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ABSTRACT

Understanding regional groundwater characteristics is an important aspect for sustainability.
The Indian subcontinent is one of the critical regions because of the high population and
rapid developmental activities where the groundwater potential plays a crucial role in meet-
ing the water demands for agriculture, domestic, and industrial purposes. Here we evaluate
the characteristics of the major aquifer systems in the Indian subcontinent and divide these
into three distinct types viz. sedimentary aquifers comprising ∼48%, followed by metamor-
phic crystalline aquifers ∼32% and igneous crystalline aquifers at ∼20%. In 2024, India
extracted 245.64 BCM of groundwater through all these aquifers, representing approximately
60.47% of the nation’s annual extractable groundwater resource (406.19 BCM), as assessed
by the Central Ground Water Board with a total annual recharge of 446.90 BCM. Out of 6,746
groundwater assessment blocks in India, 751 are over-exploited, where extraction exceeds
annual recharge, 127 are saline due to saline groundwater in phreatic aquifers, and 4,951
are classified as safe. Severe over-exploitation of groundwater is observed in sedimentary
aquifers of the Indo-Gangetic alluvial system, notably in Haryana, Punjab, Rajasthan, and
Delhi, whereas significant over-exploitation in metamorphic crystalline aquifers is reported
of Tamil Nadu and Karnataka, particularly in cities such as Bangalore and Chennai. Nev-
ertheless, most assessment units are categorized as ‘safe,’ offering ample opportunity for
sustainable groundwater development. Our review shows that ∼67% of India’s groundwater
is extracted annually primarily for irrigation. We observe substantial disparities in the distribu-
tion and extraction of groundwater for irrigation across the country, exacerbated by increasing
water shortages linked to rising temperatures. These findings emphasize the urgent need for
building efficient irrigation systems in mitigating climate-induced threats. Therefore, to align
with UN Sustainable Development Goals (SDG -6,13 and 15) and safeguard India’s produc-
tive aquifer units, it is essential to implement managed aquifer recharge schemes across the
country.
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Research highlights

• The aquifers of Indian subcontinent are classified into sedimentary (∼48%), metamorphic crystalline (∼32%),
and igneous crystalline (∼20%) systems.

• In 2024, 245.64 BCM of groundwater was extracted, accounting for 60.47% of India’s annual extractable
resource.

• Over-exploitation is concentrated in the Indo-Gangetic sedimentary belt and crystalline aquifers of Tamil Nadu
and Karnataka.

• Irrigation accounts for ∼67% of groundwater use, stressing the need for efficient systems and managed
aquifer recharge to ensure sustainability.

1 Introduction

Although Planet Earth is made up of 70% water, only
3% of Earth’s water is freshwater and of which only 30%
is groundwater. Safe and affordable drinking water, im-
proving water quality and reducing pollution, implementa-
tion of integrated water resource management are among
the various aspects related to water under United Nations’
Sustainable Development Goals. Thus, understanding re-
gional groundwater characteristics is highly significant for
sustainability. In this context, the Indian subcontinent is
one of the critical regions because of the high population
and rapid developmental activities. Groundwater poten-
tial in this region plays a crucial role in meeting the coun-
try’s water demands for agriculture, domestic, and indus-
trial purposes. India is one of the largest users of ground-
water globally, with around 85% of rural drinking water sup-
ply and 65% of irrigation water sourced from groundwater
(Singh and Singh, 2002; Siebert et al., 2010; Saha and
Ray, 2018; Shaji et al., 2024). The geological framework of
India, comprising complex lithologies and structures devel-
oped through multiple orogenic cycles, and different types
of aquifers, has given rise to diverse groundwater potential
(Mukherjee et al., 2012; Mukherjee et al., 2015; Saha and
Ray, 2018; Das, 2023; Scanlon et al., 2023). Gupta and
Sharma (2023) comprehensively reviewed groundwater–
surface water interaction studies in India, highlighting a
predominant focus on the Ganga river basin, limited re-
gional coverage in western and central India, and the
widespread use of isotopic, hydrochemical, and hydrologi-
cal methods, while also emphasizing the lack of adequate
institutional recognition of such interactions. The pres-
ence of alluvial plains, sedimentary basins, and fractured
rock formations enhances the groundwater storage capac-
ity across the country (Rodell et al., 2009; Dangar et al.,
2021; Shaji et al., 2021; Sahoo et al., 2025). One of the key
factors influencing groundwater potential is the monsoon
pattern. India experiences a diverse monsoon climate,
with different regions receiving varying amounts of rainfall

(Lal, 2003; Pattanaik and Rajeevan, 2010; Guhathakurta
et al., 2015). This rainfall recharges aquifers, replenishing
groundwater reserves. However, over-exploitation and in-
adequate recharge mechanisms in certain areas have led
to declining groundwater levels and quality issues in some
regions (CGWB, 2023).

Rainfall in India exhibits significant spatial and temporal
variations, with over 75% of annual rainfall occurring dur-
ing the monsoon months from June to September. This
leads to considerable differences in rainfall patterns across
the country, with regions such as the Western Ghats and
Meghalaya Hills receiving heavy rainfall exceeding 250 cm
annually, whereas areas like Northern Kashmir and West-
ern Rajasthan receive less than 40 cm. Swain et al. (2022)
provided a comprehensive review on the impact of climate
change on groundwater hydrology in India, emphasizing
the region-specific vulnerabilities of aquifer systems and
highlighting the urgent need for adaptive groundwater man-
agement strategies under changing climatic conditions.

Studies conducted by various workers (Singh and
Singh, 2002; Mukherjee et al., 2015; Saha and Ray, 2018;
Nair and Indu, 2021; Dey et al., 2024; Saha et al., 2024;
Taloor et al., 2024; Sahoo et al., 2025) and organizations
such as the Central Ground Water Board (CGWB), various
state groundwater departments and research institutions
have provided valuable insights into India’s groundwater
potential, status, and threats. These studies utilize hydro-
geological mapping, aquifer characterization, and ground-
water modeling techniques to assess groundwater avail-
ability and sustainability. The National Aquifer Mapping
and Management Program (NAQUIM) initiated by the Gov-
ernment of India aims to assess and manage groundwater
resources efficiently. It involves mapping aquifer systems
across the country and implementing measures for sus-
tainable groundwater management. Additionally, advance-
ments in remote sensing and Geographic Information Sys-
tem (GIS) technologies have facilitated the assessment
and monitoring of groundwater resources on a regional
scale. Similarly, groundwater storage studies were carried
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out based on satellite observations of the time-varying
Earth’s gravitational field from the Gravity Recovery and
Climate Experiments (GRACE) (Panda et al., 2021; Singh
et al., 2023).

A pragmatic evaluation of groundwater resource condi-
tions, considering renewable groundwater resources stem-
ming from recharge, withdrawals, and natural discharge,
is imperative for informed groundwater management de-
cisions, particularly in regions grappling with groundwater
challenges. India, with its reliance on dynamic ground-
water resources primarily fuelled by annual precipitation,
stands as a prominent example. Official estimates India’s
annual extractable groundwater resource is 406.19 billion
cubic meters (BCM) as per data from the Central Ground
Water Board (CGWB, 2024).

In this paper, we present a comprehensive overview of
India’s groundwater potential, envisioning a future trajec-
tory guided by sustainable management practices and in-
novative solutions.

2 Major aquifer systems in India

As per CGWB (2023, 2024) and other published data
(Mukherjee et al., 2012, 2015; Saha and Ray, 2018; Dey
et al., 2024; Saha et al., 2024; Taloor et al., 2024; Sa-
hoo et al., 2025) the major Indian aquifers can be di-
vided in to fourteen systems: (1) basaltic aquifer, (2)
granitic aquifer, (3) mafic and ultramafic aquifers, (4)
schist aquifer, (5) quartzite aquifer, (6) khondalite (gran-
ulite facies metapelites) aquifer, (7) gneissic aquifer, (8)
charnockite (orthopyroxene-bearing granulite) aquifer, (9)
banded gneissic aquifer, (10) laterite aquifer, (11) sand-
stone aquifer, (12) alluvium aquifer, (13) shale aquifer, and
(14) limestone aquifer (CGWB, 2023, 2024) (Fig. 1). In
this study, we propose a more integrated and simplified
classification based on lithologic association as: (1) sedi-
mentary aquifers comprising ∼48%, (2) metamorphic crys-
talline aquifers ∼32% and (3) Igneous crystalline aquifers
at ∼20%. In the following sections, the details of these
aquifer systems are evaluated.

2.1 Sedimentary aquifers (Fig. 2)

Sedimentary aquifers, which constitute around 48% of
the total, are the major aquifers of the Indian subcontinent.
The sedimentary aquifers are divided into four and its hy-
drogeological characteristics are given below.

2.1.1 Alluvial aquifer system

India’s alluvial aquifer system covers ∼30% of the coun-
try’s land area, or 945723 km2, which includes the major
Indo Gangetic alluvium (CGWB, 2023) (Fig. 2). The allu-
vial aquifer system in the country is divided into six cate-
gories: younger alluvium (∼36%), older alluvium (∼43%),
aeolian alluvium (∼16%), coastal alluvium (∼4%), valley

fills (0.6%), and pebble & gravel (0.4%). The total area of
younger alluvium in India is 339298 km2. Bihar has the
younger alluvium (73971 km2), followed by Assam (52391
km2), West Bengal (51464 km2) and Chhattisgarh, Kar-
nataka, Kerala, Meghalaya, Nagaland, and Tripura also
have younger alluvium. The total extent of older alluvium
is 407490 km2. Uttar Pradesh has maximum (172526 km2)
of older alluvium, followed by Rajasthan (80114 km2) and
Haryana (28855 km2) and Gujarat (25106 km2). 98% of
the Haryana State is occupied by the alluvial deposits.

The aeolian alluvium in India (149208 km2) is dis-
tributed in Rajasthan (114989 km2) followed by Haryana
(12766 km2), Gujarat (8948 km2) and Jammu and Kashmir
(2816 km2). The total area of coastal alluvium in the coun-
try is 40660 km2. Gujarat consist of 19048 km2 coastal allu-
vium followed by Andhra Pradesh (6920 km2), Tamil Nadu
(5845 km2) and Orissa (5405 km2). Around 3864 km2 con-
sist of valley fills of which Gujarat has 2309 km2 of valley
fills followed by Himachal Pradesh (650 km2), West Ben-
gal (571) and Punjab (335 km2). Similarly, 5203 km2 area
is covered by of pebble and gravel aquifers, Uttar Pradesh
consists of 1960 km2 of pebble and gravel aquifer followed
by Uttarakhand (1247 km2) and Jharkhand (513 km2).

The Quaternary sediments of the Bay of Bengal’s
Coastal Alluvium, Aeolian Alluvium (Silt/Sand), Older Al-
luvium, and Recent Alluvium are primarily significant un-
consolidated formations that make up the main alluvial
aquifers. The main constituents of these sediments are
clays, silts, and sands, pebble and Kankar, etc. These
are, without a doubt, the most important groundwater re-
serves for extensive and large-scale development. The
Indus-Ganga-Brahmaputra basin’s hydrogeological con-
ditions and groundwater regime suggest the presence
of prospective aquifers with sizable freshwater reserves.
These groundwater reservoirs, which receive a lot of rain-
fall and buried beneath a thick layer of permeable sedi-
ments, are heavily utilised and refilled annually. These ar-
eas have a massive groundwater reserve in the deeper part
below the zone of fluctuation as well as in the deeper con-
fined aquifers (CGWB, 2022).

The aquifers of north-western and north-eastern Indian
states mainly consist of alluvium, which include Jammu
and Kashmir, Himachal Pradesh, Punjab, Haryana, Ut-
tar Pradesh, Uttarakhand, Gujarat, Rajasthan, West Ben-
gal, Tripura, Nagaland, Meghalaya, Manipur, and Assam.
Smaller segments of southern Indian states also cover al-
luvium aquifers especially in the coastal region.

The Indo-Gangetic belt is the world’s largest expanse of
thick alluvium, formed by the deposition of silt by numerous
rivers. These highly potential alluvial plains are one of the
world’s most intensively farmed/irrigated regions. The main
crops grown are rice and wheat, which are rotated. Maize,
sugarcane, and cotton are some of the region’s other im-
portant crops. The Indo-Gangetic plains are among the
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Fig. 1. India’s major aquifer systems are classified into 14 distinct units based on their lithological characteristics (modi-
fied after CGWB, 2012, 2023, 2024).
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Fig. 2. Sedimentary aquifers, the major aquifers of the Indian subcontinent, are divided into four units (modified after
CGWB, 2012, 2023).
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world’s most densely populated regions. The Indus-Ganga
plains, also known as the “Great Plains,” are vast flood-
plains between the Indus and Ganga-Brahmaputra river
systems. They run parallel to the Himalaya Mountains,
from Jammu and Kashmir in the west to Assam in the
east, and drain the majority of northern and eastern India.
The Indo-Gangetic plain is traversed mainly by three major
rivers: the Ganges, Indus, and Brahmaputra.

2.1.2 Sandstone aquifer system

The majority of the sandstone aquifers are Carbonif-
erous to Mio-Pliocene in age. This category includes the
Tertiary deposits along the west and east coasts of the
peninsula as well as the terrestrial freshwater deposits that
are part of the Gondwana System. Locally, the Gondwana
sandstones create extremely promising aquifers. They
have mediocre potential elsewhere, and they produce lit-
tle where they are. The most widespread and produc-
tive aquifers in this category are the Gondwanas, Lathis,
Tipams, Cuddalore sandstones, and their equivalents.

India’s sandstone aquifer system covers 8.21% of the
country’s land area, or 260415.61 km2 (CGWB, 2023)
(Fig. 2). The sandstone aquifer system in this country
is divided into four categories: sandstone-conglomerate
(41%), sand stone with shale (36%), sandstone with coal
beds (15%), sandstone with clay (8%). The total area of
sandstone-conglomerate in India is 106380 km2. Jammu
and Kahmir cover largest sandstone-conglomerate aquifer
(106380 km2) among India’s 28 states, followed by Hi-
machal Pradesh (7500 km2). and Andhra Pradesh (6525
km2). The total area of sandstone-shale aquifer is 94775
km2. Rajasthan consists of 23,874 km2 of sandstone-
shale aquifer followed by Madhya Pradesh has (19102
km2) Jammu and Kashmir (18029 km2) and Chhattisgarh
(11642 km2) and Gujarat (25106 km2). The total area of
sandstone with coal beds in India is (37720 km2). Chhat-
tisgarh has 8766 km2 of sandstone with coal beds followed
by Jammu and Kashmir (8392 km2), and Manipur (4712
km2). The total area of Sandstone with clay in the country
is (21540 km2). Andhra Pradesh consists of (10851 km2)
Sandstone with clay followed by Tamil Nadu (4739 km2),
Jammu and Kashmir (1859 km2). The Mio-Pliocene sedi-
mentary formation occurs along Kerala coast has potential
sandstone aquifers.

The hydrogeology of the sandstone consists of single
and multiple aquifer systems as unconfined to confined
respectively. The lowest aquifer thickness of sandstone
aquifer was observed from Karnataka (60–80 m), and
Andhra Pradesh (20–150 m) and maximum from Assam
and Jharkhand (up to 600 m), followed by Bihar, Chhat-
tisgarh, Gujarat, Madhya Pradesh, and Maharashtra (up
to 400 m). The fractures in sandstone aquifer encoun-
tered maximum depth from Himachal Pradesh (1600 m),
and lowest from Andhra Pradesh (100 m). Transmissivity

(m2/day) in the sandstone aquifer is highest in Tamil Nadu
(500–6000), and the lowest in Jammu and Kashmir (3–
5). The highest yield (m3/day) observed from Tamil Nadu
(860–4800) and Himachal Pradesh (20–3662) and the low-
est yield from Assam (5–100).

2.1.3 Shale aquifer system

India’s shale aquifer system covers 7.12% of the coun-
try’s land area, or 225397.03 km2 (CGWB, 2023) (Fig. 2).
The shale aquifer system in this country is divided into four
categories: shale with limestone (11%), shale with sand-
stone (64%), shale, limestone with sandstone (22%), and
shale (3%). The total area of shale with limestone is 21884
km2. Chhattisgarh has largest shale with limestone aquifer
(9411 km2) among India’s 28 states, followed by Rajasthan
(3349 km2). and Jammu and Kashmir (2727 km2). The to-
tal area of shale with sandstone aquifer is 151729 km2.
Arunachal Pradesh has 23,801 km2 of shale with sand-
stone aquifer followed by Madhya Pradesh (22477 km2),
Andhra Pradesh (18029 km2) and Rajasthan (12127 km2)
and Gujarat (25106 km2). The total area of shale, lime-
stone and sandstone is 45399 km2. Jammu and Kashmir
consist of 22032 km2 of shale, limestone and sandstone
aquifer followed by Arunachal Pradesh (11761 km2), and
Meghalaya (4536 km2). The total area of shale aquifer
is 5938 km2 and Gujarat consist of 3479 km2 followed
by Himachal Pradesh (1051 km2), and Mahya Pradesh
(872 km2).

The shale aquifer consists of single aquifer system,
with unconfined to confined aquifer type. The lowest
aquifer thickness of shale aquifer was observed from Hi-
machal Pradesh and Karnataka (40–150 m), and the max-
imum from Rajasthan, Maharashtra, Madhya Pradesh, and
Chhattisgarh (up to 450 m). The fractures in shale aquifers
show varying maximum depth such as highest in Himachal
Pradesh (190 m), and lowest from Jharkhand (75 m).
Transmissivity (m2/day) in the shale aquifer is highest in
Chhattisgarh (450), and the lowest in Andhra Pradesh and
Karnataka (1.2–24). The highest yield was observed from
Tamil Nadu (20–2100 m2/day) and Chhattisgarh (9–1728)
and the lowest from Uttarakhand and Gujarat (200).

2.1.4 Limestone aquifer system

Marble, dolomite, and limestone are examples of car-
bonate rocks that are part of the consolidated sedimen-
tary rocks. Limestones are the most abundant type of
carbonate rock. The principal zones of water bearing in
carbonate rocks are the solution cavities and fractures.
Separated from other major litho-units like conglomerates,
sandstones, shales, slates, and quartzites, limestones and
dolomites make up the consolidated sedimentary rocks of
the Cuddapah and Vindhyan subgroups and their equiva-
lents.
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India’s limestone aquifer system covers 1.98% of the
country’s land area, or 62898.91 km2 (CGWB, 2023)
(Fig. 2). The limestone aquifer system in this country is di-
vided into four categories: Miliolitic limestone (4.7%), lime-
stone/dolomite (86.3%), lime stone with shale (8.6%), and
marble (1.6%). The total area of miliolitic limestone in In-
dia is 2946 km2. Gujarat has the largest miliolitic limestone
aquifer (2943 km2) among India’s 28 states, followed by
Rajasthan (3 km2). The total amount of limestone/dolomite
aquifer is 54306 km2. Chhattisgarh (13122 km2) has the
largest extent of limestone/dolomite followed by Jammu
and Kashmir (10399 km2), Andhra Pradesh (8613 km2),
Karnataka (5872 km2), Himachal Pradesh has (5510 km2),
and Uttarakhand (1457 km2). The total area of limestone
with shale in India is 5414 km2. Chhattisgarh leads (2133
km2) for limestone with shale aquifer followed by Andhra
Pradesh (1721 km2), and Maharashtra (1376 km2). The
total area of marble aquifer in the country is 996 km2 with
Maharashtra (356 km2) Rajasthan (277 km2), Gujarat (175
km2) hosting most of these.

The hydrogeology of the limestone aquifer consists of
mainly single aquifer system, with confined, unconfined to
semi-confined aquifer type. The lowest aquifer thickness
of limestone aquifer was observed from Himachal Pradesh
and Karnataka (40–150 m), and the maximum from Ra-
jasthan, Maharashtra, Madhya Pradesh, and Chhattisgarh
(up to 450 m). The fractures in limestone aquifer encoun-
tered maximum depth from Andhra Pradesh (190 m), and
lowest from Maharashtra (15 m). Transmissivity (m2/day) in
the limestone aquifer is highest in Andhra Pradesh (740),
and the lowest in Assam (10–172). The highest yield
(m3/day) observed from Andhra Pradesh (20–2100) and
the lowest yield from Uttarakhand (20–200).

2.1.5 Lateritic aquifer system

Laterites are formed through the chemical weathering
of sedimentary rocks like sandstones, clays, and lime-
stones, metamorphic rocks such as gneisses, migmatites,
and granites, and igneous rocks like basalts, gabbros, and
peridotites. Lateritization occurs in hot, humid tropical re-
gions and is rich in iron and aluminium. The most widely
distributed and well-developed aquifer is laterite, particu-
larly in the peninsular states. Where the saturated zone is
thicker, laterite forms potential aquifers along valleys and
topographic lows that can support large diameter open
wells for irrigation and residential use.

According to CGWB reports, India’s lateritic aquifer sys-
tem covers 1% of the country’s land area, or 40926 km2

(Fig. 2). Only 12 states in India were noticed lateritic aquifer
in the country and the West Bengal (14280 km2) covers the
largest lateritic aquifer in India among India’s 28 states, fol-
lowed by Maharashtra (5516 km2), Orissa (5305 km2) etc.
In the mid land region of Kerala, laterite is a major aquifer
unit.

The hydrogeology of the lateritic aquifer consists of
mainly single aquifer system, with unconfined aquifer type.
The weathered thickness of khondalite aquifer was ob-
served from (2–40 m) and the groundwater zone in lateritic
aquifer encountered in different depths within the 40 m.
Transmissivity (m2/day) in the lateritic aquifer is highest in
Andhra Pradesh (1500), and the lowest in Orissa (nearly
20). The highest yield (m3/day) observed from Chhattis-
garh (6048).

2.2 Metamorphic crystalline aquifers

These aquifers represent the second largest unit in In-
dia in terms of its area representation (∼32%). Meta-
morphic crystalline aquifers are represented by six distinct
rocks types and they represent phreatic, semi-confined,
and confined aquifers. In general, they have low porosity
and permeability due to the compact and crystalline na-
ture of the rock matrix. These aquifers often exhibit lim-
ited primary porosity, relying instead on secondary porosity
features such as fractures, joints, and faults for groundwa-
ter storage and flow. Water yield from crystalline aquifers
tends to be variable and influenced by the spatial distri-
bution and effective porosity of the entire aquifer units.
Additionally, groundwater in crystalline aquifers may ex-
hibit higher mineralization levels compared to other aquifer
types due to prolonged interaction with the rock matrix.

In these terrains, groundwater is typically found un-
der phreatic conditions in the mantle of weathered rock,
overlying the crystalline rock. Within the fissures, frac-
tures, cracks, and joints exist within the crystalline rock,
groundwater occurs in a semi-confined or confined state.
In comparison to the volume of water stored under semi-
confined conditions within the crystalline rock, the stor-
age in the overlying phreatic aquifer is often significantly
greater. In such scenarios, the network of fissures and
fractures acts as permeable conduits, facilitating the flow
of water to bore wells. They mostly occur in states like
Arunachal Pradesh, Madhya Pradesh, Goa, Kerala, Kar-
nataka, Tamil Nadu Telangana, Andhra Pradesh, Orissa,
Chhattisgarh, and Jharkhand (Fig. 3). The six subdivisions
of metamorphic aquifers are described below.

2.2.1 Banded Gneissic Complex (BGC) aquifer System

The north-western and north-eastern Indian states
mainly consist banded gneissic aquifers in India and which
include Karnataka, Andhra Pradesh, Telangana, Chhattis-
garh, Orissa, Madhya Pradesh, Jharkhand, Tamil Nadu.
Southern Indian states mainly cover banded gneissic
aquifers (Fig. 3). According to CGWB reports, India’s
banded gneissic aquifer system covers 15% of the coun-
try’s land area, or 478383 km2 (CGWB, 2023). Karnataka
is the wide spread banded gneissic aquifer in the coun-
try (114943), followed by Andhra Pradesh (110284 km2).

255



Shaji et al. Habitable Planet, 2025, 1(1&2):249–270

Fig. 3. Metamorphic aquifers of India, which are divided into six units (modified after CGWB, 2012, 2023).
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Chhattisgarh (37756 km2), Orissa (54951 km2), Jhark-
hand (46174 km2), Rajasthan (21506 km2), Uttar Pradesh
(9283 km2).

The lowest thickness of banded gneissic aquifer weath-
ered zone was observed from Andhra Pradesh (3–15 m),
followed Meghalaya (5–15 m), and Orissa (12–15 m) and
the maximum thickness in Jharkhand (up to 100 m), fol-
lowed by Karnataka, Chhattisgarh, and Goa (up to 60 m).
The fractures in banded gneissic aquifer extend to a max-
imum depth in Orissa (100–200 m), followed by Kerala
(60–175 m), Rajasthan (60–170 m) and Tamil Nadu (60–
170 m). The lowest depth was observed from Megha-
laya (20–40 m), Andhra Pradesh (12–60 m), Meghalaya
and followed by Andhra Pradesh (40–80 m). Transmis-
sivity (m2/day) in the banded gneissic aquifer is highest
in Jharkhand (2–186), lowest in Orissa (5–15). The high-
est yield (m3/day) observed from Jharkhand (24–3624) and
Orissa (258–691) and the lowest yield from Kerala (2–10)
and Meghalaya (5–10). All the banded gneissic aquifers
are single aquifer Unconfined Semi-confined to Confined
system.

2.2.2 Gneissic aquifer system

According to CGWB reports, India’s gneissic aquifer
system covers 0.51% of the country’s land area, or
158753.26 km2. The gneissic aquifer system is classi-
fied in to three: undifferentiated metamorphics, gneiss
and migmatite. Undifferentiated metamorphics aquifer cov-
ers (59260 km2), gneiss aquifer cover (43266 km2), and
migmatite gneiss aquifer covers (56228 km2). The south-
ern Indian states are mainly characterized by gneissic
aquifer (Fig. 3) such as Tamil Nadu, and Kerala. Only
four states are holding gneissic aquifer in India and Tamil
Nadu is the largest migmatite gneiss aquifer in the country
covering 51675 km2, followed by Andhra Pradesh (3151
km2), Rajasthan (1174 km2), and Orissa (109 km2). Ker-
ala has 11980 km2 of gneissic aquifer followed by Andhra
Pradesh (7708 km2), Maharashtra (7095 km2) and Hi-
machal Pradesh (4041 km2). Undifferentiated metamor-
phics mainly occurs in Chhattisgarh (19679 km2), followed
by Rajasthan (17168 km2), and Maharashtra (9481 km2),
and Uttarakhand (5735 km2).

The lowest thickness of gneissic aquifer weathered
zone is observed from Uttarakhand, and Himachal Pradesh
(3–15 m) respectively and maximum from Jharkhand (up to
100 m), followed by Madhya Pradesh, Bihar, Tamil Nadu,
and Maharashtra (up to 25 m). The fractures in gneissic
aquifer encountered maximum depth from Rajasthan (200
m), followed by Madhya Pradesh (175 m), Uttarakhand
(170 m) and Tamil Nadu (160 m). The lowest fractures
zone was observed from Himachal Pradesh (20–40 m),
Arunachal Pradesh (20–60 m), Andhra Pradesh and Ra-
jasthan (20–80 m) respectively. Transmissivity (m2/day)
in the gneissic aquifer is highest in Kerala (14–80), and

Uttarakhand (20–80) and the lowest in Himachal Pradesh
(5–25), and Maharashtra (6–27). The highest yield
(m3/day) observed from Tamil Nadu (80–2500) and Ra-
jasthan (14–864) and the lowest yield from Himachal
Pradesh (50–70) and Maharashtra (10–80). All the banded
gneissic aquifers are single aquifer systems with uncon-
fined, semi-confined to confined aquifer type.

2.2.3 Schist aquifer system

According to CGWB reports, India’s schist aquifer sys-
tem covers 4.44% of the country’s land area, or 140934
km2 (CGWB, 2023) (Fig. 3). The schist aquifer system in
this country is divided into three categories: schist, phyllite
and slate. The total area of schist in India is 93026 km2,
phyllite is 31589 km2 and slate is 16321. Karnataka covers
the largest schist aquifer in India (28458 km2) among In-
dia’s 28 states, followed by Andhra Pradesh (13386 km2)
and Jammu and Kashmir hold (9365 km2). Jharkhand
covers (7703 km2) of phyllite aquifer followed by Madhya
Pradesh (4147 km2), and Uttarakhand (3954 km2) etc.
only six states were observed slate aquifers and Himachal
Pradesh covers majority of slate aquifers in India (12045
km2) followed by Jammu and Kashmir (2288 km2) and Ut-
tarakhand (1191 km2).

The hydrogeology of the schist aquifer consists of
mainly single aquifer system, with confined, unconfined to
semi-confined aquifer type. The lowest weathered thick-
ness of schist km aquifer was observed from Bihar (4 m),
and the maximum from Rajasthan (up to 80 m). The frac-
tures in schist aquifer encountered maximum depth from
Orissa (up to 180 m), and lowest from Himachal Pradesh
(10 m). Transmissivity (m2/day) in the schist aquifer is high-
est in Bihar (95), and the lowest in Jammu and Kashmir,
Orissa, Himachal Pradesh, Gujarat, and Andhra Pradesh
(nearly 2). The highest yield (m3/day) observed from Kar-
nataka (562) and the lowest yield from Himachal Pradesh
(2.73–43.2).

2.2.4 Quartzite aquifer system

According to CGWB reports, India’s quartzite aquifer
system covers 1.48% of the country’s land area, or 46904
km2 (CGWB, 2023) (Fig. 3). Andhra Pradesh (11305 km2)
covers the largest schist aquifer in India among India’s
28 states, followed by Uttarakhand (7033 km2) Rajasthan
(6456 km2) and Uttar Pradesh (5378 km2). etc.

The hydrogeology of the quartzite aquifer consists of
mainly single aquifer system, with unconfined to semi-
confined aquifer type. The lowest weathered thickness of
quartzite aquifer was observed from Gujarat (5 m), and the
maximum from Rajasthan (up to 30 m). The fractures in
quartzite aquifer encountered maximum depth from Bihar
and Rajasthan (up to 150 m), and lowest from Haryana
(14 m). Transmissivity (m2/day) in the quartzite aquifer is
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highest in Orissa (211), and the lowest in Haryana, Ma-
harashtra, and Jharkhand (nearly 3). The highest yield
(m3/day) observed from Rajasthan and Gujarat (400) and
the lowest yield from Haryana (2.76).

2.2.5 Charnockite aquifer system

India’s charnockite aquifer system covers 2% of the
country’s land area, or 76360 km2 (CGWB, 2023). Only
seven states in India have charnockite aquifer in the coun-
try (Fig. 3) and the Tamil Nadu (33580 km2) covering the
largest charnockite aquifer in India, followed by Kerala
(16071 km2), and Andhra Pradesh (11302 km2).

The hydrogeology of the charnockite aquifer consists
of mainly single aquifer system, with unconfined to semi-
confined aquifer type. The lowest weathered thickness of
charnockite aquifer was observed from Kerala and Tamil
Nadu (5 m), and the maximum from Rajasthan (up to 45
m). The fractures in charnockite aquifer encountered max-
imum depth from Chhattisgarh (up to 450 m), and lowest
from Tamil Nadu and Andhra Pradesh (15 m). Transmis-
sivity (m2/day) in the charnockite aquifer is highest in Tamil
Nadu (476), and the lowest in Andhra Pradesh and Ra-
jasthan (nearly 5). The highest yield (m3/day) observed
from Kerala (3024) and Tamil Nadu (2500) the yield from
Chhattisgarh and Rajasthan (2.5–10).

2.2.6 Khondalite aquifer system

India’s khondalite (granulite facies metapelites) aquifer
system covers 1% of the country’s land area, or 32914 km2

(CGWB, 2023) (Fig. 3). Only six states in India have khon-
dalite aquifer in the country with Orissa (14351 km2) cov-
ering the largest khondalite aquifers, followed by Andhra
Pradesh (12091 km2), and Kerala (4223 km2).

The hydrogeology of the khondalite aquifer consists
of mainly single units, with unconfined to semi-confined
aquifer type. The weathered thickness of khondalite aquifer
ranges from 5 to 20 m. The fractures in khondalite aquifer
encountered at maximum depth (291 m) from Chhattisgarh
and minimum from Kerala (40 m). Transmissivity (m2/day)
in the khondalite aquifer is highest in Tamil Nadu (476), and
the lowest in Andhra Pradesh and Rajasthan (nearly 10).
The highest yield (m3/day) wells are observed from Tamil
Nadu (1500).

2.3 Igneous crystalline aquifers (Fig. 4)

The igneous crystalline aquifers are represented by 3
distinct rocks types namely Deccan basalt (trap), granite,
and mafic/ultramafic rocks. The details are given below.

2.3.1 Deccan basalt (trap) aquifer system

The vast area of Deccan basalts in central India is the
major igneous aquifer and composed of alternate layers
of compact and vesicular beds of lava flows (Fig. 4). The

ground water occurrence in basalts is controlled by na-
ture and extent of weathering, presence of vesicles and
lava tubes, thickness of flows, number of flows and the na-
ture of inter-trappean layers. Basaltic aquifers have usually
medium to low permeability. Groundwater occurrence is
controlled by the contrasting water bearing properties of
different flow units, thus, resulting in multiple aquifer sys-
tem, at places. The water bearing zones are the weathered
and fractured zones. The permeability of basaltic aquifers
is typically medium to low. The contrasting water-bearing
characteristics of various flow units regulate the occurrence
of groundwater in the traps, leading to the creation of mul-
tiple aquifer systems in certain areas. The cracked and
worn areas are the ones that hold water. In India, 14 states
are reported to have basaltic aquifers (CGWB, 2023). The
basaltic aquifer system is divided into two categories: mafic
and ultramafic. Maharashtra has wide spread basaltic
aquifer in the country (235903 km2) followed by Madhya
Pradesh (135433 km2), Gujarat (74297 km2), Rajasthan
(9794 km2), Andhra Pradesh (9066 km2), Jammu & Kash-
mir (6173 km2), Jharkhand (3085 km2), Arunachal Pradesh
(1397 km2), Chhattisgarh (836 km2), Uttar Pradesh (572
km2), West Bengal (244 km2), Goa (35 km2), and Bihar
(34 km2).

The lowest thickness of weathered zone is observed
from Andhra Pradesh (5–20 m) and maximum from Goa
(60 m), followed by Karnataka (10–45 m). The fractures in
basalts encountered maximum depth from Gujarat (100–
280 m), followed by Maharashtra (20–200 m) and Madhya
Pradesh (60–175 m). The lowest depth was observed from
West Bengal (35–90 m) and followed by Andhra Pradesh
(40–80 m). Transmissivity (m2/day) in the alluvium aquifer
is highest in Andhra Pradesh (6–740), lowest in Chhat-
tisgarh (5–50), followed by Jharkhand (26–176), but high
yield (m3/day) observed from Chhattisgarh (360–480) and
Madhya Pradesh (70–350) and the lowest yield from Gu-
jarat (1–30) and Maharashtra (45–90). In general, Mad-
hya Pradesh, Maharashtra and Gujarat states have wide
spread basalt aquifer system. All the basalt aquifers repre-
sent single and multiple system with unconfined to semi-
confined type except in Maharashtra as it includes un-
confined type also. The weathered basalts and vesicular
basalts have higher transmissivities than fractured-jointed
basalt and, therefore, form better aquifers.

2.3.2 Granitic aquifer system

India’s granitic aquifer system covers 3.18% of the
country’s land area, or 100992 km2 (CGWB, 2023) (Fig. 4).
The granitic aquifer system in this country is divided into
two categories: felsic volcanic rocks and felsic plutonic
rocks. The total area of felsic volcanic rocks in India is
133 km2 and felsic plutonic rocks is 100858 km2. Gujarat
covers the largest felsic volcanic rocks (115 km2) among
India’s 28 states, followed by Rajasthan (18 km2). Only few
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Fig. 4. Igneous aquifers of India, which are divided into three units (modified after CGWB, 2012, 2023).
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states in India were observed felsic plutonic rocks. Jammu
and Kashmir hold (39111 km2) of intrusive acidic rocks fol-
lowed by Andhra Pradesh (13597 km2), Rajasthan (13190
km2), Arunachal Pradesh (8672 km2), and Maharashtra
(7618 km2).

The hydrogeology of the granitic aquifer consists of
mainly single aquifer system, with confined, unconfined
to semi-confined aquifer type. The lowest weathered
thickness of granitic aquifer was observed from Himachal
Pradesh and Uttarakhand (5–18 m), and the maximum
from Jharkhand and Chhattisgarh (up to 40 m). The frac-
tures in granitic aquifer encountered maximum depth from
Tamil Nadu (200 m), and lowest from Andhra Pradesh (15
m). Transmissivity (m2/day) in the granitic aquifer is high-
est in Tamil Nadu (500), and the lowest in Andhra Pradesh
(2.3–12.6). The highest yield (m3/day) observed from Tamil
Nadu (288–1440) and the lowest yield from Gujarat (1–
100).

2.3.3 Mafic and ultramafic aquifers

India’s mafic/ultramafic aquifer system covers 0.63% of
the country’s land area, or 19896 km2 and CGWB clas-
sified this aquifer as intrusives (CGWB, 2023) (Fig. 4).
They are classified in to mafic, dolerite/anorthosite, meta-
morphosed mafic intrusive /granophyre and ultramafic.
Mafic, dolerite/anorthosite covers (11167 km2) and ultra-
mafic covers (8729 km2). Chhattisgarh (4352 km2) hold
largest dolerite/anorthosite and anorthosite aquifers in In-
dia followed by Orissa (2922 km2) and Maharashtra (649
km2). Jammu and Kashmir (4926 km2) hold largest ultra-
mafic, metamorphosed mafic intrusive/granophyre aquifers
in India followed by Orissa (1948 km2) and Nagaland
(632 km2).

The hydrogeology of these aquifer consists of mainly
single aquifer system, with confined, unconfined to semi
confined aquifer type. The weathered thickness of intrusive
aquifer was observed from (6–13 m) and the groundwater
fracture zone in intrusive aquifer encountered in different
depths within the 150 m. Transmissivity (m2/day) in the in-
trusive aquifer is not well studied and its ranges from 0.71–
81. The highest yield (m3/day) observed from 0.28–258.

3 Aquifer parameters

3.1 Vadose zone

The vadose zone plays a vital role in groundwater
recharge in the different aquifer systems of India. This
zone serves as the main pathway for rainwater and surface
water to percolate down to the aquifers; however, its na-
ture varies from place to place and from aquifer to aquifer.
Its characteristics such as thickness, soil texture, porosity,
and permeability are governed by the parent rocks and the
degree of weathering. In regions like the Indo-Gangetic
plains, sandy vadose zones enable rapid infiltration, while

in peninsular crystalline terrains, clayey and weathered lay-
ers restrict recharge. The removal of topsoil from the va-
dose zone of an area for developmental activities severely
affects groundwater recharge and its aquifer properties in
many crystalline aquifers. Acting as a natural filter, the va-
dose zone improves water quality by trapping sediments
and reducing contaminants, although excessive use of fer-
tilizers, pesticides, and industrial effluents can still leach
through and degrade groundwater. Since most recharge
in India depends on the monsoon, the vadose zone also
functions as a temporary reservoir that moderates sea-
sonal fluctuations. Its significance is further evident in arti-
ficial recharge practices such as check dams and percola-
tion ponds, where the effectiveness largely depends on va-
dose zone properties. Studies by Arora and Ahmed (2011)
demonstrate that time-lapse electrical resistivity tomogra-
phy (TLERT) is an effective tool for identifying preferential
recharge pathways through fractures in the vadose zone
of crystalline aquifers, providing insights beyond conven-
tional point-based measurements. Thus, the vadose zone
is a critical link between surface water and groundwater,
directly influencing the sustainability and quality of India’s
aquifer systems.

3.2 Major aquifer parameters

Aquifers in India vary widely in their parameters de-
pending on geological formations, hydrological conditions,
and anthropogenic influences. The various parameters are
listed below.

(a) Geological Formation: India has diverse geological
formations ranging from alluvial plains to crystalline
(hard rock) regions. Aquifers can be found in sed-
imentary formations like alluvium, sandstone, and
limestone, as well as fractured rock formations like
granite and basalt.

(b) Porosity: Porosity refers to the percentage of void
spaces in the rock or sediment that can hold water.
Alluvial aquifers generally have higher porosity com-
pared to fractured rock aquifers.

(c) Permeability: Permeability measures the ability of the
rock or sediment to transmit water. Aquifers with
higher permeability allow water to flow more easily.
For example, alluvial aquifers typically have higher
permeability than crystalline rock aquifers.

(d) Recharge rate: Recharge rate is the rate at which
water enters the aquifer, typically through precipita-
tion or surface water infiltration. It varies depending
on factors like rainfall patterns, land use, and surface
water availability.

(e) Depth: Aquifers can occur at different depths below
the ground surface, ranging from shallow to deep
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Aquifer Yield (m3/day) Specific yield (%) Transmissivity (m2/day)
Alluvium 10–6500 6–18 2–1600
Laterite 5–6000 2–9 2–1500
Basalt 1–480 1–3 5–740
Sandstone 5–3700 1.5–15 3–6000
Shale 8–2900 1–3 10–740
Limestone 4–2100 2–3 1.2–450
Granite 10–1440 2–3 0.32–500
Schist 3–550 1.2–5.2 2–95
Quartzite 2–400 1–2.5 2.7–211
Charnockite 1–3000 2–5 5–476
Khondalite 20–1500 2–3 10–476
Banded Gneiss 2–3600 1.5–3 2–186
Gneiss 10–2500 1.5–5 5–80
Mafic/ultramafic Low Yield 1.5–2 0.71–81

Table 1. The salient properties of the major aquifer systems in India.

aquifers. Shallow aquifers are often more suscepti-
ble to contamination, while deeper aquifers may have
higher quality water but require more energy for ex-
traction.

(f) Storage Capacity: Storage capacity refers to the vol-
ume of water that can be stored in the aquifer. It
depends on factors like porosity, thickness of the
aquifer, and degree of saturation. These parameters
are critical for understanding the dynamics of ground-
water flow, sustainability of extraction, and vulnerabil-
ity to contamination in different regions of India.

Table 1 shows the transmissivity and specific yield val-
ues of the aquifers (source: CGWB, 2023). Transmissivity
is a measure of the ability of an aquifer to transmit water
horizontally under a hydraulic gradient. In India, the trans-
missivity of aquifers varies significantly across different re-
gions due to variations in geological formations and hydro-
logical conditions. For instance: Alluvial aquifers, predom-
inant in regions like the Indo-Gangetic plains, typically ex-
hibit high transmissivity due to their sandy and gravelly na-
ture, allowing for significant horizontal movement of water.
In contrast, aquifers in crystalline regions, such as parts of
peninsular India, have lower transmissivity due to the pres-
ence of fractured rock formations, which offer less continu-
ous pathways for water flow compared to alluvial deposits.
Sandstone, laterite and alluvial aquifers of India show high-
est transmissivity values.

Specific yield, also known as drainable porosity, is the
ratio of the volume of water that an aquifer will yield by
gravity to the volume of the aquifer material. It represents
the amount of water released from storage per unit de-
cline in hydraulic head in an unconfined aquifer. Specific
yield values in India can vary depending on factors such

as lithology, porosity, and degree of saturation. Alluvial
aquifers generally have higher specific yield values due to
their higher porosity and greater capacity to store and re-
lease water. Fractured rock aquifers may have lower spe-
cific yield values compared to alluvial aquifers due to the
presence of less permeable rock matrix interspersed with
fractures.

4 Estimation of groundwater resources

4.1 Dynamic groundwater resource (shallow aquifer)

Groundwater resource assessment in India is carried
out periodically through joint efforts of the State Ground
Water Departments and the Central Ground Water Board
(CGWB), under the supervision of the Central Level Ex-
pert Group (CLEG). These assessments, undertaken since
1980 and conducted annually and estimates dynamic
groundwater resources, extractable resources, utilization,
and the stage of extraction. Until 2017, the methodology
followed the Ground Water Estimation Committee (GEC-
97) guidelines, whereas subsequent assessments adopt
the revised GEC-2015 methodology. Rainfall remains the
principal source of recharge, contributing about 61% of
the total, though its distribution varies widely across the
country. Recharge potential is also strongly influenced by
geological formations, with alluvial aquifers showing high
storage and transmission properties compared to fissured
crystalline terrains.

The 2024 assessment estimated the total annual
groundwater recharge at 446.90 BCM and extractable re-
sources at 406.19 BCM, with extraction reaching 245.64
BCM, giving a national average stage of extraction of
60.47% (CGWB, 2024). Out of 6746 assessment units,
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11.13% were categorized as over-exploited, 3.05% as crit-
ical, 10.54% as semi-critical, 73.39% as safe, and 1.88%
as saline. Delhi, Haryana, Punjab, Rajasthan, and Tamil
Nadu show particularly high proportions of over-exploited
and critical units. Spatially, groundwater stress is con-
centrated in northwestern India (due to excessive with-
drawals despite abundant recharge), western arid regions
(limited recharge), and southern peninsular states (low-
yield crystalline aquifers). In contrast, improvements have
been observed in some regions owing to favourable rain-
fall and government-supported conservation and augmen-
tation initiatives. (The terms “safe,” “semi-critical,” “critical,”
and “over-exploited” are official classifications used by the
Central Ground Water Board (CGWB), Government of In-
dia, to indicate groundwater extraction status at the ad-
ministrative block level. These terms are specific to In-
dia’s groundwater management framework and do not rep-
resent standard hydrogeological categories used interna-
tionally. (for details see https://www.cgwb.gov.in/en/

ground-water-resource-assessment.))
The Central Ground Water Board (CGWB), along

with state groundwater departments, currently carries out
groundwater resource estimation on a block-wise admin-
istrative basis, since groundwater management decisions
are linked to governance and policy frameworks at district
and state levels. While this approach ensures ease of plan-
ning and regulation, it often overlooks the natural hydroge-
ological boundaries that control recharge, discharge, and
groundwater flow. In contrast, watershed-based estima-
tion provides a more scientific framework, aligning with nat-
ural hydrological units and enabling better understanding
of groundwater dynamics, sustainable management, and
conservation practices. Hence, efforts should be taken to
gradually shift groundwater resource estimation from ad-
ministrative units to a watershed-wise framework across
the country.

4.2 Deeper aquifers

In recent decades, rapid population growth, urbaniza-
tion, and technological advancement have led to inten-
sified dependence on deeper aquifers, whereas until the
late twentieth century groundwater extraction was largely
confined to shallow aquifers that were generally consid-
ered safe and free from microbial and particulate con-
tamination (Saha and Ray, 2018). However, reliable es-
timates of deeper aquifer reserves are still lacking, unlike
the systematic assessments available for dynamic ground-
water resources. Given the complexity and significance of
deeper aquifers in India’s groundwater landscape, conduct-
ing comprehensive estimations and assessments of these
resources is highly essential. Deeper aquifers often serve
as critical reserves, especially in regions where shallower
aquifers are depleted or overexploited. By focusing on
deeper aquifers, we can gain a more holistic understand-

ing of India’s groundwater potential and develop targeted
management strategies to ensure sustainable utilization.

The in-depth hydrogeological studies to understand
the characteristics, recharge mechanisms, and ground-
water flow dynamics of deeper aquifers involve special
groundwater exploration programmes with high-capacity
rigs, assessing aquifer properties, and identifying potential
recharge sources. Establishing a robust monitoring net-
work to collect data on groundwater levels, quality, and
extraction rates is crucial for estimating the reserves of
deeper aquifers. The NAQUIM project, led by the Cen-
tral Ground Water Board (CGWB) is a novel step which
focuses on comprehensive aquifer mapping, both phreatic
and deeper aquifers. It integrates data collection, hydro-
logical modeling, and stakeholder engagement to create
actionable plans for efficient and sustainable groundwa-
ter use. Utilizing advanced exploration techniques such
as aquifer mapping, geophysical surveys, remote sens-
ing, and groundwater modeling to delineate the extent and
thickness of deeper aquifers. These techniques can pro-
vide valuable insights into the aquifer properties and facili-
tate more accurate estimations of groundwater reserves.

4.3 Aquifer de-saturation

Aquifer desaturation, driven by over-extraction of
groundwater and exacerbated by climate change, poses a
significant threat to global water security. Excessive pump-
ing of groundwater for agricultural, industrial, and domestic
needs has led to declining water tables in many regions,
particularly in urban areas where recharge rates are natu-
rally low. A simplified cartoon representation of this phe-
nomenon is presented in Fig. 5a and b. These figures illus-
trate a comparison of the water table between the present
and 10 years ago, alongside a visual depiction of aquifer
desaturation. Despite clear evidence of aquifer depletion,
the observed water table fluctuations remain relatively un-
changed over the years. This apparent stability can be
misleading, as it masks the underlying desaturation pro-
cesses occurring within the aquifers. The deceptive na-
ture of these water table readings may result in overesti-
mations of groundwater resources, as they fail to account
for the reduced storage capacity caused by long-term over-
extraction and compaction of aquifer materials. This over-
extraction accelerates aquifer depletion, reducing water
availability and increasing vulnerability to droughts. Cli-
mate change further compounds this issue by altering pre-
cipitation patterns, increasing evapotranspiration, and re-
ducing recharge rates, leading to a mismatch between
groundwater extraction and natural replenishment. The
combined effects result in aquifer desaturation, land sub-
sidence, saltwater intrusion in coastal areas, and loss of
groundwater-dependent ecosystems.

Coastal areas are particularly vulnerable to saltwater
intrusion due to rising sea levels. Prolonged droughts
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Fig. 5. Comparison of the water table levels and Visual depiction of aquifer desaturation and its impact on groundwater
availability. (a) 10 years ago (b) Current water table, highlighting changes over time.

exacerbate water stress, pushing more reliance on over-
exploited groundwater sources and compromising water
availability. Effective management strategies, such as en-
hanced monitoring, sustainable practices, and policy inter-

ventions, are crucial to mitigating these impacts and en-
suring the long-term viability of groundwater resources.
Many studies emphasize the importance of developing
policies that address both climate change and groundwater
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management, as these must be tailored to local contexts
to support sustainable growth. Groundwater is essential
for achieving the United Nations’ sustainable development
goals. (Davamani et al., 2024).

5 Discussion

Over-exploitation of groundwater has become a global
concern, leading to declining water table, reduced storage
capacity, land subsidence, and long-term threats to wa-
ter security and ecosystem sustainability (Li and Elumalai,
2025). The diverse aquifer systems across India play a cru-
cial role in the country’s water resource management and
agricultural practices. Each aquifer system has its unique
characteristics and distribution, impacting the availability
and quality of groundwater in different regions.

Firstly, the alluvial aquifer system dominates the north-
western and north-eastern states, along with some parts of
southern coastal regions. This system, covering a signifi-
cant portion of India’s land area, provides vital groundwa-
ter resources for irrigation, especially in the fertile plains of
the Indo-Gangetic belt. The extensive cultivation of crops
like rice, wheat, maize, sugarcane, and cotton heavily re-
lies on groundwater from these aquifers. However, over-
exploitation in certain areas, as indicated by the ‘over-
exploited’ categories, poses a threat to sustainable wa-
ter management. The over-exploited blocks overlaid on
the aquifer units are presented in Fig. 6, providing a clear
spatial representation of groundwater stress. Severe over-
exploitation of groundwater is noticed in the sedimentary
aquifers of the Indo-Gangetic alluvial system. Regions
such as Haryana, Punjab, Rajasthan, and Delhi face signif-
icant challenges due to excessive extraction (Fig. 6). This
has led to declining water tables and increasing scarcity,
impacting agriculture, industry, and urban water supply.
In southern India, specifically in Tamil Nadu and Kar-
nataka, the issue is also pronounced in metamorphic crys-
talline aquifers, notably in urban centres like Bangalore
and Chennai (Fig. 6). The unsustainable use of ground-
water in these areas poses serious threats to water se-
curity and necessitates urgent conservation and manage-
ment efforts. Decades of intensive agricultural practices,
coupled with rapid urbanization and industrialization, have
led to the unsustainable extraction of groundwater from
these aquifers. The demand for water has far exceeded
the natural recharge rates, resulting in a significant decline
in groundwater levels.

This over-extraction poses several serious conse-
quences. Firstly, it threatens the long-term sustainability of
agricultural production, which heavily relies on groundwa-
ter for irrigation. As water levels drop, farmers are forced to
drill deeper wells, incur higher pumping costs, and face re-
duced yields. This can ultimately lead to land degradation,
loss of livelihoods, and food insecurity.

Furthermore, the depletion of groundwater in the Indo-
Gangetic alluvium has broader ecological implications. It
affects the flow of rivers and streams, disrupts ecosystems,
and exacerbates water scarcity issues in both rural and ur-
ban areas. Additionally, the intrusion of saline water into
freshwater aquifers due to excessive pumping further com-
pounds the problem, rendering the water unfit for agricul-
tural use.

Addressing the issue of groundwater over-extraction in
the Indo-Gangetic alluvium requires a multi-faceted ap-
proach. It involves implementing sustainable water man-
agement practices such as promoting water-efficient irriga-
tion techniques, incentivizing crop diversification, and reg-
ulating groundwater extraction through policies and regula-
tions. Moreover, community involvement, awareness cam-
paigns, and the adoption of groundwater recharge initia-
tives are essential to replenish depleted aquifers and re-
store their natural balance.

In conclusion, tackling groundwater over-extraction in
the Indo-Gangetic alluvium is crucial for ensuring the long-
term viability of agriculture, safeguarding ecosystems, and
preserving water security for millions of people. It re-
quires concerted efforts from policymakers, stakeholders,
and communities to implement sustainable solutions that
balance the needs of agriculture with the conservation of
precious water resources.

Severe problems in the crystalline aquifers are noticed
from Maharashtra, Madhya Pradesh, and Gujarat and the
southern part of peninsular India including parts of Kar-
nataka, Tamil Nadu Telangana, and Andhra Pradesh.

In the case of basalt aquifer system, predominantly
found in states like Maharashtra, Madhya Pradesh, and
Gujarat contributing to agricultural activities in these re-
gions. With its mafic and ultra-mafic categories, this sys-
tem supports groundwater recharge but the groundwater is
not enough farming practices.

The banded gneissic complex (BGC) aquifer system,
prevalent in states like Karnataka, Andhra Pradesh, and
Tamil Nadu, underscores the importance of geological di-
versity in groundwater distribution. These aquifers, cover-
ing significant land areas, cater to agricultural needs and
highlight the need for careful management to ensure long-
term sustainability. Regions like Bangalore faces decline
of groundwater levels due to over exploitation from these
aquifers.

Similarly, the gneissic aquifer system, granitic aquifer
system, and charnockite aquifer system, though covering
relatively smaller land areas compared to alluvium and
basalt systems, are essential contributors to groundwater
resources in their respective regions. Their presence in
southern states like Tamil Nadu, Kerala, and Karnataka
highlights the geological variability across the country.

Moreover, aquifer systems like schist, quartzite, lat-
eritic, sandstone, shale, and limestone each have their
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Fig. 6. Spatial representation of groundwater stress, showing over-exploited blocks overlaid on aquifer units. Note that
the sedimentary and metamorphic aquifers were exploited more than the igneous aquifers (modified after CGWB, 2012,
2023, 2024).
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Fig. 7. Histogram of the recharge, draft, and stage of development of groundwater in India from 2004 to 2023. (Source:
CGWB, 2023, 2024).

roles in groundwater availability and usage. Whether it’s
the sandstone aquifer system supporting water needs in
states like Jammu and Kashmir or the shale aquifer sys-
tem contributing to water resources in various regions, the
diverse geological formations significantly influence India’s
water landscape.

Fig. 7 shows a histogram of the recharge, draft, and
stage of development on India from 2004 to 2023, where
there are no significant variations in the overall groundwa-
ter recharge, extraction from the aquifers (draft) and the
stage of groundwater development in the country. How-
ever, there is a considerable imbalance in the availability
of groundwater resources across the length and breadth
of the India. Severe over exploitation is observed from
mainly from Haryana (135%), Punjab (163%), Rajasthan
(148%), and Delhi (99%), i.e., from Indo-Gangetic allu-
vial aquifers. The issue of groundwater over-extraction
in the Indo-Gangetic alluvium is a pressing concern that
demands immediate attention. The alluvial aquifers in
the Indo-Gangetic plains serve as a lifeline for agriculture,
providing vital water resources for irrigation in one of the
world’s most densely populated regions.

However, amidst the richness of aquifer systems, chal-
lenges such as over-extraction, contamination, and deple-
tion loom large. Sustainable management practices, in-
cluding managed groundwater recharge initiatives, moni-
toring extraction rates, and promoting water-efficient farm-
ing techniques, are imperative to ensure the long-term via-

bility of India’s groundwater resources. The varied aquifer
systems across India emphasize the country’s hydroge-
ological complexity and the importance of holistic wa-
ter management strategies to sustainably meet the water
needs of its growing population, agricultural and industrial
sector.

6 Sustainability and innovative solutions

Groundwater sustainability in India is challenged not
only by over-extraction and declining water levels but also
by institutional and policy failures. Fragmented water gov-
ernance, weak regulation of borewell drilling, and perverse
incentives such as free electricity for irrigation have accel-
erated unsustainable withdrawals, particularly in agricultur-
ally intensive regions. Although initiatives like NAQUIM
and assessments by the CGWB have improved aquifer
knowledge, they often fall short of addressing these sys-
temic issues. Climate change further compounds the cri-
sis, with IPCC AR6 projecting that northwest India will face
declining effective recharge by the mid-21st century due
to shorter, more intense monsoons and reduced winter
precipitation, while eastern and coastal regions may wit-
ness more flash recharge events with low infiltration effi-
ciency (Shaw et al., 2022). Rising mean annual tempera-
tures are projected to increase potential evapotranspiration
(PET) by 5–20% across much of India by 2050 (Yahaya
et al., 2024). This will significantly intensify irrigation water
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demand, further straining already overexploited groundwa-
ter resources. Achieving groundwater sustainability in In-
dia, therefore, requires integrating scientific aquifer assess-
ments with stronger regulatory frameworks, demand-side
management, and climate-resilient water governance.

Therefore, we propose the integration of following in-
novative solutions for the estimation and management of
groundwater resources to ensure sustainable water use
and mitigating the challenges posed by overexploitation
and contamination.

(a) Remote Sensing and GIS Technologies: Utilize high
resolution data from Interferometric Synthetic Aper-
ture Radar, Gravity Recovery and Climate Experi-
ment, Light Detection and Ranging, Airborne Elec-
tromagnetic Systems, and satellite altimetry.

(b) Advanced Hydrogeological Modelling: Develop ad-
vanced hydrogeological models using numerical sim-
ulation techniques to simulate groundwater flow, pre-
dict aquifer behaviour, and evaluate the impacts of
various management strategies. Incorporate fac-
tors such as climate change, land use changes, and
groundwater-surface water interactions into these
models for improved accuracy.

(c) Aquifer Recharge Enhancement: Implement inno-
vative techniques for enhancing aquifer recharge,
such as artificial recharge through the construction of
recharge structures like percolation ponds, recharge
wells, and subsurface dams. Explore the potential of
managed aquifer recharge (MAR) systems, including
infiltration basins and recharge trenches, to replenish
groundwater supplies during periods of low rainfall.

(d) Smart Monitoring Systems: Deploy smart monitoring
systems equipped with sensors and IoT (Internet of
Things) technology to continuously monitor ground-
water levels, quality parameters, and extraction rates
in real-time. These systems can provide valuable
data for adaptive management decisions and early
warning of potential groundwater depletion or con-
tamination issues.

(e) Integrated Water Resource Management: Promote
integrated water resource management approaches
that consider the interconnectedness of surface wa-
ter and groundwater systems. Develop collaborative
frameworks involving stakeholders from various sec-
tors to coordinate water allocation, promote water
conservation practices, and minimize conflicts over
water resources. Innovative Conservation and De-
mand Management: Implement innovative conser-
vation measures and demand management strate-
gies to reduce water usage and minimize groundwa-
ter withdrawals. Encourage the adoption of water-
efficient technologies, rainwater harvesting systems,

and water reuse/recycling practices in agriculture, in-
dustry, and urban areas.

(f) Community Engagement and Capacity Building: Fos-
ter community participation and stakeholder engage-
ment in groundwater management initiatives through
awareness campaigns, training programs, and partic-
ipatory decision-making processes. Empower local
communities to take ownership of their groundwater
resources and implement sustainable water manage-
ment practices.

(g) Predictive Modelling: AI algorithms, such as machine
learning and deep learning, can be trained on histor-
ical groundwater data to develop predictive models
for groundwater levels, quality, and recharge rates.
These models can forecast future trends, enabling
proactive management and resource allocation. AI
techniques can analyze geospatial data, hydrologi-
cal parameters, and geological information to char-
acterize aquifers more accurately. By identifying key
aquifer properties and boundaries, AI helps improve
understanding of groundwater flow dynamics and op-
timize resource management strategies.

(h) Optimization of Pumping Schedules: AI-based op-
timization algorithms can optimize pumping sched-
ules for groundwater extraction to maximize water
availability while minimizing energy costs and en-
vironmental impacts. These algorithms consider
factors such as demand patterns, aquifer recharge
rates, and pumping constraints to achieve sustain-
able groundwater management.

(i) Real-time Monitoring and Early Warning Systems:
AI-powered sensor networks and data analytics en-
able real-time monitoring of groundwater levels, qual-
ity parameters, and extraction rates. By analyzing
streaming data, AI algorithms can detect anomalies,
identify trends, and issue early warnings of potential
groundwater depletion or contamination events.

(j) Decision Support Systems: AI-driven decision sup-
port systems integrate diverse datasets, simulation
models, and optimization algorithms to assist water
managers in making informed decisions. These sys-
tems provide actionable insights and scenario anal-
ysis for evaluating the effectiveness of various man-
agement strategies and policy interventions.

(k) Groundwater Quality Assessment: AI algorithms can
analyze multi-dimensional datasets, including hydro-
chemical data, satellite imagery, and land use in-
formation, to assess groundwater quality and detect
contamination sources. These tools help identify vul-
nerable areas, prioritize monitoring efforts, and im-
plement targeted remediation measures.
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(l) Smart Irrigation Management: AI-powered irriga-
tion systems use real-time weather data, soil mois-
ture sensors, and crop models to optimize irrigation
scheduling and water use efficiency. By dynami-
cally adjusting irrigation volumes and timing based
on plant water needs and environmental conditions,
these systems reduce water wastage and minimize
groundwater depletion.

(m) Data Fusion and Integration: AI techniques facil-
itate the fusion and integration of heterogeneous
data sources, including satellite imagery, geophysi-
cal surveys, and groundwater monitoring networks.
By aggregating and analyzing diverse datasets, AI
tools enable holistic assessments of groundwater re-
sources and support integrated water resource man-
agement initiatives.

7 Conclusion

The complex geological diversity of India greatly influ-
ences groundwater recharge and availability. The sed-
imentary porous formations like alluvial deposits in the
Indo-Ganga-Brahmaputra basin typically have high spe-
cific yields and serve as significant groundwater reser-
voirs. In contrast, groundwater occurrence in igneous and
metamorphic aquifers, which cover a large portion of the
country, is mostly limited to weathered, jointed, and frac-
tured sections of rocks. These aquifers cannot be consid-
ered perennial and sustainable groundwater sources. The
present total annual groundwater recharge in India is es-
timated to be 446.90 BCM, with an extractable ground-
water resource assessed at 406.19 BCM. However, the
annual groundwater extraction is 245.64 BCM, indicating
a substantial utilization of available resources. The av-
erage stage of groundwater extraction for the country is
approximately 60.47%. A significant concern is the over-
exploitation of groundwater resources in certain regions.
Among all aquifers, about 11% of assessment units are
categorized as ‘Over-exploited,’ where groundwater extrac-
tion exceeds recharge rates. Additionally, 3% of assess-
ment units are classified as ‘Critical,’ indicating a stage
of groundwater extraction between 90–100%. Over time,
there have been changes in groundwater assessments,
with refinements in methodologies and changes in assess-
ment units. While some areas have shown improvement
due to recharge practices, challenges persist in regions
facing over-exploitation, arid climates, and low ground-
water availability due to hydrogeological characteristics.
Adopting a watershed-based approach nationwide would
ensure that groundwater management is guided by natural
hydrogeological principles rather than administrative con-
venience. This review highlights the escalating crisis of
groundwater overuse in India. Groundwater overuse oc-
curs in all aquifers when the average extraction rate from

aquifers surpasses the average recharge rate over time.
Therefore, groundwater resource assessment requires

continuous monitoring and refinement to address evolv-
ing challenges and ensure sustainable management of this
vital resource. This review highlights the need to esti-
mate deeper groundwater resources of India to address
the growing issue of over-exploitation of phreatic aquifers
in certain pockets. India’s diverse aquifer systems form
the bedrock of the nation’s water resources and agricul-
tural productivity. From the expansive alluvium aquifers
of the Indo-Gangetic plains to the basaltic formations of
Maharashtra and the crystallines of southern India, each
aquifer contributes uniquely to groundwater availability and
sustenance. Therefore, CGWB may establish a compre-
hensive national groundwater information system that pro-
vides both daily and historical data to the public for in-
formed decision-making and sustainable water manage-
ment. Such initiatives are integral to achieving water se-
curity, promoting sustainable development, and mitigat-
ing the impacts of groundwater depletion and degradation.
However, alongside their invaluable contributions, these
aquifer systems face significant challenges such as over-
exploitation, contamination, and depletion. Addressing
these challenges requires a concerted effort towards sus-
tainable water management practices, including managed
aquifer recharge initiatives, efficient irrigation techniques,
and stringent monitoring of extraction rates. By recogniz-
ing the importance of aquifer systems and implementing
measures for their preservation and replenishment, state
groundwater authorities should be strengthened and em-
powered to function effectively under the guidance of the
Central Ground Water Authority of India. This not only se-
cures the country’s agricultural livelihoods but also safe-
guards the broader ecological balance and the well-being
of its citizens for generations to come. This review sug-
gests to develop strategies for advancing hydrogeology in
the new era through enhanced research, monitoring, data
sharing, citizen science, international cooperation, cross-
sector collaboration among academia, industry, research
institutes, and governments, and sustained governmental
support to ensure the sustainable management and pro-
tection of groundwater resources globally.
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