest model to produce arsenic hazard
and exposure maps of the areas and population potentially
exposed to high arsenic concentration. The study has esti-
mated a population of 18-30 million people in India at risk
of high exposure to arsenic.

Pandey et al. (2020) have used ANN optimised with
Genetic Algorithm for predicting water levels in the inter-
fluve area of the Ganga and Hindon in Uttar Pradesh. Xie
et al. (2020) developed a predictive, integrated hydrological
and groundwater use model and evaluated the model using
the Total Water Storage data from GRACE. The authors
demonstrated the utility of this model to project groundwater
balance in a case study from North-West India.
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Lu et al. (2022) used numerical simulation to account for
the pumping induced water exchange between river Ganga
and groundwater in Patna urban area. The study reveals that
the risk of fluvial contamination of the aquifers in the study
area can be mitigated by optimising the depth, pumping rate
and the location of new wells in the area.

Geospatial modelling and remote sensing data products
are of significant use in groundwater studies. During recent
years several studies have been carried out to delineate
groundwater potential zones and assessment of aquifers vul-
nerability to contamination using remote sensing and GIS.
Several authors have used the geospatial modelling and AHP
methods for delineation of groundwater potential zones like
Moharir et al. (2023) for Damoh district in Madhya Pradesh,
Central India; Ramachandra et al. (2023) for YSR district,
Andhra Pradesh; Bera et al. (2022) for Totko River Basin
and Bera et al. (2020) for Karha river basin Maharashtra.

GIS based DRASTIC models have been used by sev-
eral authors for assessment of groundwater susceptibility
to contamination like Shanmugamoorthy et al. (2023) in
Noyyal river basin, South India; Saravanan et al. (2023) for
Thoothukudi district, Tamil Nadu. Rajput et al. (2020) have
carried out assessment of contamination risk for Bhiwadi
region, Rajasthan. Saranya and Saravanan (2021) adopted
hierarchical fuzzy- DRASTIC model in Cuddalore Region
and Sarkar and Pal (2021) for Malda district, West Bengal.
Kumari et al. (2022) used the Landsat derived remote sens-
ing products along with Normalised Difference Water Index
(NDWI) to determine the temporal changes of water spread
area within the Telebanda lake catchment of Raipur, Chhat-
tisgarh. Ghosh et al. (2023) have carried out hydro geomor-
phological mapping in Manbhum-Singhbhum plateau for
digital geomorphological mapping with hydrological aspects
and investigation of groundwater storage changes for water
resource development and land use planning.

Conclusions

Groundwater is a distributed resource tapped by millions
of farmers. Besides, millions of bore wells/tube-wells are
drilled for drinking and industrial supply. The number of
wells are increasing rapidly as its demand is expanding and
at the same time the water level is going deeper with ris-
ing over-exploitation and deteriorating water quality. The
issues which poses challenges for sustainable management
are many and complex. However, the basic issues are a)
unequal spatial and temporal distribution of the resources,
b) rising dependence on groundwater for irrigation, drinking
and industrial uses, ¢) expanding groundwater contamina-
tion, d) climate change impact, e) insufficient demand side
interventions, f) lack of community connect to groundwater
issues, g) working of the water related departments in silos
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etc. The article provides a bird’s eye view of the researches
that have taken place on groundwater covering different
issues. 1) The prominent research areas are geogenic con-
tamination, its distribution, suitability for various uses, 2)
geophysical application for targeting aquifers and delineat-
ing prospective zones, 3) Various geophysical techniques
are used for different aquifer typologies, 4) studies related
to artificial recharge of aquifer. However, in this category,
the studies are mostly confined to find out suitable zones
and sites for recharge. Less attended areas are source water
availability and quality issues, impact assessment, equity
issues etc. Interestingly, number of good researches have
conducted on emerging techniques like application of envi-
ronmental isotopes and GRACE satellite data. Considering
that groundwater is a common resource and livelihood of
millions of small and marginal farmers are linked to ground-
water availability which is badly getting impacted by climate
change, such studies are of immense use. More researches
are welcome on aspects related to the socio-economic and
political dimensions of groundwater. Increasing water use
efficiency and innovative practices for demand management
particularly the agricultural use of groundwater is important
sphere that warrants attention of the research community.
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