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From The Desk of Chief Editor
Dear Colleagues and Friends,
I. on behalf of the entire editorial team of e-Journal of Geohydrology, at the very outset, would like to
express our gratitude to the entire INC-IAH, Geohydrologists and Groundwater community to enable the
editorial to achieve this cherished dream of launching “E-journal of Geohydrology” which was envisioned during
the first meeting of the Executive Council. This is the maiden issue of the journal in your sight and I wish you all a
happy reading. It was our utmost desire that a platform should be available to the growing groundwater user
community and young groundwater professionals to express their scientific findings and opinion in the form of
research solutions through this journal which will have the global outreach. The present scenario, due to Corona
Pandemic, needs some innovative, out of box solutions of the water use challenges and their easy implementation
in all the water user sector particularly helping to the farming community and in strengthening the agriculture
sector. The scarcity of quality groundwater in the rural areas needs to be addressed at the earliest. The drinking
water scarcity in urban areas too needs focused attention.
Under the present scenario, INC -IAH platform may prove panacea of all such problems by putting efforts
in promoting research and academics in groundwater domain and inviting the research articles on cutting edge
research solutions for serving the society at large. I wish INC-IAH become a vibrant platform for undertaking
research through meaningful collaboration at individual or/and at institutional level. I am quite hopeful that in the
coming time, INC IAH may be in a position to support summer/ winter Schools, boot camps, and Hydrogeological
weakened, as activities needed to strengthen INC-IAH among young hydrogeologists. As we all are aware, lectures
by INC- IAH experts as well as by experts from the envisaged partner organizations/ institutions, both from India
and abroad, have already been initiated.
I, on behalf of the editorial team, would like to profusely thank Prof. B. S. Chaudhary, Executive Editor, eJournal of Geohydrology, for completing the herculean task of editing expeditiously and painstakingly. I am
further thankful to Patron and President of INC-IAH Sri GC Pati, Chairman CGWB and Prof DC Singhal respectively
for their constant support and motivation as well as to the INC –IAH executive body and to the entire editorial
team for bringing out this maiden issue of the journal in most appropriate manner. However all this could not
have been possible without the contribution made by the learned authors. Myself and my team are highly
thankful to all the authors who has shown faith in INC-IAH and submitted the VALUED manuscripts in shortest
time. I am sure now the further process of its registration and ISSN/ISBN number procurement could be initiated. I
wish you all a good health and request you all to follow the “Stay home! Stay safe!” and “TWO YARDS PHYSICAL
DISTANCING” doctrines to fight the deadly Corona virus to remain safe and healthy.
With my sincere thanks and regard
A.K. Sinha
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ABSTRACT
Groundwater is an invisible precious resource below the earth. It plays a pivotal role in sustaining life, human
health and livelihoods, socio-economic development, and ecosystems worldwide. Traditionally, groundwater has
been a reliable, clean and virtually unlimited source of water supply across the globe. However, with the
enhancement in the knowledge of hydrogeology as well as advances in well-drilling methods and pump
technology, massive groundwater extraction started from 1950s in developed countries and from 1970s in
developing countries. Today, the depletion of groundwater resources due to excessive abstraction and the
increasing contamination of this vital resource are visible in different parts of the world and the situation is
gradually worsening in India and other developing countries. In the 21st century, the sustainability of
groundwater resources has become a serious concern throughout the world, including India. The goal of this
article is to present an overview of sustainable groundwater management in India. To this end, the importance of
water and ecosystems, and growing problem of water scarcity in India is highlighted in the backdrop of world’s
scenario. The role of groundwater in sustaining humanity and environment is described followed by the present
status of groundwater condition in India. Thereafter, salient water problems, grand challenges of the 21st
century, and obstacles to sustainable water management in India are discussed. Finally, the principles of
sustainable water management and the cost-effective alternatives for sustainable management of groundwater
and surface water resources are succinctly described along with the ideas how to successfully implement them in
practice. It is emphasized that the modern concepts and emerging tools/techniques for water management hold a
great promise for the sustainable management of water in general and groundwater in particular in India. As
such no big innovations are needed to effectively solve the current water related problems of our country. Given
the strong willpower and dedication among water planners and managers as well as insightful, action-oriented
and long-term water management plans founded on modern water management concepts and supported by
sustainable water infrastructure and strict implementation policies, it is possible to find out sustainable solutions
to water and environment related problems. These radical changes in our mindsets and working style are crucial
for the survival of humanity on the earth.
Keywords Groundwater depletion. Water scarcity. Grand challenges of water management. Modern water
management concepts. Adaptive Management. Sustainable solutions. India
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Introduction
for sustainable development (WRI 2000; Falkenmark and
Since the beginning of human civilization, freshwater has
Rockstrom 2004; UNESCO 2003, 2009). Unlike many other
been considered as an essential ingredient of human survival
vital resources of the earth, there is no substitute for water in
and growth. Water permeates life on the earth (the only
most activities and processes where it is required! Of the
planet where water exists as liquid) and is lifeblood of the
liquid freshwater on the earth approximately 98.7% exists as
biosphere –– no life is possible without water! Water is the
groundwater of which 50% is in the top 800 m depth of the
key resource for the human/animal health, socio-economic
earth’s crust, while only 0.98% is in rivers and lakes. Thus,
development, and the survival of earth’s ecosystems (both
the amount readily available for human development is only
terrestrial and aquatic ecosystems). Undoubtedly, water
a small part (Ayibotele 1992) –– less than 0.01% of the total
plays a vital role in our life. On the other hand, ecosystems
water in the hydrosphere (or, about 1% of all liquid
which are earth's primary producers (solar-powered
freshwater), which is renewed annually by ‘Water Cycle’.
factories) sustain us by yielding the most basic necessities
Thus, we are living at the mercy of ‘Water Cycle’. will be
viz., food, fiber and water at an efficiency unmatched by
further complicated by the impacts of climate change
man-made technology (WRI 2000). Ecosystems also
(Falkenmark 2007; Harris and Baveye 2008). This situation
provide essential services such as air and water purification,
will lead to a widening of gap between water supply and
nutrient cycling, climate control, soil production, etc.
water demand in the future, which in turn will result in
(Table 1) that we can't replace at any cost and thereby
escalating freshwater shortage worldwide. Consequently,
sustain human development on the earth. In other words,
freshwater scarcity has emerged as one of the most critical
water together with ecosystems have significant social,
problems in the 21st century.
economic and environmental values and are very essential
Table 1 Primary goods and services provided by different ecosystems (WRI 2000)
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In India, out of the annual precipitation of about 4000 km3,
the accessible water is 1869 km 3 (about 46.73%). However,
hardly 690 km3 (about 36.92%) water is currently used, and
the remaining 1179 km3 (63.08%) of water directly drains
into the sea –– much of it in approximately 100 days that
define the India’s wet season (Aiyar 2003). India’s water
problem basically stems from significant spatial and
temporal variations of precipitation, mismanagement, and
the fact that while nearly 70% of precipitation occurs in 100
days, the water requirement is spread over 365 days. The
population of India is expected to stabilize around 1640
million by the year 2050 (UN 1995). As a result, the gross
per capita water availability will decline from about 1500
m3/year in 1995 to 810 m3/year in 2025 (Shiklomanov
1997). Total water requirement of the country for various
activities in the year 2050 has been estimated at 1450
km3/year. It is significantly more than the current estimate of
utilizable water resources potential of 1122 km 3/year
(surface water = 690 km3/year and groundwater = 432
km3/year) through conventional development strategies
(MOWR 1999). Based on the widely used Falkenmark
indicator for water scarcity (Falkenmark and Rockstrom
2004), India is currently under ‘water stress’ condition
(freshwater availability <1700 m3/capita/year) and will face
‘chronic water scarcity’ (freshwater availability <1000
m3/capita/year) by 2025. Thus, water is a critical factor in
determining the limits of socio-economic development and
in sustaining the health of human beings and ecosystems in
India.

declining well yields, drying up of springs, streamflow
depletion, and land subsidence due to over-exploitation of
groundwater as well as the growing degradation of
groundwater quality by natural and/or anthropogenic
pollutants and by saltwater intrusion are threatening the
survival of present and future generations (e.g., Postel 1993;
Brown 2000; Zektser 2000; Biswas et al. 2009). Some of
these consequences of excessive groundwater use are
irreversible, while others are reversible. Today also, many
consequences of unsustainable groundwater use are
becoming increasingly evident worldwide, especially in
most of the developing countries. The major concern is how
to maintain a long-term sustainable yield from aquifers
(Alley et al. 1999; Hiscock et al. 2002; Maimone 2004; Kalf
and Woolley 2005; Sophocleous 2005). Global climate
change and growing socio-economic changes are most likely
to complicate the use of groundwater as well as to
considerably increase stress on freshwater aquifers.
Current Status of Groundwater in India
Since last decade of the 20th century, water tables have been
falling in several regions at an average rate of 2 to 3 m per
year due to the growing number of irrigation wells (Postel
1993). Overuse of groundwater is reported from different
parts of the country such as Tamil Nadu, Gujarat, Rajasthan,
Punjab, Haryana, Orissa and West Bengal, among several
other states (CGWB 2006). As of 2010, two-thirds of the
total global groundwater is abstracted in Asia with India,
China, Pakistan, Iran and Bangladesh being the major
consumers as shown in Fig. 1.

Role of Groundwater in Sustaining Humanity and
Environment
Groundwater is a hidden treasured resource of the earth. It is
one of the most valuable natural resources below the earth,
because it supports human health, human livelihoods, socioeconomic development, and ecological diversity. Owing to
its several inherent qualities (e.g., consistent temperature,
widespread and continuous availability, usually excellent
natural quality, low development cost, relatively limited
vulnerability, resilience against drought, etc.) as well as the
relative ease and flexibility with which it can be tapped, it is
considered as a more reliable and safe source of water
supplies in all climatic regions (both urban and rural areas)
of the world (Foster et al. 2000; Zektser 2000; Bocanegra et
al. 2005; Todd and Mays 2005). In case of emergency,
groundwater can be used as an alternative water source
because ensuring water supply is the key to the recovery of
urban and rural areas from natural/anthropogenic disasters.
It has clearly emerged as a crucial poverty-alleviation and
sanitation-improvement tool for most developing nations,
including India (Foster et al. 2000; IWMI 2001).
Of the 37 million km3 of freshwater estimated to
be present on the earth, about 22% exists as groundwater,
which constitutes about 97% of all liquid freshwater
potentially available for human use (Foster 1998). That is,
groundwater is the largest available source of freshwater on
the earth, but its replenishment is finite and slow and its
quality can be degraded by anthropogenic activities.
Historically, groundwater has been a reliable, clean and
virtually unlimited water supply for much of the world
population. During the past 30-40 years, more than 300
million wells have been drilled for water withdrawal across
the world, and about one million wells are drilled annually
in the USA alone (Zektser 2000). Consequently, the
worldwide groundwater overdraft or aquifer depletion,

Fig. 1 Groundwater abstraction scenario across the globe
(WWAP 2012)
India ranks first in the world by abstracting 251 km3 of
groundwater per year, which is greater than the groundwater
withdrawals in China and USA and is more than a quarter of
the total global groundwater withdrawals (WWAP 2012). If
the current trends continue, in 20 years about 60% of India’s
aquifers will be in 'Critical' condition (World Bank 2010).
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One study based on the analysis of GRACE satellite
data revealed that the groundwater resources in the states of
Rajasthan, Punjab and Haryana are being depleted at a rate
of
17.7  4.5 km3/year (Rodell et al. 2009). It indicated
that between August 2002 to December 2008, these northwestern states of India lost 109 km3 of groundwater which is
double the capacity of India’s largest reservoir ‘Wainganga’
and almost three times the capacity of USA’s largest
artificial reservoir ‘Lake Mead’. A few other GRACE
(Gravity Recovery and Climate Experiment) based studies
also revealed large-scale groundwater depletion in the north
and north-west India (Tiwari et al. 2009; Chen et al. 2014)
and this trend is gradually expanding in other parts of India.
According to CGWB (2017), about 20% of the blocks in
India fall in 'Critical' or 'Overexploited' category of
groundwater abstraction. During past 16 years, the percent
of blocks falling under ‘Overexploited’ and ‘Critical’ stages
of groundwater development has increased as shown in Fig.
2, and the country’s stage of groundwater development has
almost doubled 31% in 1994 to 62% in 2013 (CGWB 2017),
with more than 60% of irrigated agriculture and 85% of
drinking water supplies dependent on it (World Bank 2010).
Furthermore, the stage of groundwater development is
greater than 100%, which is termed ‘Overexploited’
condition, in the states of Punjab (149%), Rajasthan (140%)
and Haryana (135%), and in the capital Delhi (127%).
However, the stage of groundwater development exceeds
70% (termed ‘Semi-Critical’ condition) in the states of
Tamil Nadu and Uttar Pradesh (CGWB 2017). In 2018, the
think tank of Government of India reported that the
groundwater levels in 54% of India’s wells are declining,
and 21 major cities including Delhi, Bengaluru, Hyderabad
and Chennai are expected to run out of groundwater as soon
as 2020, which will affect around 100 million people (NITI
Aayog 2018). Therefore, there is an urgent need to develop
efficient management strategies for the sustainable
utilization of vital groundwater resources.

2015). Growing pollution of freshwater (both surface water
and groundwater) from point and nonpoint sources and
seawater intrusion into coastal aquifers of the country are
posing a serious problem of human health and hygiene.
Indiscriminate dumping of solid waste, improper disposal of
liquid wastes and the excessive use of chemical fertilizers
and pesticides have led to the deterioration of groundwater
quality, which threatens the sustainability of ecosystems.
Besides the depletion of groundwater resources, the falling
water tables also induce leakage from a contaminated
external source (Konikow and Kendy 2005), frequently
leading to a higher concentration of Arsenic (Appelo 2008),
Fluoride (WHO 2004), and other harmful chemicals in
groundwater.
These
contaminants
have
affected
groundwater quality in over 200 districts out of 707 districts
spread across 29 Indian states causing serious health risks
(SoE 2009). Contrary to surface water pollution,
groundwater pollution is difficult to detect because of being
hidden and once groundwater is contaminated, it can remain
so for decades or even for hundreds of years due to
relatively slow movement of water and pollutants in the
subsurface environment (WHO 1996). Indeed, groundwater
depletion and contamination are very serious issues in the
21st century and are increasingly becoming a global
concern. Hence, the conservation of groundwater resource
and prevention of groundwater contamination are
indispensable for the sustainable management of available
groundwater resources.
Thus, increasing water scarcity and unabated
water pollution threaten the sustainability of water supply
and environment in India (Aiyar 2003; Garg and Hassan
2007). Even water is rationed in megacities such as Delhi,
Chennai, Bangalore, Mumbai and Jaipur. Every year, water
tankers in different parts of the country during dry periods
are the burning evidence of India’s severe and growing
water scarcity! Consequently, India’s water security, food
security and environmental security are under a serious
threat and the lives and livelihoods of millions are at risk.
Salient Water Problems and Grand Challenges of Water
Management in India
At present, major water problems in India are: (i) No access
to sustainable, safe (clean) and affordable drinking water for
many citizens, (ii) Poor sanitation and hygiene at a larger
scale, and (iii) Increasing degradation of terrestrial and
aquatic ecosystems.
Above major water problems are aggravated due
to the following specific and common water related
problems across the country:
❖ Depletion and/or overexploitation of groundwater
resources.
❖ Dwindling of surface water bodies.
❖ Drying up of rivers and/or reduced streamflow.
❖ Growing contamination of surface water (e.g.,
rivers, streams, lakes and reservoirs) and
groundwater resources due to the release of a variety
of wastes (e.g., urban, industrial and biomedical
wastes) into freshwater bodies without necessary
treatment, and the indiscriminate dumping of solid
and liquid wastes on the land.
❖ Growing Arsenic, Fluoride, Nitrate, and Uranium
contamination of groundwater. In absence of
systematic
control
measures,
new

Fig. 2 Evolution of stage of groundwater development in
India
On the other hand, water quality is another
important aspect of sustainable water management.
Although the quality of water was recognized as a serious
issue in developed nations several decades ago, it has
attracted the attention of water planners and managers of
developing nations in the recent past only. Water quality is
inherently linked with human health, poverty reduction,
gender equality, food security, livelihoods and the
preservation of ecosystems, as well as economic growth and
social development of our societies (IAH 2008; UNESCO
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❖

❖

❖
❖
❖

▪

contaminants/toxic substances are emerging with
time in surface water and groundwater.
Occurrence of floods, droughts and cyclones with
increasing intensity and frequency. In India, flood
and drought often occur simultaneously; one part of
the country is affected by flood while the other part
is suffering from drought.
Appreciable loss of water in the water distribution
networks (i.e., very poor water conveyance
efficiency).
Large-scale misuse of water in different usage (i.e.,
very poor water-use efficiency).
Leakage of contaminated water from sewers (drains,
septic tanks, etc.) into aquifers.
Increasing seawater intrusion into freshwater
aquifers in coastal regions of the country.

▪
▪
▪
▪

Grand challenges of the 21st century worldwide
are: (a) how to ensure water security, (b) how to ensure food
and nutrition security, (c) how to ensure energy security,
and (d) how to ensure environmental security? These
challenges are vital for human survival. It is worth
mentioning that these four challenges are not independent
rather interconnected, and water security plays the central
role in properly addressing other grand challenges. That is,
without ensuring water security, it is almost possible to
ensure remaining three securities. As a result, in recent
years, "Water-Energy-Food Nexus" (abbreviated as WEF
Nexus) has emerged as a topic of research (Salam et al.
2017). However, the current focus on the WEF Nexus
ignores the importance of environment (ecosystems),
thereby repeating the mistake of the 20th century. The
correct way of addressing the connection between grand
challenges of the 21st century is "Water-Food-EnergyEnvironment Nexus" (WFEE Nexus), which encompasses
a holistic vision and is scientifically sound.
Unfortunately, increasing frequency and intensity
of natural/anthropogenic disasters in different parts of the
globe makes above-mentioned grand challenges much more
complex and daunting, particularly for developing countries.
Additionally, climate change coupled with socio-economic
changes is most likely to exacerbate water and
environmental problems as well as disaster risk and disaster
management problems that we already face these days.
Needless to mention that the global climate change and
socio-economic changes have implications for freshwater
supply, food production, ecosystems, livelihoods, human
health and hygiene, etc. Thus, sustainable water
management in general and groundwater in particular has
become an issue of prime concern in the 21st century in both
developing and developed countries. Technical, educational
and institutional impediments for sustainable groundwater
management in developing nations (including India) are
discussed in Jha and Chowdary (2007) and Jha (2013). In
brief, major obstacles to sustainable water management or
addressing the grand challenges of the 21st century in India
can be summarized as follows:

▪
▪

▪
▪
▪
▪
▪
▪
▪
▪

Uncertainty of water availability and water use
under changing climate and socio-economic
conditions.
Limited awareness about the significance of
groundwater resources in ensuring water security
and sustainable human development.
Ignorance of groundwater complexity and modern
water management concepts, and hence absolute
lack of multi-disciplinary/inter-disciplinary and
holistic approaches for groundwater management.
Sparse or no water supply and water demand data.
Lack of adequate and good-quality hydrologic and
hydrogeologic data due to inadequate and inefficient
monitoring facilities as well as negligence in data
monitoring.
Lack of sustainable water infrastructure as well as
long-term vision and pragmatic plans for solving
real-world water problems.
Ignorance of cost-effective technologies, innovative
approaches, and promising tools/techniques for
sustainable water resources management.
No strict implementation of laws for controlling
overexploitation of groundwater as well as
increasing contamination of surface water and
groundwater resources.
Negligence of existing
developmental activities.

water

bodies

during

No maintenance or poor maintenance of existing
water bodies (rivers/streams, lakes, ponds, and
reservoirs).
Poor coordination between central and state
government organizations, between surface water
and groundwater agencies as well as between water
agencies and allied government organizations.
Lack of willpower and dedication for water
conservation and protection.
Rampant corruption in most sectors/organizations
including water and allied sectors.

The above-mentioned obstacles must be properly
addressed by the central and state governments in general
and water managers in particular at national, regional and
local levels in order to ensure sustainable management of
groundwater and surface water resources throughout the
country.
How to Ensure Groundwater Sustainability?
In 2016, "Millennium Development Goals (MDGs)" of the
"United
Nations
2015
Agenda
for
Sustainable Development" were renamed as “Sustainable
Development Goals (SDGs)” which are described in the UN
report entitled “Transforming Our World: The 2030
Agenda for Sustainable Development”. Seventeen global
goals with 169 targets have been set as SDGs to be achieved

Increasing and competing demand of water from
multiple sectors.
Unpredictable distribution of monsoon rainfall.
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by 2030. Out of the 17 SDGs, water in general and
groundwater in particular has a direct role in fulfilling 10
SDGs and the remaining 7 SDGs are also indirectly related
to water security. This fact clearly provides a message to the
world's policy and decision-makers that without ensuring
water security, it would not be possible to achieve most of
the ‘Sustainable Development Goals’ (UN Water 2018).
Besides meeting SDGs, as highlighted above, groundwater
resource is of immense importance for ensuring water
security, food security, energy security and environmental
security as well as for adapting to climate variability.
Recently, the importance of global groundwater
sustainability has been recognized by the 2022 UN World
Water Day on "Groundwater: Making the Invisible Visible".
To this end, a call for 'action' has been sounded to
international and national governmental and nongovernmental agencies, development organizations,
corporations, decision-makers and scientists/researchers on
three
broad
action
items
(https://www.groundwaterstatement.org/).
In fact, groundwater resource being an invisible
resource is inherently challenging to manage and govern.
Nevertheless, we can manage this vital resource to a greater
extent using existing knowledge, modern concepts, and
emerging tools/techniques. In order to ensure groundwater
sustainability, besides in-depth knowledge of groundwater
systems, it is essential to have proper knowledge about
modern/emerging water management concepts including
'Sustainable Development', 'Integrated Water Resources
Management (IWRM)', and 'Adaptive Management'. In this
article, the principles of 'Sustainable Development' and
'Adaptive Management' are briefly described in the
subsequent sub-sections. Thereafter, pragmatic alternatives
for the sustainable management of groundwater and surface
water resources are discussed.

generation and survival for future generations, it has
emerged as an overall guiding principle for development.
Concept of Adaptive Management
Considering global environmental changes and uncertain
future, an evolving and adaptive strategy for natural
resources development and management is a necessary
condition for sustainable development. The concept of
“Adaptive management” is the only viable approach in
coping with the uncertainties in our knowledge and the
variability of societal attitudes towards the resource over
time. Adaptive management can be defined as “A systematic
process for continually improving management policies and
practices, as appropriate, by learning from the outcomes of
implemented management strategies and the improved
knowledge” (Loucks and van Beek 2005; van der Keur et al.
2008). The concept of ‘Adaptive Management’ is based on
the insight that our knowledge about natural systems is
presently limited, and hence our ability to predict key factors
influencing a system and its behavior/responses is inherently
limited (Loucks and van Beek 2005; Pahl-Wostl 2007).
Consequently, 'Adaptive Management' treats management
strategies and actions as experiments, not as fixed policies.
This calls for a management program which should be
resilient and adaptable; it should be continually improved as
experience expands, new information/insight emerges, and
priorities change over time. The improved knowledge or
new understanding arises from the facts that (Loucks and
van Beek 2005; van der Keur et al. 2008): (i) uncertainty
exists in defining operational targets for different
management goals, (ii) conflicting interests among
stakeholders require participatory goal setting and a clear
recognition of uncertainties involved, and (iii) the system to
be managed is subject to change due to environmental and
socio-economic changes.
In other words, ‘Adaptive Management’ takes into
account the limitations of our current knowledge and
experience as well as of those learned by experiments. It
helps us move toward meeting our changing goals over time
in the face of this incomplete knowledge and uncertainty.
Thus, ‘Adaptive Management’ and decision-making is a
challenging blend of scientific research, monitoring, and
practical
management
which
provides
excellent
opportunities for resource managers to act, observe and
learn, and then react (Loucks and van Beek 2005) as
illustrated in Fig. 3. A cohesive approach for considering
and expressing various aspects of system resilience has been
suggested by Wang and Blackmore (2009) focusing on
water resource systems. Unfortunately, the application of
‘Adaptive Management’ approach in practice is highly
limited in the world in general and developing countries in
particular.

5.1 Concept of Sustainable Development
There is an urgent need for widespread realization that
freshwater is a finite and vulnerable resource, which must be
used efficiently, equitably and in an ecologically sound
manner for present and future generations. To convey this
idea, the term “Sustainable Development” was coined
around 1980, but it became popular and entered the political
mainstream in 1987 when the Brundtland Report “Our
Common Future” (WCED 1987) was published. Although
there are many definitions of sustainable development now,
the Brundtland definition is widely used: “Sustainable
development is the development that meets the needs of the
present without compromising the ability of future
generations to meet their own needs” (WCED 1987). In
other words, ‘we have no ethical right to pass on a degraded
environment to our future generations’.
Following the above definition, Gleick (1996)
suggested a broad definition of “sustainable water use” as:
“The use of water that supports the ability of human society
to endure and flourish into the indefinite future without
undermining the integrity of the hydrological cycle or the
ecological systems that depend on it”.
Note that the principle of sustainability demands
for more serious and comprehensive examination of the
long-term environmental, economic, and social impacts of
proposed natural resources development following holistic
and multidisciplinary/interdisciplinary approaches. Since
sustainable development leads to a better life for the present
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supply. The options available under the first alternative are
as follows:
(1)

Creation of adequate and efficient groundwater and
surface water monitoring facilities.
(2) Adoption of modern water management principles in
practice such as "Integrated Water Resources
Management (IWRM) considering both blue and
green water resources and ‘Adaptive Management’
concept (mentioned in the previous sub-section).
The concept of IWRM has emerged as a practical
tool for implementing the concept of 'Sustainable
Development' (mentioned in the previous subsection) for managing land and water resources.
(3) Saving of water in distribution systems as well as in
various uses.
(4) Adoption of Rainwater Harvesting (water
conservation) techniques.
(5) Adoption of Artificial Recharge techniques for
groundwater augmentation.
(6) Adoption of Water Reuse and Recycling practices,
including Reuse of wastewater.
(7) Adoption of Precision Farming techniques (i.e., sitespecific and precise application of agricultural inputs
such as irrigation, fertilizers, and pesticides) in the
agriculture sector.
(8) Adoption of "Virtual Water Concept" (e.g., change
of food habits and import of food and industrial
goods which require more water for their
production).
It is emphasized there is an urgent need to adopt abovementioned management options in practice with strong
willpower and dedication through a comprehensive and
technically sound plan for sustainably managing the quantity
and quality of water resources for the present and future
generations.
Moreover, there are two primary sources of water
supply: (a) groundwater, and (b) surface water. According to
the modern water management concept, groundwater and
surface water must be treated as a single resource in both
research and practice. Unfortunately, this concept has not
been adopted in practice or research in many parts of the
world, especially in developing nations including India. It is
interesting to note from Table 2 that the two principal water
sources are complementary to each other, and therefore the
combined use of groundwater and surface water is strongly
recommended in order to ensure sustainable water resources
management. This vital concept of water management must
not be ignored any more.

Fig. 3 Schematic of ‘Adaptive Management’ (Loucks and
van Beek 2005)
Alternatives for
Management

Sustainable

Water

Resources

As discussed above, groundwater resources are under
increasing pressure worldwide (including India) due to
anthropogenic activities and climate change. Our response to
this mounting pressure is not adequate due to several
reasons (technical and socio-political), including limited
awareness of the importance of invisible groundwater
resources. In view of the increasing decline/depletion of
groundwater resources and the alarming situation of water
scarcity and water quality, the question arises: Can we
sustain our water resources on a long-term basis for the
survival of present and future generations on the earth? The
answer is “Yes” provided water planners and managers have
strong willpower and dedication to achieve this goal. Also,
there is an urgent need for a paradigm shift in the mindset of
the water planners and managers from “Reactive Approach”
to “Proactive Approach” in handling water problems. This
major change is prerequisite to sustainable natural resources
management in a country. Based on the author’s
work/research experience in developed and developing
countries including India, developing countries have two
alternatives for combating water scarcity and ensuring water
security: (a) Efficient Management Strategies through
technological innervations, and (b) Highly Expensive
Options (i.e., Desalination of seawater, Freshwater from
wastewater, Cloud seeding, Artificial Mountains, or Import
of icebergs). The first alternative is strongly recommended
for developing countries because they are relatively less
expensive as well as technically and practically feasible.
However, the options under second alternative are extremely
expensive, and can be adopted when there is no scope left in
a country for adopting the first alternative to ensure water
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Table 2 Advantages and disadvantages of groundwater and surface water sources of water supply (modified from Todd
1980)
A. Groundwater Source
Advantages

Disadvantages

1. Large-capacity sites available.
2. Development requires less land area.
3. Conveyance system (canals or pipelines) generally not required
for water utilization.
4. Almost consistent water temperature.
5. Negligible evaporation loss.
6. Less vulnerable to contamination.
7. Can be used directly for different purposes (including drinking)
without any treatment.
8. Usually, the quality of stored water does not deteriorate with
time.
9. Little risk of catastrophic failure
10. Reliable and safe source of water supply even during
disaster/emergency situations.
11. Sustain groundwater-dependent ecosystems (e.g., wetlands,
rivers, springs, lagoons, estuaries, etc.), human health and
livelihoods, and socio-economic development.

1. Water must be pumped (high energy needed).
2. Mainly storage and water supply uses.
3. Water may have high mineral content.
4. Minor contribution to flood control.
5. Limited flow available at any location.
6. Power head not available.
7. Difficult and very expensive to investigate, assess and manage
groundwater resources.
8. Recharge potential dependent on surplus surface water,
topography, land use/land cover, and vadose-zone condition.
9. For artificial recharge of groundwater, recharge water may require
expensive treatment.
10. Costly maintenance of main recharge zones and production wells.
11. Very expensive and difficult to reclaim aquifers if they get
contaminated.

B. Surface Water Source
Advantages

Disadvantages

1. Water is often available by gravity flow
2. Multiple uses besides water supply.
3. Generally, water has low mineral content.
4. Maximum contribution to flood control.
5. Large flow available at a given location.
6. Power head available.
7. Relatively easy and less expensive to assess, investigate, and
manage surface water.
8. Recharge potential directly dependent on annual precipitation.
9. No treatment of recharge water needed.
10. Less maintenance of required facilities.
11. Easy to reclaim if it gets contaminated.
12. Key role in sustaining different terrestrial and aquatic
ecosystems.

1. Very few new sites available for surface storage.
2. Development requires large land area.
3. Coveyeance system (canals, channels or pipes) essential for water
utilization.
4. Fluctuating water temperature.
5. High evaporation loss, even in the humid climate.
6. Highly vulnerable to contamination.
7. Not suitable for drinking without purification.
8. The quality of stored water gradually deteriorates with time, except
flowing surface water.
9. High risk of catastrophic failure.
10. Not reliable and safe source of water supply during
disaster/emergency situations.
11. Source of contamination for groundwater and ecosystems.

Concluding Remarks

and arid regions). It is also apparent that no big innovations
are needed to efficiently solve the prevailing water and
environment related problems of our country. There is an
urgent need to develop efficient and holistic management
strategies for freshwater resources considering both quantity
and quality to ensure long-term sustainability of water
utilization in the country. It is strongly recommended that
the governments and water managers should properly
address the obstacles to sustainable water management in
India and strictly follow the modern concepts and
tools/techniques for water management. Furthermore, there
is an urgent need to integrate these concepts and
tools/techniques, proactive approach, willpower and
commitment into national development and local action
plans for ensuring sustainable management of groundwater
and surface water resources in the country. We must be
serious about improved water management in India and start

st

The harsh reality of the 21 century is that humanity is
suffering from freshwater scarcity, with a considerable
variation of per capita freshwater availability between
continents, between countries and even within a country.
Presently, the fact is that the earth is already stressed and a
much larger pressure on the world’s natural resources,
especially on freshwater resources is expected due to everincreasing
population,
human
activities
(i.e.,
industrialization, urbanization, rampant pollution, etc.), and
climate change as well as mismanagement/misuse of vital
freshwater resources. Based on the facts and figures
presented in this article, it is evident that India is facing
groundwater/freshwater crisis in the 21st century and that the
current patterns of water development and consumption are
not sustainable in several parts of the country (both humid
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committed actions now to protect our country from
“Absolute Water Scarcity” condition (i.e., freshwater
availability less than 500 m3/capita/year), from which it
would be impossible for India to revert to normal condition
thereby leading to a catastrophic condition in the country.
At last, the crux of water resources management
problems is that the assessment of the magnitude of current
problems and the formulation of effective management and
control strategies warrant more reliable data at different
scales, an improved understanding of the spatial and
temporal patterns involved, and better modeling and
prediction methods. These facts must be well recognized by
our water planners and managers and necessary committed
actions must be started without and further delay. Lip
service, ad hoc or short cut approaches, and shortsightedness must be avoided to ensure efficient water
management in a real sense, which is the need of the hour
for human survival and healthy ecosystems. In addition,
there is a pressing need for a widespread realization that
many water or environment problems could be minimized or
avoided with adequate prudence and precautionary
measures, and that the cost of preventive measures is much
lesser than that of remedial measures. It is rightly said that
“Prevention is better than cure”.
It is now high time that India should wake up and
learn lessons from the past mistakes made by developed
nations in managing water resources in general and
groundwater in particular. Lessons should also be learnt
from the huge cost paid currently by developed nations for
their past ignorance, negligence, and misunderstanding. If
not, the water planners and decision makers of India will
have to pay several times more in the future than what the
developed nations are paying now for ensuring sustainable
water supplies and improved environment!! Will India
afford such a huge cost?
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Abstract

India is facing recurrent water crises in last two decades and increasing population in terms of water scarcity and
at times with exacerbates fresh water sources due to floods. Vagaries of rainfall attribute intensification of such
situations. Management options being explored and practiced, emphasis for artificial recharge to groundwater,
rain water conservation, increasing water use efficiency, water regulations etc. by various agencies. However, the
situation is becoming worse every year in many parts of the Country. There is a need to adapt water conservation
and recharge practices, in view of specifically identified management strategies, for each agro-climatic zone. A
special attention is required for Aquifer dispositions, Basin Characteristics and utilisation trends in such agroclimatic zones. Intensive involvement of politicians, administrators, technologist, scientists and last but not the least
with community is required.
Basin/ watershed/ micro watershed wise water resources planning is one of the result oriented approach. This will
help in inter basin links and diversion of water for irrigation or drinking purposes for deficit areas. Bench Marking
of Rural water and Urban water supply will provide inventory of water sources, quality, details of users, efficiency
of water supply, O& M cost etc. Irrigation schemes are also required to be bench marked for improving the
irrigation efficiency. Efforts need to be made to fill the gap of Irrigation Potential Created (IPC) and Irrigation
Potential Utilized (IPU) for surface water schemes. Optimal utilisation of groundwater resources, computerization
of water supply TW data is essential which will allow monitoring overdevelopment of groundwater resources.
Groundwater is being neglected by most of the States in the Country. Barring few, there are no fully functional
groundwater departments in most of the States. Even states rich in groundwater need them for future groundwater
resources management. Optimization of groundwater monitoring network will provide the true depiction of
groundwater scenario in the Country. They will also facilitate identification and need of water regulation and
intensity of adoption of water conservation practices. Evaporation suppression from water bodies, which is
presently to the tune of 1.5-2.5 m per annum, needs special attention. Adoption of available techniques can help to
reduce evaporation losses by 50-60%. Time has come that States should look forward for “Groundwater Centric
Policy” with appropriate regulatory mechanism, encompassing irrigation sector as well, which, as of now is out of
any groundwater regulatory mechanism.
Key Words: Groundwater. Benchmarking. Water Conservation. Basin Level Planning. Aquifer Mapping. Hydrogeologist.
Introduction
India is fast moving towards a crisis of water overuse and
contamination (CGWB, 2015). Indian subcontinent is
receiving precipitation to the tune of 4000 bcm which is nearly
four times of the Israel but still we are facing acute shortage of
water in many parts of the Country. This is affecting about one
fourth of Indian population. The situation is worsens as
summer advances. People are dying and even committing
suicide due to scarcity of water. In general droughts are being
blamed for crisis of water including groundwater in the
Country. Drought is very common in our country and some
states like Rajasthan, Gujarat, and Maharashtra are regularly
suffering. In Maharashtra sugarcane is grown in Rain shadow
zone which not suitable as per agro-climatic zones. In

Vidharbha, every year suicides are being committed by
farmers. Attributing water crisis to drought is partially correct,
however, delay in measures, required to be taken for
mitigating drought situations and inappropriate planning of
preventive measures such as water conservation, artificial
recharge, effective water regulation, planning of water
resources on scientific basis play major role to shove Country
in water crisis.
Utilization of Groundwater
In India, the availability of surface water is greater than
groundwater. However, owing to the decentralised availability
of groundwater, it is easily accessible and forms the largest
share of India’s agriculture and drinking water supply. Around
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89% of groundwater extracted is used in the irrigation sector,
making it the highest category user in the country (CGWB,
2012). This is followed by groundwater for domestic use
which is 9% of the extracted groundwater. Its industrial use is
2% and 50% of urban water requirements along with 85% of
rural domestic water requirements are also fulfilled by
groundwater. The main means of irrigation in the country are
canals, tanks and wells, including tube-wells. Wells, including
dug wells, shallow tube-wells and deep tube wells provide
about 61.6% of water for irrigation, followed by canals with
24.5%. Over the years, there has been a decrease in surface
water use and a continuous increase in groundwater utilisation
for irrigation. Fig.1 illustrates the pattern of use of the main
sources of irrigation.

has led to excessive groundwater usage, leading to a sharp fall
in groundwater tables.
As of April 2015, the water resource potential or annual water
availability of the country in terms of natural runoff (flow) in
rivers is about 1,869 Billion Cubic Meter (BCM)/year.
However, the usable water resources of the country have been
estimated as 1,123 BCM/year. This is due to constraints of
topography and uneven distribution of the resource in various
river basins, which makes it difficult to extract the entire
available 1,869 BCM/year. Out of the 1,123 BCM/year, the
share of surface water and groundwater is 690 BCM/year and
433 BCM/year respectively. Setting aside 35 BCM for natural
discharge, the net annual groundwater availability for the
entire country is 398 BCM. The overall contribution of rainfall
to the country’s annual groundwater resource is 68% and the
share of other resources, such as canal seepage, return flow
from irrigation, recharge from tanks, ponds and water
conservation structures taken together is 32%. Due to the
increasing population in the country, the national per capita
annual availability of water has reduced from 1,816 cubic
metre in 2001 to 1,544 cubic metre in 2011. This is a
reduction of 15%.
There is a need to adopt inherent management practices
dovetailed with development of resources, on scientific basis,
giving due weightage to proven approaches such as basin/
watershed / micro watershed wise water resources planning
with understanding of nature of aquifers and their behaviours.
Adoption of artificial recharge and water conservation
practices needs to be the essential components for any water
resources planning project. This can be done with the close
cooperation of politicians, administrators, technologist,
scientists and with community participation.

Note: Irrigated area is in ‘000 hectares.
Fig.1. Main Sources of Irrigation (Source: Agricultural
Statistics at Glance (2014), Ministry of Agriculture.)
As per the Agricultural Statistics at Glance 2014, Ministry of
Agriculture it is observed that the share of tube wells has
increased exponentially (Fig.2), indicating the increased usage
of groundwater for irrigation by farmers. The dependence of
irrigation on groundwater increased with the onset of the
Green Revolution, which depended on intensive use of inputs
such as water and fertilizers to boost farm production.

Basin/watershed/micro watershed wise water resources
planning
In the past, quite often the planning & development in water
sector has been project oriented. With the increase in demand
for water and its conflicting requirements for various uses, a
stage has already reached for taking up development and
management through river basin approach for optimal
beneficial utilisation. National Water Policy envisages that
water resources planning, development and management will
have to be planned for a hydrological unit such as drainage
basin as a whole or for a sub-basin multi-sectorally, taking
into account surface and groundwater for sustainable use
incorporating quantity and quality aspects as well as
environmental considerations.
All individual developmental projects and proposals should be
formulated and considered within the framework of such an
overall plan keeping in view the existing agreements for a
basin or a sub-basin so that the best possible combination of
options can be selected and sustained. Water resources
planning at basin levels will identify the areas having
surplus/deficit water; both surface and groundwater. This
approach gives reasonably good solutions to cater the deficit
areas and approach to conserve surplus water, if any.
Presently, numerous water conservation, recharge and rain
water harvesting structures are being constructed without
assessing its impact. Further, groundwater development

Fig.2: Increase in groundwater Irrigation.
Groundwater overuse or overexploitation is defined as a
situation in which, over a period of time, average extraction
rate from aquifers is greater than the average recharge rate.
India is facing overexploitation of groundwater from about
three decades. Multiple factors are responsible for over
exploitation of groundwater including political, technical and
administrative. Introduction of tube well technology,
Incentives for groundwater irrigation such as credit for
irrigation equipment and subsidies for electricity supply, low
power tariffs etc. have worsened the situation. The situation
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through drilling of tube wells is taking place without assessing
its impact on groundwater regime. Water resources
development and conservation planning done on basin level
will ensure optimal utilisation of water resources, with all
recharge and conservation measures, required for its
sustainability. This will also help in inter basin links and
diversion of water for irrigation or drinking purposes for
deficit areas. A typical example of water resources planning at
basin level along with its component is given at Fig. 3.

sources of water, water supply, quality of water being
supplied, details about the users, efficiency of water supply;
O& M cost, suggestions of improvement etc. Prior to this
exercise, this information was not available at one place and
Central Offices were always dependent on field units. After
benchmarking of water supply schemes in Rajasthan all
information are available at one click. This facilitates
developing management strategies for sustainability of water
resources and on the basis of emerging issues, remedial
measures can be taken without delay. Similarly, Bench
Marking of Irrigation schemes are also required for improving
water use & irrigation efficiencies.
Presently water use & irrigation efficiency for surface water is
very poor and it is about 25-30% in many cases. Further, the
O&M cost is increasing day by day due to poor upkeep of
infrastructures created for canal command areas. There is a
need to work out strategies for timely completion of
infrastructure and regular operation and maintenance to
enhance irrigation efficiency. Benchmarking of surface water
irrigation project will help addressing all such issues. If the
surface water irrigation efficiency is increased by 10 percent,
we will have sufficient water for irrigating the present
irrigable areas. However, groundwater irrigation efficiency,
which in general is about 70 percent, can also be further
increased by adopting suitable irrigation practices according to
prevailing agro-climatic conditions. Discouraging flood
irrigation and switching over to drip, sprinkler, furrow etc.
will enhance irrigation efficiency and sizeable saving of water
resources.

Fig.3: Water Resources Planning at Basin Level
Source: IUCN (as part of 'WISE-UP to Climate' project).

Bench Marking of Rural, Urban water supply and
irrigation Schemes
Benchmarking in the rural and urban water supply is being
promoted as a low-cost and effective tool to assist the
improvement of water resources sector for its utility
performance. Benchmarking is a tool of both performance
assessment and performance improvement, originated in the
manufacturing industry in the 1970’s as a strategic tool to stay
ahead of competitors. Water utilities have been using
benchmarking since the 1990’s and the use of water utility
benchmarking has since spread and is now being used
worldwide. Internationally, benchmarking is being embraced,
even though participation in benchmarking schemes is still
quite low. After identifying the perspectives or thematic areas
for benchmarking, the appropriate indicators can be identified.
The choice of indicators is guided by several considerations
including the so-called SMART (specific, measurable,
achievable, relevant and time bound) considerations. The
International Water Association (IWA) has taken on a leading
role and has published benchmarking manuals for water
supply (Alegre et al., 2006) and waste water (Matos et al.,
2003). The manuals define hundreds of performance
indicators supplemented by contextual indicators where the
latter allow the capturing of contextual information that may
be useful in the understanding the outcome of the performance
assessment.
Rajasthan Government is the first State Government which
has carried out benchmarking of public rural & urban water
supply. The study emerged into a realistic picture on various
water related issues. It provides all information pertaining to

Strengthening of Groundwater Departments:
Groundwater being the most promising and utilized resources
in the country, is being neglected by most of the States in
Country. Most of groundwater development and management
projects in States are being handled by water resources/ civil /
mechanical engineers with little or no knowledge of
‘hydrogeology’, the core science of groundwater. Central
Groundwater Board along with some other institutions at
Government of India level are equipped with manpower
technically qualified to manage groundwater development and
management projects being implemented by States. However,
‘Water’ being State subject, their role is limited to carrying out
R&D studies and sharing outcomes with State Governments,
which in most of the cases does not have qualified manpower
to understand and implement development and management
strategies as suggested. Baring few, there are no fully
functional groundwater departments in most of the States.
States, rich in groundwater, needs fully functional
groundwater departments for future groundwater resources
management. There is a need to create all India cadre services
of hydrogeologist in the Country and such officers be
deployed at key positions in groundwater departments of State
Governments for developing, strengthening and grooming the
infrastructure and human resources to meet the emerging
challenges of groundwater.
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Rural water supply is mostly dependent on groundwater and
almost all the states lack centralised and computerised
database of such tube wells. Such information are not
available at one place. Either field units have in their records
or individual pump operator’s keep in their memory.
Comprehensive planning for creating groundwater supply
needs to be on scientific basis. It is observed that most of time
the Pumps are lowered either of higher capacity or lower. If all
the data such as depth, diameter, safe yield water level,
quality, pump details etc are computerized it will help in
scientific planning and management of the resources along
with maintenance and assured supply.
Aquifer Mapping & Management Program
Central Ground Water Board (CGWB) has taken up Aquifer
Mapping and Management Program on 1:50,000 scale in the
Country since XII Plan period after releasing Aquifer Systems
of India in 2012 at 1:250,000 scale (Fig.4). The program aims
to complete aquifer mapping of around 24.8 lakh sq. km
mappable area of the Country with aquifer characterisation
and suggesting strategies for groundwater management at
block level.

Source; Aquifer Mapping Report of CGWB, SER, Bhubaneshwar

Fig. 5: 3D disposition of Aquifer systems
But in States with no separate groundwater department, fate of
adoption of scientifically derived strategies under aquifer
mapping program is uncertain. CGWB has been involved and
shared base data of aquifer systems of India, but State
Governments should come forward to further, develop their
data sets on smaller scale. Some of the initiative of CGWB
may include:
• Preparation of State Hydro-geological Atlas on GIS
Platform
• Preparation of district Hydro-geological Atlas on GIS
Platform
• Preparation of Basin wise Hydro-geological Atlas on GIS
Platform
• Developing software for community to assess groundwater
resources by just feeding the water levels. This has already
been carried out by Rajasthan for which National
Geospatial Award was conferred. This software can be
utilized by community for planning water resources
availability and demand for each season and accordingly
water storages and agriculture cropping can be planned.
• In order to assess groundwater resources, water levels are
monitored in Key wells. Presently these are distributed
without much scientific background. Statistical methods are
available for optimisation along with the location so that
resources can be better assessed.

Fig: 4: Aquifer Systems of India (after CGWB 2012)
So far 11.80 lakh sq km has been covered and outcomes are
regularly being shared with State Governments for adoption.
Some of the States are enthusiastically adopting suggested
strategies. The outputs are in the form of 3D disposition of
aquifer systems (Fig.5) with their characterisation, aquiferwise management plan with suggested strategies.

Water Conservation and Regulation
India has been observing water conservation practices
including artificial recharge to groundwater on a scattered
manner from last two decades. Positive impacts of such efforts
are observed at several places, where decline of groundwater
levels have been arrested or in some cases rise in groundwater
levels are observed. Still large part of the Country is not
showing encouraging results in-spite of efforts being made by
Governments, Civil Societies, Institutions and individual. One
of the reasons could be admixture of water conservation
practices by some and wastages of water by others. In urban
areas, large volume of water is being wasted for car and
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courtyard washing. Absence of uniform regulation to prevent
wastage of water and adoption of water conservation &
recharge can be attributed to the situation. There is a need to
have comprehensive Water Conservation Regulation to
provide means to reduce per capita water demands, to comply
with prescribed water conservation regulations and by
establishing financial incentives for water conservation. There
are number of laws which can be harmonised in the light of
long term effective regulation. The states which are rich in
minerals and mining activity are also having numerous
abandoned mine pits in which water fills and evaporates.
These abandoned mine pits can be converted to artificial
recharge structures. Large volume of runoff is generated
during the rainy season from National and State highways.
This water can be harvested and either stored and/or recharged
to groundwater. Evaporation from the surface water bodies in
the state ranges from 1.5-2.5 m per annum out of which about
80% is during summer, which is a huge loss. Techniques are
available, which are echo friendly and the evaporation can be
reduced by 50-60%. This aspect is to be taken care for better
water management especially areas having less resource.
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Discussion & Conclusion
Water Management is need of the hour and to implement
water management strategies, we need to understand our
resources in all perspective. Benchmarking of water supply &
irrigation scheme will facilitate the knowledge base for
defining strategies of water management. Implementation of
water management practices needs to be carried out on basin,
sub-basin and watershed level. Understanding of science of
groundwater is limited with the States involved in
implementation. Therefore, a multipronged approach is
required to address the emerging challenges in water
management including groundwater, wherein at one place
States are required to strengthen their groundwater department
by deploying sufficient hydrogeologist and upscale
infrastructure. On the other hand basin level planning needs to
be carried out with scientific approach, utilising outputs of
Aquifer Mapping ad Management Program of CGWB.
Enactment of suitable regulations for adoption of water
conservation & artificial recharge should be linked with
enhancement of per capita water availability and should be
applicable uniformly. Financial institutions providing financial
support for water supply & irrigation schemes shall also be
equipped with data on water resources for regulating loan
disbursement and to be brought under ambit of water
management planning. Last but not the least each state should
prepare “Water Centric Policy” for proper management of
water resources with support of politician and administration
and efforts be made to shift from construction mode to
management mode with community participation.
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Abstract
During the recent years, the discussion on water and the environment has significantly shifted towards ways in which the
environment can not only be conserved but managed to meet human needs sustainably. The focus is on working with
nature to produce co-benefits for both people and nature. Hence, there is increasing emphasis on important contribution
of nature-based Solutions for water. The option of building more surface water reservoirs is increasingly limited by
decreased runoff, reservoir siltation, environmental concerns and the fact that the most cost-effective and viable sites
have already been used. In addition, increasing temperatures lead to increased water loss through evaporation. As part
of this shift, groundwater and the subsurface environments that contain it, i.e. aquifers are increasingly seen as strategic
and integral resources for providing water supplies and other natural ecosystem services that support human
development and resilience. In a complex situation influenced by population growth, climate change, and demographic
and environmental changes in India, it is increasingly important to enhance, manage and sustain services derived from
groundwater and the sub-surface. India has made extensive technological advances in terms of improved knowledge,
expertise related to groundwater and the subsurface and environmental processes during last fifty years. In this paper a
broad portfolio of approaches like enhancing recharge of groundwater aquifers, mandating water harvesting and
artificial recharge in urban areas, groundwater governance, incentivising to promote recharging of groundwater,
intelligent power rationing for irrigation, optimising water use efficiency, conjunctive management that permit better
management of these natural resources and services in India have been examined at great length in terms of the technical
feasibility as well as social relevance of implementation .
Keywords sub-surface environment. managed aquifer recharge. energy-irrigation nexus. intelligent power rationing.
conjunctive management.
resilience in dry periods or seasons of uncertain and
variable climate. Managed aquifer storage plays a key role
1. Introduction
in helping communities to adjust to climate variability and
uncertainty by enabling irrigators and other users to
Of late the dialogue on water and the environment has
continue having access to water during droughts. Also, in
significantly shifted towards ways in which the
contrast with centralized surface storage, rain water
environment can not only be conserved but managed to
harvesting and artificial recharge to groundwater is
meet human needs sustainably, with a focus on working
decentralized, allowing for the diversification of water
with nature to produce co-benefits for both people and
source types used to augment
nature. Nature-based Solutions for Water has contributed
importantly to the discussion. The option of building more
recharge (e.g., non-committed run off, urban storm water
surface water reservoirs is increasingly limited by
and even treated wastewater).
decreased runoff, reservoir siltation, environmental
concerns and the fact that the most cost-effective and
As per the latest assessment of the groundwater resource
viable sites have already been used. In addition, increasing
in the country the annual replenishable groundwater
temperatures lead to increased water loss through
resources have been assessed as 432 bcm and the net
evaporation. As part of this shift, groundwater and the
annual groundwater availability is 393 bcm, keeping an
subsurface environments that contain it, i.e. aquifers are
allocation for natural discharge (CGWB, 2019). The
increasingly seen as strategic and integral resources for
annual groundwater draft is 249 bcm. The Stage of
providing water supplies and other natural ecosystem
groundwater development works out to be about 63%.
services that support human development and resilience.
However, this is not uniform across the country. The stage
In a complex situation influenced by population growth,
of development is exceedingly high in north-western and
progressively increasing demands from groundwater,
western states as well as in some states in central and
climate change, and demographic and environmental
southern India. Out of 6881 assessment units 11499 are
changes in India, it is increasingly important to enhance,
categorised as Over-exploited/Critical. Highly intensive
manage and sustain services derived from nature based
development of groundwater in these areas in the country
infrastructure of aquifers through managing and
has resulted in over – exploitation leading to decline in
optimizing under groundwater storage to increase
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groundwater levels, deterioration in groundwater quality
and sea water intrusion in coastal areas.
In the light of the extensive technological advances and
increased knowledge and experiences in India related to
groundwater, and the subsurface and environmental
processes, a broad portfolio of management approaches
has been developed. The management solutions
comprising a diverse menu of interventions, namely
enhancing recharge of aquifers, mandating water
harvesting and artificial recharge in urban areas,
groundwater governance, incentivizing to promote
recharging of groundwater, intelligent power rationing for
irrigation, optimizing water use efficiency, conjunctive
management through use of nature based infrastructure
have been examined in this paper.
2. Rainwater Harvesting and Enhancing Recharge of
Aquifers
Extreme climate events such as aridity, drought, flood,
cyclone and stormy rainfall are expected to leave an impact
on human society. They are also expected to generate
widespread response to adapt and mitigate the sufferings
associated with these extremes. Societal and cultural
responses to prolonged drought include population
dislocation, cultural separation, habitation abandonment,
and societal collapse. A typical response to local aridity is
the human migration to safer and productive areas.
However, climate and culture can interact in numerous
ways. Historical societal adaptations to climate
fluctuations may provide insights on potential responses of
modern societies to future climate change that has a
bearing on water resources, food production and
management of natural systems. Decentralized rainwater
harvesting from roof catchments in cities has the potential
to supplement centralised water supply strategies to create
an overall more resilient urban water supply. This
highlights the importance of implementing a diverse range
of water sources and conservation for urban water
management. The efficiency of translation of rainfall
runoff into recharge is highly dependent on strategy and
location.
Managed Aquifer Recharge ( MAR) through rainwater
harvesting and enhanced recharge to aquifers is part of the
palette of solutions to water shortage, water security, water
quality decline, falling water tables and endangered
groundwater dependent ecosystems. Often it is the most
economic, most benign, most resilient and most socially
acceptable solution, but has not been considered out of lack
of awareness, inadequate knowledge of aquifers, immature
perception of risk and inadequate policies for integrated
water management, including its linkages with demand
management. Roof top harvesting and artificial recharge
can achieve much towards solving the myriad of local
water problems that collectively have been termed “the
global water crisis”, if it is included among the options
evaluated locally.
The immediate priority for MAR are the areas already
overexploited resulting into severe decline in groundwater
level, coastal areas affected by sea water ingress due to
haphazard and unscientific development of groundwater
and the areas infested with pollution due to various
reasons. While prioritizing the areas, the possible impact
of climate change needs to be dovetailed. As a long term

measure an attempt has been made to provide a conceptual
framework for utilization of surplus monsoon runoff for
artificial recharge of groundwater and consequently a
“National perspective plan for recharge to groundwater by
utilizing surplus monsoon runoff” has been prepared
(CGWB, 1996). The report provides availability of noncommitted surplus monsoon runoff in 20 river basins of
the country vis-a vis the subsurface available space under
different hydrogeological situations for saturating the
vadose zone to 3 m below ground level. It was estimated
that it is possible to store 21.4 Mham in the groundwater
reservoir throughout the country out of which 16.05 Mham
can be utilized.
As per the Master Plan for artificial recharge to
groundwater, out of the geographical area of 32, 87,263 sq.
km of the country, an area of about 9,41,541 sq.km. has
been identified in various parts of country which need
artificial recharge to groundwater (CGWB, 2013). This
includes the hilly terrain of Himalayas also where the
structures are basically proposed to increase the fresh
water recharge and improve the sustainability of springs. It
is estimated that annually about 85,565 MCM of surplus
surface run-off can be harnessed to augment the
groundwater.
In rural areas, suitable civil structures like percolation
tanks, check dams, nala bunds, gully plugs, gabion
structures etc. and sub-surface techniques of recharge
shaft, well recharge etc. have been recommended.
Provision to conserve groundwater flow through
groundwater dams has also been made. It is envisaged to
construct about 1.11 crore artificial recharge structures (11
Million) in urban and rural areas at an estimated cost of
about Rs. 79,178 crores (US $ 15835 Million). This
comprises of mainly around 88 lakh structures utilizing
rain water directly from rooftop and more than 23 lakh
artificial recharge structures utilizing surplus run-off and
recharging groundwater in various aquifers across the
country. The break-up includes around 2.90 lakh check
dams, 1.55 lakh gabion structures, 6.26 lakh gully plugs,
4.09 lakh nala bunds/cement plugs. 84925 percolation
tanks, 8281 sub-surface dykes, 5.91 lakh recharge shafts,
1.08 lakh contour bunds, 16235 injection wells and 23172
other structures which include point recharge structures,
recharge tube wells, stop dams, recharge trenches, anicuts,
flooding structures, induced recharge structures, weir
structures etc. In hilly terrain of Himalayas, emphasis has
been given for spring development and 2950 springs are
proposed for augmentation and development.
Assuming the importance of artificial recharge and rain
water harvesting, the Model Bill on Groundwater prepared
and circulated by Ministry of Water Resources has been
amended in 2006 to accommodate the this important aspect
and all the state Governments have been asked to
formulate their own rule and law for better governance of
groundwater, adopting suitable augmentation measures
where ever required or else impose regulatory measures to
ensure sustainability of this vital resource (MoWR,2006).
An increase in precipitation in the basins of Mahanadi,
Brahmani, Ganga, Godavari and Cauvery is projected
under climate change scenario. Unless remedial measures
are implemented to control the runoff, increased frequency
of floods in these areas are unavoidable.
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3. Conjunctive Management
Conjunctive management will play crucial role as a
mitigatory measure since climate change will lead to
extreme situation of water level rise in some areas and
water level decline in other areas. In such event
Conjunctive management needs to be adopted so as •

•
•
•

To evolve a suitable plan for controlling the problem of
rising water levels by adopting the technique of
conjunctive use of surface and groundwater, and proper
drainage.
To prepare sector/ block-wise plans for development of
groundwater resource in conjunction with surface water
based on mathematical model results.
To test the sustainability of the present irrigation pattern
with respect to conjunctive use of water resources and
suggest improvement for future.
To evaluate the economic aspect of groundwater
development plans with respect to Cost benefits ratio,
internal rate of return and payback period etc.
In areas of India with massive evaporation losses from
reservoirs and canals but high rates of infiltration and
percolation, the big hope for surface irrigation systems—
small and large—may be to reinvent them to enhance and
stabilize groundwater aquifers that offer water supply
close to points of use, permitting frequent and flexible justin-time irrigation of diverse crops. Already, many canal
irrigation systems create value not through flow irrigation
but by supporting well irrigation. In the Mahi Right Bank
system in Gujarat, with a command area of about 250,000
ha, it is the more than 30,000 private tube wells—each
complete with heavy-duty motors and buried pipe
networks to service 30 to 50 ha area—that really irrigate
crops; the canals merely recharge the aquifers. An
elaborate study by Central Groundwater Board (1995)
lauded the Mahi irrigation system as a “model conjunctive
use project” in which 65 percent of water was delivered by
canals and 35 percent was contributed by groundwater
wells. However, what conjunctive use was occurring was
more by default than by design as the enterprising farming
community of the area have taken the initiative and
realized fully the advantages of adopting the conjunctive
use techniques for reaping optimal benefits.
Further, there is an urgent need to adopt participatory
Irrigation management ensuring participation of
stakeholders since inception of the conjunctive use
projects. Due to variations in rainfall and runoff in
different basins of the country, it is expected that
imbalances in availability of surface and groundwater may
aggravate the conditions of water logging at one end and
scarcity at other end. The major irrigation command areas
are more vulnerable to such extreme events and hence
there is an urgent need to implement conjunctive use
practices in field conditions so as to control rising water
level scenario, water logging and even water shortages in
tail end areas.
4. Intelligent Management of Energy- Irrigation Nexus
As of now, managing the energy-irrigation nexus with
sensitivity and intelligence is the principal tool for
groundwater demand management. The current challenge
is twofold. First, diesel-based groundwater economies of
the Indo-Gangetic basin are in the throes of an energy

squeeze; some recent studies (Shah 2008, Shah et al 2007,
2009) show that, further rise in diesel prices, will
undermine the potential benefits of conjunctive use of
ground and surface waters in water abundant areas of
Ganga basin. Electrification of the groundwater economy
of these regions combined with a sensible scheme of farm
power rationing may be the most feasible way of stemming
distress migration of the agrarian poor. In the electricitydependent groundwater economy of western and
peninsular India, the challenge is to transform the current
degenerated electricity-groundwater nexus into a rational
one. Tariff reform has proved a political challenge in many
of these states; but other ‘hybrid’ solutions need to be
invented. Gujarat’s experience under the Jyotigram
scheme illustrates a ‘hybrid’ approach based on intelligent
rationing of power supply (Shah and Verma, 2008; Shah et
al, 2009). But other states in the region too are moving in
the direction of demand management by rationing power.
Punjab has effectively used stringent power rationing in
summer to encourage farmers to delay rice transplantation
by a month and in the process, significantly reduced
groundwater depletion. Andhra Pradesh gives farmers free
power but has now imposed a seven-hour ration. It is
surmised that power rationing can be a simple and
effective
instrument
for
groundwater
demand
management.
5. Increasing Groundwater Use Efficiency
Water use efficiency programs, which include both water
conservation and water recycling, reduce demands on
existing water supplies and delay, or eliminate the need for
new water supplies for an expanding population. These
effects are cumulative and increasing. Water conservation
savings have increased each year due to expansion of, and
greater participation in these water conservation programs.
Water recycling, or the use of treated wastewater for nonpotable applications, is used in a variety of ways, including
irrigation and industrial processes. This in turn will
provide environmental benefits as well as significant
aesthetic and human health benefits. A reduction in waterrelated energy demand due to water conservation and
water recycling reduces the air pollutants and allows to
respond to the water supply challenges posed by global
climate change. Water conservation and water recycling
programs clearly save energy and reduce air pollutant
emissions.
Broadening the limits of the quality of water used in
agriculture can help manage the available water better in
areas where scarcity of water is due to salinity of the
available groundwater resources. Cultivation of salt
tolerant crops in arid/semi-arid lands, dual water supply
system in urban settlements - fresh treated water for
drinking water supply and brackish groundwater for other
domestic uses are some such examples. Recycling of water
after proper treatment for secondary and tertiary uses is
another alternative that could be popularized to meet
requirements of water in face of the scarcity of resource in
the cities. It has been estimated that parts of Haryana,
Punjab, Delhi Rajasthan, Gujarat, Uttar Pradesh,
Karnataka and Tamil Nadu have inland saline groundwater
of the order of about 1164 BCM. Yields of many crops,
vegetables and fruit plants e.g. barley, dates and
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pomegranate, when irrigated with saline or brackish water,
not significantly affected. Saline/ brackish water can be
successfully used to irrigate such plants and fresh or good
quality water can be saved for use by other sensitive crops
or for other uses. Brackish water can also be utilized for
pisciculture / aquaculture. Therefore, additional resource
of 1164 BCM of saline/brackish groundwater resource
would be available for use. Studies are required to be
undertaken on use and disposal of brackish / saline
groundwater.
Studies have shown that that substantial quantity of water
could be saved by the introduction of micro irrigation
techniques in agriculture. Micro irrigation sprinklers and
drip systems can be adopted for meeting the water
requirement of crops on any irrigable soils except in very
windy and hot climates.These water conservation
techniques would provide uniform wetting and efficient
water use.
Changes in cropping pattern aimed at higher return of
investment may lead to increased exploitation of
groundwater, as the experiences in Punjab and Haryana
have shown. Suitable scientific innovations may be
necessary to solve this issue. Less water intensive crops
having higher market value, scientific on-farm
management, sharing of water and rotational operation of
tube wells to minimize well interference and similar
alternatives can provide viable solutions for balancing
agro-economics with environmental equilibrium.
In order to increase the groundwater use efficiency,
suitable incentives for community management of new
wells, for construction of recharge structures, for energy
saving devices like installation of capacitors and
frictionless foot valves and for adoption of micro irrigation
can be offered to the users in water stressed areas (Overexploited and Critical blocks) instead of imposing a ban
for further exploitation of groundwater.
6. Conclusions and Recommendations
Rain water harvesting and enhancing recharge to aquifers
is part of the palette of solutions to water shortage, water
security, water quality decline, falling water tables and
endangered groundwater dependent ecosystems. Often it is
the most economic, most benign, most resilient and most
socially acceptable solution, but has not been considered
out of lack of awareness, inadequate knowledge of
aquifers, poor perception of risk and inadequate policies
for integrated water management, including its linkages
with demand management. Roof top harvesting and
artificial recharge can achieve much towards solving the
myriad of local water problems that collectively have been
termed “the global water crisis”, if it is included among the
options evaluated locally.
Sustainable development of groundwater resources and
various mitigation programs required in the event of
possible climate change in the country can be
accomplished only with the help and active cooperation of
all stakeholders such as the Ministries Jal Shakti,
Environment, Forests & Climate Change, Rural
Development, Agriculture and Farmers Cooperation,
Science & Technology of Government of India and the
institutions working under them; State Governments &
their organizations; Associations of Industry, NonGovernment Organizations, District Administrations and

Panchayati Raj Institutions and the individuals users. To
be successful in this mission we also have to create
conditions for complete synergy in the activities of all the
stakeholders. However, the stakeholders in grass root
levels need to be sensitized to the social relevance of
technical decisions on mitigation.
Although the groundwater agencies at central and state
level are the custodians of our groundwater resource, in
reality, multiple agencies in public and private sectors are
involved as major players in India’s groundwater
economy. As climate change transforms groundwater into
a more critical and yet threatened resource, there is dire
need for coordinating mechanisms to bring these agencies
under an umbrella framework to synergize their roles and
actions. Even as governments evolve groundwater
regulations and their enforcement mechanisms, more
practical strategies for groundwater governance need to be
evolved.
In hard-rock regions of the country, together with
intelligent management of the energy-irrigation nexus,
mass-based decentralized groundwater recharge offers a
major short-run supply-side opportunity. Public agencies
are likely to attract maximum farmer participation in any
programs that augment on-demand water availability
around farming areas. Experience also shows that
engaging in groundwater recharge is often the first step for
communities to evolve norms for local, community-based
demand management.
In alluvial areas, conjunctive management of rain, surface
water, and groundwater is the big hitherto under-exploited
opportunity for the supply-side management. Massive
investments being planned for rehabilitating, modernizing,
and extending gravity-flow irrigation from large and small
reservoirs need a major rethink in India. In view of the
threat of Climate Change, we need to rethink our storage
technology itself. Over the past 40 years, India’s landmass
has been turned into a huge underground reservoir, which
is more productive, efficient, and valuable to farmers than
surface reservoirs. For millennia, it could capture and store
little rainwater because in its predevelopment phase it had
little unused storage. The pump irrigation revolution has
created 250 km3 of new, more efficient storage in the
subcontinent. Like surface reservoirs, aquifer storage is
good in some places and not so good in others. To the
farmer, this reservoir is more valuable than surface
reservoirs because he has direct access to it and can obtain
water on demand. Therefore, he is far more likely to
collaborate in managing this reservoir if it responds to his
recharge efforts. Indeed, he would engage in participatory
management of a canal if it served his recharge efforts.
This is best illustrated by the emergence of strong canal
water user associations of grape growers in the Vaghad
system in Nasik district of Maharashtra. Vineyards under
drip irrigation in this region need to be watered some 80 to
100 times a year, but canals are useless: they release water
for a maximum of just 7 times. Yet grape growers have
formed some of the finest water user associations in the
region for proactive canal management here mostly
because they value canals as the prime source of
recharging the groundwater that sustains their high-value
orchards (Shah, 2009).
By far the most critical response to climate change in
India’s water sector demands exploring synergies from a
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variety of players for a nation-wide groundwater recharge
program. India’s water policy has so far tended to focus on
what governments and the government agencies can do.
Now, it needs to target networks of players, each with
distinct capabilities and limitations. If groundwater

recharge is to be a major response to hydro-climatic
change, the country needs to evolve and work with an
integrated groundwater recharge strategy with role and
space for various players to contribute as outlined in the
table 1.

Table 1 Outline of an Integrated Rain water harvesting and Groundwater Recharge Strategy for India
Key actors

Arid alluvial aquifer areas

Hard rock aquifer
areas

Farmers

Dug wells, farm ponds, rooftop water harvesting; other
private recharge structures

Dug wells, farm
ponds, roof- top
water harvesting;
other private
recharge structures

NGOs, local
communities

Percolation ponds, check dams, sub- surface dykes; stop
dams and delayed-action dams on streams

Canal system
managers

Conjunctive management of surface and groundwater

Groundwater
recharge Special
Purpose Vehicle

Recharge canals to capture flood flows for recharge
(e.g., Ghed canal in Saurashtra) or transport surplus flood
waters for recharge in groundwater- stressed areas (e.g.,
Sujalam Sufalam in North Gujarat)
Large recharge structures in recharge zones of confined
aquifers
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Abstract
The present work embodies the details and outcome of the hydrogeological, geophysical and hydrological
investigations carried out in an open cast limestone mine situated near Ranavav in the Saurashtra region of the
State of Gujarat in India with the objective of studying the nature of waters flooding the open mine. Geologically,
the study area is comprised of sedimentary formations viz. Miliolite limestone of Pleistocene age exposed on the
surface, underlain by marl/ sand (Gaj formation) of Lower Miocene age, which in turn is underlain unconfirmably
by basalt (Deccan trap) of Upper Cretaceous to Lower Eocene age. Electrical resistivity imaging was carried out
in the mine area to ascertain the subsurface architecture which reflected a good co-relation between the observed
and existing geological and geophysical attributes. Along with the above analysis, an ionic tracer (NaCl) was
employed to find out the groundwater flow direction, which was inferred to be towards south-west, within the
cavernous limestone aquifer. A layer of marl (calcareous clay) occurring beneath the Miliolite limestone was
found to possess a laboratory permeability of 10-4 to 10-5 m/day. Stable isotope analysis of the floodwaters in the
mine pits has revealed the origin of the mine water which was found to belong to the regional groundwater. The
study has brought out the intricate details of waters flooding the limestone mine.
Keywords: Stable Isotopes. Floodwaters. Limestone mine. Gujarat. India
1.0 Introduction
Groundwater generally occurs in the pore spaces and
openings within the geological formations at varying
depths. Among the hard rocks, most common formation
often containing profuse amounts of groundwater is the
carbonate rock occurring as limestone and dolomite. The
limestone rocks are often found to contain cavernous
zones originated by the chemical/solution activity of
carbonated waters. Such cavernous zones, if occurring in
the saturated zone can contain large amount of
groundwater. More often, if mining activities are carried
out in these formations, then this groundwater rushes into
the mined pits and can cause flooding situations thereof.
As far as the consequences of this groundwater
accumulation are concerned, it may adversely affect the

mining activity. Such situations are matter of keen interest
from the hydrology point of view. The present study
embodies details of a hydrogeological and geophysical
resistivity study carried out in the flooded ‘Adityana’
limestone mine near Ranavav town in District Porbandar,
Saurashtra (Gujarat) in India. The Adityana mine is
composed of limestone exposures which are underlain by
patchy occurrences of gypseous clay, which in turn is
underlain by marlstone. The marl layer continues up to a
depth of about 65 to 70 m. However, it was found during
excavations in the limestone that the mine pits got flooded
with water thus making it difficult for further mining of
the limestone and underlying marl. The main objective of
the present study was to ascertain the source of water
flooding the mine (Fig.1).
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Fig.1: Google Map showing the location of the study area
The earlier studies in the karstic limestone terrains have
been carried out for developing a better understanding
relating to the development of cavernous nature of the
rock formations and their water bearing characteristics
using techniques of electrical resistivity methods and
Isotope studies. Singhal et al (1988) studied the cavernous
nature of Tirohan Limestone occurring beneath the
Kaimur Sandstone of Vindhyan Supergroup in the
southwestern part of Banda district using vertical
electrical sounding data. Todd Halihan et al. (2009)
applied the ERI technique in order to address major
lithologies, the properties of the epikarst zone of aquifer,
the fault orientation in the aquifer and evaluated a
borehole technique with the help of ERI for the ArbuckleSimpson aquifer, Oklahoma. Song Ki-Il et al (2012)
conducted electrical resistivity imaging (ERI) surveys in
order to characterize the karst system and its organization
for seeking solution to the problem of sinkholes in the
longest railroad tunnel in South Korea. Ravindran et al
(2012) carried out the 2D resistivity imaging in Puthur
limestone mines, Tirunelveli, Tamilnadu in order to
investigate the characteristics of limestone and the calcic
granulite in the subsurface.

Isotopes have been employed for seeking solutions to
multiple issues in hydrogeological studies, viz. as tracers,
for resolving the age and source of groundwater,
assessment of recharge, hydraulic characteristics, and
fluid movement in aquifers (Kehew 2001; Aggarwal et al.
2005). Leaney et al. (1995) used isotope analysis using
deuterium and oxygen isotopes in order to estimate the
local recharge in a karst formation in South Australia.
Unnikrishna et al. (1995) used the stable isotope of oxygen
in order to understand the dominant flow processes in
semi-arid systems, Idaho, USA. Chandrasekharan et al
(1997) conducted isotopic studies in order to study the
cause of groundwater quality deterioration adjacent to the
salt pans of Porbandar coast, Gujarat, near which the
present study has also been made. Aggarwal et al. (2006)
and Bhishm Kumar (2011) described the stable and
radioactive isotopes and their applications in groundwater
recharge studies and age determination.

1.1 Study Area
The present study area is situated in the hilly terrain of
Barda hill ranges in the coastal part of Saurashtra (Gujarat)
having slope mainly towards south. The Barda hills are
uneven and have mountainous terrain with an altitude
ranging from 200 to 630 m above mean sea level. The area
is included in the catchment of Bhadar main river but
locally it is drained off by river Bileshwari, which is
originating from Barda hills where a dam named
Khambalia has been constructed on the Bileshwari river
towards northeast of the study area (Fig.1). The dam water
is mainly used as a major source of drinking water for

residents of the nearby Ranavav township as well as for
Porbandar city.
The climate of the study area is categorized as semi-arid
type with mainly three seasons viz. winter (Mid - October
to February), summer (March to Mid - June) and rainy
season (Mid - June to Mid - October). The average day
temperature in the summer season is 400C whereas the
minimum temperature in the winter is 200C. The air is
humid due to its vicinity to the sea. All through the
monsoon period, the relative humidity is over 80 per cent.
The historical data of past 41 years (1958 to 1998) shows
that average rainfall in the area is 702 mm. About 94 per

In the present study, electrical resistivity imaging
technique has been utilized for ascertaining the subsurface
architecture of geological formations whereas stable
isotope studies have been carried out to reveal the source
of waters flooding the Adityana limestone mine.
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cent of the annual rainfall occurs in the months between
June and September.

1.2 Geological Setup
The basalt (trap rock) of upper Cretaceous to lower
Eocene age is the oldest rock found in the study area. The
basalt is overlain by Gaj formation of lower Miocene age,
which is mainly composed of gypseous clay and impure

limestone (Marl, Fig.2) .The thickness of gypseous clay is
maximum (about 20 m) as encountered in a borehole near
a cave(commonly referred as Jambuwanti Cave).The Gaj
formation is overlain by limestones containing Miliolite
fossils, known as Miliolite Limestone.

Fig. 2: Geological Map of Adityana Area
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Table 1: Sub-surface Geological Succession (After Sharma, 1999)
Era
Quaternary

System
Recent to sub-Recent
Pleistocene

Series
Newer and older
alluvium
Miliolite Limestone

Rock Lithology
Topsoil/ wind-blown
sandLimestone/ sandy
limestone with fossils of
Miliolite

Erosional unconformity
Tertiary

Lower Miocene

Upper Cretaceous to lower Eocene

Gaj Formation
Unconformity
Deccan traps – lava
flows

Solution cavities are very prominent and visible (by naked
eye) in the Miliolite Limestone exposed in the study area.
Thus, the limestone is fairly hard but is highly porous and
cavernous in nature. The limestone is widely found
throughout the study area with varying bed thickness. In a
The main methods used in this study included
hydrogeologic inventorying, estimation of permeability of
marl in the laboratory, deciphering groundwater flow
direction in the field, followed by 2D resistivity imaging
and study of stable isotopes of oxygen for ascertaining
origin of floodwaters in the mine pits.
Table 2 gives a list of the open wells inventoried in and
around the limestone mine used for this study. The depth
of water table in the six inventoried wells in the area was
monitored between May 2012, and November 2012. The
water table was rather shallow during premonsoon month
of May 2012 being in the range of 2.0m below ground
level (bgl) in the Naya Gaon well (W-8, Banala village)
and 15.2mbgl in Jinjarka well(W-3). However, after the
2.1 Permeability estimation for marl
Five samples of marl procured from the Ranavav mine
were tested for estimating its permeability using a
laboratory permeameter of Eijkelkamp make. The
permeameter experiment was setup with the sample rings
in place and the water was filled up to a constant head and
2.2 Groundwater Flow Direction
A tracer test was conducted at the mine site using Sodium
Chloride (NaCl) as a tracer for estimating direction of
groundwater flow. A nest of wells (6inch dia) was drilled
up to 6m depth with one injection well and 5 observation
wells equidistant (5m) in varying directions from the
injection well. A concentrated solution of sodium
chloride (5kg) with water (10 litre) was prepared and the
same was instantaneously injected into the injection (PW)
well and then Electrical Conductivity of the water samples

Gypseous clay,
marlstone, grit and sand
Massive /amygdaloidal
basalt

well situated in the nearby Jambuvanti Cave temple, the
limestone has small thickness but towards north its
thickness increases, with a maximum up to about 27 m.
2.0 Materials and Methods
rainy season, the water table declined further up to 4.0 m
bgl (in the W-8 well) and to 23.9 m bgl (in the W-3 well)
in November,2012. This could be probably ascribed to
insufficient recharge from rainfall against the groundwater
withdrawal during rainy season.
It is observed that the discharge of groundwater in the W1 and W-8 wells tapping limestone aquifer (underlain by
clay) varies as 139.79 m3/day and 272.9 m3/day for a
drawdown of 3.31 m and 4.24 m respectively. The
transmissivity of the limestone aquifer varies from 47.48
m2/day to 102.06 m2/day (GWRDC, 2012). However, the
transmissivity values for Miliolite limestone as given by
Sharma (1999) vary around 100 m2/day, with the specific
yield of 0.07.
daily observations were made about the rise of water in
the rings. However, no rise of water was observed even
after lapse of one week after the commencement of the
experiment, which showed that the marl has negligible
permeability.
from the different observation wells was measured at
regular time interval with the help of an EC meter. The
Electrical Conductivity values thus recorded were plotted
against time, keeping Electrical Conductivity (EC) as
ordinate and time lapsed as abscissa. The plot is as shown
below (Fig.3) for the observation well towards SW which
showed steady increase in salinity (EC) with the lapse of
time.
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Fig.3: Plot showing the trend of EC v/s time lapsed
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Table 2: Groundwater levels in open wells of the study area
Location
Well
no

May 2012

July 2012

September 2012

November
2012
Seasonal
Water level
Fluctuation

RL(m)

Depth to
Groundwater
(m, bgl)

RL of
Groundwater
level (m)

Depth to
Groundwater
(m, bgl)

RL of
Groundwater
level (m)

Depth to
Groundwater
(m, bgl)

RL of
Groundwater
level (m)

Depth to
Groundwater
(m, bgl)

54

20.5

33.5

20.95

33.05

23.5

30.5

21.65

-1.15

49

19.1

29.9

17.75

31.25

16

33

18.15

0.95

55

15.2

39.8

25.85

29.15

24.65

30.35

23.9

-8.7

40

8.3

31.7

12.65

27.35

12.2

27.8

11.6

-3.3

39

4.3

34.7

7.85

31.15

20.4

18.6

8.25

-3.95

41

6.1

34.9

13.25

27.75

11.6

29.4

15.10

-9.0

35

8.7

26.3

11.75

23.25

10.1

24.9

16.4

-7.7

Latitude

Longitude

21043’02.2”
N
21043’29.6”
N
21044’25.1”
N
21042’49.0”
N
0
21 42’12.3”
N
0
21 43’27.8”
N
21041’22.4”
N

69042’38.7”
E
69041’55.0”
E
69040’42.8”
E
69041’44.4”
E
0
69 42’29.1”
E
0
69 40’11.8”
E
69044’05.3”
E

W-8

21039’15.7”
N

69041’35.5”
E

19

2

17

3.85

15.15

2

17

4.0

-2.0

W-9

21040’09.9”
N

69044’03.0”
E

22

12.8

9.2

15.85

6.15

18.1

3.9

16.65

-3.85

-1
W-2
W-3
W-4
W-5
W-6
W-7

27

International Association of Hydrogeologists
Indian National Chapter

The coefficient of correlation is also highest (0.8487:
series 1) in this figure. Thus, the ground water flow
direction is in the south-west direction in the mine area.
The 2D Resistivity imaging surveys were carried out in
and around the mine lease area in order to demarcate the
subsurface architecture of the study area. The main aim of
the resistivity imaging was to ascertain the following:

2.4 2D Electrical Resistivity Imaging
2D-Electrical Resistivity Imaging was carried out in
the mine area at seven different locations in order to
delineate the subsurface architecture of the study area. The
locations of all the seven profiles thus recorded are shown
in the satellite image of the mine (Fig.4).
2. To ascertain depth and thickness of marl.
3. To ascertain the extent of water saturation and
depth of water table
Seven resistivity imaging profiles recorded in and around
mine lease area were first interpreted in terms of resistivity
depth section along the profile line (Fig.4). Subsequently,
the resistivity depth section for each profile was
interpreted in terms of the geological formations as shown
in the following typical profiles (Fig.5 and Fig.6).

1.

To find depth and thickness of subsurface
formations
profile is shown in Fig.5. In this section, from near surface
upto a depth of 16 to 17 m, the formation is Miliolite
limestone having resistivity ranging from 100 to 1200
ohm-m. This range of resistivity is shown in the figure by
red, yellow and green shades. The deep red is limestone
with relatively larger cavities. Green shades indicate water
saturation of the formation whereas yellow shades
indicate slightly more consolidated and saturated
formation. The deep purple shade near the surface is
highly resistive dry topsoil.

The profile no.1 was recorded adjacent to the mine pit in
NW-SE direction. Resistivity depth section along the
with resistivity between 30 to 75 ohm-m. Usually it is
observed that if the marl has high content of calcium
carbonate, the resistivity is higher and vice versa

Patchy exposures near the centre of the profile in blue
shades are noticeable near the surface just beneath the
limestone formation (up to 8m depth) is marly clay/marl

.
Fig.4: Location of Resistivity Imaging profiles, Adityana mine
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Fig. 5: Inverted Resistivity Model for Profile No. 1
Beneath the marl, a layer of clay is encountered up to a
depth of nearly 60 m, which is shown in the section in deep
blue shade with resistivity between 10 to 25 ohm-m.
Presumably, beneath this clay, basalt having higher
resistivity is likely to occur but is not visible in this profile.

Incidentally, the south-eastern end of this profile (1) falls
close to the Jambuvanti Cave, where a thin layer of
limestone was encountered from surface and is underlain
by marl (about 5 mthick) and a thick clay (about 20 m
thickness).

Profile: 6
This profile was taken on a mine bench where nearly 17
m of limestone layer had been already stripped off in
NNW-SSE direction. In the inverted resistivity section for
this profile, the limestone continues up to a depth of 5 m

bgl, having resistivity ranging in between 20 to 200 ohmm. This low resistivity indicates that the formation is water
saturated. The limestone here is

Fig.6: Inverted Resistivity Model for Profile No. 6
shown by the green, yellow and orange shades. The water
table as measured by the field team is less than 1 m bgl.
Beneath the limestone, marl is present as shown by blue
and bluish green shades having resistivity ranging in
between 5 to 15 ohm-m which extends up to a depth of 30
m. The low resistivity suggests that the formation is marly
clay. At the bottom right corner of section, weathered
basalt represented by the red shade having resistivity
ranging in between 150 to 500 ohm-m is present. The

resistivity of the saturated limestone is indicated to be in
the range of 20 to 70 ohm-m in the southern part of the
profile. The northern part of this profile happens to be
close (about 250 m) to a borehole in which marl is
observed to occur at a depth of about 25 m bgl and has a
resistivity in the range of 5 to 15 ohm-m. Other resistivity
imaging profiles also displayed similar lithological
distribution with some variation
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2.5 Stable Isotope Analysis
The main purpose of the Isotope analysis was to ascertain
the origin/source of the water which is standing in the
mine pits. Water samples from the existing wells in the
mine area as well as from the nearby existing Khambalia

reservoir and Vanala (well W-8) were collected in the
sample bottles. The image given below shows the location
for different shallow groundwater wells, mine lake water
and the Khambalia dam from where the water samples
were collected (Fig.7).

Fig.7: Location Map for Water Samples for Isotope Analysis
The water samples from various sources were analysed in
the Nuclear Hydrology Laboratory at the National
Institute of Hydrology (NIH), Roorkee for estimation of δ
2
H and δ 18O. A plot between δ 2H and δ 18O values for
different sample was then plotted keeping δ 2H values as
ordinate and δ 18O values as abscissa. The plot is shown in
Fig.8.

The plot in Fig.8 clearly shows that isotopic signatures of
the hydrogen and oxygen are perfectly matching for the
wells at Khund, Boricha, Pipalia, Ranavav, Mango
Garden, and the mine water but they did not match with
the khambalia dam water and with the Vanala well
sample. Thus, it is clear from the above plot that the water
standing in the mine pits is contributed by ground water
only and the flooded pits are not getting water from any
other source.
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Figure 8: Plot Showing the Correlation Between the Isotopic Signatures
3.0 Conclusions and Recommendations
Based on the different investigations carried out in the
mine area as well as in the laboratory, analysis of data
thereupon and detailed results, following conclusions may
be drawn:
1.

2.

3.

4.

The 2D resistivity imaging provides a good
picture of the subsurface which is in good
correlation with the geological attributes
existing in the mine area.
The 2D resistivity imaging mapped layers of
marl. The pure layers of marl possess higher
resistivity in comparison to relatively pure
layers of marl.
Depth wise thicknesses of different geological
formations along the profile lines were
computed. In general, the thickness of Miliolite
Limestone is of the order of 22m whereas the

5.

6.
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Abstract
Seawater intrusion and submarine groundwater discharge are the contrary processes which plays important role in
management of groundwater in coastal regions. A study was carried out to identify the seawater intrusion and
submarine groundwater discharge zones along the coast of South Chennai. Groundwater samples and porewater
samples were collected during June 2019. The physio-chemical parameters such as pH, electrical conductivity,
salinity and temperature were measured in the field. The pH of groundwater and porewater is slightly acidic to
neutral in nature, while the pH of groundwater is higher than pH of porewater. Measured values of temperature
indicate groundwater is warmer than porewater in this region. The electrical conductivity (EC) of groundwater is
higher in the northern part of the study area indicating probable seawater intrusion. The salinity of the groundwater
is higher in the regions where electrical conductivity is high. This indicates seawater intrusion has increased the
salinity of the groundwater. Based on electrical conductivity of the groundwater, possible locations of seawater
intrusion and submarine groundwater discharge are identified. Future studies are suggested for estimation of the
volume of groundwater discharge into sea for a sustainable groundwater management.
Keywords: Seawater intrusion · Submarine groundwater discharge · Chennai · India

1. Introduction

Najib et al. 2017) and submarine groundwater discharge
(Cable et al. 1996; Boehm et al. 2004; Kroeger et al. 2007;
Thompson et al. 2007; Zimmermann 1991) in many parts of
the world.

Seawater intrusion and submarine groundwater discharge are
the natural processes active in the coastal regions. The
landward movement of seawater into the aquifer is seawater
intrusion, whereas the movement of fresh groundwater into the
sea from the aquifer is submarine groundwater discharge
(Fig.1). Seawater intrusion increases the salinity of the
groundwater and makes it unfit for drinking. Submarine
groundwater discharge supplies nutrients to the sea which
influence productivity and lead to harmful algal blooms and
increase bacterial concentrations (Boehm et al. 2004; Hu et al.
2006). Though seawater intrusion is a natural phenomenon,
the inland extent of the seawater intrusion is increased by over
pumping of groundwater. Submarine groundwater discharge is
also influenced by factors such as geothermal convection, tidal
pumping and wave setup (McCoy and Corbett 2009).
Seawater intrusion can be identified by different methods such
as groundwater level, geophysical, geochemical, isotopic
signatures, chemical indices and groundwater modeling
(Manivannan and Elango 2019a, b). Submarine groundwater
discharge can be identified by direct measurements,
geochemical tracers and hydrogeologic models (McCoy and
Corbett 2009). Several researchers identified the seawater
intrusion (Paniconi et al. 2001; Karahanoglu and Doyuran
2003; Kim et al. 2005; Sherif et al. 2012; Zhao et al. 2016;

In India, where 25% of total population is living near the
coast, seawater intrusion and submarine groundwater
discharge were reported by several researchers (Laluraj et al.
2005; Nayak et al. 2009; Pujari and Soni 2009; Binoykumar
and Divya 2012; Mahesha et al. 2012; Sajilkumar et al. 2013;
Keesari et al. 2014; Indu et al. 2015; Rao et al. 2015;
Vetrimurugan and Elango 2015; Das et al. 2016; Sathish and
Elango 2016; Singaraja et al. 2016). Manivannan and Elango
(2019b) have identified the locations of seawater intrusion and
submarine groundwater discharge along the Indian coast.
Chennai is the fourth largest metropolitan city in India, where
the maximum extent of seawater intrusion is reported. Aquifer
in the south of Chennai is major source of groundwater to the
public and industrial activities (Sathish and Elango 2016).
Hence, this study was carried out to identify the seawater
intrusion and submarine groundwater discharge zones along
the coast of South Chennai.
2. Methods for identification of seawater intrusion
The simplest way to identify the seawater intrusion is by
measuring the groundwater level with respect to the sea level.

33

International Association of Hydrogeologists
Indian National Chapter

When the groundwater level is one meter above mean sea
level, then the freshwater saltwater interface will be at forty
meter below mean sea level (Drabbe and Ghyben 1889;
Herzberg 1901). The interface will be equal to the mean sea
level if the groundwater level is zero. So it is essential to
monitor the groundwater level and maintain above mean sea
level to avoid seawater intrusion. In case of absence of
monitoring wells, geophysical methods are used to identify the
extent of seawater intrusion. Based on the resistivity values,
the seawater intrusion is demarcated. Conductivity of the
groundwater is indirectly proportional to the resistivity values.
Usually, groundwater will have low conductivity and high
resistivity values. But in coastal regions affected by seawater
intrusion, the groundwater will have high conductivity and
low resistivity values. Electrical conductivity of the
groundwater and concentration of major and minor ions are
used to identify seawater intrusion. If the electrical
conductivity of groundwater is greater than 3000 μS/cm, then
the groundwater is considered to be affected by seawater
intrusion (Karahanoglu 1997). Sodium (Na), chloride (Cl),
calcium (Ca), and magnesium (Mg) are the commonly used
major ions, while bromide (Br), fluoride (F), and iodide (I) are
commonly used minor ions in identifying seawater intrusion.
The dominance of Cl over Na ions with the molar ratio equal

Seawater Mixing Index (SMI) (Park et al. 2005) and GALDIT
(Groundwater occurrence, Aquifer hydraulic conductivity,
groundwater Level, Distance from shore, Impact of seawater
intrusion, and aquifer Thickness) (Chachadi and Lobo-Ferreira
2001). Groundwater modeling is an useful tool for prediction
of seawater intrusion leading to sustainable coastal
groundwater management. The input parameters required for
groundwater modeling are aquifer parameters, rainfall,
groundwater discharge, groundwater level, land use, and sealevel rise. Commonly used modeling codes for simulating
seawater intrusion are FEFLOW (FEFLOW 6.1 2012),
MODFLOW (McDonald and Harbaugh 1998), SUTRA (Voss
1984), SEAWAT (Langevin and Guo 1999) and FEMWATER
(Lin et al. 1997).
3. Methods for identification of submarine groundwater
discharge
Identification of submarine groundwater discharge in coastal
aquifers is a major concern for sustainable groundwater
management. Many methods can be used to identify the
submarine groundwater discharge, direct methods,
geochemical tracers and hydrogeologic models.
3.1 Direct methods
The most common method used to identify submarine
groundwater discharge is measurement by Seepage meter, as it
is simple and cost effective (Corbett and Cable 2003). Seepage
meters are mostly used for small spatial scale studies (~1 m 2).
The basic seepage meter consists of a drum connected with a
plastic water collection bag to an open port near the rim of the
drum. The rate of submarine groundwater discharge is
calculated based on the volume of water entering the bag over
a known area and time (McCoy and Corbett 2009).
3.2 Geochemical tracers
Naturally occurring geochemical tracers such as 222Rn,
223,224,226,228
Ra, 3H and 4He are used to identify submarine
groundwater discharge (SGD). Quantification of SGD based
on these geochemical tracers is effective because the activities
of tracers are generally elevated in groundwater relative to
surface water, and sources and sinks of each tracer can be
calculated, estimated, or measured. These tracers, as well as
seepage meters, provide an estimate of total SGD, but often
cannot distinguish between sources of SGD and are of limited
use to calculate fresh–terrestrial discharge. SGD estimates
incorporating geochemical tracers are much more expensive
than seepage meters and require more technology,
instrumentation, and time, but have proved to be effective at
multiple spatial scales.

Fig. 1 Conceptual diagram of seawater intrusion and
submarine groundwater discharge
to 0.86 and the dominance of Mg over Ca with molar ratio
ranges from 4.5–5.2 indicate seawater intrusion (Jones et al.,
1999). The stable isotopes that are used commonly in
identifying the source of seawater intrusion are Oxygen (δ 18O)
and hydrogen (δ2H). Distribution of these isotopes is also used
to understand the source of various water types and
interactions between them. High variation in the isotopic
signature between groundwater and seawater indicates the
seawater intrusion.

3.3 Hydrogeologic models
Similar to seawater intrusion, groundwater modeling is used to
predict the submarine groundwater discharge and is useful in
groundwater management towards sustainability of coastal
groundwater resources. It also requires input parameters such
as rainfall, groundwater discharge, groundwater level, land
use, and sea-level rise. Like simulating seawater intrusion,
submarine groundwater discharge can also be simulated using
MODFLOW,
SEAWAT,
FEFLOW,
SUTRA
and
FEMWATER. The simulated results should be validated by

Indices are the tool to identify seawater intrusion by
combining various geochemical and aquifer parameters,
instead of using individual geochemical parameters such as
EC, Na+, and Cl−. Indices used commonly in seawater
intrusion studies are Water Quality Index (WQI) (Sharma and
Patel 2010), Base Exchange Index (BEX) (Stuyfzand 1986),
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other independent methods such as direct measurement and/or
geochemical tracers.

with a thickness ranging between 10 and 24 m (Singh et al
2004). Groundwater occurs in unconfined condition in the
upper unconsolidated formation and lower weathered
formations.

4. Case study
The study area is located in the southeast coast of India and
lies south of Chennai, fourth largest metropolitan city in India
(Fig. 2). The study area is bounded by the Bay of Bengal in
the east and the Buckingham canal in the west. This region

Initially, low tide timings were noted to carry out the
hydrogeological field work along the coastal part of South
Chennai. The field work was carried out during low tide
period to reduce the influence of high tide and its results in
high concentration in the groundwater chemistry. Therefore 22
groundwater samples were collected along the coast within
100 meters from the sea during June 2019. Porewater was
collected at the intertidal zone using the push-point sampler at
a depth of 1 meter. 21 porewater samples were collected
corresponding to the groundwater samples. Physio-chemical
parameters such as pH, electrical conductivity, salinity and
temperature were measured in the field using portable multi
parameter (Eureka Sub Manta 2). ArcGIS software was used
to interpret the data in spatial variation.
The pH of the groundwater ranges between 5.56 and 7.87
indicating that the nature of the groundwater is slightly acidic
to neutral. Similarly, the pH of porewater is also slightly
acidic to neutral in nature, which ranges between 5.54 and
7.04. The temperature of the groundwater and porewater
ranges from 29.59 to 33.1 °C and 28.34 to 31.82 °C with an
average of 31.78 °C and 30.23 °C, respectively.

Fig. 2 Study area maps showing the locations of sampling

The electrical conductivity (EC) of the groundwater ranges
from 156 to 48,010 µS/cm, with an average of 12,387 µS/cm
(Fig. 3). The electrical conductivity of the groundwater is high
in the northern part of the study area where the urbanisation is
high. The over pumping of groundwater near the coast may be
leading to increase in salination of groundwater. In some
regions the electrical conductivity of the groundwater is
equivalent to seawater, that indicates the dominant of seawater
in the groundwater. The electrical conductivity of the
porewater ranges between 52,870 µS/cm and 55,240 µS/cm
with an average of 54,175 µS/cm (Fig. 3). The electrical
conductivity of the porewater is higher than the groundwater
and also equivalent to the seawater, which indicates the
presence of seawater intrusion.

receives rainfall during the southwest monsoon from July to
September and during northeast monsoon from October to
December. The annual average rainfall in this region is about
1200 mm. Temperature reaches maximum during summer
which ranges between 35 and 42°C, and reaches minimum
during winter which ranges from 25 to 34 °C (CGWB 2007).
The geomorphology of this region comprises of sand dunes,
beach, and terraces. Urban settlements, aquaculture,
recreational theme parks, and hotels are the land use features
in this region. The geology of the study area comprises of
Precambrian gneiss of charnockitic composition as the
basement rock and weathered charnockitic rock of variable
thickness is overlaid by unconsolidated quaternary sediments
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Fig. 3 Map showing the electrical conductivity of groundwater and porewater
The salinity of the groundwater varies from 0.07 to 31.11 g/l
with an average of 7.6 g/l. The salinity of the groundwater is
higher in the regions where the electrical conductivity is high.
The salinity of porewater ranges between 34.7 and 36.45 g/l
with an average of 35.7 g/l. The salinity of porewater is higher
than the groundwater and similar to that of seawater.
Based on electrical conductivity of groundwater, the possible
locations of seawater intrusion and submarine groundwater
discharge are identified. The locations where the electrical
conductivity of the groundwater is greater than 3000 µS/cm
are identified as areas of seawater intrusion (Karahanoglu
1997). In this study area, most of the groundwater samples in
the northern part contain electrical conductivity greater than
3000 µS/cm, and that indicates the zone of seawater intrusion
(Fig. 4). In few locations, where the electrical conductivity of
the groundwater is less (<3000 µS/cm), submarine
groundwater discharge is expected.
5. Conclusion
A preliminary study was carried out along the coast of South
Chennai to identify the seawater intrusion and submarine
groundwater discharge zones. Hydrogeological field work was
carried out during June 2019 for collecting groundwater and
porewater samples. pH, electrical conductivity, salinity and
temperature were measured in the field. The pH of the
groundwater and porewater is slightly acidic to neutral in
nature. Mostly the pH of the groundwater is higher than the
porewater. The groundwater is warmer than the porewater in
this region. In the northern part of the study area, the electrical
conductivity of the groundwater is higher and indicates the
presence of seawater intrusion. The electrical conductivity of

Fig. 4 Map showing the possible locations of seawater
intrusion and submarine groundwater discharge
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porewater is higher than the groundwater and equivalent to
seawater. The salinity of the groundwater is higher in
theregions wherever the electrical conductivity is high. This
indicates that seawater intrusion has increased the salinity of
the groundwater. Based on electrical conductivity of the
groundwater, possible locations of seawater intrusion and
submarine groundwater discharge are identified. Most of the
regions are affected by seawater intrusion and only few
locations are identified as submarine groundwater discharge
zones. Detailed study need to be carried out at these locations
to estimate the volume of groundwater discharge into sea for
efficient groundwater management.

Hu C, Muller-Karger FE, Swarzenski PW (2006) Hurricanes,
submarine groundwater discharge, and Florida’s red tides.
Geophys. Res. Lett. 33, L11601
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Abstract
Movement of ground water is under gravitational force and the loss of head or loss of energy along the
flow-path is due to the work done against viscous frictional force between pellicular water and the
water moving through the pores. For the phreatic flow in hard-rock watersheds, the total head available
for the flow as well as the gradient is often very small, especially in summer season. Under these
conditions, Darcy’s Law could be written as:Q = K A (g – g’) where g is {(H2-H1)/L} and g’ is the
threshold gradient necessary to cause motion against the friction between the pellicular water and free
water over the length L of the flow. When g becomes equal to g' the gravitational flow would stop but
more powerful forces like force of transpiration by Phreatophyte trees and evaporative force at the wet
patches at the exposed faces of the aquifer, would still cause some movement of water. This is the quasistatic state or quasi-static stage of phreatic ground water in low permeability, water-table aquifers.
During the summer season the natural springs at the exposed face of the aquifer may be reduced to
only wet patches, but a few hundred meters away from the exposure, the aquifer carries some water
which may be used by digging a well for providing drinking water supply to a small hamlet.
Keywords: Darcy’s Law. Phreatic aquifer. Hard rock terrain. Groundwater. Permeability.
1. Introduction
In the hydrogeological studies at field level, aquifers having low
permeability (K) such as fractured and weathered rocks have
received much less attention than the highly productive alluvial
aquifers (phreatic and confined) and Karstic carbonate aquifers.
The low-permeability aquifers include sparsely fractured
granites, basalts, non-Karstic limestone, schists and shales
underlying a few meters thick cover of soil and weathered zone.
They offer considerable frictional resistance to movement of
ground water and cause loss of head.
If all the strata on the earth were of very high porosity and of
uniformly very high hydraulic conductivity (permeability), any
precipitation would have immediately filtered into the ground and
all ground water resources would have drained into sea water
within a very short time. The earth would have become a dry place
indeed with no reliable water resources. Luckily, we have

horizontal and vertical variations in the permeability of various
strata giving rise to surface water flows, phreatic water body,
springs and confined aquifers. In phreatic aquifers, the ground
water moves from higher elevation of water table to lower
elevation. In confined aquifers it moves from recharge area to
discharge area i.e. from higher piezometric head to lower
piezometric head. Under field conditions, the length of flow is
much more and the gradients are much smaller than those under
laboratory conditions in which Darcy’s law has been verified for
laminar, steady state condition of flow. The absence of any
explicit variable for time in the Darcy equation and the absence
of density in a dynamical context indicate that the Darcy equation
is an approximation for the unsteady state. (Mongan C E, 1985).
Laboratory experiments using low permeability of clayey soils
have shown some deviations from Darcy’s law (Swartzendruber,
D. 1961, 1962). The aim of this paper is to test Darcy’s law in
field conditions when the length of flow is large and the driving
head is small.
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2. Quasi-static stage of ground water
As mentioned earlier, movement of ground water is under
gravitational force and the loss of head along the flow-path is due
to the work done against viscous frictional force between
pellicular water and the water moving through the pores. Taking
an example from high-school physics, a wooden block kept on an
inclined plane would start sliding down, when the angle of
inclination of the plane becomes more than the angle of repose.
At this stage the frictional force at the surfaces in contact is just
balanced by the component of gravitational force acting on the
block so as to initiate the motion down the slope. In the lowpermeability strata the surface area on which the frictional force
acts is much larger than that in the high permeability rocks. Under
these conditions, the Darcy’s Law could be written as:

In another hypothetical example, let us suppose that a circular,
phreatic, weathered and fractured rock aquifer of 10 kilometer’s
radius and a thickness of 10 meters is having a saturated thickness
of one meter. The aquifer is underlain by horizontal impervious
hard rock. A typical dug well of 10 meters diameter and 15 meters
depth at the center of this circular aquifer is fully penetrating and
has gone five meters deep into the underlying hard rock so as to
collect water coming from the phreatic aquifer. Water flowing
into the dug well though springs from all sides gets accumulated
in this portion excavated in the hard rock and is immediately
pumped from there so that the springs issuing into the dug well
are not in contact with the water accumulated in the well. As the
well starts developing its cone of influence the gradient causing
the flow gradually becomes less and less. The gradient becomes
less and less till it reaches a value at which the driving force
generated by the small gradient is not able to overcome the
frictional force.

Q = K A (g – g’)
Where Q is the volume of water flowing in cu. m per day, A is
the area in sq. m through which the flow occurs, K is the hydraulic
conductivity in m/day, g is the gradient causing the flow {(H2H1) /L} and g’ is the minimum or the ‘threshold’ gradient
required for overcoming the frictional forces operating along the
length L between pellicular water and moving water. Needless to
say that g’ is negligible, tending to zero, if L is small as in the
case of Darcy’s laboratory experiment but its value increases
especially in the low-permeability aquifers when L is of the order
of a few kilometers and the head difference (H2 –H1) in summer
season is very low. Tortuosity of flow paths also increases the
actual length of flow to some extent.
Suppose in a hypothetical experiment, the Darcy’s Tube of 5
kilometers length is filled with saturated, low-permeability
weathered rock. The head applied at one end is 10 cms only while
the other end is kept open. Then under the gradient of 1: 50,000,
the driving force generated by 10 cms of head at one end may not
be able to overcome all the frictional force over 5 kilometers
length and push water for delivery at the open end. This would
be so especially if the capillary rise in the strata at the other end
is more than 10 cms. Tension saturated water at the free end
would not allow any discharge of water at atmospheric pressure
and only a wet face would result from which evaporation and
transpiration loss would take place. Capillaries would make up
for this loss at the open end of the tube, as long as at the other end
the head of 10 cms is present. This is the quasi-static stage of
ground water flow under very low head and very long length of
flow.
Our daily experience is that when a cock is turned off, the flow of
water stops although there is an operating head in the pipe behind
the cock. The micro-capillarity between the fixed and moving
parts of the cock is strong enough to hold water in static state.

In other words, just one dug well at the center of an aquifer of 10
kilometer’s radius or about 314 square kilometers area, is not able
to completely de-water the whole aquifer as the Darcy’s law may
postulate. In view of this, each dug well has a limit of expansion
of its area of influence till the gradient of flow reaches the
‘threshold gradient’. This sets up a limit for ground water
pumpage from an existing dug well in low-permeability basalt
rocks of western India. (Limaye D G & Limaye S D, 1979). In
practice, the area of influence of a dug well is limited to 80 to 100
meters. Therefore a safe distance of 160 meters (500 feet)
between two dug wells is often recommended in Government’s
ground water development programs in India (Sudhirkumar M.
2012) .
3. Earlier Work
One of the pioneering hydrogeologists in India, D.G Limaye, the
author’s father, observed during his field work in low
permeability fractured basaltic rocks of western India (Deccan
traps) that the dug-wells on a basaltic plateau having a thick cover
of laterite and weathered rock, could yield a small quantity of
water even in hot summer, though the springs issuing out from
the exposed face of the phreatic aquifer at the edge of a plateau
were not discharging any water but supporting just a wet-face
with some growth of grass. This means that an exposed face of a
low-permeability phreatic aquifer which does not discharge any
ground water does not necessarily indicate a totally dry condition
of the aquifer away from the exposure. This observation led him
to think about the role of frictional force in low permeability
phreatic aquifers (Limaye, 1949), which could virtually stop the
movement of ground water when the gradient is very small.
However, when g becomes equal to g’, only the gravitational
force is balanced by the friction. Evaporation and transpiration
forces are more powerful. The phreatic flow does not completely
stop but attains a stage in which the flow is controlled by
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transpiration and the evaporation and from the exposed portions
of the phreatic aquifer. The phreatic ground water body thus
reaches a ‘quasi-static’ stage.
Sometimes, the strata exposed at the face of the spring are
weathered into very low-permeability clayey formation, having a
high capillary suction. If the total head driving the flow is less
than the value of this capillary rise, then a ‘quasi-static’ stage is
reached. The tension-saturated capillaries support vegetation but
prevent any delivery of water from the spring at atmospheric
pressure.
However, away from the exposed face at this spring, the aquifer
has some saturated thickness. If a new open well is dug into this
small thickness of saturated aquifer it starts developing its cone
of influence. Such a well could yield about a few hundred liters
of water per day. This negligible supply of water often proves to
be a lifeline for a village of ten to fifteen huts.
4. Conclusions
Darcy’s law has been tried for validity in sandy media at low
gradients under laboratory conditions. But the Paper considers
field conditions in which the length of flow is in kilometers and
the driving head at one end is just a meter or two. Moreover, this
head is not constant and gradually decreases towards summer.
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Quasi-static stage of ground water is reached in low permeability
phreatic aquifers when the gravitational force, acting through the
driving head, is balanced by frictional force between the pellicular
water & water trying to move forward over the length L of the
flow. Transpiration and evaporation at the exposed faces of the
phreatic aquifer are more powerful forces than gravitational force
and cause some movement of water. If clayey strata occur at the
exposed face, strong capillary forces come into play. Discharge
at atmospheric pressure in the form of a spring, is not possible if
the head in the phreatic aquifer behind the clayey strata is less
than the height of capillary rise.
A spring which is just reduced to a wet patch, at the junction of
soft strata and massive hard rock in summer season, does not
mean that the whole phreatic aquifer has gone dry. A few hundred
meters away from the spring in the up-gradient direction, a dug
well is able to yield small quantity of water per day just sufficient
to meet the domestic needs of a few houses. The quantity of water
may be very small but it is the lifeline for these houses. It saves
for the women in these houses, the trouble of walking a few
kilometers every day in hot summer to some distant source of
polluted surface water to fetch drinking water supply for the
family.
The area of influence of each dug well-being limited, if recharge
augmentation of phreatic aquifer is to be done during Monsoon
rains, a large number of wells in the watershed are to be used as
recharge points.
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Abstract
Assessing and managing water resources in semi-arid regions where groundwater contains excess fluoride are a
challenge that requires detailed understanding of the hydrogeological setting. This includes characterization of
factors such as baseflow, groundwater flow, groundwater abstraction, aquifer properties and groundwater
quality. This paper attempts to assimilate these factors to evaluate the potentiality of the base flow of River
Brahmani in Nalhati-I block of Birbhum District, West Bengal, India for small to medium water supply for
drinking and domestic purposes in the villages where groundwater is contaminated with fluoride. This study
assesses the river bed aquifer for identifying sites for exploiting base flow using exploratory drilling, pumping
test and water quality data. The results indicate that the geology below the river bed is very variable with rapid
facies variation both in vertical and horizontal directions. The aquifer is confined to semi-confined in nature
extending up to at least 30 m below the river bed with relatively deep water table. The aquifer can be exploited
for water supply through a collector well with radials. The base flow water has low fluoride but has high iron
and manganese at places. Impact of waste water from pit latrines, septic tank and open defecation on base flow
is also clearly evident from the chemical and bacteriological quality of the water. Hence the water should be
treated adequately before supplying to the fluoride affected areas.
Keywords: Baseflow. River Brahmani. India. Groundwater development. Collector well.
1. Introduction
In arid and semi-arid regions availability of water is
extremely low and groundwater is often the only resource for
water supply. The problem is further augmented by
population growth, increase in agricultural and industrial
activities, climate change, pollution and over-extraction
(Mathias and Wheater 2010). Groundwater system is a
complex dynamic one characterized by input (precipitation),
output (baseflow and well abstraction) and response
(groundwater levels).The present knowledge on baseflow,
which is the groundwater contribution to river flow, is not
adequate and hence is often ignored as an important resource
for drinking water supply. Therefore, assessment of baseflow
in arid and semi-arid areas through intensive hydrogeological

studies can lead to sustainable water supply especially during
the dry summer season in the western part of West Bengal
(Sikdar et al. 2019).
Birbhum district with an area of about 4,545 sq km lies in the
western part of West Bengal and is bounded by Murshidabad
district in the east and north-east, Bardhaman district in the
south and south-east, and Sahebganj and Dumka districts of
Jharkhand in the west (Fig.1). The district is well drained by
a number of rivers and rivulets, the prominent drainage
channels being the Brahmani, Mayurakshi and Ajay, running
in nearly every case from west to east. The River Brahmani
is a tributary of the River Dwarka. The river originates in the
Santhal Parganas in Jharkhand and then flows through
Birbhum district, bisecting Rampurhat subdivision. It finally
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flows through Murshidabad district, where it joins the River
Dwarka. The river flows only during the monsoon and
remains almost dry for seven or eight months in the year.
During this time stagnant pools of water are seen at some
places.The climate on the western side is dry and extreme,
but is relatively mild on the eastern side. During summer, the
temperature rises to about 40°C and in winters it is as low as
10°C. The hot weather condition lasts from middle of March
to middle of June, the rainy season from middle of June to
middle of October, and the winter from middle of October to
middle of March. The average rainfall of the district is about
1289 mm.
The district comprises rock types ranging in age from
Archaean to Quaternary (GSI 2001; Fig. 1). Groundwater
occurs under unconfined condition in the near surface aquifer
and under semi-confined to confined condition in the deeper
aquifer. From the upper weathered zone groundwater is
generally being developed through open wells and the
available discharges can barely meet the domestic needs.
During summer the wells generally dry up. Groundwater
from the deep aquifer is being developed through bored
wells, yielding to the tune of 3.6 – 9 m3/hr and at places as
high as 19.8 m3/hr. Therefore, these areas suffer from
drinking water scarcity especially during the summer months
(CGWB 1984). The mean groundwater level is relatively
deep, lying generally <10 m below ground level (bgl) during
pre-monsoon season and <6.5 m bgl during the postmonsoon period. Two blocks, Murari-I and Rajnagar, have
been declared as drought prone areas by the Agriculture
Department, Government of West Bengal. Four blocks,
namely, Murari-II, Nalhati-II, Nanoor and Rampurhat–II
have been declared as semi-critical by the Central Ground
Water Board and State Water Investigation Directorate
considering groundwater development with respect to the
groundwater resources in the blocks (CGWB and SWID
2011). Further, in 7 blocks, namely, Khoyrasol, MayureswarI, Nalhati-I, Rajnagar, Rampurhat-I, Sainthia and Suri-II the
groundwater is fluoride contaminated (Sinha Ray 2008;
Mondal et al. 2014). Therefore, these water scarce, drought
prone and fluoride affected areas require special attention
from the point of view of drinking water supply.
This paper focuses on the availability and utilization of the
unexploited baseflow of the River Brahmani flowing through
Nalhati-I block, Birbhum district by understanding the
subsurface hydrogeology, aquifer characteristics, rate of
baseflow and quality of the water at selected locations, then
identifies sites for baseflow abstraction and finally provides
the designs for the abstraction structures.
2. Field area
Nalhati-I has been identified by the Public Health
Engineering Department, Government of West Bengal as
water scarce region in Birbhum district with sporadic
occurrence of fluoride in groundwater with concentration
>1.5 mg/ L (CGWB, 2014) with a maximum of 20.4 mg/ L
(Mondal, 2016) and requires special attention from the point
of view of drinking water supply. Therefore, the field area
covers a length of 10.5 km on the River Brahmani in Nalhati1 block in village Atgram of Birbhum district bounded by

latitudes 24.27oN to 24.28oN and longitudes 87.84oE to
87.92oE (Fig. 1).
3. Methods
3.1 Drilling and well construction
In order to understand the subsurface geology below the river
bed and the nature of the aquifer, 61 boreholes of 50 mm
diameter were drilled on the river bed in Nalhati-I block in
village Atgram with depth ranging between 20 and 42m
(Figs.1 and 2) using hand sludging method of drilling (Ball
and Danert 1999; Ali 2003) during January and February
2012. Test wells and observation wells were constructed at
suitable locations based on the subsurface geology obtained
from the boreholes. For construction of the 150 mm test wells
manually-operated direct rotary drilling method was used
and for the 50 mm diameter observation wells hand sludging
drilling method was used.

Fig. 1 Study area showing geology of Birbhum district and
locations of borehole on River Bramhani. The geology is
based on Dumka and Bardhaman Geological Quadrangle
map of GSI, 2001.
After lowering of the casing assembly in the test wells and
observation wells the annular space between the casing and
the borehole was packed with clean, coarse sand from the
bottom of the borehole to 5 m above the screen and above
that the annular space was filled up with clay. After this the
test wells were developed by mechanical surging using a
diesel operated submersible motor pump and observation
wells by hand-pump to remove the fine materials from the
screen apertures and aquifer around the wells. Well discharge
was measured by volumetric and ‘V’ notch methods. Drill
cuttings were collected at 2 m intervals and logged,
photographed, and sampled. The visualization package
RockWorks® 15 was used to construct longitudinal and
transverse sub-surface lithological cross-sections based on
the logged boreholes.
3.2 Aquifer test
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To calculate the cardinal aquifer parameters such as
hydraulic conductivity, transmissivity and storage coefficient
72-hour aquifer test was conducted on three test wells (Fig.
2). For analysis of the pumping test data Jacob’s straight line
method (Cooper and Jacob 1946) based on Theis (1935)
equation for unsteady state flow condition in confined
aquifer has been used. An example of the plots of drawdown
against time during aquifer testing in Observation well 3 of
Test Well 2 is given in Fig. 3.
The safe distance (2ro) is double the radius of the cone of
depression and wells located at distances more than this will
not interfere with each other when the two wells are pumped
simultaneously. The safe distance has been determined using
the non-steady relation of Theis (1935).

3.4 Grain size analysis
Thirty six sediment samples of the test wells were subjected
to mechanical analysis by sieving with sieves of the
American Society for Testing Material (ASTM) standard
sieve size 5 to 325 using 100 to 150 gm of samples (Folk
1968). The grain size distribution curves were used to obtain
the d10, d40, d60, d70 and uniformity coefficient (UC) values.
Based on these values, the screen slot size and
recommendation for construction of natural-pack infiltration
gallery or gravel-pack gallery were suggested.
3.5 Design of abstraction structure
In geological environments beneath the river bed where the
aquifer is in semi-confined aquifer or where the water table
is very deep in an unconfined aquifer infiltration gallery is
not feasible. In such an environment collector well with
radials are constructed. A collector well with radials is
essentially a large diameter well from which horizontal
screens protrude radially near the bottom into the aquifer
(Fig. 4). The horizontal screens are heavy steel piles
perforated with longitudinal slots. These pipes are driven
horizontally by special hydraulic jacks into the aquifer
through pre-cast portholes in the well so as to form a radial
pattern of horizontal pipes. The design requirements for
collector well are grain size and transmissivity of aquifer
material below river bed, width of the river and non-monsoon
time period. The length and number of radials can be
calculated from Theis non-equilibrium equation (Theis 1935)
as given in Raghunath (2007).

Fig. 2 Distribution of boreholes, test wells and observation
wells on River Bramhani with depth ranging between 20 m
and 42 m for a stretch of 10.5 km.

3.3 Water level and groundwater flow

r '2 S
u' =
4Tt
where, S = Storage coefficient; T = Transmissivity (m2/day)

For water level measurements, steel tapes graduated up to 1
mm interval and 169 Solinst Model 101 Water Level Meter
were used. The quantity of groundwater flowing through the
alluvial sediments across given cross-sections of the river
have been calculated using the Darcy’s equation Q = TiL
where, Q = Quantity of water flowing through a given crosssection; T = Transmissivity of the aquifer; i = Hydraulic
gradient; L = Length of the cross-section.

Fig. 3 Plots of drawdown against time of Observation well
3 of Test well 3 at Nalhati-1.

Fig. 4 Cross-section of a collector well with radials.
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r’ = Width of the river bed (m)
t = Non-monsoon time period (days)

n=

We get the value of W’(u) against the value u from Theis type
curve to calculate drawdown ‘s’

s=

Q
* W ' (u )
4 T

Q
 dLs pVe

where, d = Diameter of radials (m)
n = Number of radials

where, Q = Discharge (m3/day)

p = Effective percent open area

s = drawdown (m)
Since the river bed is a narrow stripped aquifer and the
collector well will be located in the middle of the river bed
with respect to both the banks, the drawdown due to both
image wells located at a distance equal to the width of the
river from the collector is included. The cumulative effect of
both image wells is ‘2s’. Therefore, total drawdown
allowable is
sa = s1-2s
where, s1 = maximum drawdown (m)
sa = allowable drawdown (m)

Now, from Theis Equation:

s
W ' (u )
=
sa
W (u )
For the value of W(u) we get corresponding value of ‘u’ for
the real collector well from Theis type curve.

Now,

u ' r '2
=
u r2

where r = effective radius of the collector well (m)
Since the ‘r’ of the collector well is equal to 75 to 85% of
the individual Ls

0.8Ls= r

Ve = Entrance velocity (m/sec)
3.6 Water quality
Water samples were collected from each test well and
analyzed for chemical and bacteriological parameters, and
pesticides. The samples were collected in clean polyethylene
bottles. Prior to collection the sampling bottle was washed
three times with the well water before filling with the sample
water. The samples were taken to the laboratory within the
shortest possible time and during transportation due care was
taken to protect the water samples from direct sunlight. In
the laboratory the samples were filtered using 0.45 m
Millipore filter paper and acidified with ultra-pure nitric acid
for cation analyses. For anion analyses, these samples were
refrigerated at 4oC. Each groundwater sample was analyzed
in the laboratory for sixteen chemical parameters, two
bacteriological parameters and three pesticide parameters as
per the standard methods of APHA (1995).The analytical
precision of chemical analysis of water samples was checked
by calculating the charge balance error (CBE) which is
calculated using the following formula after Freeze and
Cherry (1979):

CBE =

where, meqc and meqa represent the concentrations in
millequivalents per litre of cations and anions respectively.
If the CBE is within ± 10%, the analysis is assumed to be
good.
4. Results
4.1 Lithology and stratigraphy

where, Ls= length of each radial (m)

The number of radials is calculated as follows:

The subsurface lithological profiles (Fig. 5) for a stretch of
10.5 km on the River Brahmani show a clay bed at the upper
part of the stratigraphic column. The clay bed is grey, yellow
and sometimes black in colour. The clay bed is thin in the
western part of the profile, thick in the central part and then
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Fig. 5 Subsurface lithological section (a- north, b- middle, c- south) of River Brahmani Nalhati-I block, Birbhum district.
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Fig 6 Distribution of observation wells and test wells 1, 2 and
3 on River Brahmani of Nalhati–1 block.
slightly thins towards east. This clay is followed at depth by
a thick sand bed containing lenses of clay at places. The sand
is generally medium to coarse grained, grey to yellow in
colour and extends at least upto a depth of 42m through
which the baseflow takes place. This sand bed is the first
aquifer of the area and is overlain by a clayey aquitard.
Therefore, the aquifer is semi-confined to confined in nature.
Three pumping test well lines were selected where the top
clay bed is thin in the west and central stretch of the river
(Fig. 2).
4.2 Aquifer test
At Nalhati-I block three test wells and twelve observation
wells were constructed on the bed of the river, one test well
on each of the aquifer test lines 1, 2 and 3. On each test well

lines 4 observation wells (Fig. 6) were constructed. The
subsurface lithology along each test line is shown in Fig. 7.
The design of the test wells and observation wells are given
in Table 1.
Water level measurements were carried out in the test wells
and observation wells prior to pumping. Repeat
measurements of the water level in the available wells were
carried out towards the end of the field work in the month of
April 2012 to understand the lowest water level. The water
level data are given in Table 2.
The test wells were pumped for 72 hours at a constant
discharge. The rate of discharge of the pumping well,
maximum drawdown of the test wells and the observation
wells and specific capacity of the test wells are given in Table
3.
In Nalhati-I block the water level is very deep ranging
between 6.67 and 10.34 m below the river bed (Table 2). In
the month of April the water level rests between 7.6 and 10.5
m below the river bed (Table 2). The storage coefficient
value of the aquifer ranges between 7x10-3 and 4.7x10-2
indicating that the aquifer is semi-confined to confined in
nature. The water level in general rests at a depth below the
base of the upper confining bed (Figs. 7a – c) and hence the
aquifer although confined by an overlying confining bed
behaves as an unconfined aquifer. The transmissivity of the
aquifer along test well lines 1, 2 and 3 is 567 m2/day, 1303
m2/dayand 1277 m2/day respectively (Table 4), indicating
that the potentiality of the aquifer is maximum along test well
line 2. Since the water level is very deep during most part of
the year infiltration gallery may not be feasible in River
Brahmani but a collector well with radials may be
constructed along test well line 2 in Atgram (JL No. 76),
Nalhati-I block.
The safe distance (2ro) between two abstraction structures on
River Brahmani is > 200m depending upon transmissivity
and storage coefficient values as well as the well discharge
(Table 4).
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Table 1 Design aspect of test wells and observation wells.
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150

22

30

100

-

100

12

-

12

Screen
Position
(m bgl)
10-19

9-12
and
14-20

Screen
Position
(m bgl)

150

10

L
(m)

Depth (m bgl)

22

Casing

Housing
150

Dia
(mm)

Location w.r.t.
TW

3

22

L
(m)

No.

2

Dia
(mm)

Observation well

1

64.5m N

22

13-16

2

10.3m N

20

13-16

3

9.65m S

20

13-16

4

58.35mS

22

13-16

1

49.6m S

20

14-17

2

10.3 mS

20

14-17

3

9.90m N

20

14-17

4

49.3m N

20

14-17

1

48.75m S

42

31-34

2

9.95m S

42

31-34

3

9.90m N

42

31-34

4

58.4m N

42

31-34

30-39

Table 2 Water level data in test wells and observation wells (Site Nalhati – 1).

River

Well
No.

MP
(m)

WL BMP
(m)

Brambhani

Brambhani

Nalhati-I

1

Depth (m bgl)

No.

River

Block

Test well (TW)

TW 1
OW 1
OW 2
OW 3
OW 4
TW 2
OW 1
OW 2
OW 3
OW 4
TW 3
OW 1
OW 2
OW 3
OW 4

0.6
0.36
0.29
0.165
0.26
0.54
0.29
0.26
0.29
0.24
0.7
0.37
0.465
0.46
0.36

7.27
9.55
6.99
7.84
7.88
8.78
10.63
8.67
8.42
8.38
9.02
8.9
9.15
8.9
9.01
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WL Below River Bed (m)
Jan
.
-

Feb.
6.67
9.19
6.7
7.675
7.62
8.24
10.34
8.41
8.13
8.14
8.32
8.53
8.685
8.44
8.65

March

April

-

7.6
10.5
-

-

-
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TW3

704

Step
drawdown in
TW3

Block
Brambhani

Specific Capacity Index
(m3/d/m/m)

704

(m3/d/m)

TW2

Specific Capacity

Max. Drawdown

0.79

(m)

Discharge (m3/d)
221

Test well no.
TW1

Max. Drawdown in Observation wells (m)

1

2

3

4

5

6

7

8

279

31

0.11

0.18

0.18

0.10

-

-

-

-

340

38

0.92

0.39

0.38

0.25

-

-

-

-

3.44

205

23

0.22

0.19

0.35

0.18

-

-

-

-

547

1.87

293

33

-

0.14

0.16

-

-

-

-

-

869

3.09

281

31

-

0.29

0.29

-

-

-

-

-

1343

3.31

405

45

-

0.285

0.297

-

-

-

-

-

2.07

Table 4 Hydraulic parameters of aquifers below river bed.

Nalhati-I

Brambhani

River

Blocks

Aquifer
Test
Line

Transmissivity
(m2/day)

Storage
coefficient

1

567

4.2 x 10

2

1303

1.4 x 10

3

1277

6.5 x 10

Safe
distance (m)

-2

-2
-3

Remarks

200

Semiconfined

214

Semiconfined

220

Confined

Transmissivity

Cross-sectional length
of river

Hydraulic gradient

Nalhati-I

TW 1
TW 2
TW 3

(m2/day)
567
1303
1277

(m)
84
132
113

7.4 x 10-2
8.0x 10-2
3.6 x 10-2
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Groundwater flow rate

Test well no.

Brambhani

Location

Table 5 Groundwater discharge across test well lines.

River

Nalhati I

River

Table 3 Discharge – drawdown data of test wells and observation wells.

m3/day
3524
13760
5195

MGD
0.93
3.63
1.37

MLD
3.52
13.74
5.19
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Fig. 7 Test well line on River Bramhani in Atgram, Nalhati-I block. Blue line indicates the pre-pumping water level.

4.3 Flow of groundwater across test well lines
The water table contour maps of pre-monsoon and postmonsoon seasons based on the water table measurements in
59 network stations in 2011 spread over the entire district
suggest that the groundwater flow directions are towards the
river. Hence the river is effluent in nature throughout the
year.
The flow rates at the cross sections of the river along the test
lines have been computed using Darcy’s equation and given
in Table 5. The groundwater flow varies between 3524 and
13760 m3/day, being highest across aquifer test line 2.

Cumulative frequency curves (Fig. 8) generated from grain
size distribution data from mechanical analysis of sediment
samples of the test wells were used to determine depth wise
mean diameter, median, uniformity coefficient and slot size
of screens of infiltration galleries/radials of collector wells.
The sediments which constitute the aquifer material of TW1
in Atgram, Nalhati-I block are largely sands which are
variable in texture from medium to coarse from a depth of 4
to 22 m bgl . There is a clay bed of 4m thickness in the upper
part of the lithological column. The mean diameter of the
sediment ranges between 0.44 ф (coarse sand) and 1.59ф
(medium sand) with an average of 1.14 ф (medium sand).

4.4 Sediment texture
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The sediments which constitute the aquifer material of TW2
in Atgram, Nalhati -I block are largely sand which is variable
in texture from medium to coarse from a depth of 4 to 22 m
bgl. There is clay bed of 4 m thickness at the upper part of
the lithological sequence. The mean diameter of the sediment
ranges between 0.61 ф (coarse sand) and 2.45 ф (fine sand)
with an average of 1.12 ф (medium sand) .

The sediments which constitute the aquifer material of TW3
in Atgram, Nalhati-I are largely sand which is variable in
texture from medium to coarse from a depth ranging between
6 and 42 m bgl. There is clay bed of 6 m thickness at the top
of the lithological column. The mean diameter of the
sediment ranges between 0.35 ф (coarse sand) and 1.48ф
(medium sand) with an average of 1.07 ф (medium sand).

Fig 8 Grain size distribution curves of sediments of test wells.

4.5 Hydrogeochemistry

5.1 Geology

The results of the chemical, bacteriological and pesticide
analyses and the Indian drinking water standard BIS 10500
(2012) and Charge Balance Error (CBE) are given in Table
6. All the samples have CBE within the acceptable value of
±10%, indicating that the analytical results are reliable. The
groundwater quality with respect to chemical parameters is
generally within the desirable limit except for hardness
(TW3) and iron (TW2). Bacteriologically, the groundwater
is contaminated with faecal coliform bacteria except TW1.
The major cations (Ca2+, Mg2+, Na+ and K+) and major anions
(Cl-, HCO3- and SO42-) content in the groundwater samples
(Table 5) indicate that the groundwater is dominated by
alkaline earths and weak acids. Bicarbonate concentration
varies from 37to 141mg/L, and it contributes 59% (mean) of
the total anions in the groundwater.

River Brahmani drains through a variety of country rocks
such as basalt, laterite, hard clay impregnated with caliche
nodules and middle to late Holocene sand, silt and clay from
west to east respectively (Fig. 1). The modern day river sands
rest on these lithological units. Dug wells in the weathered
zones can yield water 4 – 5 m3/day of water. Bored wells
tapping the potential fractures below the weathered mantle
can yield up to 20 m3/hr of water (CGWB and SWID 2011).
Groundwater in many places has fluoride concentration > 1.5
mg/L and is unfit for drinking.

5. Discussion

Geology below the river bed is very variable with rapid facies
variation both in vertical and horizontal directions. The River
Brahmani in Nalhati-I block has a very thin cover of present
day river sand followed at depth by a 2 – 14 m thick clay.
This clay is followed by a thick sand bed containing lenses
of clay at places. The sand is generally medium to coarse
grained, grey to yellow in colour and extends at least up to a
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depth of 30 m. This sand is the productive aquifer and is
semi-confined to confined in nature.

Table 6 Results of the chemical, bacteriological and pesticide analyses.
Concentration
Parameters

Groundwater quality with
respect to BIS 10500:2012

River Bramhani
TW 1

TW 2

TW 3

Desirable limit

pH

6.29

5.90

6.45

6.5 to 8.5

TDS (mg/L)

168

118

122

500

Hardness (mg/L)

204

220

240

200

Bicarbonate(mg/L)

141.5

63.40

36.60

200

Chloride (mg/L)

18.30

25.30

13.60

250

Sulphate (mg/L)

8.50

6.25

12.00

200

Nitrate (mg/L)

8.64

BDL

BDL

45

Fluoride (mg/L)

0.17

0.16

0.23

1.0

Arsenic (g/L)

2

3

1

10

Sodium (mg/L)

28.90

15.40

16.5

-

Potassium(mg/L)

0.80

0.90

0.40

-

Calcium (mg/L)

24.90

14.00

8.90

75

Magnesium(mg/L)

6.60

6.60

3.80

30

Manganese(mg/L)

0.08

1.28

0.06

0.1

Iron (mg/L)

0.09

3.69

0.07

0.3

Chromium (+3)(mg/L)

BDL

<0.05

<0.05

0.05

Total Coliform(MPN/100ml)

0

30

30

0

FaecalColiform(MPN/100ml)

0

23

0

0

Lindane(-BHC) (g/L)

BDL

<0.86

<0.86

2

Endosulphan I (g/L)

BDL

<1.14

<1.14

0.4

Aldrin(g/L)

BDL

<1.08

<1.08

0.03

CBE (%)

1.47

5.54

8.92
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15

20

24

Screen
slot size
(mm)

4

5.2 Groundwater chemistry
Fluoride is in low concentration in all the testwells.
Bicarbonate in groundwater is generally derived from the
weathering of silicate minerals (Stumm and Morgan 1996) as
per the following general reaction for the weathering of
silicate rocks with carbonic acid:
(Cations) silicates + H2CO3 = H4SiO4 +HCO3- +
cations + solid products (mostly clays)
In some of the sites agricultural lands occurs on the flood
plain of the rivers. Therefore, the major ion chemistry of
groundwater also seems to be controlled by irrigation return
flow and application of inorganic fertilizers, waste water
from

47.5

30

8
(200
mm)

Number

Gravel packing

8

Field

Calculated

Field

Calculated

Length of
each radial
(m)

Diameter (inch)

Radial dimension

Diameter (m)

Field

Calculated

Depth (m)

Well
dimension

Maximum
Drawdown assumed (m)

Width of the river bed (r) (m)
132

Longitude
87.86334o

Latitude
24.27404o

3

11356
(3 MGD /
11.36 MLD))

Discharge (m /day)

Table 7 Design of the collector wells with radials.

13

0.54

Artificial pack
screen is
required. Gravels
for the pack
should be 5-6
times the screen
slot size.

pit latrines and septic tank, and open defecation. Processes
related to anthropogenic activities can be understood by
identifying pollution by Cl-, NO3-, and SO42- in groundwater
(Sengupta et al. 2008; BBS/UNICEF 2011; McArthur et al.
2012). In the shallow alluvial sands of the Bengal Basin,
pristine groundwater should be dilute as the concentration of
Cl- in rain is typically less than 3 mg/L (Sengupta et al.2008).
In Bengal Basin most dilute groundwater contains <5 mg/L
Cl- that are not affected by salt-water intrusion (McArthur et
al. 2012). In Bangladesh, the typical concentration of Cl - in
drinking water is <10 mg/L (BBS/UNICEF 2011) in those
geographic regions that are not affected by salt-water
intrusion. The natural baseline concentrations of both NO3and SO42- in rainfall are very small. Groundwater in the
Bengal Basin is anoxic, so the small concentrations of natural
NO3- and SO42- in recharge are rapidly removed, the latter
into trace amounts of diagenetic pyrite (Nickson et al. 2000).
As a consequence, unpolluted groundwater contains a
concentration of NO3- that is undetectable, and of SO42- that
is detectable but typically <0.1 mg/L (McArthur et al. 2012).
The presence of chloride (TW 2), nitrate (TW1) and sulphate
(TW 1, 2 and 3) (Table 5) is indicative of anthropogenic
pollution from waste water from pit latrines, septic tank and
open defecation. The impact is also corroborated by high
total and faecal coliform count in the test wells TW 2 and TW
3. The groundwater in TW2 also contains high concentration
of iron and manganese (Table 5). Hence the water should be
adequately treated before supplying to the local people for
drinking purpose.
5.3 Groundwater abstraction structures

Fig 9 Feasible groundwater abstraction structures that may
be constructed on the bed of River Bramhani for future
public-water supply. Figure not to scale.

In River Brahmani along the test well lines the sand which
occurs below 4-6 m below the river bed is in general medium
sand. The water level is very deep ranging between 6.67 and
10.34 m below the river bed. The aquifer is semi-confined to
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confined in nature (S = 6.5x10-3 - 4.2x10-2; Table 4). The
water level in general rests at a depth below the base of the
upper confining bed and hence the aquifer although confined
by an overlying confining bed behaves as an unconfined
aquifer. The transmissivity of the aquifer varies between 567
and 1303 m2/day. Therefore, a collector well with radials
may be constructed along test well line 2 in Atgram (J.L. No.
76), Nalhati-I block (Fig. 9).
Collector wells have been designed (Table 7) based on the
assumptions that only 70% of the water flowing across the
particular section of the river should be abstracted. The rest
of the water is allowed to flow to maintain the assimilative
capacity of the river and to full fill the needs of the aquatic
habitat.
The collector well on test line 2 has been designed based on
the assumption that the maximum drawdown will be 15 m
and the discharge will be 11356 m3/day or 3 MGD. The
depth of the 4 m diameter well should be at least 20 m below
the river bed with 8 radials each of 47.5 m length and 200
mm diameter (Table 7). Since it may be difficult to construct
long radials, it is suggested to have 13 radials of 30 m length
with a screen slot size of 0.54 mm (Table 7). Although
sediment analysis suggests that artificial packing may not be
required but it may be prudent to have artificially packed
screens. Gravels for the pack should be 5-6 times the screen
slot size of 0.54 mm. The depth of the collector well may be
kept at 24 m to accommodate the radials at two levels of 20
and 24 m below the river bed.
6. Implications of the design yield
River Brahmani is an effluent river throughout the year. The
proposed collector well with radials on the river bed will
draw water principally from discharging groundwater. The
net groundwater availability for future development in
Brahmani Basin in Nalhati I block (Fig. 1) is 40.5x106
m3/year (CGWB and SWID 2011). The total groundwater
that will be withdrawn though the collector well is 4.1x106
m3/year, which is about 10% of the net groundwater
availability. Hence the small amount of reduction in the
baseflow of the river that will occur due to abstraction will
not have any significant adverse effect on the river regime.
Conclusion
The present systematic hydrogeologic investigation of the
aquifer system below the bed of River Brahmani was
undertaken to understand the possibility of supplying
drinking water in the fluoride affected area of Nalhati-I block
of Birbhum district of West Bengal. Based on the study, base
flow withdrawal point has been identified at the best possible
location on the river bed and an abstraction structure has been
designed for sustainable supply of low fluoride drinking
water. On River Brahmani a collector well of 24 m depth with
13 radials each of 30 m length at two levels with at least 4 m
separation between them may be constructed at Atgram,
Nalhati-I block to abstract 3 MGD (11.36 MLD) of
groundwater. The water should be treated for iron,
manganese, coliform bacteria before supplying to the
villages for drinking purpose. This paper, therefore,
illustrates the potentiality of base flow of an ephemeral river

flowing through a semi-arid and fluoride affected area for
sustainable supply of drinking water.
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Abstract

To answer the question of apprehension of impact of construction of metro viaduct on rainfall recharge, DMRC,
New Delhi has referred the task to the National Institute of Hydrology, Roorkee for a scientific study. To attain
the envisaged objectives and also derived scope, a comprehensive analysis of data related to meteorological, landuse and land cover (LULC), soils properties, rainfall and groundwater recharge components, impact of elevated
metro rail corridors including assessment, etc. have been carried out. The database, information, field and
laboratory experiment results have been analyzed using advanced tools and techniques. All related maps have
been prepared as per geographical coordinate systems in the ArcGIS framework and hence, has the relevance to
the actual field conditions. Studies find out that a very good scope exists to use the surface area of elevated metro
rail corridors and elevated stations for capturing rainwater and conserving the harvested rainwater for artificial
groundwater recharge by devising appropriate engineered recharge system. The advantages of these elevated
metro rail corridors are: not in contact with natural soil surfaces; not influenced by natural surface
hazards/contamination, and major anthropogenic activities and routine human interventions; and largely free
from pollution originating from motor vehicles. The quality of the captured rainwater from the elevated metro rail
corridors has been found much better than the motorable flyovers/ over bridges. Analyzed quality of rainwater
has been found suitable for groundwater recharge.
KEYWORDS: Groundwater recharge. DMRC. duct rain water harvesting. land use/land cover. Soils.

1. Introduction

For pursuing the envisaged scope of work, the following databases
and their analyses have been outlined:
• Field investigations and experiments to determine soil textures,
characteristics and hydraulic properties for ascertaining natural
aquifer recharge rate;
• Daily rainfall data of NCT Delhi for last 3 decades for 10
metrological observatories taken from IMD, New Delhi and its
analysis.
• Map of Delhi metro lines including geometrical dimensions viz.,
height of elevated corridor, width of corridor.etc. and the
necessary analysis- (Source DMRC);
• Geological and hydro-geological data of NCT Delhi for the
stretches through which metro lines have passed and their
analysis;
• Groundwater level data of NCT Delhi for last 3 decades
and analysis (Source CGWB);
• Images of land-use and land cover map of NCT Delhi and
analysis- (Source NRSC, Hyderabad);
• Soil map of NCT Delhi and analysis- (Source NBSSLUP);
• Water quality data of harvested rainwater and its prospect of
using for groundwater recharge – (source DMRC).

2

NCT Delhi with its geographical area of about 1483 km has massive
network of metro rail corridors comprising 290.43 km. Out of 290.43
km, about 35.08% (101.9 km) is underground and 64.2% (188.53
km) is elevated corridor. Total surface area of the elevated
corridor/viaduct is 1.695 km2 and that of the elevated stations is
0.736 km2; with a total of 2.431 km2. This surface area of 2.431 km2
(0.164% of the geographical area) forms a paved blanket over the
NCT Delhi restricting rainfall direct infiltration and percolation to
groundwater. NCT Delhi over the passage of time has been
witnessing reduced groundwater recharge and depleted groundwater
levels in many pockets. These have given rise to apprehensions that
the reason could be due to the upscale of the elevated corridors of the
metro railroad in NCT Delhi.
To study the impact of elevated metro railroad corridors on the
natural groundwater recharge for different landuse/land cover
(LU/LC) and to suggest suitable methods, for harvesting rainwater
captured by the elevated corridors and use of harvested water for
augmentation of groundwater in potential aquifer by undertaking
selected pilot stretches, the task was entrusted to the National
Institute of Hydrology (NIH), Roorkee. This paper is the outcome of
the present study.

2. Materials and Methods
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All spatial data have been analyzed under the ArcGIS framework and
temporal data related to rainfall, groundwater, etc. have been
analyzed using standard methodology and tools. Assessment of
different hydrological and hydro-geological components has been
analyzed using the common methodologies.

classification accuracy of the classification trials. The entire area was
classified into 4 classes, namely, Vegetation, Urban, Fallow lands
and Water bodies. To avoid confusion between various croplands,
scrublands, etc. all these were included in vegetation class. These
classified images were subjected to a change detection analysis for
identifying the key bio-physical factors impacting any LULC
change. Supported spatial and non-spatial data were also acquired to
authenticate the aforementioned analysis. In addition to IRS satellite
digital imageries, the spatial data comprised of reference Google
Earth images and the administrative boundary, canal/ river/ drain/
road network, soil and groundwater depth maps were also used. The
non-spatial data were comprised of time series statistics of major soil
and crop types. The changes of LU/LC from one class to another over
the years from 1997 to 2016 are shown in Table 1. From Table 1, it
could be seen that the reduction of vegetation cover by about 30%
and converting major part of it into built up/ urbanized area will have
direct impact on groundwater recharge in the form of reduced natural
rainfall recharge, as the built-up area normally does not allow
rainwater to infiltrate into the subsurface. In terms of area changed
to built-up/urbanized area during the year 1997-2016, it is about 38.7
km2.

3. Results and Discussion
Rain fall
The analysis of meteorological data for 58 years (1959-2016)
revealed that by and large, 20% of the annual rainfall of NCT Delhi
contributes to surface runoffs and storages and also to aquifer
recharge. The average annual rainfall of NCT Delhi based on 58
years data (1959-2016) has been found to be 755 mm; 20% of which
is worked out to be 151 mm. Analysis of 30 years (1984-2013)
rainfall data carried out by CGWB (2016) for 13 stations scatteredly
located showed that NCT Delhi has wide variation of spatially
distributed annual rainfall and the variation is from 400 mm to 800
mm. It was reported that, about 81% of the annual rainfall is received
during the monsoon months of July, August and September. On an
average, rainfall intensity of 2.5 mm or more falls on 27 rainy days
in a year. Of these, 19 days are during the monsoon months.

3.3 Soil classification/ Physiographic units
The NCT Delhi has different soil groups representing different
infiltration rates, varied rainfalls and LULC, different hydrological
and hydro-geological conditions. District-wise groundwater recharge
ascertained from the numerical groundwater modeling carried out by
other investigators indicated that the groundwater recharge in the
areas through which the elevated metro lines have passed varied
between 5.78 % and 12% with average of 8.90%, which is close to
the average annual rainfall recharge of 9.27%.

Land use/Land cover
Land Use/Land Cover (LU/LC) map of Delhi was prepared using the
LISS3 data of 1997 and 2016 procured from NRSC-ISRO,
Hyderabad.

Table 1. Change in land use/land cover from 1997 to 2016 in NCT
Delhi (NRSC, Hyderabad)
Mapping
unit
1
2
3
4
5
6
7
8
9

Fig. 1: Lay out of the Delhi metro.

10

For study of LU/LC changes, two multi-temporal classified images
of February, 1997 and December, 2016 were generated through a
hybrid unsupervised (ISO data)–supervised (Maximum Likelihood)
image classification technique. Error matrices were used to assess the

11
12
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Description
Active flood plain, deep, well drained, calcareous,
sandy
Active flood plain, deep, well drained, calcareous,
loamy
Recent flood plain, deep, well drained calcareous,
loamy
Recent flood plain, deep, well drained calcareous,
loamy, saline
Recent flood plain, deep, moderately drained
calcareous, loamy, saline
Recent flood plain, deep, excessively drained
calcareous, loamy
Recent flood plain, deep, excessively drained
calcareous, loamy, slight erosion
Recent flood plain/old alluvial, deep to moderately
drained calcareous
Hill terrain, medium-deep skeletal, moderate
stoniness
Hill terrain, medium-deep skeletal, strong
stoniness
Dissected hill, deep excessively drained, strong
stoniness + piedmonts
Urban

Area
(%)
3.57
1.68
1.81
1.97
0.75
1.64
1.74
40.16
1.88
1.40
10.63
31.87
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Major physiographic units of NCT Delhi are: flood plains, recent
alluvial plains, old alluvial plains, Aravalli hills, Pediments and
piedmonts. The Aravalli hills originating from Rajasthan enter Delhi
on the southern border and extend into an elongated ridge of 5-6 km
width along north to north east and south to south west separated by
flat lands and depression filled with alluvium material. Table 2 shows
the area covered by different category of soils of NCT Delhi. Major
part ( 40%) of NCT Delhi has flood plain/old alluvium calcareous,
deep to moderately drained soils followed by the urban area of 32%.
About 13.91% of the total is occupied by hill terrain/piedmonts.

of annual rainfall recharge has been reduced from 101 mm in year
2009-10 to 70 mm in 2016-17, indicating a net decrease of annual
rainfall recharge of 30.69%. In terms of percent of the average annual
rainfall of 755 mm (58 years average: 1959-2016). The reduction in
rainfall recharge has been found from 13.38% in 2009-10 to 9.27%
in 2016-17. This implies that NCT Delhi with its present urban area
of 43.80%, fluvial area of 40.16%, dissected hill etc of 10.63% and
remaining 5.41% of other categories has annual rainfall recharge that
varied between 9% and 13% of the average annual rainfall of 755
mm. With reference to the last 30 years average annual rainfall of
612 mm, these percentages varied between 11.44% and 16.5%. The
rates of rainfall recharge vary with the land cover, sub-surface
formations, and other hydrological and hydro-geological properties.
In NCT Delhi, it will have variable rainfall recharge rate for varying
LULC and soil conditions. The urban area will have lesser
groundwater recharge; on the other hand, fluvial areas will have
higher recharge.
Table 3. 2Status of groundwater resource in NCT Delhi (Source:
CGWB)

Table 2. Soil mapping descriptions (Source: NBSSLUP, Nagpur)
Classes

Area (km2)

% of total area

Vegetation

239.25

16.02

Vegetation to Urban

123.74

8.29

Vegetation to Fallow

168.20

11.26

Vegetation to Water

1.89

0.13

Fallow to Vegetation

131.87

8.83

Fallow to Urban

81.41

5.45

Fallow

123.51

8.27

Fallow to Water

0.65

0.04

Urban to Vegetation

75.98

5.09

Urban

441.15

29.54

Urban to Fallow

90.51

6.06

Urban to Water

3.36

0.22

Water to Vegetation

2.25

0.15

Water to Urban

3.38

0.23

Water to Fallow

1.14

0.08

Water
Total

4.85
1483.14

Year

GW
water
draft
MC
M

2009
480
-10
2010
480
-11
2011
400
-12
2012
400
-13
2013
400
-14
2014
390
-15
2015
390
-16
2016
390
-17
GW= Groundwater

0.32
100

Volume (MCM)

Groundwater status
Central Ground Water Board (CGWB) publishes the groundwater
assessment report of NCT Delhi every year. From the year 20092010 upto the year 2016-17, eight such reports for NCT Delhi have
been published. As per the reports of CGWB, the net groundwater
availability of NCT Delhi in last 8 years (2009-2017) has increased
by 10.71% (Table 3), while the annual groundwater draft has
decreased by 18.75%, which indicated the reduction in stage of
groundwater development from 171% in 2009-10 to 126% in 201617 (Table 3 and Figure 2); signifying improvement in augmentation
of groundwater by 45%. The estimate had also shown (Table 3) that
total volume of annual rainfall recharge in NCT Delhi has reduced
from 150 MCM in year 2009-10 to 104 MCM in year 2016-17. With
the geographical area of about 1483 sq. km of NCT Delhi, the depth

525
500
475
450
425
400
375
350
325
300
275
250
225
200
175
150
125
100
75
50
25
0

GW
availabilit
y
(MCM)

Stage
of GW
develo
p
ment
(%)

Volume
of
annual
rainfall
recharg
e
(MCM)

280

171

150

280

171

150

290

138

130

290

138

130

290

138

130

290

134

130

290

134

130

310

126

104

Annual
rainfall
recharg
e (mm)

% of
the
annual
norma
l
rainfal
l (755
mm)

101

13.38

101

13.38

88

11.65

88

11.65

88

11.65

88

11.65

88

11.65

70

9.27

GW draft
GW availability
Rainfall recharge

2009-10 2010-11 2011-12 2012-13 2013-14 2014-15 2015-16 2016-17
Year

Fig 2: Groundwater draft, availability and recharge in NCT Delhi (2009-2017)
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The average annual rainfall recharge of the areas through which
major part of the elevated metro line corridors have been routed, has
been estimated as 67.32 mm; of which 54.53 mm occurs during
monsoon period. The quantity of annual rainfall recharge, which is
not expected to join the groundwater because of the obstructed
surface area of the elevated metro corridors and elevated stations of
2.43 km2, if full area is considered to be an impervious strata on the
natural soil surfaces, has been estimated to be 0.1635 MCM (million
cubic meter). This is about 0.157% of the annual rainfall recharge of
NCT Delhi and in case of elevated metro rail corridors located on
natural soil surfaces, recharge has been estimated as 0.05065 MCM,
which is 0.0487 % of the annual groundwater recharge of NCT Delhi.
This is an extremely insignificant quantity or we can say that elevated
metro rail corridors and stations in NCT Delhi have very
insignificant influence and impact on natural rainfall recharge to
groundwater. Rain water was also subjected to analysis for water
quality, the data shown in Table 4. If quality seems to be good barring
hardness which is high.

routine human interventions; and largely free from pollution
originating from motor vehicles. The quality of the captured
rainwater from the elevated metro rail corridors has been found much
better than the motorable flyovers/over bridges. Analyzed quality of
rainwater has been found suitable for groundwater recharge.

References:
CGWB, (2017). Dynamic Groundwater Resources of India (As of
31st March, 2013). Ministry of Water Resources, Govt. of
India. 280p.
CGWB, (2016). Aquifer mapping and groundwater management
plan of NCT Delhi). Ministry of Water Resources, Govt. of
India. 163p.

Table 4. Quality of rainwater samples collected from NCT Delhi
Sr.
No
.

Paramete
r

Measure
d value

1

TDS
(mg/L)
pH
F(mg/L)
NO3(mg/L)
SO4—
(Mg/L)
Total
hardness
(mg/L)

134

2
3
4
5
6

Desirabl
e limit
for
drinking
water
IS 10500
: 2012
500

Permissible lim
it for drinking
water (IS 10500
: 2012)

Guidelines
for quality
of
groundwat
er recharge

2000

8.2
Not
found
5.2

6.5-8.5
1.0

No relaxation
1.5

45

No relaxation

27

200

400

428

200

600

No Indian
guidelines
setup yet
However,
guidelines
exist for
discharge
in surface
water
bodies.
USEPA :
pH : 6.5 –
8.5
Turbidity <
2 NTU;
FC : No
Fecal
coliform;
Residual
Chlorine : 1
mg/L

4. Conclusion
A good scope exists to use the surface area of elevated metro rail
corridors and elevated stations for capturing rainwatr and conserving
the harvested rainwater for artificial groundwater recharge by
devising appropriate engineered recharge system. The advantages of
these elevated metro rail corridors are as under: no contact with
natural soil surfaces; not influenced by natural surface
hazards/contamination, and major anthropogenic activities and
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Abstract

The precise depiction of groundwater recharge potential zones (GWRPZ), perform a crucial function in hard rock
terrain, where occurrence, movement and availability of groundwater have restrictions. Keeping the significance
of recharge areas in view, thematic layers of influencing parameters measured in the examined area of study are
geology and geomorphology of the area, the land use and land cover, drainage density, lineament density, slope,
soil and rainfall. The fuzzy logic (FL) technique was used to obtain the weights to be allotted to various thematic
layers and these layers were combined using a geospatial tool to delineate GWRPZ. The resultant map was
alienated into four classes; very low, low, moderate and high. The results obtained from fuzzy logic method were
validated with the groundwater fluctuation data of 34 dug wells using the receiver operating characteristic (ROC)
method, depicting an accuracy of 74.90%. For accurate identification groundwater recharge structures and
resourceful management plan leading to sustainable development, the outcome of present study could be useful.
Keywords: fuzzy logic. geospatial techniques. groundwater recharge potential zones. ROC.

1. Introduction
Groundwater is a hidden and refillable natural
reserve but in the last few decades, the draft is exceeding
recharge due to ever-increasing demand causing an
imbalance in demand and supply, leading to scarcity. Apart
from this, the role of man as an intruder, a catalyst and an
accelerator in deteriorating this precious natural resource is
also vital. Therefore, it is essential to conserve this valuable
resource and to establish a harmonious balance between
recharge and discharge of groundwater to meet the everincreasing shortfall of safe drinking water. The identification
of groundwater recharge potential zones (GWRPZ) will be
the key inputs to help strengthen the supply sources and
achieve sustainable management for the agriculture area,
industry and urban requirements.
The recharge is the percolation rainfall into sub-surface
through the vadose zone into an aquifer below the surface
(Huang et al. 2013, Shailaja et al., 2018). There are various
influencing parameters that govern the prevalence and flow
of subsurface water such as physiography, climate, landform,
geology, hydrogeology and land use/land cover (Park et al.
2005; Shaban et al. 2006; Hammouri et al. 2013; Park et al.
2014; Yeh et al. 2014; Singh et al. 2017, Mahato and Pal
2018). The groundwater abstracted for daily use is
replenished to its maximum during the rainy seasons, and
further through the natural sources like rivers, lakes, ponds,
and artificial sources like a dam, percolation tanks and bunds
(Agarwal and Garg 2015). The annual replenishment of the
water table aquifer by rainfall is not only unevenly
distributed, but also uncertain with regard to seasonal
distribution. Hence, groundwater recharge zones perform a
key role in water resources management especially in hard
rock terrain (Bhuiyan et al. 2009).

The groundwater management studies are immensely
carried out worldwide due to effective and efficient tools
available, such as remote sensing and Geographical
Information System (Kadam et al., 2018; Mahato and Pal
2018; Rajasekhar et al., 2020). These tools provide wide data
and act as the source of information for recognizing,
categorizing, surveying, planning and developing of
naturally occurring reserves and particularly water reserve
(Ammar et al., 2016). Investigation for sub-surface water in
hard rock aquifer is a complicated and challenging work. The
combined approach of hydrogeological and geospatial tools
have been used for identification of groundwater recharge
potential
zones
for
proficient
planning
and
management. Generally, conventional approaches demand
ground-based surveys for identification of groundwater
recharge potential zones. Modern geospatial technologies
like GIS and RS require thematic data that produce relatively
more precise results in both reachable and remote areas. The
use of GIS for terrain modelling, identification of
underground water prospect zones, suitability of water
harvesting structures is used in many studies (Qi and
Altinakar 2011; Kadam et al. 2012; Gibbs et al. 2012;
Agarwal and Garg 2015; Aouragh et al. 2016; Senanayake et
al. 2016). RS and GIS techniques facilitate mapping of
groundwater prospective regions and spatial distribution of
its quality (Simsek and Gunduz 2007; Rolland and
Rangarajan 2012; Sar et al. 2015; Selvam et al. 2015; Mehra
et al. 2016). Studies on the application of geospatial tools
with fuzzy logic for delineating potential recharge zones have
been carried out by few researchers (Aouragh et al., 2017.,
Gdoura et al. 2015; Kardan et al. 2017., Rajasekhar, M., et al.
, 2019.)
Artificial intelligence method such as fuzzy logic has
been used to convert human knowledge into computer
language and can be simply applied using geospatial tool
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(Gdoura et al. 2015; Alazba 2016; Aouragh et al. 2016;
Tiwari et al. 2017; Azimi et al. 2018; Şener et al. 2017). A
fuzzy set is a gathering of gradations of membership (Zadeh
1984). MCDA evaluates numerous differing criteria involved
in concluding (Jha et al., 2010), which not only increases the
accuracy of results but also helps to reduce biasness on any
influencing parameter. Recently, numerous studies have
shown that the MCDA is an inexpensive and less time
consuming technique for groundwater investigation and
planning ( Mogaji 2016; Nadiri et al. 2017; Azimi et al. 2018;
Şener et al. 2017; Kadam et al. 2018). The popular MCDA
techniques include AHP, fuzzy set analysis, multi-attribute
utility theory (MAUT).
In this study, a fuzzy logic method with geospatial
approach for delineating groundwater recharge potential
zones have been undertaken for the management of
groundwater resources in Shivganga River basin of western
India.

2. DESCRIPTION OF THE STUDY AREA
The Shivganga watershed occupies an area of 177
km2, at the base of Western Ghats, Maharashtra, India (Fig.
1). It receives rains from the southwest monsoon and is

characterized by a wide variation in onset and cessation of
monsoon, average annual rainfall, wet and dry spells and a
number of rainy days. The watershed is having yearly
precipitation ranging from 900 mm to 1200 mm from June to
September.
The study area experiences semi-arid climate with
temperature ranging from 36°C during summer to about 18°C
during winter. The watershed has higher elevations in the
western region (maximum of 1260 m) and lower elevations
(minimum of 590 m) in the easternmost part. The area is
about 45 km away from Pune city and can be accessed by
metalled and unmetalled roads.
Geomorphic features observed in the study area
include escarpment, mesa, butte, weathered and dissected
plateau (Fig. 3a, Table 1). The northern and north-western
parts of the study area are covered by forest (10.53%) and
comprise a highly dissected plateau occupying about 47.25%
of a total area. The younger plain (plateau shallow weathered)
present at the central portion covers 31% of the study area.
The middle-eastern portion shows butte and escarpment and
with the highly dissected plateau occupies the lowest part of
residual hills. Pediment, basaltic stony outcrops are seen at
the peripheral parts whereas weathered rocks are present at
the middle parts as well as near river channels.

Figure 1. Location map presenting the study area
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3. MATERIAL AND METHODOLOGY
The database used to create various thematic layers
in GIS environment for the generation of GWRPZ include:
(i) landform map generated from National Atlas & Thematic
Mapping Organisation, Kolkata, (ii) Landsat-8 thematic
mapper (TM) free download from the USGS Earth Explorer
site acquired in year 2018 was used to develop land use type
and also lineament map by linear stretch, (iii) geology type
map obtained from Geological Survey of India having
1:2,50,000 iv) The topographical map of 1:50,000 scale were
used to demarcate drainage based boundary of the watershed,
contour and point elevation were also used for updating the
digital elevation map, from which density maps of linear
features such as lineament and drainage were created by
applying density tool in GIS environment; (v) the slope and
lineament map was generated with updated GDEM. (vi) The
slope map was further divided into five classes namely 0-2%
as level, 2-10% rolling, 10-20% moderate slope, 20-30%
Moderately steep slope and > 30% steep slope; (v) soil map
was purchase from district resources map and update the soil
sampling analysis for texture analysis which further
reclassified as per USDA soil classification guidelines
(1972); and (vi) Tropical Rainfall Measuring Mission
(TRMM) satellite data of 5km x 5km grid was downloaded
from NASA website was used to comprehend the spatial
distribution of rainfall in the study area.

3.1 Database generation
Eight (Landform, land use type, density map of
drainage and lineaments, geology, percent slope, soil and

rainfall) thematic layers prepared and transformed into raster
type in GIS environment using World Geodetic System - 84
projection and coordinate system. Further, these maps were
reclassified based on their individual influence on the
GWPRZ map (Table 1), and the weights were assigned to
each sub-category using fuzzy logic. The set of reclassified
maps were integrated using raster calculator tool whereby
each layer was multiplied with the normalized score obtained
from fuzzy logic. The resultant map was categorized into four
GWPRZ classes and validated with the groundwater
fluctuation data obtained from 34 dug wells.
3.2 Fuzzy logic modelling
In conventional set theory, an object is either present within
a set or not the part of the set. Therefore, it is a crisp data set
(present or absent, zero or one) with a shrill and inflexible
border. There is no fractional association, making it
impossible to model some ideas through provisional
association. To resolve this inflexible issue, Zadeh (1965)
suggested the FL concept, which was modified and used by
researchers such as Kaufmann and Gupta 1988;
Zimmermann 1991; Zadeh 1997; Ross 2009. Fuzzy set is a
group of gradations of membership that define variability and
indistinctness of any purpose. The end membership is either
defined as true or false which is 1 or 0. The value 1 is said to
be in the set with full certainty whereas 0 indicating that it is
not in the set. Other values ranging between are certain level
probability, with high values showing more probability of
membership. This procedure of converting original input
values to the 0–1 scale of probability of membership is
entitled as fuzzification.

Figure. 2 Flowchart showing the methodology used during this study
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Figure. 3 (a) landform; (b) geology; (c) land use type (d) drainage density; (e) lineament density; (f) percent slope; (g) soil;
(h) rainfall

It is well known that many factors of groundwater
potential recharge (soil, geology, geomorphology, slope,
drainage network, aquifer geometry) have uncertainties that
are inherent in decision-making. Uncertainty arises from
dimension errors, integral inconsistency, intangible
vagueness and simple ignorance of some significant aspects.
In fuzzy set theory, the membership function varies between
0 (null groundwater recharge potential) and 1 (good
groundwater recharge potential); values between these end
members represent the degree of groundwater recharge
possibilities. (Bhowmick et al. 2014; Gdoura et al. 2015;
Kardan et al. 2017; Ghazavi et al. 2018). Membership values

assigned to every sub-criterion based on their importance fall
within the unit interval [0, 1] (Ghazavi et al. 2018), thus:
𝜇𝐴 (𝑥) ∈ [0,1]

(1)

where A is fuzzy set of favorable factor and 𝑥 is membership
of factor data in the fuzzy set.
There are numerous existing procedures for combining
various membership functions. In this study, we have used
the fuzzy algebraic product function, because of its direct and
linear relationship of fuzzy members with groundwater
recharge potential and applicability in postulating
groundwater resources analysis (Azimi et al. 2018, Mahmoud
and Alazba 2016) (Eq. 2).
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µ = ∏𝑛𝑖=1 µ𝑖

(2)
th

where, µi = fuzzy membership value for the i map, and i is
number of factor maps combined (e.g., eight maps in the
present study). More specifically, we used a fuzzy algebraic
product tool to map groundwater recharge potentiality map
based on the following equation 3.
Groundwater recharge potential zones index (GWRPZI) =
c1 * c2 * c3 * c4 * c5 * c6 * c7 * c8
(3)
where c1, c2......c8 are fuzzy membership values for
influencing factor such as geomorphology, land use/land
cover, lineaments, drainage, geology, slope, soil and rainfall.
As the fuzzy membership is assigned between 0
and 1, hence after the multiplication of thematic layers using
raster calculater in GIS still smaller decimal numbers are
obtained (for e.g. 0.2*0.2=0.04). Therefore, it is called as
decreasive value function index, (Bonham-Carter 1996).
3.3 Validation
The results were evaluated for correctness by
ROCs technique. Groundwater fluctuation values were
obtained during dug well inventory and compared with the
estimated groundwater recharge potential zones to calculate
the accuracy. ROC technique recognizes the area under the
curve (AUC) values for precise calculation of the method.
The minimum AUC value 0.5 shows no accuracy, while
value close to 1.0 indicates higher accuracy (Elmahdy and
Mohamed, 2016).

the north-western and eastern side is having forest cover and
plantation that shows moderate to low groundwater
infiltration due to utmost slope and impervious rock. The
vegetation present at pediment and plain act as a favourable
land use for groundwater recharge. (Fig. 3c). The dominant
land use type is agriculture covering 45% of study area with
moderate groundwater potential recharge. Further, the
wasteland also has the potential for groundwater recharge
because of availability of unused area (19.16%) observed at
the time of field surveys. Water bodies and planted areas are
excellent for groundwater recharge, while the built-up and
barren lands are considered to be less significant. Hence,
highest weight is given to water body and lowest for the builtup land as shown in Table 2.
4.4 Drainage density (Dd)
The drainage density is one of the key factors that affects
rejuvenation as well as movement of groundwater (Kaliraj et
al. 2013). Based on the drainage density values, the study
area is categorized into five classes namely very low, low,
moderate, high and very high (Fig. 3d). High Dd values result
into high runoff, less soil depth and permeability (Kadam et
al. 2017). Moderate density values range from 2.53 to 3.23
km/km2 (13.3%) is observed in the pediment area. The low
drainage density zones were observed at a western part
covering about 10 % study area indicating low surface runoff
and high rainwater recharge. The areas with high-density
zone values ranging from 3.23 to 5.89 km/km2, are found in
the periphery of study area representing hilly terrain with
barren lands. The high weights are assigned to low-density
area and vice versa.

4. RESULTS AND DISCUSSION

4.5 Lineament density (Ld)

4.1 Landform (Lf)

Lineament density represents a penetrable zone
proportional to groundwater potential areas. The lineament
density of an area ranges from 0.005 to 1.63 km/km2. The
high to moderate zone lies predominantly at north eastern
part and near the mouth of river basin (Fig. 3e). It ranges from
0.53 to 1.63 km/km2 and these parts of study area considered
as potential zones for recharge. The north-western and southeastern part represents low to Very low-density class. The
Ld values ranging between 0.005–0.53 km/km2, show low
infiltration of surface water.

The landforms present at the fringe of study area
like butte, escarpment, and mesa show less recharge and high
surface runoff. Highly dissected plateau indicates less
recharge rate with low potential of groundwater. Moderately
dissected and shallow weathered plateaus represent moderate
groundwater potentials. Slightly dissected and weathered
Plateaus show good percolation potential having good
groundwater resources. Surface remnants on plateaus are
distributed in the northern part of the study area, shows very
less groundwater potentials (fig. 3a).

4.2 Geology (Ge)
The area is having moderately weathered simple basaltic
flows of Wai Subgroup of Deccan Volcanic Province (DVP).
These basaltic flows were divided into Diveghat formation
exposed at the low-lying areas and Purandargarh formation
covering higher elevations.
The basaltic flows of
Purandarghar formation are present at the margins of the
study area experience high runoff whereas Diveghat
formation occupy the central part of the study area is
moderately permeable (fig. 3b).
4.3 Land use/ land cover (Lu)
The land use/ land cover classes were formulated as per
the recharge potential of study area. The large portion of area
is waste land followed by agriculture shows low surface
runoff and high groundwater recharge. The peripheral part on

4.6 Slope (Sl)
The study area shows steep slope at the periphery of basin
that depicts very low groundwater recharge and high
overland flow. Moderately steep topography area is having
15% to 30% slope, relatively high runoff and low infiltration
(fig. 3f). The slope of (8-15%) is considered as moderate
slope and having a modest recharge. While undulating (28%) terrain is capable of holding more surface water and
enabling good water recharge.
4.7 Soil (So)
The runoff potential of soil has been determined by its
infiltration capacity, type and texture (Jasrotia et al. 2016;
Kadam et al. 2012) shown in (Fig. 3g). The parent lithology
has undergone a physical and chemical breakdown. The soil
from study area depict hydrological soil group (HSG) B, C
and D. The HSG-B type is mainly observed on peripheral
region with good infiltration rate, while the HSG-C is present
at pediment part of basin with moderate runoff as well as
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recharge. The HSG-D is present near river bed and has more
clay content showing low recharge of rainwater.

Similarly, land use /land cover class such as agriculture land
received fuzzy membership value of 0.98 as it shows more
recharge potential, whereas built-up land is given fuzzy
membership value of 0.03. The drainage density has a
negative linear relation with fuzzy membership. As the
drainage density increases, the fuzzy membership value
decreases and vice versa. The low drainage density category
(0.0- 1.39 km/km2) was given the highest fuzzy membership
value 1, showing very high possibilities of groundwater
percolation and vice versa. Fuzzy weights were assigned to
Lineament density ranging from 0.005 to 1.63 km/km 2 by
using the positive linear equation (Aouragh et. al., 2016). The
high lineament density has been given the highest fuzzy
membership and vice versa. The rainfall in the study area
varies from <900 mm (south-east) to > 1100 mm (west)
region, and the fuzzy membership values were assigned using
positive linear equation. The high rainfall (> 1100 mm) was
observed in about 17% of total study area indicating large
amount of groundwater available for recharge. There is a
dominance of moderate (38.47%) rainfall category (9001000 mm) having fuzzy membership value 0.30. The rest of
fuzzy values were reclassified between 0 and 1. The
flat/gentle slope sub-criteria possess highest and the steep
slope class lowest fuzzy membership value; the other subcriteria were reclassified between 0 and 1 (Aouragh et. al.
2016). The study area shows steep slope (highest percentage)
on the periphery of the basin having about 38% of the total
area that depicts very low groundwater recharge potential
(Fig. 4).

4.8 Rainfall (Rf)
Rainfall is directly related to groundwater potential and
determines the availability of water to percolate into the
subsurface. The rainfall occurs in the months from June to
September. The area also experiences showers from the
retrieving monsoon in the months of October and November.
The average annual rainfall is around 1016 mm recorded
from 1950 to 2010. The spatial distribution of rainfall is
obtained from TRMM data which reveals that the rainfall
increases towards the northwest part of the study area (Fig.
3h).

4.9 Demarcation of GWRPZ using Fuzzy logic
The fuzzy membership values were given to different
features of influencing parameters according to their
importance in groundwater recharge. All the maps were
integrated by overlay techniques using GIS to delineate
potential recharge area. The final weights of influencing
layers are shown in Table 5.
The geomorphologic features such as mesa and butte
were assigned with fuzzy membership value 0.03 it has very
less porosity while weathered plateau was assigned fuzzy
value 0.98 having comparatively moderate to high porosity.

Table 5: Fuzzy membership value for each of the categories
Fuzzy membership

Parameter

Categories

Geology

Diveghat formation

0.99

Purandargarh formation

0.66

Butte

0.03

Escarpment

0.03

Mesa

0.03

Plateau highly dissected

0.25

Plateau moderately dissected

0.76

Geomorphology

value

Plateau shallow weathered

1

Plateau slightly dissected

0.49

Plateau weathered
Land use/land cover

Drainage density

1

Waste land

0.38

Built-up land

0.03

Vegetation

0.59

Forest

0.38

Fallow land

0.98

Agriculture land

0.98

Water bodies

0.76

Very High (3.75 – 5.89 km/km2)

0.25

High (3.23 – 3.75 km/km2)

0.25
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Moderate (2.53-3.23 km/km2)

0.49

2

Low (1.39 -2.53 km/km )

0.76
2

Very low (0- 1.39 km/km )
Lineament density

1

2

High (0.894 - 1.63 km/km )

1

Moderate (0.537 – 0.894 km/km )

0.75

Low (0.363 - 0.537 km/km2)

0.5

Very low (0.005 - 0.363 km/km2)

0.25

2

Slope

Soil

Rainfall

0–5%

1

2 - 10%

0.8

10 – 20 %

0.6

20 – 30 %

0.4

> 30 %

0.2

HSG-B

0.8

HSG-C

0.4

HSG-D

0.2

< 900 mm

0.1

900 – 1000 mm

0.16

1000 – 1100 mm

0.28

> 1100 mm

0.46

The resultant Fuzzy Logic - GWRPZ map was validated using the same groundwater level fluctuation data and the AUC
of the ROC curve was estimated to be 0.749. The validation exhibited approximately 75% success rate of the proposed method
adopted to map GWRPZ (fig. 5, Table 6).

Table 6: Area (%) of GWRP zone and accuracy (%) of methods
GWRPZ

Area (sq km)

% Area

Very low

21.02

21.02

Low

32.95

32.95

Moderate

27.69

27.69

High

18.34

18.34

% Accuracy

74.90
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Fig 4. Groundwater recharge potential zones (GWRPZ) using Fuzzy logic

Fig 5: AUC-ROC curve for fuzzy based GWRPZ
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5. CONCLUSION
This study attempts Fuzzy logic based identification of
recharge potential zones. The study area represents semiarid
region, where the ground-based hydrological and
hydrogeological data as well as impact assessment of
rainwater recharging structures are not available, therefore
the geospatial techniques are highly suitable in such data
paucity areas. The study shows that for groundwater potential
recharge analysis thematic parameters/layers such as
geomorphology, geology, soil, drainage, lineament, slope,
land use/cover and rainfall are significant and their degree of
influence was judged by deriving the weights using fuzzy
logic method. The weight allocation confirms that rainfall,
soil, slope, geology and land use/land cover mainly control
the recharge of rainwater in the subsurface. The accuracy of
zonation map was determined by the AUC-ROC method. It
shows the accuracy of 74.90% for Fuzzy logic method. The
accuracy results depict that integrated fuzzy logic method can
be effectively employed in groundwater recharge potential
mapping.
The methodology used in this study could be
helpful to planners and watershed managers for development
plan of arid and semi-arid watersheds from hilly terrain. This
method can be gainfully implemented in similar regions with
the similar methodology for water resources management
and planning.
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ABSTRACT: Acid mine drainage (AMD), which drains out from mines, is a serious threat to the surface and subsurface
hydrological environment. Transport of AMD and its reactive nature in the subsurface medium has to be studied
intensively due to the presence of heavy metal and its reactive nature. This study analyzes the influence of physical nonequilibrium on reactive transport of AMD through saturated/unsaturated soils. The United States Environmental
Protection Agency (USEPA) developed finite-element software FEMWATER is modified by incorporating the reaction
(ion-exchange) and the features of physical non-equilibrium in flow as well as in contaminant transport. Modified and
validated model is then applied to a two-dimensional hypothetical domain to study the reactive transport nature of AMD
component, ferrous ion. Results showed that there is an advancement in plume movement due to the presence of
immobile water. Irrespective of the transport nature, whether conservative or reactive, immobile zones affect the
contaminant distribution.
KEYWORDS: AMD, Groundwater contamination, Reactive transport, Numerical model, FEM, Dual porosity model.
modified to accommodate liquid mass transfer between the
mobile and immobile regions. The seepage velocities of
liquid flow in porous media is affected due to the liquid mass
transfer and the corresponding change made in FEMWATER
is a significant contribution of this study. FEMWATER is a
sequentially coupled model, where flow simulation has to be
done first to obtain the pressure heads and liquid flow
velocities and thereafter, these values are used in contaminant
transport module.

Introduction:
The presence of complexities in fluid flow as well as mass
transfer due to the velocity differences and existence of dead
end pores in the subsurface affect the simulated results from
simple advective-dispersive transport models (Kartha and
Srivastava 2008, Simunek et al. 2003, de Smedt 1981).
Inclusion of these complexities in to transport model may
potentially provide more accuracy to the simulation outputs.
Consequently, this research focuses and analyze the effect of
physical non-equilibrium concept on transport of AMD
through subsurface. The governing equation for contaminant
transport in freely available source code FEMWATER is
modified to accommodate for physical non-equilibrium
contaminant transport. Though FEMWWATER is useful to
simulate contaminant transport, it is not capable of
simulating the non-equilibrium effects, which can affect the
output predictions. In order to study the reactive transport
nature of AMD contaminants, it is intended to update the
FEMWATER model with long term goal of providing 3D
nonequilibrium reactive transport model to the public
domain. As an initiation in this study FEMWATER is
updated with non-equilibrium transport, dual porosity flow
and ion exchange reaction to enhance the model’s prediction.

FEMWAT3D: The pressure head-based Richards equation
(1) in FEMWATER, is solved to get the flow velocity,
pressure head and water content.

F (h )

h
=   K h

t

( ) ( h + z ) + q

(1)

where, h is pressure head [L]; z is distance above datum [L];
q is source or sink term [T-1]; K(h) is unsaturated actual
hydraulic conductivity [LT-1]; and F(h) is water storage
capacity [L-1].
Mixed form Richards equation, satisfies the mass
conservation (Celia et al, 1990), is included to the model
followed by the dual porosity model, given in equation (1.1
and 1.2). Based on the assumption of separation of fluid
regions (θ= θm + θim), the mixed form Richards equation gets
modified and have the mobile and immobile components
(Van Genuchten et al. 1977).

Materials and Methods:
FEMWATER contains two modules for flow and transport,
FEMWAT3D and 3DLEWASTE respectively (Yeh et al.
1992). The transport module was modified to handle the nonequilibrium solute mass transport and the flow module was
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θ m θ im
+
=   K h h + z  + q


t
t

( )(

Results and discussion:

)

(

θ im
= Γw S e (m ) − S e (im )
t

Domain description

(1.1)

)

The problem domain considered is a two dimensional
saturated-unsaturated hypothetical domain. Hydraulic head
difference between left and right side is taken as 4.8 m. The
domain’s slope is running towards the river, so as the
groundwater flow. The vertical left, front, back and horizontal
bottom surfaces of the region have zero gradients for water
flow and contaminant transport. The sloping region on the top
right is a variable flow boundary with either zero ponding
depth or a net rainfall rate of 0.00346 m/day. The horizontal
region on the top is a Cauchy flow boundary with an
infiltration rate of 0.00346 m/day, one-year (June, 2016 to
May, 2017) rainfall value of Guwahati city. The vertical line
and horizontal line (river bed) on the right side are assigned
with known head conditions for flow model and for transport
it is assigned variable boundary condition with zero
concentration. The region of interest is discretized with
38×1×53 = 2014 elements with the elements size varies in xdirection between 2.5 and 0.6 m and the variation in zdirection ranges from 1.3 to 0.1 m, element size is varying
due to the nature of sloping boundary, this results in 2106
nodal points. Simulation is done for 5 years with constant
time step size of 1 day. Concentration source is placed at the
top of the domain (10 m to 30 m) and remaining portion of
the domain is free of concentration.

(1.2)

where θm is mobile water content, θim is immobile water
content, Гw is the first order mass transfer coefficient (T-1), Se
is effective saturation. Richards equation is approximated
using Galerkin FEM and the time differential term is
approximated using finite difference method. The
nonlinearity of the system is treated using Picard iteration and
the generated set of linearized equations is solved using a
block iterative method. To solve the series of linearized
ordinary differential equation the time differential is replaced
by finite difference formulations.
3DLEWASTE: Solute transport equation was modified by
including the fractions of mobile and immobile water
contaminant (Cm, Cim) and mass transfer rate coefficient to
model the physical non-equilibrium contaminant transport.

C m
C
+ θ im + (1 − f ) ρb k d  im
t
t
θ im
−C m
=   θ m D C m −V C m
t
− λ (θ mC m + ρb S ) + QC in − QC m

(θ

m

+ fρb k d )

(

)

C
θim + (1 − f ) ρb k d  im

 t
= Γc (C m − C im ) − QC im

Comparison of simulations of non-equilibrium transport
models (HOSFNET vs. HODFNET)
(1.3)

Homogeneous medium Single porosity Flow NonEquilibrium Transport (HOSFNET) obtain water content
value from flow simulation, solved by mixed form Richards
equation, which is split into mobile and immobile region and
it is given as input to the non-equilibrium transport model
which is solved by non-equilibrium model. Homogeneous
medium Dual porosity Flow Non-Equilibrium Transport
(HODFNET) model simulates the variation of immobile and
mobile water contents and those values are taken by nonequilibrium transport model. In the unsaturated region the
differences in contaminant concentrations between two
simulations (HOSFNET and HODFNET) are less. In
HODFNET model contaminant concentration at 600th day in
mobile and immobile zones of unsaturated region is almost
same (1D plot of Figure 1 b1) due to the rapid transfer of
contaminant mass between mobile and immobile region.
However, in the HOSFNET model (1D plot of Figure 1 a1)
the difference in concentrations of the contaminant in mobile
and immobile water is evident.

(1.4)

where, θm and θim is mobile and immobile moisture content
[L3L-3]; ρb is bulk density of the porous medium [ML-3]; Cm
and Cim is the concentration of the dissolved specie [ML-3] in
mobile and immobile water; S is the concentration of the
adsorbed phase specie [MM-1]; f is the fraction of soil portion
associated with contamination which present in mobile water,
V is the Darcy velocity [LT-1]; D is the hydrodynamic
dispersion coefficient [L2T-1]; Γc is the mass transfer
coefficient, λ is material decay constant [T-1]; Q is the water
source/sink rate [MT-1]; Cin is the dissolved specie
concentration of the source fluid [ML-3].
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(a1)
(a3)

(b1)

(b3)
Fig.2 Comparison of ferrous ion concentration in mobile
water at vertical segment (x = 20th m) at 1200th day by
equilibrium and non-equilibrium transport model
simulations with a3) sorption and b3) ion-exchange
reaction.
(a2)
Sorption and ion-exchange reactions were considered to
represent the reactive transport of ferrous ion, and still nonequilibrium mass transfer have effects on the transport
properties. Solute front from advection-dispersion transport
model along with reaction arrives late at observing point,
where quick arrival of solute front is observed by nonequilibrium models at observing point. Ion-exchange reaction
strongly retards the contaminant among sorption and ionexchange reactions, under both equilibrium and nonequilibrium conditions (Figures 2a3 and 2a4). Second type
(HODFNET) non-equilibrium model simulates natural mass
transfer process unlike the first type model, which properly
could not capture the velocity details of mobile-immobile
flow. It is evident in the mass transfer nature and arrival time
of solute front at down streams.

(b2)
Fig.1 Single porosity flow and non-equilibrium concentration
profile at (a1) 600th day (a2) 1200th day; dual porosity flow
and non-equilibrium concentration profile at (b1) 600th day
(b2) 1200th day (- - - concentration in mobile water, ___
concentration in immobile water)

Conclusion:
Three models applied to the domain to solve concentration
distribution, are (i) equilibrium model/advection-dispersion
equation, (ii) single porosity flow – non-equilibrium transport
model (first type), where water content value obtained from
flow model (Richards equation) is split in to mobile and
immobile water content and given in to non-equilibrium
transport model, and (iii) dual porosity flow – non-
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equilibrium transport model (second type), where water
content value obtained as mobile and immobile water content
from dual porosity flow model and given in to nonequilibrium transport model. These models were applied to
study conservative and reactive solute transport properties in
homogeneous medium. Non-equilibrium transport models
show the signs of quick transfer of contaminants to the
downstream than equilibrium model. Mainly two parameters
i) f - mobile water content to total water content ratio and ii)
Г - mass transfer rate constant, which affect contaminant
transport properties, especially high immobile water content
causes quick arrival of solute front at the downstream.
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Abstract
A detailed regional-scale hydrogeological study in the western part of Bengal basin, in the Indian state of West
Bengal has been undertaken. The study area includes parts of four arsenic-affected districts (Murshidabad, Nadia, North
and South 24 Parganas) east of the main distributary of the state, River Ganges. The study area is predominantly underlain
by a single regional aquifer system with multiple discontinuous aquitards in the southern portion. The study reveals the
stable isotopic composition of δ18O concentrations averaged -4.8‰ and 2H concentrations averaged -29.9‰ SMOW. The
values of δ18O plotted versus 2H scatter around the global meteoric water line, indicating recharge from precipitation with
some effects of evaporation. δ18O and 2H generally became more positive toward the south. The suboxic main-aquifer
water exhibits overlapping redox zones (postoxic, sulfidic and methanic). There are some deeper isolated aquifers with
distinct chemistry from this main aquifer. The redox processes are depth-dependent and hydro-stratigraphically variable.
The hydrochemistry suggests that Fe(III) reduction is the dominant redox process in deep groundwater of the western
Bengal basin. However, the co-existence of O2, NH4+, Fe(II), As(III), V, SO42-, and CH4 in various wells indicates that the
aquifer is not at redox equilibrium. Moreover, observed spatial trends in values of δ 34SSO4, δ 13CDIC and the As(III)/total As
ratio suggest the possibility of oxidation in micro-scale environments. Elevated dissolved As is related to reductive
dissolution of Fe(III), but is influenced by coupled Fe-S-C redox cycles. Partial redox equilibrium could lead to the
existence of As in solution by remobilizing the sequestered or re-adsorbed As from sulfide precipitates or residual metal
(oxy) hydroxides.
1. Introduction
The western parts of the Bengal basin, known as
the West Bengal basin (WBB) or Gangetic West Bengal
(GWB), comprises of the modern delta of the rivers Ganges
and Bhagirathi-Hoogly, encompassing the southern districts
of Murshidabad, Nadia, North and South 24 Parganas, and
hosting more than 50% of this population in an area of only
~22,000 km2 (i.e. a little more than 25% of total land of
West Bengal state), have a more severe scenario because of
its higher population density and water quality issues. In
this article, an effort is made to compile existing
information and summarize recent advancements on the
knowledge of groundwater condition of the WBB (Fig. 1).

Fig 1: Map of the study area
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2. Hydroclimatology and recharge
In general, groundwater flow in WBB is strongly
influenced by the heavy rainfall caused by the southeast
monsoon wind from mid-June to mid-October originating
from the Bay of Bengal. Annual rainfall ranges from about
125 cm in the northwest-central part of the basin to ~160
cm near the Bay of Bengal. The average pre-monsoon
rainfall (January to May) is 16.23% of annual rainfall,
monsoon rainfall (June to October) is 82.21%, and postmonsoon (November-December) is 1.57% (Mukherjee,
2007a). The average temperature is about 30 °C in the
summer and about 15 °C in the winter. Monsoonal rainfall
and the water from Himalayan snowmelt carried by the
Ganges, Bhagirathi-Hoogly and its tributary/distributaries
cause extensive, damaging floods in the lowlands, which
are mostly parts of older or neo-Bengal delta.
Everywhere on the delta plain, precipitation
exceeds annual potential evapotranspiration (Allison, 1998).
Recharge has been estimated to range from 0.3 to 5.5 mm/d
(BGS/DPHE, 2001) and an average 1.6 mm/day annually
(Basu et al., 2001; Dowling et al., 2003) for the whole of
Bengal basin. According to SWID (1998), recharge would
be ~ 223 mm/ year (15% of mean annual precipitation).
Rangarajan and Athvale (2000) determined a mean natural
recharge rate of 198 mm/ year (13.6% of annual
precipitation) from their study area in North 24 Parganas in
1995 using a tritium injection method. On the basis of more
than 100 years of historical climatological data, Mukherjee
et al. (2007a) calculated the mean annual potential recharge
(PR) for WBB as 587 mm/year or 1.61 mm/day (range:
384–767 mm/year), which is 39% of the mean annual
rainfall. Because of heavy monsoonal rainfall, most of the
PR is during monsoon season (mean: 3.67 mm/day, range
2.41–4.86 mm/day), with little to no recharge during the
pre-monsoon (mean: 0.18 mm/day, range 0.15–0.25
mm/day) and post-monsoon (mean: 0.06 mm/day, range
0.05–0.08 mm/d). The estimated annual mean absolute
recharge from precipitation is 0.41 to 0.58 mm/m 2/day
(Mukherjee et al., 2007a). However, a large part of the
water that is abstracted for irrigation (annual mean: 1.2
mm/m2/day) may return to the groundwater as non-meteoric
recharge (annual mean: 0.75 mm/m2/day) (Mukherjee et al.,
2007a). Using the calculated volume of the aquifer in the
hydrostratigraphic model and assuming a porosity of 0.2
(Harvey 2002), Mukherjee et al. (2007a) estimated the
volume of groundwater under aquifer-full conditions would
be ~ 4.5  1011 m3. The estimated total recharge for the
study area is between 9.4  109 and 1.3  1010 m3 each year,
which is ~2% of the total groundwater resource of the area.
Characterization of stable isotopic (18O-2H)
composition of rainfall (Figure 2) shows that the local
meteoric water line (2H = 7.2 18O +7.7) is very similar to
the global meteoric water line (2H = 818O +10) of Craig
(1961), and the slope of the line agrees well with average
Indian
monsoonal
precipitation
composition
of
Krishnamurthy and Bhattacharya (1991) (Mukherjee et al.,
2007b); with pre-monsoonal rainfall composition being
much more isotopically enriched (18O: 0.3 to 4.4‰) than
monsoonal rainfall (-9.3 to -0.5‰), indicating a local

moisture source rather than the Bay of Bengal (Mukherjee
et al., 2007b)

Fig 2: Bivariate plot of 18O and 2H for rainwater, river
water, sea water and groundwater samples from the study
area (after Mukherjee et al., 2007b)
3. Hydrostratigraphy and flow dynamics
In various attempts to define the aquifer-aquitard
structure of the Bengal basin, the aquifer systems have been
mostly classified by lithology and depth at the basin scale
(e.g. UNDP, 1982; AIP/PHED, 1991, 1995; CWBB, 1994,
1997; SWID, 1998). However, stratigraphy has also
sometimes been considered in smaller scale models
(Ravenscroft, 2003). The difference in these processes of
classification makes aquifer correlation across the basin
challenging. Besides classifying the aquifers by lithology,
some recent workers have suggested divisions based on the
apparent age of the groundwater. Aggarwal et al. (2000)
considered groundwater recharged within the past 100 years
to reside in the first (shallowest) aquifer (70 to 100 m deep).
Groundwater about 3000 years old is inferred to reside in
the second aquifer, which extends to 200-300 m bgl,
whereas water about 20,000 years old resides in the third
aquifer, below 200-300 m bgl. However, Aggarwal et al.
(2000) noted that depth cannot be a dependable criterion for
this classification of the aquifers.
In one of the most comprehensive groundwater
studies, BGS/DPHE (2001) proposed five major aquifer
systems for Bangladesh part of the Bengal basin These
classification is also suited for the West Bengal. These are:
a) late Pleistocene to Holocene Tista mega-fanglomerate
and Brahmaputra channel basal gravel aquifers composed
of coarse sand, gravels, and cobbles;
b) late Pleistocene to Holocene Ganges, lower Brahmaputra
and Meghna main-channel shallow aquifers composed of
braided and meandering river sediments;
c) early to middle Pleistocene coastal and moribund Ganges
delta deep aquifers composed of stacked, main-channel,
medium to coarse sands at depths more than 130 m;
d) early to middle Pleistocene Old Brahmaputra and
Chandina deep aquifers composed of red-brown medium
to fine sands underlying Holocene gray medium to fine
sands;
e) early to middle Pleistocene Madhupur terrace and Barind
aquifers composed of coarse to fine fluvial sands,
confined by near-surface clay residuum.
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According to known geologic evolutionary
history of the WBB (Mukherjee et al., in press), (b) and (c)
of BGS/DPHE (2001) classification seems to be
appropriate. Mukherjee et al. (2007a) delineated the
hydrostratigraphy of the Gangetic West Bengal in a regional
scale (down to 300 m below MSL), identifying a
continuous, semi-confined sand aquifer (referred to as the
main or Sonar Bangla aquifer), underlain by a thick, basal
clay aquitard (referred to as the Murshidabad aquitard)
(Figure 3 and 4). The main aquifer thickens from the north
(~80 m) toward the east (~150 m) and south (>200 m). In
the southern part of the WBB, near the active delta front,
there are several intermediate-depth clayey aquitards, which
divide the main aquifer into laterally connected, confined
aquifers. Some isolated deeper aquifers are confined within
the basal aquitards.
Transmissivity (T) values from Bangladesh range
from ~ 3000 to 7000 m2/d in BGS/DPHE (2001) aquifer
systems (a) and (b) and from ~300 to 3000 m2/d in aquifer
systems (c), (d), and (e) (BGS/DPHE, 2001). CGWB (1994)
and SWID (1998) estimated T values in West Bengal from
3300 to 7000 m2/d in Murshidabad, 5000 to 8800 m 2/d in
North 24 Parganas, and 500 to 3000 m 2/d in South 24
Parganas. The mean T values in the four districts of WBB
are around 1000 m2/d (Mukherjee and Fryar, unpublished
data). Sikdar et al. (2001) reported a maximum value of
7774 m2/d in the north Kolkata. For Bangladesh parts of the
basin, the hydraulic conductivity (K) of the young gray
sediments has been estimated in the range of 0.4 to 100
m/day, while the older red-brown sediments have K on the
order of 0.2 to 50 m/day (BGS/DPHE, 2001). Calculations
from specific capacity tests and modeled aquifer thickness
for the WBB showed mean K values for the Sonar Bangla
aquifer in Murshidabad to be 65 m/d (range: 6 to 187 m/d),
Nadia 54 m/d (4 to 110 m/d), North 24 Parganas 35 m/d (2
to 128 m/d) and South 24 Parganas 20 m/d (3 to 42 m/d),
resulting a cumulative average of 42.1 m/d (Mukherjee and
Fryar, unpublished data). However, inverse modeling with
groundwater flow model provided a best fit average value
of 37.5 m/d (Kx) and 25 m/d (Ky) for the aquifer and 0.1
m/d (Kx-z) for aquitards in the study area (Mukherjee et al.,
2007a).

Fig 3: Modeled depth maps of hydrostratigraphic units in
the study area (after Mukherjee et al., 2007a)
The hydraulic gradient decreases from about 1
m/km in the northern Bengal basin to about 0.01 m/km in
the southern basin (BGS/DPHE, 2001, Mukherjee et al.,
2007a). In general, the regional groundwater flow is from
north to south with local variations in the vicinity of the
river systems, which are mostly effluent. Modern
continuation of such regional flow has been questioned by
Harvey (2002) and Mukherjee (2006) in light of the large
amount of pumping, mostly for irrigation, within the basin.
Sikdar et al. (2001) showed that there was a north-south
regional flow in the vicinity of Calcutta, prior to the 1970s,
which has since been disrupted as a consequence of urban
pumping. Recent regional-scale groundwater flow modeling
by Mukherjee et al. (2007a) shows that prior to the onset of
extensive pumping (pre-1970s, regional-scale flow occurred
within the major aquifer system during the dry seasons.
With the initiation of pumping, several local to
intermediate-scale flow systems replaced the dominant
regional flow system. The hydraulic gradients were dictated
by the pumping centers and aquifer architecture. Because of
the absence of continuous confining layers in much of the
study area, pumping induced mixing between relatively
shallow and deeper groundwater. This scenario may worsen
if pumping increases in the future. At present, the majority
of groundwater flow occurs within 105 m depth from land
surface. This indicates that the local flow systems
predominate. However, the volume of medium to regionalscale flow up to a depth of ~ 200 m is also significant.
Below 200 m to the deeper parts of the Sonar Bangla
aquifer and the isolated aquifers, there is minimal recharge
or outflow, which indicates relatively long residence times
(negligible flushing). This deep groundwater has been
identified as geochemically distinct by Mukherjee and Fryar
(2008).
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On the basis of Strontium isotope analyses, the
Subsurface Groundwater Discharge (SGD) from the whole
of Bengal basin to the Bay of Bengal has been estimated on
the order of 2  1011 m3/year, which is equal to about 19%
of the total surface water flux (1.07  1012 m3/year) (Basu et
al., 2001). However, these estimates are controversial
because a large groundwater flux is implausible in a flat
terrain like the GBM plain, where in a distance of 100 km,
the land surface elevation only decreases by about 10 m
(Harvey, 2002). Mukherjee et al. (2007a) calculated that the
present day SGD through the delta front in South and North
24 Parganas (~1/5th of the total Bengal delta front) to be
~5.9  107 m3, which decreased by about 4% from an
annual SGD of 6.1  107 m3 since the onset of pumping.
These estimates for SGD are negligible compared to the
previous studies. The present day annual sea water intrusion
is estimated to be ~8.8  102 m3, which is still ~100% more
than prior to the 1970s (Mukherjee et al., 2007a). However,
as sea water intrusion causes significant modification of
groundwater chemistry by mixing in southern South and
North 24 Parganas [CGWB 1994d; Mukherjee et al. 2007b;
Mukherjee and Fryar (2008)], it seems that the modeled
seawater intrusion has been underestimated because
variable density flow to compensate sea water was not taken
in to account in the calculations. The modeling further
shows that annual total outflow to rivers is much higher
than inflow, even in dry seasons (Mukherjee et al., 2007a).
The stable-isotope composition of groundwater from the
shallower aquifers were found to be very similar to that of
the Bhagirathi-Hoogly (Mukherjee et al. 2007b), supporting
this last observation.

Fig 4: Conceptual hydrostratigraphy and pre-development
groundwater flow in the study area (after Mukherjee et al.,
2007b)
4. Groundwater chemistry
Stable isotopic composition shows that the
groundwater of the western Bengal basin is mostly
recharged by monsoonal precipitation (Mukherjee et al.,
2007b), although they show a conspicuous continental
depletion effect (latitudinal 18O depletion gradient of 0.8‰ per 100 km northward) as the Indian southeastern
monsoon wind moves from the Bay of Bengal westnorthwest toward central India and northward toward the
eastern Himalayas. The major ion chemistry of ground
water in the WBB can be generalized as mostly Ca-HCO3
dominated (Figure 5), with some Na-Cl dominated waters,
relatively high As, Fe, and Mn, and low or undetectable SO4
and NO3. However, this description may be further typified
in a hydrostratigraphic context, where the main Sonar
Bangla aquifer contains Ca-HCO3 water and the isolated,
deeper confined aquifers contain Na-Cl or HCO3 waters
(Mukherjee and Fryar, 2008). The main aquifer water may

evolve to form the isolated waters by cation exchange with
aquifer sediments and by mixing with connate water in
various proportions. However, salinity caused by upward
diffusion of connate water from very deep aquifers appears
to be unlikely as predicted by geochemical modeling
(Mukherjee and Fryar, 2008). Sikdar et al. 2001 attributed
increasing salinization of groundwater in the Calcutta
region, which has accompanied pumping, to mixing of fresh
ground water with modified connate water in lowpermeability zones (Handa, 1972). Along the Bay of
Bengal, relatively fresh ground water underlies shallow
saline ground water (SWID, 1998).

Fig 5: Piper plot of groundwater samples collected from the
study area (Mukherjee and Fryar, 2008)
The water chemistry of the Gangetic Bengal basin
is speculated to be controlled by the presence of carbonates,
the composition of silicates, and the oxidation of sulfides.
The weathering in the basin is dominated by H2CO3
liberated by degradation of organic matter in the soil, and
<10 % of the weathering of the Ganges basin is caused by
H2SO4 derived from sulfide oxidation (Galy and FranceLanord, 1999). The deposition of silt-dominated sediments
in the foreland basin of the Himalayas (Burbank, 1992),
however, may also favor silicate weathering (Derry and
France-Lanord, 1996). Mukherjee and Fryar (2008) showed
that deeper groundwater of the WBB is influenced by both
carbonate dissolution and silicate weathering. Na and K
may enter the Ganges basin groundwater from incongruent
dissolution of feldspars, micas, and pyroxenes in addition to
recent or connate seawater. Ca and Mg can be derived both
from silicate and carbonate weathering. However, analyses
of groundwater samples from shallower depths of Sonar
Bangla suggested that carbonate weathering predominates
(Mukherjee, unpublished data). Groundwater in the Bengal
basin has been found to be anoxic (Harvey et al., 2002;
Swartz et al., 2004,), with abundant detections of sulfide
and CH4 (e.g. Ahmed et al., 1998; Gavrieli et al., 2000;
Nickson et al., 2000; McArthur et al., 2001, 2004) and very
little dissolved O2. Higher SO4 and NO3 concentrations are
available at the shallow depths and generally decrease
rapidly with depth (Mukherjee and Fryar, 2008). Most of
the recent studies of groundwater chemistry in the GBB
have advocated that the dominant redox process in the main
aquifer is FeOOH reduction coupled to microbially
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mediated oxidation of natural organic matter (NOM)
(Bhattacharya et al., 1997; Mukherjee and Fryar, 2008).
NOM may be in forms of dissolved organic carbon or peat
(McArthur et al., 2004), and oxidation of natural organic
matter (NOM) may result in elevated HCO3 concentrations.
On the basis of chemical and stable isotopic data,
Mukherjee and Fryar (2008) and Mukherjee et al. (2008)
suggested local-scale re-oxidation of authigenic Fe sulfides,
which indicates that Fe, S and C cycles within the
subsurface are interrelated and complex. In recent times, the
quality of the GBB groundwater has been severely
questioned. Presence of elevated concentrations of
carcinogenic As in dissolved state has endangered the life of
millions of groundwater drinking habitants of GBB. Arsenic
concentrations vary widely in the basin, generally ranging
from less than 0.005 mg/l to 4.1 mg/l (Ghosh and
Mukherjee, 2002). The contaminated area is mostly
restricted by the recent alluvial distribution of the River
Bhagirathi-Hoogly in the west, the Rivers Ganges and
Padma in the north. There has been much speculation about
the primary source of As in this basin. It may have been
transported by the River Ganges and its tributaries from the
Gondwana coal seams in the Rajmahal trap area (Saha,
1991), by the north Bengal tributaries of the Ganges from
near the Gorubathan base-metal deposits in the eastern
Himalayas (Ray, 1999), or with other fluvial sediments
derived from the Himalayas (e.g., McArthur et al., 2004).
Arsenic may also have been biogenically deposited in the
paleo-channels of the River Bhagirathi-Hoogly and the
River Padma under euxinic conditions (P. Chakrabarty,
West Bengal State Remote Sensing Board, 1999, personal
communication).

alluvial sediments deposited by the rivers Ganges,
Bhagirathi-Hoogly and its tributaries/distributaries. The
structure of the aquifer gets more complicated and divides
into several interconnected aquifers near the Bay of Bengal.
The northern aquifer sediments tend to have higher
hydraulic conductivity. Regionally, groundwater tends to
flow towards the coast with a very low hydraulic gradient,
particularly in the south. Prolific groundwater abstraction
has resulted in serious impediment for the regional flow,
and also resulted in huge volume of recharge from
irrigational return flow. The groundwater is mostly of
monsoonal origin with an isotopic composition consistent
with the present-day climate. Groundwater chemistry is
generally dominated by Ca-HCO3 with some Na-Cl waters;
the water also has high As, Fe, and Mn and is relatively low
in SO4 and NO3 concentrations. Processes controlling
groundwater chemistry include carbonate dissolution,
silicate weathering, redox reactions (especially including
Fe, C, and S), and mixing between fresh and saline waters.

Four main mechanisms have been identified by
various workers to explain the mechanism of As
mobilization in groundwater of the Bengal basin. These are:

Ahmed, K.M., Hoque, M., Hasan, M.K., Ravenscroft, P.,
Chowdhury, L.R., 1998. Occurrence and origin of water
well CH4 gas in Bangladesh. J. Geol. Soc. India 51, 697–
708.

a) As is released by oxidation of As-bearing pyrite in the
alluvial sediments (e.g. Mallick and Rajgopal, 1995).
b) As anions adsorbed to aquifer mineral grains are
displaced into solution by competitive exchange of PO43
from fertilizers of surface soils (Acharyya et al., 1999).
c) As sorbed to FeOOH (HFO) is released by reduction of
solid-phase Fe(III) coupled to oxidation of peat
(Bhattacharya et al., 1997; Nickson et al., 1998, 2000;
McArthur et al., 2001, 2004; Ravenscroft et al., 2001) or
of dissolved organic carbon (DOC) (Harvey et al., 2002).
d) As is released from HFOs or other sediment phases by
redox reactions related to Fe and S cycling (Zheng et al.,
2004) and is retained in solution by partial redox
equilibrium (Mukherjee et al., 2008b). This proposed
mechanism is a combination of mechanisms 1 (involving
reoxidation of authigenic pyrite) and 3.

5. Conclusion
There is one major unconfined/semi-confined aquifer in the
subsurface (<300 m MSL) of the Gangetic West Bengal,
along with presence of some isolated aquifers within the
basal aquitards. The aquifer is made up of mostly gray
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