The main sponsor of this issue: NABARD
The financial assistance received from Research and Development Fund of
National Bank for Agriculture and Rural Development (NABARD) towards
publication of journal/printing of proceedings of the Conference is gratefully
acknowledged.

From the Desk of the Patron
It is a matter of great pleasure that Indian Chapter of International Association of
Hydrogeologists (INC-IAH) organised an e-Seminar on ‘Resilience of Groundwater Resources
for accommodating changing climate Scenarios’ in virtual mode on February 27-28, 2021 in
spite of the ongoing pandemic in India. The event was inaugurated by Shri Babubhai
Navalawala, Advisor to the Honourable Chief Minister of Gujarat in the august presence of
Shri G. C. Pati, Guest of Honour and the erstwhile Chairman of Central Groundwater Board
(CGWB). The e-seminar was comprised of four technical sessions relevant to the topic of the
event which involved presentation of eight Keynote papers, besides over thirty oral and
poster presentations by members of the Indian Chapter of the IAH. Besides, each technical
session was followed by panel discussion related to the theme of the technical session. The
Valedictory session of the e-seminar was marked by a vigorous session about the ambitious
ongoing flagship National Aquifer Mapping Programme (NAQUIM) in India under the aegis of
CGWB. The present Proceedings of the e Seminar are comprised of some of the full length
Keynote/technical papers presented/discussed in the lively two- day event. I trust that the
papers included in this Proceedings Volume will fill a gap often felt during the paper
presentations by the delegates within the limited time’ usually available during live eseminars.
I wish that readers find an interesting retrospection of some of the topics covered by these
papers in the Proceedings volume. I am highly grateful to the team of special Editors headed
by Prof Rashid Umar, who have played active role in finalisation of the papers and in the
review process.

(D. C. Singhal)
Patron, Editorial Board

Preface from Chairman, Technical Committee
Groundwater is one of the most important renewable natural resources in India, rendering
huge service to agriculture and drinking water sectors in particular. Accelerating extraction of
groundwater resources, without considering its sustainable availability, is resulting in overexploitation of this precious resource in many parts of India. Besides, there are evidences that
the over-exploitation is triggering groundwater quality deterioration also in many parts.
Indian National Chapter of International Association of Hydrogeologists (INC IAH) is playing a
pivotal role on promoting groundwater issues, science and technology and policies, since its
establishment in 1984. One of the important activity of INC IAH is regularly organizing
seminars to exchange knowledge, learnings and ideas. The most recent such event was
organized on 27-28 February, 2021 on an e-platform because of the COVID pandemic
situation. The seminar was inaugurated by Shri B.N Navalawala, one of the most illustrious
water professional in India.
The Abstract cum Souvenir Volume of the Seminar has already been published in physical
form. We have been trying hard to get the full papers from the presenters to prepare a
comprehensive volume of the Seminar. The present proceedings of the seminar contain ten
full length papers authored by the presenters. Besides, two valuable contributions are
incorporated, made by Prof. Brijesh Yadav, Head, Dept. of Hydrology, IIT Roorkee and Dr. S.S.
Vittala, Senior Scientist of Central Ground Water Board. Both of them rendered valuable
contribution during the panel discussion, which is also reflected in the manuscripts which they
authored.
We feel a great satisfaction to compile this volume and surely it will be an important
contribution by INC IAH in the advancement of groundwater Science in India.
Dipankar Saha
Chairman, Technical Committee
INCIAH e-Seminar

Preface from Convener
Resilience of Groundwater Resources for Accommodating
Changing Climate Scenarios
The changing climate and its impact are very clearly visible globally and being observed by
every community. Also, the water resource is the predominant victim of this changing
scenario. A large number of phenomenon globally are the testimony, let it be the wild fire
in Amazon and California, exceptionally high temperature in Europe, recent devastating
floods in Germany as well as the glacial melt etc. Each and every component of the
hydrological cycle viz., evaporation, precipitation etc. and the associated processes are
being altered. Among the water resources, groundwater has suffered the most negative
impact. Groundwater resources are more vulnerable and already aﬀected by climate
change with wide-ranging consequences for societies, their health, economies, and the
natural environment. The associated changes in the available water resources and their
quality are also responsible for increasing health risks as well as food security. These
changes can result in an increase in emerging infectious diseases. Thus climate change
impacts on freshwater resources put at risk sustainable development, economic growth,
poverty reduction, production and availability of food, and the health of the people and
the ecosystems, hence the competence to achieve the Millennium Development Goals of
UN.
India is among the most vulnerable countries to the adverse eﬀects of climate change, and
widespread poverty limits their ability to adapt due to extra-ordinary population density.
Adaptation to climate change is consequently indispensable and urgent since the climate
is already changing in some respects, and mitigation will take too long to show eﬀects. In
addition, it is more cost eﬀective if we start preparing for adaptation now.
Since International Association of Hydrogeologists (IAH) is deeply involved in all the aspects
of groundwater hydrology and the Indian National Chapter (INC-IAH) routinely organises
events to create a common platform and discuss the progress as well as advances of
developments and new findings in the field of Groundwater. It was decided to discuss the
adaptation of the changing climate through the resilience of groundwater and proposing
the climate resilience society. However, the planning has passed through some usual
constraints of funds but with a special and extra-ordinary constraint of the global Corona
pandemic. This situation has forced us to change the date as well as the mode. Finally, the
event was organized on a virtual platform. This has however, helped in guaranteed and
maximum participation as planned. Following four themes were set for deliberations and
discussions.
i.

Emerging Techniques of Groundwater Exploration and Management

ii.

Managed Aquifer Recharge, Groundwater Contamination and Treatment
Techniques.
iii. Groundwater Resources vulnerability, resilience and sustainable management.
iv. Community Participation, Governance and Regulation for feasible mitigation of the
resource
Each theme was dealt in a decorative manner; starting with two important key-note
speeches and an elaborate discussion after the presentations. Due to limitations of time,
a number of submissions were included in a well-organized poster session each day.
Discussion was given much more importance and adequate time-slot was allocated for
that including a long session of final discussion and recommendation where eminent and
experience experts from variety of domain of groundwater participated and important
recommendations were finally made.
The two days seminar was inaugurated by a very eminent personality, Shri B.N.
Navlawala, advisor to the honourable Chief Minister, Govt. of Gujrat as a chief guest. The
inaugural function also included the award ceremony of INC-IAH awards. The Indian
National Science Day was celebrated with a special talk delivered by Dr. VM Tiwari,
Director, CSIR-National Geophysical Research Institute, Hyderabad.

Prof. Shakeel Ahmed
Emeritus Scientist, CSIR-NGRI, Hyderabad
Convener
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Abstract
During the recent years, the dialogue 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, with a focus on
working with nature to produce co-benefits for both people and nature. Nature-based Solutions for Water has have
contributed importantly to the dialogue. 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
becoming increasingly important to enhance, manage and sustain services derived from groundwater and the subsurface. In the light of extensive, technological advances and increased knowledge and expertise related to
groundwater, and the subsurface and environmental processes gained in the country, a broad portfolio of
approaches like enhancing recharge of groundwater aquifers, mandating water harvesting and artificial recharge
in urban areas, ground water governance, incentivising to promote recharging of ground water, 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 in this paper.

Keyword: Sub-surface environment; Managed aquifer recharge; Energy-irrigation nexus; Intelligent power
rationing; Conjunctive management

Introduction
Of late the dialogue 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, with a focus on working with nature to
produce co-benefits for both people and nature. Nature-based Solutions for Water have contributed importantly
to the dialogue. 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, progressively increasing
demands from ground water, climate change, and demographic and environmental changes in India, it is becoming
increasingly important to enhance, manage and sustain services derived from nature based infrastructure of
aquifers through managing and optimizing underground water storage to increase resilience in dry periods or
seasons of uncertain and variable climate. Hence, rain water harvesting and enhanced aquifer recharge, storage
and recovery needs to be adopted as a viable alternative. Managed aquifer storage plays a key role in helping
communities to adjust to climate variability and uncertainty by enabling irrigators and other users to continue
having access to water during droughts. Also, in contrast with centralized surface storage, rain water harvesting
and artificial recharge to ground water is decentralized, allowing for the diversification of water sources types
used to augment recharge (e.g. non-committed run off, urban storm water and even treated wastewater).
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As per the latest assessment of the ground water resource in the country the annual replenishable ground water
resources have been assessed as 432 bcm and the net annual ground water availability is 393 bcm, keeping an
allocation for natural discharge as shown in table 1 (CGWB 2019). The annual ground water draft is 249 bcm.
The stage of ground water development works out to be about 63%. However, this is not uniform across the
country. The stage of development is exceedingly high in north-western and western states as well as in some
states in central and southern India. Out of 6881 assessment units, 11499 are categorised as Overexploited/Critical. Highly intensive development of ground water in these areas in the country has resulted in
over-exploitation leading to a general decline in ground water, levels, deterioration in ground water quality and
sea water intrusion in coastal areas.
Table 1. Dynamic Ground Water Resources of India (as on March 2017)

In the light of the technological advances and increased knowledge and experiences in India related to
groundwater, and the subsurface and environmental processes, diverse menu of interventions through
management solutions, namely enhancing recharge of aquifers, mandating water harvesting and artificial recharge
in urban areas, ground water governance, incentivising to promote recharging of ground water, intelligent power
rationing for irrigation, optimizing water use efficiency, conjunctive management through use of nature based
infrastructure have been examined in this paper in terms of the technical feasibility to maintain, enhance and
secure stressed groundwater systems and protect and improve water quality as well as social relevance of
implementation .

Implications of climate change on water resource management
(i). Climate change will increase rainfall uncertainty and variability resulting in the following: high geographical
and temporal variability in precipitation, which is expected to grow even more with climate change.
In semi-arid regions of India, one in every two or three years is a drought year.
Some extreme rainfall events can cause flash floods.
(ii). The best way to address increasing climatic variability is to improve dependable surface water storage.
Climate variability is expected to grow even more with climate change, the dependability of surface water storages
will need close reassessment.
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An increase in large dams is not necessarily the answer, but, for instance, the 75% dependability thumb-rule which
irrigation engineers and planners have historically applied will need to be revised downward to enable meaningful
investment decisions under conditions of high evaporation, uncertain precipitation and increased incidence of
extreme climate events.
(iii). Groundwater storage management is critical.
With growing variability in precipitation and higher temperatures, surface water storages are less reliable and
more susceptible to higher evaporation rates. Groundwater storages, on the other hand, react slowly to changes in
rainfall and temperature.
Thus, if managed well, groundwater can become a more resilient buffer for long periods of water stress.
This can also help reduce the intensity of extreme flood events by absorbing part of the excess runoff.
Farmers believe that even tiny storages close to their farms can provide life-saving irrigation in periods of moisture
stress thus, making agrarian economies more resilient to climate extremes.

Rainwater harvesting and enhancing recharge of aquifers
Rainwater harvesting for enhanced aquifer recharge, storage and recovery needs to be adopted as the most viable
alternative. As managed aquifer storage plays a key role in helping communities to adjust to climate variability
and uncertainty by enabling irrigators and other users to continue having access to water during droughts. Also in
contrast with centralised surface storage, rainwater harvesting and artificial recharge to ground water are
decentralized, allowing for diversification of water source types used to augment recharge (e.g. non-committed
run-off, urban storm water and treated waste water).
Managed Aquifer Recharge ( MAR) through rainwater harvesting and enhanced recharge to aquifers is a 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 ground water
level, coastal areas affected by sea water ingress due to haphazard and unscientific development of ground water
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 ground water and consequently a
“National perspective plan for recharge to ground water by utilizing surplus monsoon runoff” has been prepared
(CGWB 1996). The report provides availability of non-committed 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 ground water
reservoir throughout the country out of which 16.05 Mham can be utilized.
As per the Master Plan for artificial recharge to ground water, 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 ground water (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 ground water.
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 ground water flow through ground water 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
ground water 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 shaft, 1.08 lakh contour bunds, 16235 injection wells and 23172 other
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structures which include point recharge structures, recharge tube wells, stop dams, recharge trenches, anicuts,
flooding structures, induced recharge structures, weir structures etc. In the 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 Ground water
prepared and circulated by Ministry of Water Resources has been amended in 2006 to accommodate this important
aspect and all the state Governments have been asked to formulate their own rule and law for better governance
of ground water 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, frequency of
floods in these areas are unavoidable.

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 need 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 ground water, and proper drainage.
To prepare sector/ block-wise plans for development of ground water 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 plan 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 that really irrigate crops; the canals merely recharge the aquifers. An elaborate
study by Central Groundwater Board (1996) 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 ground water 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.

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 two-fold. First, diesel-based groundwater economies
of the Indo-Gangetic basin are in the throes of an energy squeeze; some studies (Shah 2008), 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 outmigration of the
agrarian poor. In the electricity-dependent groundwater economy of western and peninsular India, the challenge
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is to transform the currently 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.

Increasing Ground Water 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 conservation programs. Water recycling, or the use of treated wastewater for
non-potable applications, is used in a variety of ways, including for irrigation and industrial processes. This in
turn will provide environmental benefits as well as significant aesthetic and human health benefits. A reduction
in water-related 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 ground water 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 ground water 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 the 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 ground
water of the order of about 1164 BCM. Yields of many crops, vegetables and fruit plants e.g. barley, date and
pomegranate, when irrigated with saline or brackish water are 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. As a result,
additional resource of 1164 BCM of saline/brackish ground water resource would be available for use. Studies
are required to be undertaken on use and disposal of brackish / saline ground water
Studies have shown 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 ground
water, 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 ground water 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 (Over- exploited
and Critical blocks) instead of putting ban for further exploitation of ground water.

Synergy amongst stake holders
Roof top harvesting and artificial recharge 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.
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Sustainable development of ground water 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 of Government of India for Water Resources, Environment & Forests, Rural
Development, Agriculture, Science & Technology and the institutions working under them; State Governments
& their organizations; Associations of Industry, Non-Government 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.

Atal Bhujan Yojna (Atal Jal)


This centrally sponsored scheme aims at sustainable management of groundwater through convergence
of the water conservation programme of different Central and State departments with community
participation costing Rs. 6000 Cr. during 2021-2025.



In identified over-exploited water scare areas in about 193 Blocks in parts of 78 Districts in Haryana,
Rajasthan, Gujrat, Uttar Pradesh, Madhya Pradesh, Maharashtra and Karnataka.



Interventions through convergence of ongoing schemes

I.

Supply side management through augmenting the groundwater resources for arresting its decline and

II.


Demand side management through introducing water conservation technologies/practices like drip,
sprinkler, pressurized pipes, crops diversification etc. to reduced groundwater consumption
Actively supported by capacity building and institutional strengthening initiatives.

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.

Policy framework- Groundwater and Climate change
At present, the law and policy framework is deficient when it comes to addressing the broader connections
between groundwater and climate change.
First, despite clear recognition of fundamental rights to environment, water and sanitation, neither water
legislation nor environmental legislation have clearly integrated a human right dimension, which has the potential
to encourage the linking of climate change and groundwater in domestic regulation.
Second, there is a tendency to view climate change as an issue to be addressed at the macro level, thus reinforcing
the focus on centralisation in water law rather than promoting the constitutional mandate of decentralisation,
which is particularly relevant in the context of groundwater regulation at the local level.
Third, there are also implementation challenges that must be overcome. These include inadequate governance,
inappropriate policies that provide no clear priorities or directions to government agencies their responsibilities,
and very limited financial and human resources to manage groundwater resources and water- supply systems.
To view groundwater through the lens of climate change in a country like India provides a window of opportunity
to conceive groundwater regulation to comprehensively integrate protection and conservation at the aquifer level,
effectively link surface water and groundwater, and recognise that climate change, like water, needs to be
regulated on the basis of the principle of subsidiarity/decentralisation. Certainly this is a difficult task, it is not
impossible, and would be well worth the effort.

Conclusions and Recommendations
Managed Aquifer Recharge, intelligent management of the energy-irrigation nexus and participatory ground water
management offers a major opportunity for water secure and resilient India.
MAR is the most economic, most benign, most resilient and most socially acceptable solution, but has not been
given due importance in the past, out of lack of awareness, inadequate knowledge of aquifers, immature perception
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of risk and inadequate policies for integrated water management, including linking MAR with demand
management.
The outcome of ongoing 3-Dimensional aquifer mapping & management programme (NAQUIM) by CGWB,
which is targeted to cover the entire country by 2023,is expected to fill the knowledge gap needs to be dovetailed
with MAR to provide a boost to sustainable ground water management in the country .
Mandating progressively increased use of recycled/treated waste water .This has huge potential for substitution
of fresh ground water used in Industrial, domestic (non-potable) and agriculture sectors.
Encouraging the Use of brackish/saline water for selected agricultural crops in western and north-western India,
where huge unutilised potential exists.
Agriculture accounts for nearly 90% of total ground water draft, hence, Aggressive Promotion and incentivization
of sprinkler and drip irrigation on a massive scale in over exploited and critical areas can be the most important
demand side management strategy to reduce groundwater overdraft.
In the country conjunctive management of rain, surface water, treated waste water and groundwater is the big
hitherto under-exploited opportunity for supply-side management.
Enabling Legislation for sustainable ground water management and Institutions for ground water governance
needs to be established in the states for enforcing effective governance.
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Abstract
The User Centred Aquifer Level Groundwater Management Plan (UCALGWMP) funded by World Bank under
Water Sector Improvement Project was implemented on pilot basis in Chandur basin by Govt. of Telangana with
main objectives to develop an institutional model, procedures for the sustainable management of groundwater
resources and tests its variability as well as acceptability by the community at grass root level. The study area
covering 164 km2 consisting 13 gram panchayats (GPs) is underlain by crystalline rocks and is part of lower
Krishna river basin with a population of ~36200. The area receives an annual average rainfall of 800 mm of which,
72 % is contributed during monsoon period and agriculture is the main activity having 67 % of population as
marginal and small farmers. Irrigation is mainly based on groundwater, having private ownership on structures
and ~30 % of farmers are having access to irrigation facility. The main crops grown are cotton, paddy, pulses and
horticulture during kharif season and paddy and pulses during rabi season. The activities include carrying out base
line surveys and technical analysis of hydrogeological, irrigational and agricultural situations followed by
extensive IEC (Information, Education and Communication) activities with the support of NGO’s, delineation of
aquifers, preparation of community-based aquifer level ground water management plan and to finalize alternative
institutional model and develop legal framework for managing groundwater resources at aquifer level by the
community.
As a part of management strategy both supply and demand side interventions along with various IEC activities
are implemented. The supply side interventions include construction of 23 check dams with recharge shafts for
channelized recharge. Demand side interventions include change in cropping pattern from paddy to ID crops,
horticulture, pulses and micro-irrigation. The IEC activities include display of wall posters, street plays, (
Kalajathas), slogan writing etc. The intervention measures resulted in sharp rise in groundwater levels by > 8 m
during monsoon months, reduction in paddy cultivation by 65 % & 35 % during kharif and rabi season and big
leap in growth of pulses cultivation and horticulture crops. As a result, a net reduction in ground water extraction
by 10 % (category of area changed from critical to semi-critical), behavioural changes in the attitude of farmers
towards usage of ground water. Considering the acceleration of groundwater recharge through recharge shafts,
the government of Telangana State is replicating the construction of recharge shafts in other over exploited
basins/villages in the state to augment the groundwater recharge. The groundwater management model adopted
in the pilot area may be replicated in similar hydrogeological and agro climatic regions for sustainable
management of groundwater resources by community at grass root level.

Keywords: User Centred, Aquifer, Groundwater, Community, Management and Interventions.

Introduction
In Telangana State ~75 % of the irrigation needs and ~85 % of the domestic needs is met with groundwater.
Gradual increase in well density and over exploitation of groundwater had resulted in decrease in groundwater
levels. In Telangana State, ~57 % of population is dependent in some form or other on farm activity for their
livelihood and agriculture contributes ~9.8 % to its Gross Domestic Products (GDP). In Telangana State, gradual
increase in well density along with decreasing well yields have been observed from 5 wells/Km2 & >150 m3/day
during 1986-87 to >18 wells/ Km2 and <20 m3/day during 2015-16 respectively. Therefore, any bad effects on
these precious groundwater resources will have far reaching consequences on the economy of State, hence there
is a need to implement groundwater management measures in vulnerable areas.
With objectives to develop an institutional model and procedures for sustainable management of groundwater
resources and tests its viability as well as acceptability by the community at grass root level “The Users Centred
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Aquifer Level Groundwater Management was implemented by State Ground Water Department, Government
of Telangana State under World Bank assisted “Water Sector Improvement Project, Telangana State” (WSIPTS)
in water stressed and fluorosis endemic areas of Chandur West basin from Nalgonda during the year 2011-16 as
a pilot project.

Study Area
The study area covering 164 km2 consisting of 14 major villages is underlain by crystalline hard rock’s (granites
and gneisses) and is part of lower Krishna river basin, covering Chandur and Marriguda mandals of Nalgonda
District a fluorosis endemic district (Fig. 1).

Fig. 1 Study area.
The area receives an annual normal rainfall of ~800 mm. Agriculture is the main activity having 67 % as marginal
and small farmers. Irrigation is mainly based on ground water, having private ownership on structures and ~30 %
of farmers are having access to irrigation facility.

Activities
As part of the studies following activities were carried out.
a)

Detailed base line surveys on hydrogeology b) Implementation arrangements c) Development of institutional
model d) Social Assessment Surveys e) IEC activities f) Capacity Building of the Community g) Preparation of
management action plan h) Implementation of Management plan
a) Detailed base line surveys on hydrogeology: Detailed base line hydrogeological surveys which includes 100%
well inventory and more than 1000 vertical geophysical surveys to delineate aquifer geometry. Aquifer
performance tests (APT) (11 no’s) were conducted to know hydraulic properties and groundwater samples were
also collected from both surface water and groundwater sources during pre and post-monsoon season for knowing
the suitability for drinking and irrigation purposes. Data on cropping pattern, rainfall pattern collected from line
departments.
b) Implementation Arrangements: In order to carry out smooth functioning of the mechanism, institutional
arrangements were made at Govt. level headed by Principal Secretary (I & CAD) and Project Director, CADA.
Constitution of State level pilot unit (SPU) at head office of the Ground Water Department, Hyderabad, District
Pilot Unit at District Office with Technical Support Group (TSG) was formed under the Chairmanship of District
Collector and other members from line dept. (Groundwater Dept., Agriculture, DWMA, DRDA, Revenue, Social
Welfare, Co-operative Dept. etc.). The main functions of the TSG are to give technical guidance to team
leader/community/ NGOs in implementation of the pilot activities and ensure appropriateness in design and cost
of the structures etc.
c) Development of Institutional Model: For effective implementation of IEC activities, formation at village level,
13 Gram Panchayat Level Committees (GPLC) were formed for management of groundwater at village level. The
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committee members were elected by community at village level and registered under societies Act. Further they
are federated into an aquifer level groundwater management body i.e., Ground Water Management Association
(GWMA).
d) Social Assessment Surveys: In order to assess the social status of people, Non-Governmental Organizations
(NGO’s) were engaged for collecting information on community by covering 100% house holds for preparing
management strategies and identify the problems. The findings of the social assessment survey formed the basis
for designing the IEC activities and to involve the community in groundwater management.
e) Information, Education and Communication (IEC) Activities: In order to create awareness among the
community and highlighting importance of groundwater management various IEC activities were taken up with
the help of NGO’s (Fig. 2a-d). The activities like interactive meeting, sticking of wall posters, (highlighting
importance of water conservations), slogans on door, rallies, street plays (Kalajathas), arranging exposure visit to
Ralegaon Siddi (Maharashtra) and meeting with Social activist Shri Anna Hazarejee etc. were carried out.

Fig. 2(a-d) Various IEC activities.
f)

Capacity Building of the Community: As part of capacity building of the community and to enable them to
prepare a groundwater management action plan for the pilot area and its implementation, the community was
imparted training on groundwater level monitoring, rainfall data recording, estimation of groundwater resources,
crop water budgeting, preparation of community based groundwater management action plan, book keeping and
maintenance of registers for accounts on crop statistics, bore wells/wells, rainfall & groundwater etc.
g) Preparation of management action plan: All the 13 GPLCs have prepared Gram Panchayat Level Groundwater
Management Action Plans for their respective gram panchayats and in turn GWMA prepared groundwater
management action plan for the pilot area by consolidating 13 GPLC actions encompassing various supply side
and demand side interventions. The Technical Support Group appraised the action plan and State Level Technical
Review Committee reviewed and approved the action plan.
h) Implementation of Management plan: Both supply side and demand side measures were given importance
along with various IEC activities.
Supply side interventions: Supply side interventions includes construction of 23 Check dams with recharge
shafts/injection well* (Fig. 3) in the bed of check dams for direct aquifer recharge (Fig. 4a-b).
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Fig. 3 Schematic Design of Recharge Shaft.

Fig. 4 (a-b) Construction of Check Dam and Recharge Shaft.
*recharge shaft is one of artificial recharge method which allows the water to directly recharge deep seated
aquifer, as it allows continuous and fast flow of water in to the ground creating additional recharge during the
period of stream flows. On an average each recharge shaft creates additional recharge of 144 m3/day during
continuous flow of stream. Considering 20 days as average number of stream flow, each recharge shaft can create
an additional recharge of 2880 m3 during the monsoon season, which is almost equal to the recharge through check
dam and thus the recharge capacity of a check dam is doubled by constructing a recharge shaft in the bed of check
dam with an additional cost of 10 %.
Demand side interventions: As part of groundwater demand control measures, more stress was given in reducing
the area under paddy cultivation, increasing the area under pulses, ID (Identity documented) crops and
horticultural crops and use of micro irrigation. At the end of project, farmers in the pilot area have diversified the
cropping pattern from water intensive paddy to ID and horticultural crops. Extent of area cultivated under paddy
is reduced from 2521 acres to 893 acres, extent of the area under the pulses increased from 30 acres to 2499 acres
and the area under horticultural crops increased from 149 acres to 338 acres.

Results and Discussions
The supply side and demand side intervention resulted in sharp rise in groundwater levels and water levels are
showing a rising trends with similar rainfall in both seasons @1.3 m/year. Crop diversification from paddy to ID
and horticultural crops etc. is noticed, as there has been a reduction in paddy cultivation by 65 % & 35 % during
kharif and rabi season to low water consuming ID crops like vegetables and horticultural etc.
Net reduction in ground water extraction by 10 % (category of area changed from critical (93 %) to semi-critical
(83 %) and behavioral changes in the attitude of local farmers is also observed towards utilization of groundwater.
Overall the implementation of the pilot project had created awareness among the community on importance and
preciousness of groundwater and brought changes in mindset of local community towards sustainable
management of groundwater resources.
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As recognition to the project, The Govt. of India, Ministry of Jal Shakti has awarded 1.0 lakh cash prize under 1 st
National Mission Award to the Ground Water Department, Govt. of Telangana and also received SKOTCH Order
of Merit Award from SKOTCH Group during 2019 (Fig. 5a-b).

Fig. 5(a-b) (a) The Ground Water Department receiving the National Mission Award from Hon’ble Minister for
Jal Shakti, Shri Gajendra Singh Shekhawat Garu & Shri U.P Singh, IAS, Secretary, Govt. of India. (b) Director,
GWD, Dr. Pandith Madhnure, sharing the trophy and Cash award with the Chief Secretary, Govt. of Telangana,
Dr. S.K. Joshi, IAS Garu.

Development of sustainable model
In order to continue the sustainability of the project, the Ground Water Department is continuing the groundwater
monitoring activities, motivation to the community through regular interaction. Gram Panchayat Level
Committees (GPLC) have been trained to measure water levels from the wells and monitor the seasonal changes.
Water levels from existing piezometers are being monitored periodically by the department and shared with the
GPLCs for estimating groundwater recharge annually and its availability during different seasons for better
planning of cropping pattern. Improved knowledge of the farmers and estimation of groundwater recharge every
year by the Department and sharing it with the community has provided clear understanding of groundwater
resource availability in the pilot basin.
Utilizing the inputs on groundwater availability, given by the department, GWMA has already adopted a few
regulatory measures to reduce groundwater extraction by suitable changes in cropping pattern and irrigation
practices. This ability of GWMA helped them to evolve common approach for sustainable groundwater
management, while safeguarding the individual farmer’s interests which were not coercive.

Replicability of technology and success stories
As outcome of successful implementation of pilot project and by noticing the benefit of such activities
Government of Telangana has decided to implement construction of recharge shafts in all over-exploited villages
of Telangana State considering deep water levels, highly weathered zone areas, with a budgetary provision and
work has already been grounded in 65 villages by taking up 212 recharge shafts in existing water bodies and so
far completed 138 structures including 31 in CM adopted Laxmapur (17 No’s) and Keshavaram (14 No’s) villages
of Muduchintalapally Mandal, Medchal-Malkajgiri District. Field photographs of VIPs visiting such structures
are given in Fig. 6 (a-g).

Medchal-Malkajgiri district
As part of the Chief Ministers assurance given during Grama Sabha meetings to Laxmapur & Keshavaram villages
(CM-adopted villages) on 04/08/2017. For overall development of these villages, the Ground Water Department
constructed 31 recharge shafts in existing water bodies (17 no’s at Laxmapur and 14 no’s at Keshavaram villages).
Laxmapur Village (Case study-1): The village having a geographical area of 12.77 Km2 is dwelt by ~1100
farmers and their families and grows mainly Paddy and ID crops for their livelihood. The area is underlain by
hard rocks namely granites/gneisses and receives normal rainfall of ~760 mm. In the village there are ~800
irrigation bore wells of 100-130 m depths having a yield of 2000 to 3000 litres/hour (lph).
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Scenario Before Interventions: Prior to taking up of structures, in the village, the water levels were in the range
of > 20 m below ground level and due to this only seasonal water levels were existing during monsoon season in
dug well zone (shallow aquifer) and groundwater based irrigation was absent during Rabi season (Yasangi).

Fig. 6 (a-g) Field photographs.
In order to bring back the water levels to shallower level, the Dept constructed 17 such recharge shafts in existing
water bodies i.e., at upstream side of Check Dams and 10 m inside the FTL of Irrigation of Tank and other Kuntas
in village.
Scenario after Interventions: After interventions, tremendous rise in water levels (> 12 m) is observed (during
pre-project the water levels during June-19 were at 18.67 m bgl and during post-project in the same month of
2020 it was less than 6 m bgl) and yields of bore wells increased to 4000 to 5000 lph (Fig. 7 a-b). The rise in
water levels helped to rejuvenate the de-saturated shallow aquifer and dug wells started to yield water. Now the
farmers are able to take two crops due to abundant availability of water.

Nagarkurnool district
In Kalwakurthy mandal of Nagarkurnool District 48 recharge shafts were constructed in 12 OE villages.
Tarnikal Village, Kalwakurthy Mandal (Case study-2): Recharge shaft constructed at 16o 37’ 7.72” & 78o 28’
1.30” in the lands of Sri. A. Jangaiah (Fig. 7c) has shown a rise of 9.8 m during september-2020 as compared to
May-20, (from 17.30 meter below ground level (m bgl) to 7.5 m bgl). Whereas, during pre-project during 2019,
there was a rise of 2.4 m indicating positive impact of recharge shafts in rejuvenating groundwater levels in the
area. The farmer irrigated 3 acres of his land and getting an annual income of 1 lakh (approx.). Based on the yield
test/slug test and no of days of water available in the shaft it is estimated that annual accelerated groundwater
recharge through recharge shaft range from 0.42 ham to 0.65 ham in addition to the normal recharge through
existing check dam.
Marchala Village, Kalwakurthy Mandal (Case study-3): The structure constructed at latitude 16o 41’49” &
longitude 78o 27’7.8” in the land of Sri B. Kotaiah have shown sharp rise in water levels up to 4.92 m during the
post period (from 30.97m bgl during pre-monsoon season (May) of 2020 to 26.05 m bgl during Sept-20), whereas
during the pre-project period it has shown a fall of 10.4 m (fall from 22.76 m to 33.15 m bgl) indicating immediate
response due to accelerated groundwater recharge due to construction of recharge shaft in existing water body.
Based on yield test, slug test and no of days of water available in the shaft it is estimated that annual accelerated
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groundwater recharge occurred to the tune of 25-40 % through recharge shaft (adding from 0.22 ham to 0.35 ham
in addition to the normal recharge through existing check dam).

Fig. 7(a-d) Hydrograph showing average groundwater levels from the benefitted areas.

Siddipet district
Ibrahimpur village, Naryanraopet Mandal, (Case study-4): 12 Recharge shaft structures were taken up
Ibrahimpur village of Narayanraopet mandal of Siddipet district, the home constituency of Honourable Minister
of Finance Shri T. Harish Rao Garu. The village is underlain by hard rocks (granites/gneisses) and receives an
annual rainfall of 675 mm. The main crops grown in the village are maize, cotton, chillies and vegetables and
paddy in both seasons. The village utilizes ~92% annual groundwater recharge and falls under “critical” category.
Pre and Post-scenario: In the village prior to construction of Recharge shafts, the groundwater levels were in the
range of ~20 m bgl during pre-monsoon season (May-2018) and after interventions along with other measures,
the water levels rose to ~12 m bgl during same season of 2020 (Fig. 7d). The yields from bore wells increased
from 1500-3000 lph to 3000-6000 lph after interventions.
Outcome: The successful intervention in rejuvenating depleted shallow aquifers through interventions like
construction of recharge shafts has brought positive change in groundwater levels in the zone of influence. It has
brought more sustainability to bore well yields and making it possible to raise two crops rather than one and thus
bringing economic prosperity and improving socio-economic status of the farmers from the area even during low
rainfall period.
During the stake holders meeting conducted by the Dept. on 28/02/2020 at Institute of Engineers, Hyderabad, the
farmers from these 2 villages expressed their happiness and thanked the Hon’ble Chief Minister for taking up
overall development of their village and to take up such schemes to other villages also.
Acknowledgments: The author thanks, the Special Chief Secretary, Dr. Rajat Kumar, IAS, (I & CAD), Govt. of
Telangana for giving the permission to submit the paper and for his constant encouragement and technical
guidance from time to time. The author also expresses his sincere gratitude to Dr. G. Malsur, the then Project
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Abstract
Increased dependency of domestic, agricultural and industrial sectors on groundwater has tremendously altered
its quality, particularly in urban areas over the peri-urban ones. Hence, it is important to assess the quality of the
groundwater prior to its utilization. In the light of above fact, the present study has been carried out in
Shahjahanpur city and nearby peri-urban areas during November-2018 and June-2019 to study the variability in
the physico-chemical parameters of groundwater as well as to assess its quality for drinking, irrigation and
industrial purposes. A total of 108 samples were collected in which 52 samples were collected from peri-urban
areas from shallow depth (PUS) while 24, 18 and 14 were collected from city from shallow (US), intermediate
(UI) and deeper depth (UD) respectively. In both the seasons, the suitability of water for drinking purpose
decreases slightly from UD>PUS>UI>US as per BIS (2012). The dominant facies identified from Piper is Ca+MgHCO3 in both the seasons for majority of the samples. Sodium Adsorption Ratio (SAR) and Permeability index
(PI) reveals the irrigational suitability of majority of the samples in both the seasons except for few US and UI
samples which requires remedial measures. Further, corrosivity ratio (CR) reveals industrial suitability for
majority of the samples.

Keywords: Hydrogeochemical characterization, Collins Ratio, Permeability Index, Corrosivity Ratio, India.

Introduction
Groundwater is a prominent freshwater source for drinking, irrigation and industrial purposes (Raghunath 1990).
However, the groundwater suitability for various uses is directly related with its quality which often gets degraded
by the time it is accumulated in the aquifers to the minute it gets discharged from the wells (Suthar et al. 2008).
Modern agricultural practices which uses high doses of chemical fertilizers, pesticides and insecticides; industrial
activities which discharges wastewater openly into the surface water bodies had worsen the quality of surface and
groundwater (Adhikary et al. 2009; Ahada and Suthar 2017). Although the problem is more acute in urban areas
but peri-urban areas are also not free from the ill-effects. Peri-urban spaces are the interfaces of rural-urban area,
where formerly rural land had been transformed owing to urbanization (Arshad and Umar 2020). Such areas often
lacks adequate environmental planning, which causes over exploitation and degradation of water quality (Butsch
and Heinkel 2020; Frommen et al. 2021). The current study has been conducted in urban and peri-urban parts of
Shahjahanpur, U.P. with an aim to infer the dominant hydrogeochemical facies based on major ion chemistry of
108 samples i.e. 52 from peri-urban areas and shallow depth (PUS) while 24, 18 and 14 from urban area from
shallow (US), intermediate (UI) and deeper depth (UD) respectively collected during November 2018 and June
2019. An attempt has also been made to compare the suitability of shallow depth samples of peri-urban and urban
areas and shallow, intermediate and deeper depth samples of urban areas for drinking, irrigation and industrial
purposes for both the seasons.

Study area
The study has been conducted in Shahjahanpur city and its surrounding peri-urban areas, Uttar Pradesh. The study
area lies in survey of India Toposheet No- 54M/13 on a scale of 1:50000 and falls between latitude 27º48´ to 27º

15

International Association of Hydrogeologists
Indian National Chapter

55´N and longitude 79º50´24" to 80º E, encompassing roughly 213 Km2 of area (Fig 1). Garrah and Khannaut are
the two rivers that flow through the area. The area lies under sub-tropical sub-humid climate zone and is
characterized by dry and hot summers with dry winters and humid monsoon season. The summer temperature
varies from 21.4ºC to 40.5ºC and winter temperature ranges from 8.5ºC to 28.6ºC. The area is famous for its
agriculture and industrialization. Major industries include paper and pulp industry, fertilizers industry, sugar mills,
thermal power plant etc.

Figure 1. Study area.

Geology and Hydrogeology
Shahjahanpur district forms a part of Central Ganga Plains in upper Ganga Basin, and displays monotonous flat
topography, with master slope towards S and SE. The district is underlain by thick pile of Quaternary alluvial
deposits which are deposited over Siwalik Supergroup, which in turn overlies Vindhyan Supergroup
unconformably. Fine to medium and coarse sand, clay, gravel and kankar are the main lithological units. Kankar
is generally found associated with clay capping which are 3-5m or greater in thickness and exists over entire area.
Groundwater occurs under unconfined condition in shallow aquifer and under semi-confined to confined
conditions in deeper aquifers (CGWB 2013). Depth to water level for shallow depth samples of peri-urban areas
varies from 3.9 to 8.2 mbgl in Nov-18 and 4 to 8.5mbgl in June-19. For shallow depth samples of urban areas, it
varies from 8.5 to 14.7mbgl in Nov-18 and 8.7 to 15.3mbgl in June-19.

Methodology
Total 108 samples were collected from Shahjahanpur city and surrounding peri-urban areas during Nov-18 and
June-19 in well rinsed 1-litre polyethylene bottles in order to study the physico-chemical characteristics of
groundwater. Among these 108 samples, 52 were shallow depth samples ofperi-urban area while 24, 18 and 14
were shallow, intermediate and deeper depth samples of city. The groundwater sampling location points
coordinates were taken via Global Positioning System. The wells were pumped for about 3-5 minutes before the
sample collection to remove the stagnant water in the well assembly. Steel Measuring tape was used to measure
the depth to water level. Hach sensION portable pH meter was used for pH measurement while Hach sensION+
EC5 Portable Conductivity Meter was used for Electrical conductivity (EC) and total dissolved solids (TDS)
measurements. APHA, 1992 standard methodologies were then employed for analyzing major cations (Na, K, Ca
and Mg) anions (HCO3, SO4, Cl and NO3). Ca, Mg and TH were analysed by EDTA titrimetric method; Na and
K via Flame emission photometry; HCO3 and Cl by titration, NO3, F and SO4 by spectrophotometer. Collin’s ratio
calculation and comparison of the analytical result with Bureau of Indian Standards (BIS 2012) had been made to
decipher the suitability of groundwater samples for drinking purpose. SAR and PI were used for assessing the
irrigational suitability of the samples. CR was used for assessing industrial quality of the samples.
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Results and discussion
A comparison of the average value of various physico-chemical parameters have been made between the periurban and urban areas samples collected from shallow depth during November-2018 and June-2019. Further, a
comparison has been made between the three depths samples viz. shallow, intermediate and deep collected within
the urban area of Shahajahanpur. The average values of different physicochemical parameters for groundwater
samples are presented in Table 1. The pH of all the groundwater samples was alkaline in nature. The values of
EC, TDS, hardness, Na, K, Ca, Mg, Na, K, SO4, Cl, NO3 and HCO3 were slightly higher in shallow depth samples
of urban areas (US) as compared to shallow depth samples of peri-urban areas (PUS). Among the three depth
samples collected within the urban area, the values of the above parameters is more for shallow depth samples
(US) followed by intermediate depth samples (UI) and finally deep depth samples (UD). The trend was similar in
both the seasons.
Table 1. Average values of various physico-chemical parameters for groundwater samples
S.
No.

Nov-18
Parameters

June-19

Av .PUS

Av. US

Av. UI

Av. UD

Av. PUS

Av. US

Av. UI

Av. UD

1

pH

7.82

7.49

7.63

7.81

8.04

7.84

7.93

7.91

2

EC

452.23

1165.17

1045.56

471.86

569.88

1262.17

1077.56

498.29

3

TDS

275.99

716.08

600.89

287.57

341.15

769.75

637.89

303.57

4

Hardness

196.15

320.73

305.78

161.71

209.85

348

308.44

186.86

5

Ca

41.74

47.29

39.01

33.21

44.64

53.04

44

35.27

6

Mg

22.35

49.25

50.63

19.16

23.99

52.55

48.4

24.09

7

Na

35.46

85.83

74.67

44.57

40.65

87.67

83.44

47.29

8

K

6.08

18.79

17.89

7.5

6.69

19.17

15.11

6.86

9

F

0.14

0.1

0.14

0.1

0.21

0.25

0.24

0.11

10

Cl

32.66

81.41

77.31

19.88

35.06

83.31

84.57

26.37

11

SO4

25.94

76.85

60.61

12.16

27.36

80.56

62.08

13.26

13

HCO3

267

386.75

335.11

258.14

292.81

424.67

355.33

287.86

14

NO3

0.83

43.1

25.9

0.43

1.27

41.34

28.45

0.85

PUS: Shallow depth samples of peri-urban areas; US: Shallow depth samples of urban areas; UI: Intermediate
depth samples of urban areas; UD: Deeper depth samples of urban areas; NR: No Relaxation
All the values are in mg/l except for pH and EC (µS/cm).

Abundance of ions
The cations abundance order for shallow depth samples of peri-urban area is Ca>Na>Mg>K for both the seasons.
For shallow depth city samples, it is Na>Mg>Ca>K for Nov-18 while Na>Ca>Mg>K for June-19. For
intermediate depth urban samples, it is Na>Mg>Ca>K and for deeper depth urban samples, it is Na>Ca>Mg>K
for both the seasons. Possible source of Na in groundwater might be due to the weathering of sodic plagioclase as
it occurs in all types of rocks. Anthropogenic factors like release of domestic effluents in groundwater might also
have resulted in high sodium content (Raju etal., 2011; Khatri and Tyagi; 2015). All the samples shows similar
abundance order for anions in both the seasons i.e. HCO3>Cl>SO4>NO32->F. Low fluoride concentration
suggests less lithogenic input of F- in the samples. Similar conclusion has also been made by Raju et al., 2011 for
Varanasi, U.P.
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Groundwater Classification
Piper Trilinear diagram was used for classifying the groundwater in the area. The percentages of different samples
falling under various cationic fields for both the seasons have been shown in Table 2. It was deciphered that
majority of the samples does not show any dominant cationic signature. Among the anionic facies, bicarbonate is
most dominant anion in all types of samples in Nov-18 and June-19. The prominent hydrochemical facies
identified for majority of the shallow depth samples of peri-urban areas and shallow, intermediate and deeper
depth sample of urban areas is Ca-Mg-HCO3 followed by Na-K- HCO3 in November 2018 (Fig.2a) and June 2019
(Fig. 2b).
Table 2. Percentage of different groundwater samples under various cationic fields during Nov-18 and June-19
Groundwater types
Mg-type
Ca-type
Na or K type
No dominant type

% of samples Nov-18
PUS
US
UI
UD
8%
33%
33%
14%
11%
None None none
none
25%
11%
none
81%
42%
56%
86%

% of samples June-19
PUS
US
UI
UD
8%
25%
22%
14%
11%
none
none
None
4%
8%
11%
14%
77%
67%
67%
72%

(a)

(b)

Figure 2. Piper Trilinear Diagram (a) Nov-18; (b) June-19

Groundwater quality assessment for drinking purpose
Collin’s ratio calculation and comparison of the analytical result with Bureau of Indian Standards (BIS 2012) had
been made to decipher the groundwater samples suitability for drinking purpose during Nov-18 and June-19. The
percentage of samples exceeding the desirable and permissible limit for various physico-chemical parameters, as
per BIS, 2012 have been tabulated in Table (3a) for Nov-18 and Table (3b) for June-19.
On comparing the shallow depth samples of peri-urban areas with shallow depth samples of urban areas, it was
observed that for TDS, Hardness, Ca, Mg and NO3, all samples lie within the permissible limit but at the same
time greater percentage of urban samples exceeds the desirable limits as compared to the peri-urban ones in
November 2018 (Table 2a). Similar trend was observed in June 19 also (Table 2b). However, for HCO3, it was
observed that none of the sample exceeds the PL in case of PUS in both the seasons, while 8% and 17% of the
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US exceeds the permissible limit for HCO3 in Nov-18 and June-19 respectively. Also, 8% of CS samples exceed
the permissible limit for Na during both the seasons. Further, when US, UI and UD are compared, it was found
that the groundwater suitability for drinking purpose decreases in the order UD>UI>US.
Table 3(a). Percentage of samples above Desirable and Permissible Limits for Nov-18, as per BIS, 2012
BIS-2012

PUS

US

UI

UD

6.5-8.5

9.2

% of
samples
above
DL
None

TDS

500

2000

4%

none

66%

none

44%

none

None

none

Hardness

300

600

4%

none

75%

none

11%

none

None

none

Ca

75

200

none

none

17%

none

11%

none

None

none

Mg

30

100

12%

none

83%

none

89%

none

14%

none

Na

-

200

-

none

-

8%

-

none

-

none

F

1

1.5

none

none

none

none

none

none

None

none

Cl

250

1000

none

none

none

none

none

none

None

none

SO4

200

400

none

none

none

none

none

none

None

none

HCO3

300

600

96%

none

92%

8%

100%

none

100%

none

Parameters

pH

DL

PL

% of
samples
above
PL
none

% of
sample
above
DL
none

% of
sample
above
PL
none

% of
sample
above
DL
none

% of
sample
above
PL
none

% of
sample
above
DL
None

% of
sample
above
PL
none

NO3
45
NR
none
none
58%
NR
33%
NR
None
none
Note: DL: Desirable limit; PL: Permissible limit; PUS: Shallow depth samples of peri-urban areas; US:
Shallow depth samples of urban areas; UI: Intermediate depth samples of urban areas; UD: Deeper depth
samples of urban areas; NR: No Relaxation
Table 3(b). Percentage of samples above Desirable and Permissible Limits for June-19, as per BIS, 2012
BIS-2012
Parameters

pH

DL

PL

PUS
% of
% of
sample sample
above
above
DL
PL

US
% of
% of
sample sample
above
above
DL
PL

UI
% of
sample
above
DL

% of
sample
above
PL

UD
% of
% of
sample sample
above
above
DL
PL

EC

6.58.5
-

TDS

500

2000

15%

none

75%

none

56%

none

none

None

Hardness

300

600

4%

none

83%

none

44%

none

none

None

Ca

75

200

none

none

25%

none

11%

none

none

None

Mg

30

100

19%

none

66%

8%

89%

none

14%

None

Na

-

200

-

none

-

8%

-

none

-

None

K

-

-

-

-

-

-

-

-

-

-

F

1

1.5

none

none

none

none

none

none

none

None

Cl

250

1000

none

none

none

none

none

none

none

None

SO4

200

400

none

none

none

none

none

none

none

None

HCO3

300

600

96%

none

83%

17%

100%

none

100%

None

NO3

45

NR

none

none

50%

-

33%

-

-

None

9.2

none

none

none

none

none

none

none

None

-

-

-

-

-

-

-

-

-
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Collins ratio
Collin's ratio (Cl/CO3 + HCO3, in meq/l), is also employed to determine the groundwater suitability for drinking
purpose (Tiwari, 1988). The groundwater is classified into 3 classes as per CR (Table 4).
Table 4. Groundwater Classification based on Collins Ratio for Nov-18 and June-19
Ranges
CR
<1
1-3
>6

Class
Good
Contamination
Injurious

Percentage of samples
Nov-18
PUS
US
UI
UD
100
100
100
100
-

Percentage of samples
June-19
PUS
US
UI
UD
100
100
100
100
-

As per this ratio, all the samples were found to be good for drinking purpose.

Irrigational Suitability of Groundwater
US Salinity Laboratory (USSL) Diagram
The USSL diagram is widely employed to assess the irrigational suitability of water. Here, Sodium Adsorption
Ratio (SAR) which indicates alkali hazard or sodium hazard is plotted against EC which indicates salinity hazard
(Richards 1954). SAR can be computed as:
SAR =

Na
Ca+Mg
√
2

The values of SAR for all the samples have been given in Table 5. It was observed that all samples have SAR<
10, which indicates that they belong to excellent category.
Table 5. Groundwater Classification based on SAR for Nov-18 and June-19
Water class

SAR (meq/l)

Excellent
Good
Fair/Medium
Bad/Poor

Upto 10
10-18
18-26
>26

Percentage of samples Nov-18
PUS
US
UI
UD
100%
100%
100%
100%
-

Percentage of samples June-19
PUS
US
UI
UD
100%
100%
100%
100%
-

The results obtained by plotting salinity hazard (EC) and alkalinity hazard (SAR) for all the groundwater samples
for Nov-2018 (Fig 3a) and June-2019 (Fig 3b), in USSL diagram have been tabulated in Table 5. In both the
seasons, majority of the shallow depth samples from peri-urban areas and deeper depth sample of urban falls in
class C2S1, which indicates medium salinity and low alkali water. This water type is suitable for irrigation with
small risk of exchangeable sodium. On the other hand, majority of the shallow depth samples of urban lie in class
C3S1, indicating high salinity hazard and low alkali hazards and 8% lies in class C4S2, which indicates very high
salinity hazard and medium alkali hazard. Such type of water is unsuitable for irrigating soil and crops. Majority
of the intermediate depth sample lie in class C2S1 in Nov-2018 and in C3S1 in June-19, 11% belonging to class
C4S1 in both the seasons. Overall, shallow depth samples of peri-urban areas are more suitable for irrigation
purpose over the urban. Among the three depth samples of urban, those from deeper depth are more suitable
followed by intermediate and shallow depth samples.
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(a)

(b)

Figure 3. US Salinity Hazard Diagram (after Richard, 1954): (a) November 2018 (b) June-2019.

Permeability Index
The soil permeability is affected by prolonged use of irrigation water and is influenced by Ca, Na and Mg and
HCO3 content of soil (Doneen 1962, 1964). According to PI, groundwater can be classified as good, moderate
and poor type. PI can be calculated as:
PI= [(Na+√ HCO3)/Ca+ Mg+ Na)]*100
Where, the concentrations are expressed in meq/l.
As per above classification, groundwater can be categorized under 3 classes. Water samples falling in Class I and
II have 75% or more of maximum permeability and is suitable while Class III have maximum permeability of
25% and is unsuitable. On the basis of Doneen plot, it was observed that majority of the samples falls under Class
I and Class II during Nov-18 (Fig. 4a) and June-19 (Fig 4b) and are suitable for irrigation.

(a)

(b)
Figure 4. Doneen plot for (a) Nov-18 and (b) June-19.
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Industrial Suitability of Groundwater
Corrosivity Ratio
Corrosivity ratio (CR) is used to assess the groundwater suitability for industrial purpose and indicates the extent
of corrosion in metal pipes via which water flows (Saha and Paul 2019; Patel et al. 2016). It is calculated as:
CR= [(Cl/35.5) + (SO4/48)]/ [(CO3+ HCO3/50)]
Where, all units are in mg/ L. The groundwater is classified into 2 classes as per CR (Table 6)
Table 6. Groundwater Classification based on CR for Nov-18 and June-19
Range
CR
>1
<1

Class
Unsuitable
Suitable

PUS
100

% of samples
Nov-18
US
UI
17
83
100

UD
100

PUS
100

% of samples
June-19
US
UI
8
92
100

UD
100

Based on CR, it was found that all PUS, UI and UD and majority of US are suitable for industrial
purpose in both the seasons.

Conclusions
The current study compares the drinking, irrigational and industrial suitability of groundwater samples collected
from shallow depth of peri-urban areas and shallow, intermediate and deep depth of urban areas of Shahjahanpur
during Nov-18 and June-19. In general, the pH of all the groundwater samples was found to be alkaline in nature.
Based on the comparison made between BIS (2012) standards and analytical results of the groundwater samples,
it was found that PUS are more suitable for drinking over US while within the urban areas the suitability decreases
in the order UD>UI>US. As per SAR, majority of PUS, UI and UD samples belongs to Class C2S1 i.e. medium
salinity and low alkalinity and are suitable for irrigation, while majority of US samples belongs to Class C3S1 i.e.
high salinity-low alkalinity. This water can be used on soils with medium to high permeability for all crop types.
PI reveals the irrigational suitability of majority of the samples in both the seasons except for few US and UI
samples which requires remedial measures. Corrosivity ratio reveals the industrial suitability for majority of the
samples. Dominant facies identified from Piper Trilinear diagram is Ca+Mg- HCO3 in both the seasons for
majority of the samples and such water possess a temporary hardness that can be removed after boiling. Overall,
it can be concluded that shallow depth samples of peri-urban areas are more suitable over the urban ones for
drinking, irrigation as well as industrial use. Within the urban area, those collected from deeper depth were more
suitable followed by intermediate and shallow depth samples for drinking, irrigation as well as industrial use.
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Abstract
Groundwater samples (263 number) were collected from the Punjab state during August, September, and October,
2019 and were analyzed for heavy metals arsenic (As), aluminium (Al), iron (Fe), manganese (Mn), zinc (Zn),
copper (Cu), chromium (Cr), cadmium (Cd), nickel (Ni), and lead (Pb). It has been found that majority of the
samples have concentrations within the acceptable limits as prescribed by Indian drinking water standards. The
analysed data was used for calculating heavy metal pollution index (HPI) for groundwater and mean HPI was 4.9
which are well below the critical index limit of 100. On the basis of values of HPI, all samples were classified
under 3 categories as low, medium and high for corresponding HPI values of <15, 15-30 and > 30, respectively.
It was found that 2 samples have values > 30, 4 samples have HPI values in the range of 15-30 and all other
samples have values < 15. The study based on HPI values demonstrated that heavy metal concentrations evidently
indicates the groundwater of Punjab in majority of the area monitored, to be free from heavy metal pollution and
can be used for human consumption. Groundwater in the areas where HPI index is > 15 may be avoided for
drinking purposes and continuous monitoring is essential to check the heavy metal pollution.
Keywords: Heavy metals, Heavy metal pollution index, groundwater, Punjab

Introduction
Groundwater is the largest freshwater renewable resource used for drinking, irrigation and in industrial sector.
Increasing demands of the freshwater exerting stress on this resource and is resulting in depletion of water levels
and deterioration of water quality (MacDonald et al. 2016; Krishan et al., 2020, 2021a). Water quality is degraded
due to addition of pollutants like microbes, salts (Krishan, 2019) other chemical (Krishan et al., 2021b) and trace
metals (Krishan et al., 2021c). Presence of trace metals in groundwater not only affects water quality but also
poses a serious threat to human health and socio-economic development (Milovanovic 2007). These heavy metals
may dissolve in groundwater from (i) weathering of minerals (Karbassi et al. 2007); (ii) disposal of effluents
containing toxic metals from different industries and (iii) usage of heavy metal rich fertilizer and pesticides in
agricultural fields (Ammann et al. 2002; Nouri et al. 2008). These trace metals are required in optimum doses but
it become fatal once it exceeds the critical level. Therefore, its monitoring is significant in the context of human
health.
A single pollution parameter measurement gives an idea about the pollution due to the specific parameters but for
understanding of overall pollution of a particular system, quality indices are quite useful (Mohan et al., 1996).
Water quality indices have been used by many researchers for assessing water quality (Giri and Singh, 2014;
Krishan et al., 2016; Singh et al., 2015, 2017, 2019; Yadav et al., 2015). Heavy metal pollution index (HPI) is a
useful tool for assessing the heavy metal contaminations, where it rates the individual contaminant in a cumulative
manner and provides overall quality with respect to heavy metals (Giri and Singh, 2014).
Punjab is an agrarian state with intensive cultivation where feritilizers and pesticides are used indiscriminately to
get higher yields (Lapworth et al., 2017). There is high possibility of mixing of the contaminants from fertilizers
and pesticides in groundwater. Therefore, present study was carried out to assess groundwater quality by
computing HPI by measuring concentrations of trace metals viz. Cr, Mn, Fe, Ni, Cu, Zn, As, Cd and Pb in
groundwater and compare the observed concentrations of metals with the drinking water quality
guidelines/standards and identify the vulnerable areas with high concentrations of heavy metals.
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Study Area
The present study was carried out in the Punjab State of India (Fig. 1). It is located between the geographical coordinates of Northern latitudes 29o 32’ and 32o 28’ and Eastern longitudes 73o 50’ and 77o 00’. The Punjab state
is bordered by Pakistan in the west, Haryana and Rajasthan in the south, and Himachal Pradesh in the North-east.
Punjab constitutes 50, 362 sq. km of area. There are three perennial rivers namely Satluj, Beas and Ravi and one
seasonal river, Ghaggar and the surface water potential of Punjab is 17.93 BCM, which is not sufficient to meet
the requirements and hence looking towards utilization of groundwater resources. The total groundwater draft of
Punjab is 35.78 BCM, against the availability of 21.58 BCM leading to over-exploitation of this resource.

Fig. 1 Study area map showing sampling locations.

Rainfall
Rainfall is one of the main contributors to groundwater sources. The land with the steeper slope has less possibility
for rainwater to infiltrate whereas the land surface with gentle or no slope has greater possibility of infiltration.
The mean rainfall data have been analysed from the year 2000 to 2019 (Fig 2). It was observed that 79% of rainfall
occurs during June to September months.
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Fig. 2 Average monthly rainfall during 2000-2019 in Punjab.

Landuse/Landcover
The quality and the quantity of groundwater depend mainly on the type of the land. The SENTINEL-2 MSI
satellite data of kharif season, 2019 was used for the classification. The supervised classification has been done
by ERDAS Imagine software, by training the algorithm with sample datasets. The whole state was classified into
five landuse/landcover classes such as Surface water (1%), Agricultural land (73%), Fallow land (7%),
Settlements (16%), Hilly area/forest (3%) (Fig. 3a).

b

a

Fig. 3 (a) Landuse/land cover map and (b) locations of industries in Punjab.
Punjab being an agrarian state, consumption of the fertilizers is about 180 kg/hectare which is considered very
high, about 10 times of the national average. Fertilizers used in Punjab largely pertain to nitrogen, phosphorus,
potassium, calcium, magnesium, sulfur and micronutrients categories. In addition to the agricultural discharges,
Industrial effluent discharge is also one of the main reasons for heavy metal concentration in groundwater. The
locations of the main industrial areas in Punjab have been shown in the figure 3b. There are about 1.9 lakh small
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industries and more than 500 large and medium units operating in Punjab state. In Punjab, major industries are:
(i) agriculture sector - food processing, tractors and auto components, agro-based parts; (ii) others- textiles, bicycle
and bicycle parts, sports goods, light engineering goods, metal and alloys, other chemical products. District
Ludhiana leads the industrial output in Punjab.

Hydrogeology
The surface elevation map has been prepared from the SRTM-DEM satellite data (Fig 4a). From the elevation
data it is clear that the higher elevation was found in the North-eastern region of Punjab (Siwalik range) which
continues to decrease in south west direction. The lithology data have been obtained from the Geological survey
of India (Fig 4c). The most prevailing litholog type in Punjab state was found to be Oxidised silt-clay with kankar
and micaceous sand, the surroundings of the river were dominated by Grey micaceous sand, silt and clay.
J&K
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PRADESH

32
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31.5

Kapurthala
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HARYANA
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RAJASTHAN
0
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50

100km

76.5

c

Fig. 4, a, b, c, DEM, drainage map and lithology of the Punjab.
The Punjab state is mainly underlain by Quaternary alluvium of considerable thickness which is capable of
sustaining heavy duty tube wells (CGWB, 2017). Laterally and vertically extensive thick fresh water regional
aquifers are found in the entire state. In some parts there are localized and discontinuous aquifers (CGWB, 2017).
The block-wise groundwater data has been collected from Central Groundwater Board (CGWB, 2017) and district
wise statistics have been computed (Fig. 5). The overall stage of groundwater development is very high bout 166%
which implies that the annual ground water consumption is more than annual groundwater recharge. The highest
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percentage of stage of groundwater development of 260% was found in Sangrur district, whereas the lowest
percentage of 74% was found in Muktsar district.

Stage of Ground water development in Punjab(%)
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Fig. 5 Stage of groundwater development in Punjab.

Materials and Methods
Sample collection
The sample collection for heavy metal analysis has been carried out in all districts of Punjab. Fazilka, Muktsar
and Firozepur districts have been sampled intensively and in other parts of Punjab coarse sampling has been
carried out. All of the groundwater samples were taken with hand pumps and tube wells, which are widely used.
Depth of these groundwater structures ranged from 5m to > 350 m. A portable global positioning system was used
to establish the location of each sampling site. The sampling sites were selected so as to ensure that all drinking
water wells having potable water are covered. In the study area, groundwater is typically consumed without
treatment.
To get the proper sample, pumping was done for 10-15 minutes before sampling. During the sampling period, the
weather was reasonably consistent. On-the-spot measurements were taken, including the position, source, and
depth of the hand-pumps. The water samples were filtered to extract suspended matter/sediments using 0.45 µm
millipore nitrocellulose filters (disposable, not reusable), acidified to pH 2 (0.2 percent v/v) using supra pure nitric
acid (HNO3) for preservation, and then preserved in pre-cleaned acid-washed high density polyethylene (HDPE)
containers before study.

Sample Analysis
The samples were analysed as per Standard Methods for the Examination of Water and Wastewater (APHA, 2012;
Jain and Bhatia, 1988). All measurements were made with an Agilent 5100 SVDV ICP-OES with Dichroic
Spectral Combiner (DSC) technology, which analyses vertically oriented plasma in both axial and radial views at
the same time. A seaspray nebulizer, single-pass glass cyclonic spray chamber, white pump tubing, and a regular
1.8 mm injector torch made up the sample introduction scheme. The instrument uses a solid state RF (SSRF)
system operating at 27 MHz to deliver robust plasma capable of excellent long term analytical stability. This is a
high speed (1MHz) CCD detector that enables fast warmup, high throughput, high sensitivity, has a large dynamic
range of up to 8 orders of magnitude and provides full wavelength coverage from 167–785 nm from a single
entrance slit. The wavelengths of the respective elements along with their minimum detectable limit have been
tabulated below (Table 1).

28

International Association of Hydrogeologists
Indian National Chapter

Table 1 Trace metal detection wavelength and Minimum Detectable Limit (MDL) of the instrument
Wavelength
(nm)

MDL
(μg/L)

Arsenic

188.980

0.5

Cadmium

228.802

0.4

Chromium

267.716

0.7

Copper

327.395

0.4

Iron

238.204

0.4

Lead

220.353

3.0

Manganese

257.610

0.1

Nickel

231.604

3.1

Zinc

213.857

1.1

Element

Single element standards were diluted with 1 percent HNO3 to make the standards. The following trace metals in
drinking water (TMDW) Certified Reference Materials (CRM) were analysed to validate the method: TMDW-A
and TMDW-B. (High Purity Standards, Charleston, South Carolina, USA).
Table 2 Acceptable and Permissible limit as per BIS, 2012 drinking water standards
Trace Metals

BIS 10500:2012
Acceptable Limit

BIS 10500:2012
Permissible Limit

Aluminium (ppm)
Arsenic (ppm)
Cadmium (ppm)
Chromium (ppm)
Copper (ppm)
Iron (ppm)
Manganese (ppm)
Nickel (ppm)
Lead (ppm)
Zinc (ppm)

0.03
0.01
0.003
0.05
0.05
0.3
0.1
0.02
0.01
5

0.2
0.05
1.5
0.3
15

Heavy Metal Pollution Index (HPI)
The heavy metal pollution index (HPI) is a ranking system and a useful tool for determining the quality of water
in terms of heavy metals (Hafez and Zakhem, 2015; Sheykhi and Moore, 2012). This was used to represent the
combined influence of metals on the overall quality of water (Reza and Singh 2010; Reza et al. 2011). Many
researchers have used HPI index for the surface water analysis. The study of HPI in groundwater was presented
by the Yankey et al. (2013) and Kumar et al. (2012).

𝐻𝑃𝐼 =

∑𝑛
𝑖=1 𝑊𝑖 ∗𝑄𝑖
∑𝑛
𝑖=1 𝑊𝑖

- - - - eq

(1)

Where,
Qi = Sub index of the ith parameter
Wi = The unit weight of the ith parameter and n is the number of parameters considered.
The sub index (Qi) of the parameter is calculated by
(𝑀 −𝐼 )

𝑄𝑖 = ∑𝑛𝑖=1 (𝑆 𝑖− 𝐼 𝑖) 𝑥 100 - - - - eq
𝑖

𝑖

(2)
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Where,
Mi = Monitored value of heavy metal of the ith parameter
Ii = Ideal value of the ith parameter
Si = Standard value of ith parameter
HPI values demonstrated heavy metal concentrations free from heavy metal pollution and can be used for human
consumption. Groundwater in the areas where HPI index is >15 may be avoided for drinking purposes and
continuous monitoring is essential to check the heavy metal pollution.

Result and Discussion
Heavy metal concentrations
The samples were tested for the Arsenic (As), Cadmium (Cd), Chromium (Cr), Copper (Cu), Iron (Fe), Lead (Pb),
Manganese (Mn), Nickel (Ni) and Zinc (Zn). The statistical parameters including the minimum value, maximum
value, average and the standard deviation were tabulated for respective Heavy metals (Table 3).
Table 3 Statistical parameters of Heavy metal in analysed groundwater samples
Statistical
parameters (ppb)
Min
Max
Ave.
S.D.

As

Cd

Cr

Cu

Fe

Mn

Ni

0.35
68.61
6.70
10.99

0.01
1.36
0.13
0.18

0.03
85.19
1.48
6.05

0.02
47.35
1.83
5.40

10.00
6830.0
251.66
691.68

0.22
1026.48
38.43
105.12

0.01
9.04
1.23
1.38

Pb
0.02
37.72
0.93
3.02

Zn
24.22
4789.41
260.14
396.32

The concentration of arsenic in groundwater ranges between 0.35 and 68 ppb. High arsenic is found in Majha
region (Krishan et al., 2021c). The highest concentration was found in Gatti village, Ferozepur district. The
maximum concentration of chromium is upto 85.19 ppb with an average of about 1.47 ppb. The iron in the samples
was measured upto 6830 ppb with an average of 251 ppb. The manganese measured from 0.22 to 1026 ppb with
an average of about 38.4 ppb. Excess iron and manganese concentrations are due to their presence in earth’s crust
(Kumar et al. 2010; Senapaty and Behera 2012).

Heavy metal pollution index (HPI)
The combined effect of agricultural pesticides and Industrial pollutants increased the heavy metal pollution in the
Groundwater. Even though each and every single parameter of the heavy metals have been analysed and mapped
separately, the study of combined effect for heavy metals is very much essential.
The HPI values have been calculated for each and every sampling site by substituting the analysis results in the
above mentioned equation (2) to calculate Qi which have been substituted in the equation (1) to calculate Heavy
metal Pollution Index (HPI). The results along with the geographic co-ordinates have been interpolated using
ArcGIS to obtain the spatial distribution across the districts of Punjab. The HPI value in the study area ranges
from 0.07 to 37.23 with an average of about 4.87.
The HPI values mapped was grouped into five classes from low (< 5) to high (> 30) (Kumar et al. 2012). The HPI
values above 15 have been considered as threat for the groundwater. From the HPI spatial distribution map, it is
clear the main hazardous zones have been found in the Firozepur and Ludhiana districts. In Firozepur, it is found
in the Harike (Junction of Sutlej and Beas river) and Acche wala village. High aluminium, iron and manganese
contribute to the high HPI values in Firozepur district while higher iron, manganese and chromium contents
contribute to higher HPI values in Ludhiana districts. The less hazardous threat zones (HPI from 10 to 15) have
been found in the parts of Gurdaspur, Ludhiana, Fazilka, Muksar, Mansa and Rupnagar districts. Heavy metal
contamination has been found to be within limits in the remaining areas of Punjab.
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Fig 6 Heavy metal pollution index of groundwater in Punjab.

Conclusions
HPI values have demonstrated that the groundwater of Punjab is free from heavy metal pollution and can be used
for human consumption. Higher HPI values are due to elevated concentrations of iron, manganese are found in
the industrial areas of Firozepur and Ludhiana districts. However, groundwater in the areas where HPI index is >
15 may be avoided for drinking purposes and continuous monitoring is essential to check the heavy metal
pollution.
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Abstract
This case study focused on the capacity building aspects that enabled the community to plan, implement and
monitor the groundwater recharge and water balance in a pilot project on revival of traditional tanks for drought
mitigation. The purpose of this paper is also to highlight the process of community mobilisation for revival of
water bodies in water scarce and drought prone Bundelkhand region. Large numbers of water harvesting
structures, built by Chandela and Bundela rulers, served the purpose of recharging groundwater to support the
domestic needs and agriculture. Deforestation, diversion of catchment areas for other purposes, siltation and
neglect of maintenance have severely impacted the storage capacity and rendered many of these tanks ineffective.
Realizing that revival of these tanks can provide drought proofing, several efforts were made to repair and
rejuvenate them in the past. Bundelkhand Initiative for Water, Agriculture and Livelihoods (BIWAL) is a recent
initiative that revived of 54 traditional tanks, which was analyzed from socio-technical perspective to formulate
strategies for recharge based on community led processes.
Capacity building of the Tank Management Committees on applying simple concepts of hydrology, water use and
well water level monitoring equipped the community to operate and maintain the tank systems towards drought
proofing. Lessons from the case study have far reaching consequences for reducing risks of future droughts and
community driven maintenance and management of water resources. This paper highlight the pragmatic aspects
of community mobilization and argues that the participatory approach not only increases the capacity of local
people to cope with water scarcity, but also improves management of water resources by the communities.

Keywords: Participatory management of groundwater, Groundwater recharge, Drought proofing, Tank
Management Committee, Traditional Tanks

Introduction
Background
Bundelkhand region, covering thirteen contiguous districts of Uttar Pradesh and Madhya Pradesh states of India,
has a long history of water scarcity and droughts. Large numbers of water harvesting structures, built over the last
several centuries by its erstwhile Chandela and Bundela rulers have served as a lifeline for the people, both in
times of acute scarcity and in years of normal rainfall (Development Alternatives, undated). These tanks served
the purpose of recharging groundwater, which supported the domestic needs of the people and agriculture a long
way.
Deforestation, diversion of catchment areas for other purposes, siltation, weed growth due to anthropogenic
activities and an almost total neglect of maintenance have severely impacted their storage capacity and rendered
many of these tanks ineffective (Satpathy et al. 2002 and Gupta et al. 2014). Realizing that revival of tanks can
provide drinking water to many people living around the tanks and drought proofing for agriculture, which in turn
will improve economic condition of the people, many efforts have been taken up by the government and Civil
Society Organizations (CSOs) to rehabilitate these traditional water bodies during the last few decade. From all
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these efforts, there was a common consensus that the community participation is the key for the success of the
rehabilitation (IGG 2020a).
Initial repairs and restoring the physical conditions of tanks is recognised as the necessary condition before
community could take over the water management (Shaktivadivel 2004). Giving primacy to the role of community
in water management for effective drought mitigation has been highlighted in the past (Gupta 2014, and Satpathy
et al. 2002). Mukerjee (2005) observed that engaging with and motivating the water user groups and fishermen
societies for action at the field level by public participation at the local level showed excellent results in tank
renovation campaign in district Tikamgarh. Saktivadivel et al. (2004) observed that the direct involvement of tank
users in major collective decisions is important to ensure that the decisions reflect their interest and needs. The
decision-making process in the best performing institutions is characterized by transparency, involvement of all,
accountability, fairness and equity, and avoidance of conflicts. Involvement of community and capacity building
in BIWAL was planned on the basis of these lessons.

About the Initiative
Recently, a group of Civil Society Organizations (CSOs) working on issues related to water and rural livelihoods
in the region, came together to form an informal consortium named the Bundelkhand Initiative for Water
Agriculture and Livelihoods (BIWAL). It aimed at a larger and comprehensive economic and social development
of the region, commencing with the first task of desilting of traditional water bodies, planned repair and restoration
of the entire water harvesting structure and its associated components, both upstream and downstream. It is a
coordinated effort by a consortium of CSOs, local communities, government and the funding agencies to enhance
the utility of the traditional water bodies by contributing to groundwater recharge, irrigation of crops, and water
for domestic and livestock needs. In the long term, BIWAL aimed at improved land management and water
governance using a participatory approach (IGG 2002b).

About the study
During its launch year 2019-20, the Bundelkhand Initiative for Water, Agriculture and Livelihoods (BIWAL)
revived 54 traditional tanks in six districts - 28 tanks from three districts in the state of Madhya Pradesh and 26
tanks from four districts in the state of Uttar Pradesh (Fig 1). This study covered the 28 tanks from Madhya
Pradesh State. The assessment of technical and socio economic issues was carried out by direct observation or
measurement at tank sites and Focus Group Discussions (FGDs) with local communities and other stakeholders.
The study also looked into the benefits accrued to the community at the end of first hydrologic cycle. The process
of repair and rejuvenation of these tanks was documented and the efforts and processes of tank revival were
studied for getting insights into the perspective of the community about the traditional water bodies and their
linkage with livelihoods.

Fig 1 Map of the project area.
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Shortlisting of Tanks for In-depth Study
Twelve tanks out the 28 undertaken for revival from three districts of Madhya Pradesh were selected as a sample
for in-depth study on the basis of three criteria, namely, geographic location, size and potential benefits. The
proportional sample was chosen as per the follows.


Geographic spread (three districts): Four tanks were selected per district



Size of tank (Small <= 4 ha < Large): Five large and seven small tanks were selected



Main use: One multipurpose tank, seven tanks used mainly for lift irrigation, and four tanks with flow irrigation
arrangements were selected as sample.
Table 1 Sample selected for detailed study
District
Chhatarpur - Large
tanks (2)
Chhatarpur - Small
tanks (2)
Niwari - Large tanks
(1)
Niwari - Small tanks
(3)
Tikamgarh - Large
tanks (2)
Tikamgarh - Small
tanks (2)
Total tanks

Mainly Flow Irrigation
Mainly Lift Irrigation
 Kasar
 Naingua

Multipurpose

 Jhamtauli
 Nayakhera
 Neemkhera
 Birora Khet
 Mudara

 Sakera Gevda Tal
 Bacchoda Bhata
 Simra Khurd
 Alopa

2 Large + 2 Small

3 Large + 4 Small

 Rampura
Niwavari
1 Small

Main stages of Project Process
The overall process of revival of traditional water bodies under BIWAL comprised five stages, namely, Tank
identification and selection, Participatory development planning, Joint appraisal and approval, Implementation
with concurrent monitoring, and Evaluation. It is depicted in Fig 2.

Fig 2 Process of tank revival
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Tank Identification and Selection
The traditional water bodies were identified based on a reconnaissance of the tank and its catchment and
preliminary discussion with the community living around it. The final selection of tank was based on whether the
inhabitants of the village and/or those who are direct beneficiaries are willing to come together for its repair and
rejuvenation of the tank based economy and whether they show early willingness to take up post-repair
responsibilities for water management and for upkeep and maintenance.

Participatory Development Planning
After selection of the tank and ascertaining the preparedness of the community to take up the responsibilities, a
Tank Management Committee (TMC) was constituted, which played a major role in the planning and
implementation. A participatory process was adopted to determine the repair components and maintenance needs.
It comprised three main steps, namely, Situational Analysis, Problem Analysis and Preparation of Tank Revival
Plan.

Joint Appraisals and Approvals
The work plan for tank repair and rejuvenation for the first phase was presented and discussed by the respective
TMC in an informal Gram Sabha in each village. It was approved by the Gram Panchayat, and a No Objection
Certificate was issued to the TMC and the implementing CSO partner to undertake the proposed repair works. In
some cases, a field appraisal was jointly conducted by the CSO and the Rural Engineering Works Department
staff.

Implementation and Concurrent Monitoring
Repair and rejuvenation work was carried out by the TMC and the CSO with the help of a dedicated
implementation team of 4-5 trained personnel for a cluster of 8-10 tanks. In addition, 2-3 local youth were trained
in each village on technical aspects of repair works and supervision responsibilities. The funds for silt removal
were secured by the CSOs from donors or Corporate Social Responsibility (CSR) initiatives of various
corporations. While silt removal was an expensive work, its transport and application in the farmland was more
cumbersome. The farmers were motivated by the CSOs to transport the silt voluntarily as community contribution,
which reduced two-third of the total cost of excavation and repairs. Concurrent Monitoring: During
implementation, the efficiency of excavation and transportation was monitored, whereas with the onset of
monsoon, the focus was shifted to assessment of water resources and hydrologic parameters.

Evaluation
The project evaluation is planned at the end of three years after monitoring the well water levels data for three
hydrologic cycles, together with the measurement of socio-economic impacts of the hydrologic and livelihoods
interventions.

TMC and its Capacity Building
The main roles and responsibilities of the TMC included: (1) Planning, implementation and monitoring of tank
repair works; (2) Quality assurance (3) Water use planning and governance, including allocation; and (4)
Resolution of disputes among local stakeholders.

Formation of TMCs
A Tank Management Committee was formed around each tank with a stepwise process wherein various roles and
responsibilities were explained to the community, few at a time, and they were asked to identify the villagers who
would be able to fulfil it. Such individuals were assigned small tasks related to those roles and their ability and
liking for the role was assessed. Within a couple of months, the villagers could nominate 7-11 (as per local needs)
appropriate and able candidates. Emphasis was given to representation of women in TMC to the extent of 3350%.

Capacity Building of TMC
It was essential to build the capacities of the community and the TMCs in order to enable them to effectively carry
out the above roles and responsibilities. Initially, the staff and key community representatives were trained on the
tank systems and its hydrology, followed by participatory planning methods and tools. Technical training
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programmes on topographic surveying, participatory planning, hydrology, well inventory and on monitoring were
conducted for the staff of partner organisations over a period of time. The main capacity building activities are
summarised below (Table 2).
Table 2 Areas of Capacity Building
Area

•
•
•
•
Agriculture •

1) Hydrology

2)
and livestock

•
•
3) Functioning of •
TMC
•
•

Technical Aspects

Management Aspects

Rainfall measurement
•
Well water level monitoring
•
Groundwater recharge estimation
•
Water availability assessment
•
Water saving methods (drip and •
sprinklers)
•
Organic farming techniques
Water quality (yet to start)
•
Conducting meetings
•
Maintaining records
•
Maintaining accounts
•

Water budgeting
Water allocation
Water use norms or rules
Erosion hotspots identification
Collective crop planning
Crop selection based on drought
tolerance
Farming systems approach
Communication
Conflict resolution
Leadership
Review and reporting

•

Immediate Benefits of Tank Repairs
While the impacts of BIWAL interventions are expected to manifest in the years to come, the immediate results
were assessed during the study at the end of winter crop season. In the first year, BIWAL primarily focussed on
silt removal and minor repairs of the tank structure. On demand side, BIWAL promoted appropriate agricultural
technologies in the project villages with a view to increase productivity and achieve water use efficiency.

Physical Benefits of the project






Storage Volume: Immediate increase in the storage capacity of the 28 tanks repaired by 230.2 Thousand Cubic
Metres (TCM) was observed, which is about 7.83% of the original storage capacity. The least increase in storage
was observed in Jhamtuli tank of Chhatarpur district (0.73 TCM), whereas the highest was in Lidhora Chandeli
tank of Tikamgarh district (15.2 TCM),
Groundwater Recharge: The total groundwater recharge was estimated to be 621.2 TCM (19.6% of the present
storage capacity of the water bodies), comprising of 439.2 TCM (13.9%) from the tank bed and 182.0 TCM (5.7%)
from the excavated portion. The estimated recharge ranged from 5.63 TCM for Nivawari Bra Tal in district
Tikamgarh to 86.0 TCM for Hardua Talab (Kasar) of Chhatarpur district, corresponding to 12.6% and 36.7% of
the present storage of the respective tanks.
Irrigation: Flow irrigation through canals increased from 380 ha to 462 ha (21.6%) in four tanks, lift irrigation
from 392 ha to 443 ha (13.0%) in ten tanks and well irrigation from 2322 ha to 2698 ha (16.2%) in 22 tanks.
Similar pattern was expected in the summer season.

Socio-economic Benefits





Water for Drinking and Domestic Uses: The number of functional hand-pumps showed an overall increase of
16.1% from 280 to 325. There has not been any appreciable change in the number of families using the tank
resources for domestic use (drinking water, washing, bathing, etc.). The tank usage and number of users are
expected to rise considerably during the summer months of April- June as water availability in other sources
reduces.
Livestock and Fisheries: During the first year, though no significant change was observed in usage of water for
livestock and fisheries during first year. But, it is expected to rise considerably during the summer months of April
and May.
Land Use and Crops: During the first year, no change was observed in land use, but in area under different crops.
Availability of water can encourage farmers to take up summer crops.
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Conclusions
Initial work of repairs and rejuvenation of tank systems carried out in BIWAL project and its immediate impacts
are an example of effective management of surface and groundwater by communities. But, it must be noted that
this is just a beginning and the community has to face the bigger challenges of water management, allocation and
governance in future.
The case study demonstrates that the local community can revive and manage the tank systems through well
designed institutions, which function democratically and efficiently towards the larger goal benefitting the larger
community through strengthened livelihoods. It required their meaningful involvement in actual decision making
and implementation of those decisions based on well-defined norms about allocation of water to various segments
and special rules in times of scarcity. Saktivadivel (2004,) and Mukerjee (2005) corroborated this observation.
The success of the tank revival project could be attributed to the community-centric approach that resulted in
improved water management.
From the study of revival of 26 tanks in Budelkhand region, the authors concluded that five factors have
contributed significantly to the success of the first phase of BIWAL, and will definitely strengthen the Tank
Management Committee in future (Fig 3).

Fig 3 Principal Success Factors.
•

Consistent engagement: The project staff had regular and intensive interaction with the community and engaged
them in all stages of the project.

•

Constitution of the TMCs : Tank Management Committee was formed for each tank through a series of meetings
where the community identified the members based on the roles and functions required of them.

•

Participatory Decision Making : The principles of decision making were democratic and consensual and the
norms were user friendly.

•

Systematic Capacity Building : comprising of training and intensive follow up in form of on-site handholding
support while performing their roles.

•

Ownership Building : Involving community in all critical operations and decision making helped build their
ownership in the tank system,
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Capacity building is perhaps the most important factor contributing to effective and efficient functioning of the
community based organisations. BIWAL project invested significantly in ensuring that not only the functionaries
of the TMCs, but also the prospective members and village youth to function effectively. Systematic capacity
building is expected to go a long way in equipping the present TMC members, as well as other women and youth,
who could be the future members and leaders, of the community, on various aspects of water management, drought
mitigation and disaster risk reduction in general. Various state governments and CSOs can use this approach in
similar programmes for revival and rehabilitation of traditional water bodies in other parts of India.
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Abstract
The Chennai metropolis consisting of the central city of Chennai and its suburbs distributed in Kanchipuram,
Thiruvallur and Vellore districts, is one of the most populous metropolitan areas in India. With a growing
population, urbanization and industrial boom, Chennai generates over 6000 tonnes per day of waste in the form
of solid, biological and chemical wastes which are mostly transferred to landfills or disposed into water bodies.
The polluted land and water bodies pose serious threat to the underlying groundwater, which is extensively drafted
as the principal source of water for irrigation, drinking and industrial activities. DRASTIC model integrated with
GIS tool has been used to evaluate the groundwater vulnerability to pollution of the Chennai metropolitan area by
incorporating parameters like depth to water, net recharge, aquifer media, soil media, impact of vadose zone and
hydraulic conductivity. The different data used to build the drastic model area has been arranged in a geospatial
database using the spatial analyst extension of the ArcGIS 10.3 software. A DRASTIC vulnerability index (DVI)
is calculated as the sum of product of ratings and weights assigned to each of the parameters. The results indicate
that the 34 percent of the area falls under high vulnerability zone, 51 percent under moderate vulnerability zone
and 15 percent under low vulnerability zone to pollution. This DRASTIC vulnerability assessment will pave a
way forward to the water and waste planning and management for Chennai metropolis.

Keywords: Chennai metropolis, DRASTIC model, vulnerability, ArcGIS

Introduction
Groundwater contamination is a major issue in urban landscapes and it is further complicated by the presence of
various polluting sources (Krishna Kumar et al. 2014). The quality of groundwater is dependent on both natural
and anthropogenic factors. Natural factors include geology and geochemical processes (Brindha et al. 2010, 2013).
The parent rock, weathering, external factors like the meteorological conditions, and the hydrogeochemical
processes determine the concentration of ions in the groundwater (Rajmohan and Elango 2003; Singh et al. 2007).
The anthropogenic impact is through industries, agricultural run-off, sewage and effluents, leachate from landfills
(Loganathan et al. 2011; Brindha et al. 2013).
Manufacturing processes in industries are the major sources of metal contamination in groundwater. They
contribute to metallic waste in the form of metallic scrap, batteries, e-waste, medicines, paints, etc. that reach the
subsurface strata through leaching. Metals can aid in the survival of life, but the excess of metals can prove toxic
(Kumar et al. 2012). Unplanned and haphazard urbanization, the burden of expanding population, and unrestricted
dumping of untreated water at inappropriate places have increased the infiltration of harmful compounds (Pandey
and Tiwari 2008). Coastal areas also suffer from sea-water intrusion as a major groundwater pollutant which can
be aggravated by over-exploitation of the resource (Kumar et al. 2014). Contamination of groundwater not only
affects human health but also potentially reduces the use of the water. Low pH in water cannot be used for drinking
as it can cause gastrointestinal disorders and heavy metals can be toxic for human health. Dissolved solids in
groundwater make it unfit for irrigation and drinking (Venugopal et al. 2009).
Contamination of groundwater resources persists for hundreds of years owing to the very slow movement of water
(Krishna Kumar et al. 2014). Reversing the pollution in groundwater is costly and impractical. Therefore, it
becomes a priority to protect the groundwater resources from getting polluted in the first place through proper
planning and management. Assessing the groundwater vulnerability becomes an important exercise in planning
the appropriate measures in groundwater management (Rao et al. 2018, Bai et al. 2011; Wolters et al. 2014).
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The vulnerability of an aquifer is defined as the ease with which a contaminant introduced in the surface reaches
the groundwater (Panagopoulos et al. 2006). Three types of models - physical, statistical, and index-based models
are used for vulnerability assessment. Index-based methods allow the inclusion of hydrogeological properties and
are easy to comprehend (Wolters et al. 2014). The DRASTIC method is a type of overlay and index method for
vulnerability assessment that takes into consideration seven parameters of the geological and hydrogeological
environment. It provides an approach to evaluate an area based on known conditions without the need for
extensive, site specific pollution data (Panagopoulos et al. 2006). The vulnerability of groundwater to
contamination varies spatially and not all regions are equally vulnerable (Merchant 1994).
The objectives of this study are (i) to evaluate the parameters that contribute to groundwater vulnerability to
pollution according to DRASTIC method in Chennai metropolis and (ii) to compute the groundwater vulnerability
to pollution using the DRASTIC method in Chennai metropolis.
Chennai is a coastal city in the state of Tamil Nadu with a tropical climate. With an average rainfall of 1200 mm
to ~ 1350 mm 60% of which is received during the retreating monsoon (October to December), the main sources
of water are the Chembarambakkam, Sholavaram, Poondi, Red hills reservoirs, and the three desalination plants
located in the city (CMWSSB 2020). The mean annual temperature ranges from 24.3 to 32.9°C. The major rivers
flowing through the metropolis are Palar, Adyar, Cooum, and Kosasthalaiyar of which Adyar, Cooum, and
Kosasthalaiyar are heavily polluted due to the disposal of domestic and industrial sewage. The area is underlain
by various geological formations – the Archaean crystalline rocks, consolidated Gondwana and Tertiary
sediments, and the recent Alluvium. Groundwater occurs in all the geological formations and is developed by the
means of a ring, dug, bore, and tube wells (CGWB 2019). Chennai has numerous industrial belts and includes
many industries such as tanneries, cotton textiles, petrochemical, pesticides and fertilizers, metal plating,
pharmaceuticals, chemicals, engineering, etc. Industries are one of the sources of groundwater contamination. The
major industrial estates are located at Guindy, Ambattur, Ennore, Sriperumbudur, Oragadam, Manali,
Irungatukkotai (Kumar et al. 2012).

Fig. 1 The geophysical location and land use and land cover of Chennai Metropolis.

Materials and Methods
The DRASTIC Vulnerability Index
The DRASTIC method was developed by United State - Environmental Protection Agency (USEPA) and National
Water Well Association (NWA). The procedure was intended to give systematic assessment of groundwater
pollution potential in any hydrogeological setting (Aller et al. 1987). In this paper the derived vulnerability is
intrinsic in nature which means the vulnerability is independent of the nature of the pollutants and the pollution
scenario and takes into account the geological, hydrological and hydrogeological characteristics of an area
(Zwahlen 2004). DRASTIC model contains seven variables from which the model is derived. It includes D- depth
to groundwater, R-(net) recharge, A-aquifer media, S-soil media, T-topography (slope), I- impact of the vadose
zone media, and C- conductivity (hydraulic) of the aquifer. Each DRASTIC factor has been evaluated with respect
to the other to determine the relative importance of each factor and has been assigned a relative weight ranging
from 1 to 5. The DRASTIC parameters have been divided into either ranges or significant media types which have
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an impact on pollution potential. A rating varying from 1-10 is assigned to the various range for each DRASTIC
factor that has been evaluated with respect to others to determine the relative significance of each range with
respect to pollution potential as shown in the table 1. The weights and ratings have been assigned to each parameter
based on the guidelines provided by Aller et al. (1987).
The DRASTIC model allows the user to determine a numerical value for any hydrogeologic setting by using an
additive model.
The equation for determining the DRASTIC Vulnerability Index (DVI) is:
DVI = DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw (1)
Where: r = rating and w= weight
Once a DVI has been computed, it is possible to identify areas which are more likely to be susceptible to ground
water pollution relative to one another. The higher the DVI, the greater the groundwater pollution potential. DVI
provides only a relative evaluation and is not designed to provide absolute answers (Aller et al. 1987).

Preparation of Input Parameters
Depth to groundwater (D)
The depth at which groundwater is available from the surface is considered as depth to water. The depth to water
was derived by inverse distance weighted tool in ArcGIS 10.3 for an average depth to water level readings of 88
wells recorded by the Central Groundwater Board, India (CGWB) over the time period of 1998-2018. The
shallower the water depth, more will be the vulnerability to pollution.
(Net) Recharge (R)
Net recharge is the amount of water per unit area that adds on to the groundwater table. The recharge aids in
transport of water from vadose zone to saturated zone. The recharge due to rainfall infiltration is considered in
this model which is equal to P × Rf where P is the precipitation and Rf is the recharge factor of the aquifer media
(CGWB, 2019). The higher the recharge more is the vulnerability to pollution.
Aquifer media (A)
An aquifer is a saturated region in the subsurface that can produce an economically feasible quantity of water to
a well or a spring. Aquifers are composed of permeable rock or soil media which is saturated and allows movement
of water in the subsurface. The larger grain size, higher flow rate, more the number of fractures or openings in the
aquifer and higher permeability allows faster rate of pollution from the surface. The aquifer media information
for the study area is acquired from Central Ground Water Board (CGWB, 2019).
Soil media (S)
Soil media is formed due to weathering of rocks over several years. The soil media texture influences the
downward movement of the contaminants. In general, the less the permeability of soil, the less likely is the
contaminant reaching the water table. The soil characteristics of the study area is derived from Nachtergaele and
Batjes (2012)
Topography (Slope) (T)
Topography allows us to determine whether a pollutant has the runoff or remains enough to infiltrate into the
groundwater. The slope can be defined as the steepness of the area. A lower or a flatter slop allows more time for
the pollutant to percolate. Areas having a lower slope have more vulnerability to groundwater pollution (Aller et
al., 1987). The slope for the study area is derived from the Shuttle Radar Topography Mission Arc Second Global
Digital Elevation Model of 30 metres using the spatial analyst tool.
Impact of the vadose zone media (I)
Vadose zone is the portion of the subsurface between the surface and the aquifer. The vadose zone is filled with
soil which can be unsaturated or partially saturated. The impact of vadose zone to groundwater pollution is similar
to the soil media. A highly fractured vadose zone offers more vulnerability to groundwater pollution as compared
to a less fractured zone. The vadose zone for the study area is determined from Central Ground Water Board
(CGWB 2019).
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Conductivity (Hydraulic) (C)
Hydraulic conductivity of the aquifer refers to the capacity of the aquifer media to transmit water. It depends on
the amount and grade of interconnection between voids inside the aquifer media. Hydraulic conductivity controls
the rate, at which groundwater flows under a given hydraulic gradient. With an increase in hydraulic conductivity,
groundwater velocity and speed at which pollutants are transported, the vulnerability to pollution will increase
(Kumari et al. 2016). The hydraulic conductivity for the study area is determined from the standard values for the
soil media cover (Duffielf 2019).
Table 1 Ranges, Ratings and Weights of DRASTIC parameters
Hydrological parameters

Unit

Depth to groundwater

Metres

(Net) Recharge

Metres

Aquifer media

Soil

Topography (Slope)

(Percent rise)

Impact of the vadose zone media

Conductivity (Hydraulic)

(Metres per second)

Ranges
0 - 1.5
1.5 - 4.5
4.5 – 9
9 to 15
15-23
23-30.5
30.5+
0-0.05
0.05 -0.10
0.10-0.17
0.17-0.25
0.25+
Shale
Granite
Gneiss
Charnockite
Laterite
Schist
Sandstone
Alluvium
Gravel
Sand
Sandy Loam
Loam
Silty Loam
Clay Loam
Clay
0 to 2
2 to 6
6 to 12
12 to 18
18+
Confining layer
Silt/Clay
Shale
Granite
Schist
Gneiss Metamorphic
Sandstone
4.71E-7 to 4.71 E-5
4.71 E-5 to 1.41 E-4
1.41 E-4 to 3.29 E-4
3.29 E-4 to 4.71 E-4
4.71 E-4 to 9.42 E -4
9.42 E-4 +

Ratings
10
9
7
5
3
2
1
1
3
6
8
9
2
3
3
4
5
4
6
9
10
9
6
5
4
3
1
10
9
5
3
1
1
3
3
3
4
4
6
1
2
4
6
8
10

Weights

5

4

3

2

1

5

3
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Results
The Spatial Analyst tool of ArcGIS has been used to overlay all the thematic layers and reclassifying them by
assigning appropriate ratings and weights to determine DVI. Depth to groundwater which is a major contributor
to DVI ranges from 0.69 to 13.7 meters below the ground level (mbgl). While most of the study area has a
groundwater level from 3 to 5 mbgl, certain pockets in the north-east, east, south-west and south have groundwater
levels close to the ground surface as shown in Fig. 2(a). The high rating value represents the shallow water level,
and the low rating value represents the deeper water table. In general, the potential for groundwater pollution
decreases with an increase in the groundwater table.
As Chennai receives an average rainfall of ~1350 mm per year the recharge is mainly influenced by the infiltration
capacity of the soil and the recharge potential of the aquifer. High recharge potential is observed in the central
coastal and north-east part of the study area as shown in Fig. 2(b). With a good recharge potential, the solute
transport movement will be high and therefore the pollution potential will also be high. Hence a higher rating is
provided for areas of higher recharge.
A wide range of aquifer media covers the study area. The Palar River flowing across the landscape deposits a
significant amount of alluvium which spreads across the outfall of the river into the Bay of Bengal and central
and north-east portions of the study area. Other dominant aquifers include sandstone, charnockite, gneiss, schist,
granite, and laterite as shown in Fig. 2(c). The more permeable the aquifer media, the more will be the rate of
groundwater flow. Aquifers like sandstone and alluvium have a higher rating than granite and gneiss.
The soil in the study area is available in four texture ranges which are sand, sandy loam, loam, and clay. The
coastal belt of the study area is dominated by sandy soils till the offshore areas. Most of the study area is covered
with loam and loamy sand with patches of clay found in the north-western part as shown in Fig. 2(d). From the
vulnerability to pollution point of view, soils with larger grain size and permeability have a greater potential to
allow the percolation of contaminants to the groundwater table. Areas with sand and sandy loam soils have greater
potential for groundwater potential than clay. Gravel and sandy formations are given a higher rating than clay
formations.
The topography is expressed in the form of a slope which is measured in terms of percentage rise. Figure 6 reveals
that most of the study area has a slope of 0-6% with patches of 6-15%. A slope of greater than 25% is observed
in the parts of Thiruvallur and Vellore districts as shown in Fig. 2(e). A higher slope value was rated less as it
would allow greater runoff and thereby provide less residence time for the polluted water to stagnate and infiltrate.
The impact of the vadose zone media is critical to assess the pollution vulnerability of the underlying aquifer. It
mainly depends on the permeability and the attenuation characteristics of the media. The impact of the vadose
zone is represented by the geological layer over the study area. The distribution of alluvium and sandstone was
more in the coastal, central and north regions, while charnockite dominates the south and western parts excluding
the coastal fringes. The west and the north-west are composed of metamorphic gneiss, shale, and schist as shown
in Fig. 2(f). Lower rating values were given to materials with lower permeability.
The hydraulic conductivity was acquired from the standard conductivity values of the underlying soil media of
the study area. The hydraulic conductivity ranged from 1.78 E-6 for the clay media to 1.76 E -4 for the sand media
as shown in Fig. 2(g). A higher rating was provided for a higher conductivity value as the greater the transport of
pollutants greater would be the vulnerability of the groundwater getting polluted.
The resultant maps of the seven parameters were overlaid using the weighted sum method by multiplying each
parameter with the corresponding weight as shown in Table 1 and adding them to get the DVI. The values of DVI
for the study area ranged from 78 to 200. According to Aller et al. (1987) the values were divided into vulnerability
classes from low to high wherein 65-100 falls under the low groundwater vulnerability to pollution class, 100-140
falls under moderate groundwater vulnerability to pollution class and 140-200 falls under the high groundwater
vulnerability to pollution class. The results indicate that the 34 percent of the area falls under high vulnerability
zone most of which are underlain by alluvium majorly found in the Chennai and Thiruvallur district. The entire
coast of the study area falls under the highly vulnerable zone. Major parts in Kancheepuram and Vellore districts
fall under the moderate vulnerability zone covering 51 percent of the study area whereas most of the north-western
region, i.e., parts of Vellore and Thiruvallur districts falls under the low vulnerability zone which 15 percent of
the study area.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
Fig. 2(a) Depth to groundwater in mbgl, (b) (Net) Recharge, (c) Aquifer media, (d) Soil media, (e) Topography,
(slope) (f) Vadose zone media and (g) (Hydraulic) conductivity of the study area.
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Fig. 3 Groundwater vulnerability to pollution of Chennai Metropolis using DRASTIC model.
The pollution vulnerability map indicates that most of the industries and the urbanized sections are placed in the
high vulnerability zones and could become the major factors for pollution of the underlying groundwater. Other
factors aiding the pollution process can be the use of the pesticides and the fertilizers used in the agricultural
zones. The flatter terrain with subsurface media having a good percolation and good pollutant transport
characteristics provides more potential for the contaminants to pollute the groundwater. The sloping terrain from
west to east allows more runoff in the west and stagnation in the flatter terrains of the alluvium media to aid in
polluting the groundwater.

Conclusions
The DRASTIC method was used to assess the groundwater vulnerability index of the Chennai metropolis. The
area was divided into three vulnerability classes – Low (78 – 100), Moderate (100 – 140), and High (140 - 200).
Of the total study area 15 percent has low-vulnerability, 51 percent has moderate-vulnerability and 34 percent has
high-vulnerability to groundwater pollution. Areas near the sea-coast are highly vulnerable to groundwater
pollution due to high concentration of alluvium deposit and a sandy soil texture. The results of this study can be
further improved by using the concentration spread of an already present pollutant from various leachates from
waste dumping sites for validation. It was also observed that all the urbanized areas and industries are located in
highly vulnerable zones. Vulnerability assessment methods like the DRASTIC can help in identifying the zones
more susceptible to contamination. The results of such work can be useful in the decision-making processes
concerning the highly polluting industries and other high impact development plans. DRASTIC method also
proves useful in assessing vulnerability as ground-level investigations over a large area are often time consuming
and expensive. With the obtained results, further in-depth investigation over highly vulnerable areas can be carried
out. The results can be applied to any pollutant that enters the groundwater system through the ground surface,
with the only limitation being that it does not indicate the pollution potential of the pollutant.
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Abstract
The aquifer mapping and management plans have been derived at village level in one of the Grama Panchayaths
in Jamakhandi taluk, Bagalkote district falling in northern part of Karnataka, southern India. The objective of this
study is to prepare implementable groundwater management plans for its sustainable development and
management at local level. Detailed field investigations have been carried out in the Panchayat to understand
various hydrogeological conditions and aquifer characteristics. Geologically the village is located on Deccan
basalt covered mainly with rich black cotton soils. The expanse of land is interspersed with river plains of Krishna.
The major source of water for irrigation is from the River Krishna which irrigates in more than 80% of the village
area. The farmers normally lift the river water through motor pumps for agriculture purposes. The farmers grow
crops on land when water is available from the river otherwise the land is barren. The depth to water level from
dug wells and borewells were monitored and analysed to understand the groundwater level behavior. The detailed
borewell inventory has been carried out and various hydrogeological parameters viz., depth, thickness of
weathering, potential water-bearing fracture zones and their yield were collected and analyzed. 2D and 3D aquifer
disposition were delineated with the help of hydrogeological well inventory field data. The groundwater and
surface water samples were collected and their quality analyzed. The data shows that very high amount of EC and
nitrates are present in the groundwater of phreatic aquifers making it unfit for drinking and agriculture. Based on
the specific groundwater problems and other issues identified in the village, various supply side and demand side
management strategies have been suggested to protect the available resources.

Keywords: Aquifer management, Well inventory, Basalts, Groundwater saline, Karnataka.

Introduction
Groundwater is the most reliable and primary source of freshwater in many parts of the world. It is one of the
sources to meet up the requirement for agriculture, domestic water supplies and industrial water needs. It
constitutes a major source for irrigation, with approximately 40% of the global irrigated areas relying on
groundwater (Wyrwoll 2012). Deteriorating groundwater quality is also a significant and growing problem.
Pollution from poor sanitation, mining, industry and agro‐chemicals (pesticides and fertilizers) together with
naturally occurring contaminants (arsenic, fluoride and iron) reduce effective groundwater supply further. In
areas with high groundwater tables, poor drainage is contributing to waterlogging, salinization and alkalinity
problems. Improving the quality of polluted aquifers is often prohibitively expensive and sometimes technically
impossible (World Bank 2016).
India is the largest consumer of groundwater in the world as per United Nations World Water Development Report
(WWAP 2015). The World Bank Report (World Bank 2012) also says that the groundwater accounts for more
than 65% of irrigation water supply and 85% of drinking water supply in India. In India, the use of groundwater
has been unhindered mainly because of its wide spread availability and the ease with which it would be developed.
However, the relative water scarcity and quality hazards of groundwater are being noticed in many parts of the
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country which need close monitoring in order to plan suitable management strategy. A reliable database for
optimal groundwater is required to understand the total picture of groundwater condition of any area. The
importance of ground water resources and ever increasing dependence on aquifers for various societal needs
underlie the importance of identifying, delineating, characterizing, quantifying and management of groundwater
to offset the problems of over-extraction and contamination and to obviate the consequent economic loss or
environmental damage. Looking into individual aquifers by understanding its better is the objective of the aquifer
mapping programme with a forward link to participatory groundwater management. The reasons for conducting
aquifer mapping are many. Considering the complex nature of groundwater resources, its dynamic nature,
numerous problems arising with regard to its unplanned exploitation and countless dependence on this resource,
a thorough understanding is needed which would simplify in it process of implementation. Considering common
pool nature of the resource practices of participatory management is being highlighted for its sustainable use.
The groundwater assessment and management is broadly based on administrative boundaries, in some of the states
watershed boundaries under ridge-to-valley concept are used to collate the information on geology, hydrogeology,
aquifer characteristics and groundwater geochemistry. This will provide much needed information for aquifer
management,
planning
and
development
of
the
groundwater
resources
of
the
area
(http://cgwb.gov.in/RGI/Tier%20III%20Trainig%20module%20English.pdf, Accessed 11 July 2020). The
systematic study through scientific approach demonstrates the hydrogeological and hydraulic characterization of
aquifer (Biswal et al 2018). To achieve water security at village level, there is a need of holistic and participatory
planning approach, with clear guidance on institutional roles, responsibilities and financing to address the issues
of sustainability. The Grama Panchayaths and Village water conservation committees need to be well trained to
understand the current status of the existing drinking water and other major issues and thereafter identify the best
approaches that will make the Grama Panchayaths water secure (AFPRO 2013).
The paradigm shift in focus from development to management of groundwater in last one decade has necessitated
a need of more reliable comprehensive aquifer maps on local scale for equitable and sustainable management of
the groundwater resources (http://cgwb.gov.in/AQM/Pilot-AQM.html, Accessed 6 August 2020). A resource
based approach through multidisciplinary study have given successful results to define the aquifer geometry, type
of aquifers, groundwater regime behavior, hydraulic characteristics of multi-layered aquifer systems and
formulated aquifer management plans for sustainable groundwater development at watershed level (CGWB
2015). The aquifer maps are the maps depicting aquifer disposition, giving lateral and vertical extension. The
maps will also provide information on the quantity and quality. Aquifer mapping is a multidisciplinary scientific
process wherein a combination of geological, hydrogeological, geophysical, hydrological, and quality data are
integrated to characterize the quantity, quality and movement of groundwater in aquifers
(http://cgwb.gov.in/RGI/Tier%20III%20Trainig%20module%20English.pdf,
http://cgwb.gov.in/Aquifermapping.html;http://cgwb.gov.in/AQM/documents/Concept%20Note%20on%20Aquifer%20mapping%2015.07
.2012.pdf, Accessed 11 July 2020).

Objective of the study
The study has been taken up under micro-level aquifer mapping and management at Grama Panchayath/village
level of National Program on Aquifer Mapping and Management (NAQUIM). The main objectives of the study
was to decipher the vertical and lateral extent of the aquifer disposition in 2D and 3D along with their
characterization, to formulate aquifer management plans and also to facilitate sustainable management of
groundwater resources local level. The micro level aquifer management plans envisaged as groundwater
management plans based on aquifer disposition for village/Grama Panchayath (https://www.aims-cgwb.org/). The
aim of this program is to prepare implementable groundwater management plan by proposing demand side and
supply side interventions to improve groundwater conditions and its sustainable management of groundwater
resource. Selection of this area has been done through groundwater contamination profile, groundwater
development prospects including requests of the State Government Agencies to address specific groundwater
related problems.

Study area
The study area comprises of one revenue village called “Alagur” falling under the same Grama Panchayath. The
Alagur village covers an area of 18.91 sq km located in Jamakhandi taluk of Bagalkote district, Karnataka state,
Southern India (Fig. 1). The village lies between North Latitudes 16 32' 44.01" to 16 35' 42.78" and East
Longitudes 75 20' 17.24" to 75 23' 28.26" falling under the unrestricted Survey of India topographical map of
47 P/6 (www.soinakshe.uk.gov.in) (Fig. 2) and the Google earth satellite image of the village and its surroundings
is given in Fig. 3. As per the Watershed Atlas of India, the village falls within Upper Sub Basin of Krishna basin
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within the watershed code of 39 (MOWR 2014). The area falls under Northern Dry Agro-climatic Zone and
experiences a semi-arid climate. The taluk as well as district is one of the drought prone areas of the State. As per
the Census data of 2011, the village is having a total population of 6,448 of which 3,311 (51%) are males and
3,137 (49%) are of females.

Fig.1 Location map of Alagur Grama Panchayath, Jamakhandi taluk, Bagalkote district (Source: KSCST, 2016).

Fig.2 Survey of India toposheet (No.47 P/6 – 5C)
showing Alagur village (encircled) (Source:
www.soinakshe.uk.gov.in).

Fig.3 Satellite Image showing Alagur village
(Source: Google Earth).

Data used and Methodology
An attempt was made to prepare aquifer management plans for Alagur village based on hydrogeological
investigation and other field parameters. The various resource thematic maps pertaining to watershed, drainage,
water bodies, soils, land use/land cover patterns, hydrogeomorphology were derived from the IRS 1C and 1D
LISS III and PAN merged satellite image data sets and obtained from Karnataka State Remote Sensing
Applications Center, Government of Karnataka (www.ksrsac.gov.in). These thematic maps were classified based
on the methodology of Natural Resource Information System Node Design and Standards (NNRMS 2000). Survey
of India toposheet was also used as reference during interpretation. The field validation was also carried out for
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the accuracy of these maps and the same was updated during post-interpretation wherever required. The rainfall
data (mm) for Jamakhandi taluk, Bagalkote district from 2001 to 2018 was collected and analysed from Karnataka
State Natural Disaster Monitoring Center, Government of Karnataka (www.ksndmc.org). The data on depth to
water level from identified dug wells of the village were collected from Central Ground Water Board (CGWB)
in-house monitoring database. The depths to water level were also monitored from the identified borewells (hand
pumps) during the field visit. The detailed borewell inventory from the representative agriculture wells drilled by
farmers as well as the borewells drilled by local Panchyat viz., total depth, thickness of weathering, fracture
encountered and potential zones along with yield were collected and analyzed for the study. The geotechnical
software Rockworks was used to prepare various 2D and 3D aquifer disposition. Water samples were also collected
from the representative wells during field visit and the basic water quality parameters were analyzed for
preparation of micro level aquifer management plans for Alagur Grama Panchayath, Jamakhandi taluk, Bagalkote
district.

Results and Discussion
Physiography and Drainage
The village is falling under northern Karnataka plateau and mainly composed of the Deccan Traps which
represents an extensive deforested plateau landscape. The village has an elevation variation of 535 to 515 m above
mean sea level (amsl). The general topography of the village comprises rolling plains with a number of low lying
areas. The plateau slopes towards the north and towards east along the river course. The landscape is mainly
covered with rich black cotton soils. The expanse of plateau is interspersed with river plains. The northern
boundary of the village is attached with River Krishna in a semi-circle manner (Figs. 1, 2 and 4). Very limited
number of drainages were noticed in the village which is dendritic type and sparse in nature (Fig. 5).

Fig. 4 View of River Krishna located in Alagur village, Jamakhandi taluk, Bagalkote district.

Land use / land cover
The land use/land cover features such as double crop (kharif + rabi), rabi crop, marshy/swampy areas and land
with scrub were delineated in the village. The maximum area of more than 80% is covered by double crop followed
by rabi crops, land with scrub and marshy/swampy areas (Fig. 6). Alagur Grama Panchayath is completely reliant
on agriculture based economy. The irrigation sector is mainly dependent on river Krishna as the groundwater is
fully saline.

Fig. 5 Drainage map of Alagur village, Jamakhandi
taluk, Bagalkote district.
Fig. 6 Land use/ land cover map of Alagur village,
Jamakhandi taluk, Bagalkote district.

52

International Association of Hydrogeologists
Indian National Chapter

Soils
Two different types of soils were identified in the village depending upon the distribution of geological formations
and are mostly insitu in nature viz., (i) loamy soils which are very shallow, well drained with very low available
water capacity in valleys, severe erosion associated with very deep, well drained soils and (ii) clayey soils which
are very deep, well drained, cracking clay soils on side slopes of plateau, valleys and undulating plains, with
moderate erosion associated with moderately deep, well drained soils (Fig. 7).

Rainfall
The rainfall distribution in the taluk has been studied from 2001 to 2018. The data indicates that the lowest rainfall
(209 mm) is noticed in the year 2003 while the highest rainfall (833 mm) in 2009. The average rainfall is 470 mm
during this period. The year-wise and month-wise actual rainfall (mm) data for Jamakhandi taluk, Bagalkote
district for the above period including pre-monsoon, southwest monsoon and northeast monsoon seasons’ is
presented in Table 1. The graph showing distribution of annual rainfall (mm) data over the period of time from
2001 to 2018 is given in Fig. 8.
Table 1 Year-wise and month-wise actual rainfall data (mm) for Jamakhandi taluk, Bagalkote district from 2001
to 2018
Year

JAN

FEB

MAR

APR

0
0
0
17
2001
0
14
0
6
2002
0
0
6
8
2003
0
0
0
15
2004
0
0
0
53
2005
0
0
6
7
2006
0
0
0
8
2007
0
0
59
43
2008
0
0
9
5
2009
64
0
0
13
2010
0
0
0
38
2011
0
0
0
48
2012
0
6
0
30
2013
0
0
44
15
2014
0
0
5
20
2015
0
0
0
20
2016
0
0
0
14
2017
0
0
0
36
2018
Source: KSNDMC, Govt. of Karnataka

MAY
30
36
0
79
44
55
22
36
98
7
99
50
0
76
24
12
18
50

PREMON
47
56
14
94
97
68
30
138
112
84
137
98
36
135
49
32
32
86

JUN

JULY

AUG

SEP

10
112
13
89
29
77
259
30
98
185
61
28
28
107
21
19
97
9

24
11
34
33
76
62
41
6
79
100
72
33
33
106
4
98
28
76

35
49
16
42
43
29
61
27
81
124
95
35
35
130
16
129
41
71

272
53
23
143
82
181
173
87
165
36
26
40
40
30
151
28
218
87

SWMON
341
225
86
307
230
349
534
150
423
446
254
136
136
373
192
274
384
243

OCT

NOV

DEC

266
125
101
13
96
9
42
61
233
81
98
87
87
97
86
100
142
14

0
0
6
0
0
17
2
35
57
36
0
48
48
15
5
12
0
0

0
0
2
0
0
0
0
0
8
0
0
0
0
5
0
0
0
0

NEMON
266
125
109
13
96
26
44
96
298
117
98
135
135
117
91
112
142
14

ANNUAL
654
406
209
414
423
443
608
384
833
647
489
369
307
625
332
418
558
343

Fig. 8 Analysis of rainfall data, Jamakhandi taluk,
Bagalkote district.

Fig. 7 Soil map of Alagur village, Jamakhandi
taluk, Bagalkote district (Green colour indicates
loamy soils and pink colour indicates clayey soils).

Irrigation and Cropping pattern
The major source of water for irrigation is the River Krishna. This water irrigates > 80% of the village area. The
farmers normally lift the river water through motor pumps for their agriculture purposes (Fig. 9). There are no
irrigation facilities by canal system. The major commercial crops in the area are sugarcane and banana cultivated
on rotational basis (Fig. 10). The farmers grow crops only when water is available in the river. The river normally
flows for the period of 8 months from June to January every year. The area gets flooded due to rise in water level
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from River Krishna during monsoon season (CGWB 2012a). Last year the entire village was flooded (between
2nd and 15th August 2019) due to heavy rains in catchment areas of Krishna basin in parts of Karnataka and
Maharashtra states. In addition, dairy farming and milking of cows is also practiced as side agricultural business
(Fig. 11).

Fig. 9 Lifting of water from River Krishna by the farmers for their irrigation purpose in Alagur village,
Jamakhandi taluk, Bagalkote district.

Fig. 10 Sugarcane is one of most common
commercial crops in Alagur village, Jamakhandi
taluk, Bagalkote district.

Fig. 11 Dairy farming and milking of cows is source
of additional revenue generation by farmers in
Alagur village, Jamakhandi taluk, Bagalkote district.

Geology
Geologically, the village is underlain by Deccan traps also known as Deccan Basalts (Radhakrishna and
Vaidyanadhan 1997; CGWB 2012b). Stratigraphycally, these formations belongs to Late Cretaceous to Paleocene
age. The rocks are highly eroded and intensely weathered till the depth of 30 m below ground level (bgl). River
alluvium (Recent) occurs significantly all around the village.

Hydrogeology
Depth to water levels
a) Dug Wells
CGWB, South Western Region, Bengaluru is continuously monitoring the depth to water levels from an identified
dug well representing phreatic aquifer in Alagur village under NHS monitoring programme since many years. For
the present study, the water level data during the period 2010 to 2019 for both pre-monsoon and post-monsoon
seasons have been analysed and presented in Table 2 and Fig. 12 The data reveals that during pre-monsoon season,
the water level ranges from 4.26 (year 2016) to 1.84 (year 2018) m bgl while in post-monsoon season it ranges
from 1.64 (year 2010) to 2.22 (year 2019). The average water level during this period is 2.84 m bgl during premonsoon and 2.03 m bgl during post-monsoon season indicating groundwater occurs at a shallow depth which
may be due to presence of river along the northern boundary of the village.

b) Wells with Hand Pumps
During the field work carried out in the month of November 2019, the depth to water levels was monitored from
two different hand pumps located within the village. The water levels were recorded as 6.70 and 6.40 m bgl
representing shallow condition.
Table 2 Depth to water level data of phreatic aquifer through in-house monitoring in Alagur station, Jamakhandi
taluk, Bagalkote district under NHS programme
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Year
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

Pre-monsoon
2.19
2.01
2.83
3.99
2.9
2.62
4.26
2.84
1.84
2.95

Post-monsoon
1.64
1.88
2.11
2.04
2.1
1.89
2.14
2.19
2.1
2.22

Fig. 12 Graph depicting depth to water level of phreatic aquifer through in-house monitoring in Alagur station,
Jamakhandi taluk, Bagalkote district.

Types of Aquifers
a) Phreatic Aquifer (Aquifer – I)
The detailed borewell inventory has been carried out in the village and hydrogeological data pertaining to
weathering, depth of drilling, fracture encounterence, yield and other hydrogeological information were collected
from agriculture farmers and local Panchayath. The data analysis reveals that only one aquifer type i.e. Phreatic
aquifer (Aquifer – I) is identified unlike other hardrock areas. The farmers normally do not lower casing pipe in
wells as water is encountered at very shallow depth in most part of the area and when lowered it is of slotted type.
The borewells drilled by the farmers are only used for domestic purpose and not for agriculture due to poor water
quality. Hardrock formation does not occur till the depth of 110 m bgl in borewells drilled by farmers and local
Panchayath.
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Table 3 Well inventory data in Alagur village, Jamakhandi taluk, Bagalkote district

18

Aquifer
range
(m)
18 – 79

91

24

6 – 91

3

16.571867/
75.343794
16.574394/
75.339211

76

24

8 – 76

3

76

76

12 – 76

3

ALA_05

16.571011/
75.343066

76

24

6 – 76

3

6

ALA_06

76

24

6 – 76

3

7

ALA_07

16.574245/
75.347107
16.571661/
75.347755

107

30

9 – 107

3

8

ALA_08

16.561764/
75.352832

76

30

9 – 76

2

9

ALA_09

16.569227/
75.350071

76

24

12 – 76

2

10

ALA_10

76

14

3 – 76

3

11

ALA_11

110

18

10-110

3

12

ALA_12

70

10

10-70

2.5

13

ALA_13

100

20

10-100

3

14

ALA_14

90

15

10-90

3

15

ALA_15

90

16

10-90

3

16

ALA_16

105

15

20-105

2

Agriculture borewell. Agriculture
borewell located near river.
Agriculture borewell located near
river.
Agriculture borewell.

17

ALA_17

16.585114/
75.352758
16.582044/
75.364033
16.586014/
75.373913
16.578108/
75.371252
16.570533/
75.385286
16.560431/
75.380972
16.567208/
75.362355
16.559483/
75.353838

110

15

15-110

2

Agriculture borewell.

Sl.
No.

Well ID

Latitude/
Longitude

1

ALA_01

16.573201/
75.347483

2

ALA_02

16.573733/
75.345598

3

ALA_03

4

ALA_04

5

Total
Depth
(m)
91

Casing
(m)

Yield
(lps)
2

Remarks
Hand pump located Within the
premises of Ambedkar Bhawan.
Saline water. Not in use.
Presently maintained by Society for
purification and supply to villagers
for drinking water purpose
Panchayath well. Saline water. Not
usable.
Owner: Sh.Sukhdev Rao Sindhe,
Saline water. Slotted casing pipe
installed.
Panchayath well. Under running
condition during summer season.
DTWL: 6.70 m bgl.
Hand pump. Under running
condition during summer season.
Panchayath well located near
Paramananda temple. Under running
condition during summer season.
DTWL: 6.40 m bgl.
Located on Kunchanur road.
Presently under running condition
and supplied water to Overhead
tank for residents residing on
Alagur-Kunchanur road.
Private well located within premises
of Jain temple. Under running
condition only during summer
season. At present, for drinking and
domestic needs, water will be
supplied from river through pipeline.
Agriculture borewell. Agriculture
borewell located near river.
Agriculture borewell.
Agriculture borewell located near
river.
Agriculture borewell.
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Table 4 Summary of well inventory data in Alagur village, Jamakhandi taluk, Bagalkote district
Sl. No.
1
2
3
4

Description
Total no. of borewells
(both agricultural and drinking)
Borewells under running condition
Depth range (m bgl)
Casing range (m bgl)

5

Fracture range (m bgl)

6
7

Yield range (inches)
Sand zone

Data
20 to 25
15
70 to 110
10 to 30 m bgl
In one well, slotted casing pipe
lowered till targeted depth.
Potential zone noticed till the
targeted depth of 107 m bgl.
2 to 3
till 110 m bgl (as explored)

In addition, it is noticed that about 25 to 30 borewells were drilled in the village of which around 15 borewells
were drilled by local Panchayath for drinking water needs. The depth varies from 70 to 110 m bgl while casing
varied from 10 to 30 m bgl. In one case (Well ID: ALA_04), a progressive farmer has lowered the casing with
screen (slots) till the depth of 76 m bgl. The potential sand zone is noticed till the depth of 110 m bgl with an
average yield between 2 and 3 liters per second (lps). The details of well inventory data are given in Table 3 and
summary of the same is given in Table 4. A field photograph showing data collection with one of the agriculture
farmers is given in Fig. 13.
Among all the borewells drilled by agriculture farmers and local Panchayath, none of the wells are feasible for
agriculture and drinking water purposes due to its poor water quality and saline nature. Therefore, the farmers and
local Panchayath administration are completely dependent on river water for agriculture, domestic and drinking
purposes. The river water is being pumped by the Panchayath to the overhead tanks without treatment and supplied
for domestic and drinking purposes through pipelines to the village. The agriculture farmers withdraw the surface
water from River Krishna for agricultural activities.

Fig. 13 Collection of agriculture well inventory data from a farmer in Alagur village, Jamakhandi taluk,
Bagalkote district.

Aquifer Geometry
To decipher the sub-surface aquifer geometry, the lithologs, well sections and other hydrogeological
characteristics including depth, weathering thickness, fractures potential zones collected during field visits were
used to prepare 2D and 3D models of the village aquifer system along different selected sections using Rockworks
software (Figs. 14, 15 and 16).
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Fig. 14 3D Aquifer disposition models for Alagur Grama Panchayath, Jamakhandi taluk, Bagalkote district.

Fig. 15 3D Aquifer fence diagrams for Alagur Grama Panchayath, Jamakhandi taluk, Bagalkote district.

Fig. 16 2D Aquifer sections for Alagur Grama Panchayath, Jamakhandi taluk, Bagalkote district.

Groundwater Quality
Groundwater quality has been studied using the analytical data of water samples collected from different sources.
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a) Dug well
The groundwater quality has been analyzed for various chemical parameters for the sample collected from the
identified dug well during NHS monitoring programme of May 2018. The data shows that the pH is 9.41, EC
(8100 µS/cm at 25°C), Chloride (618 mg/L), Nitrate (183 mg/L) and Fluoride (0.65 mg/L) is also analyzed and
recorded. It is observed that very high amount of EC and nitrate were noticed in the village causing the quality of
waters of phreatic aquifers.

b) Borewell with Hand pump
To know the water quality parameters, the water samples were collected from the five different locations in the
village of which three samples were collected from the hand pumps which are directly tapped the unconfined
aquifer (Sample id: 2, 4 and 5). Out of another two samples, one sample (Sample id: 1) was collected from filtered
water unit (groundwater sample) which is facilitating for safe drinking water purpose and another sample (surface
water sample) (Sample id: 3) was collected from the river Krishna River during pumping to the overhead tank
(Fig. 17).

Fig. 17 Collection of water sample in Alagur village,
Jamakhandi taluk, Bagalkote district.

Fig. 18 Water filter plant arranged safe drinking
water by Panchayath in Alagur village, Jamakhandi
taluk, Bagalkote district.

Table 5 Water quality data of samples collected in Alagur village, Jamakhandi taluk, Bagalkote district
Location ID
Location
Details

1
Filtered
water
unit

2
Cooperative
Society
Well

3
River water

Source

Filtered
Water

Hand pump

Water
supplied
from river
15.11.2019

Date of
Collection
pH
EC (µS/cm)
TH (mg/L)
Ca (mg/L)
Mg (mg/L)
Na (mg/L)
K (mg/L)
CO3 (mg/L)
HCO3 (mg/L)
Cl (mg/L)
SO4 (mg/L)
NO3 (mg/L)
F (mg/L)

15.11.2019

15.11.2019

7.88
172
40
10
3.63
20
0.2
0
49
25
6
13
Not
Detected

8.59
4260
660
180
50.82
512
110.0
72
520
615
338
295
1.1

8.28
860
235
64
18.15
44
1
0
171
89
30
24
Not
Detected

4
Muslim Vasthi
(Raja Sahib
Khasim Sahib
Mujam)
Hand pump

5
In front of
Paramananda
Temple
Hand pump

15.11.2019

15.11.2019

8.24
9290
1080
290
85.91
1492
160
0
796
1880
493
860
1

8.56
9600
1240
388
65.34
1550
7
96
863
1920
560
663
1.0
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The range of concentration of the various chemical constituents in groundwater samples (Sample id: 2, 4 and 5)
of the village is presented in Table 5. These samples contain very high concentration of EC, total hardness,
chloride, and nitrate, and therefore are not at all suitable for drinking or agriculture purposes. The results were
also corroborated when discussed with local villagers during field visit.
With respect to the water sample from the river (Sample id: 3), the quality parameters are found suitable for
drinking water purpose and all the parameters are falling within the desirable limits. From the above data, it is
advised that the transportation of water from the River Krishna may be intensified at large scale to the overhead
tanks of the village and supplied for drinking and other domestic purposes. The water sample (Sample id: 1) from
the filter unit (Fig. 18) may directly consume for drinking water purpose as its quality parameters falling within
the standard limits.

Aquifer Management Plans
The sustainable management plan is the combination of supply side and demand side measures, involving
scientific management of available resources, augmentation through artificial recharge & rainwater harvesting
and judicious utilization of dynamic resources, ownership, stakeholder’s involvement and effective
implementation of regulatory measures respectively (Madhnure et al. 2015). There has been a paradigm shift
from groundwater development to groundwater management in the recent years. An accurate and comprehensive
micro-level picture of groundwater through aquifer mapping would enable preparation of strong groundwater
management
plans
at
the
appropriate
scale
(http://cgwb.gov.in/AQM/Pilot-AQM.html;
http://cgwb.gov.in/Aquifer-mapping.html, Accessed 6 August 2020). The adequate information gathered on
aquifer geometry, rainfall, and annual recharge leads to assess the groundwater quantity and quality in the
management unit. The demand of water on various sectors viz., agriculture, domestic and industry should also be
assessed along with the availability of water sources. Any threat existing towards contamination of aquifer should
also be considered along with future demand. Based on this the issues pertaining to the areas can be identified and
have to be addressed properly for the Panchayath/village level aquifer management plan
(http://cgwb.gov.in/RGI/Tier%20III%20Trainig%20module%20English.pdf, Accessed 6 August 2020). The
management interventions can be grouped into two broad categories viz., supply side management and demand
side management. The supply side intervention aims at enhancing the resource availability by rainwater
harvesting, artificial recharge, recycling of wastewater or resorting to alternative sources. The demand
management, on the other hand, envisages enhancing water use efficiency by adopting pressure irrigation, crop
diversification, plugging unnecessary losses by seepage and evaporation between well head and irrigation field
etc (Saha and Ray 2019). Depending upon the site specific problems and issues, the management strategy can be
planned by adopting water conservation practices, by protecting the available resources from pollution or by
augmenting the resources using rainwater harvesting and artificial recharge through the processes as described
below.

Supply side management
Issues

a) Groundwater quality issues
The shallow groundwater quality in the entire village is saline. High amount of EC (up to 8100 µS/cm at 25°C
from dug wells and 9600 µS/cm at 25°C from hand pumps) and nitrate (up to 183 mg/L from dug wells and 860
mg/L from hand pumps) is recorded.

b) Leakage and Waste water issues
The village is covered with water supply system through borewells and also from river through piped water
system. The selected borewells were installed with water purification system and supply water against payment
of Rs. 5/- per 20 liters of water. The river water is being pumped to the overhead tanks and later supplied to
cisterns and house hold connections. But there are some cases of leakages in house hold connections and
overflowing of cisterns which leads to loss of precious drinking water sources especially during summer season
Management measures

a) Restriction on drilling of borewells
Presently, the wells were drilled till the depth of 110 m bgl both by agriculture farmers as well as Panchayath. In
almost all borewells, the water is saline and not usable for agricultural and drinking water purposes. Hence, further
drilling up of borewells may be restricted or banned.
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b) Installation of roof top rainwater harvesting structures
Actions may be initiated by the Government authorities and local Panchayath to install roof top rainwater
harvesting structures in government buildings and also school buildings with suitable design so that the arrested
rainwater may be used for drinking water purpose especially during summer season. It is also encouraged that the
villagers may be advised to install roof top harvesting structures in their houses and arrest rainwater for safe
drinking water. Rainwater harvested at ground surface or from the roof tops of private houses and Government
buildings is one of the solutions for conserving precious water which make an important contribution to the
availability of water for drinking purpose.

c) Augmentations of resource structures
The various hydrogeologically feasible water conservation structures viz., percolation ponds, recharge wells, etc
may be constructed for rainwater conservation. The abandoned dug wells may be converted into recharge wells
wherever it is possible in the village limits.

d) Community participation
Since water is a State subject, execution of such a project cannot be successful without taking the States on board.
The involvement of State machinery including various departments is essential if the aquifer management plans
are to be implemented. As India has a large rural and semi-literate population, demystification of the science of
groundwater will be very crucial to enable them to understand the dynamics of groundwater availability and its
sustainable utilization. The various stakeholders need to develop a sense of ownership to make projects more
successful(http://cgwb.gov.in/AQM/documents/Concept%20Note%20on%20Aquifer%20mapping%2015.07.20
12.pdf, Accessed 21 August 2020). Therefore, the community needs to be made aware of the objectives and
benefits of aquifer mapping exercise and their active participation. For this, selected local educated people may
be identified and imparted basic training on groundwater, relevance of aquifer mapping, participatory
management, etc. These trained persons will be responsible for basic data collection like water level monitoring,
well inventory, awareness raising etc. They can also be entrusted with activities like water budgeting, assessment
of crop water requirements etc. In addition, more number of awareness raising programmes may be organized for
the public and farmers’ community by the Panchyat and NGOs to make them more literate on water conservation,
safe drinking water, adoption of scientific agricultural practices, etc.

Demand side management
Besides increasing the availability of water resources, action should also be initiated for decreasing the water
consumed for various purposes.

a) Enhancing water use efficiency
As the groundwater is saline, measures should be taken by the Panchyat not to waste the treated surface water and
filter water meant for drinking and cooking purposes.

b) Micro-irrigation methods:
In place of flood irrigation method, the micro-irrigation methods like drip and sprinkler irrigation practices should
be adopted for better use of fresh water resources. During summer, water efficient crops like bean, cabbage, pea,
onion, melon, tomato, soybean, peanut, potato, maize, etc., may be adopted with the limited water resources
available using drip irrigation method. The farmers are advised utilize the services of Department of
Agriculture, Sericulture and Horticulture for more information on water efficient crops and sustainable microirrigation methods.

c) Change in cropping pattern
In the Panchayath limits, paddy and sugarcane are the most dominant commercial crops. It is advised if possible,
the water efficient agricultural and horticultural crops viz., eggplant, watermelon, pineapples, onions, spinach,
carrots, tomatoes, etc. as they all need little water and produce better. Farmers may also encouraged to grow
millets viz., bajra, jowar, fox tail, pearl, etc. as these are financially good in local market which gives almost same
income compared to other regular crops.
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d) Management practices for the safe use of saline water for irrigation






Selection of crops or crop varieties that will produce satisfactory yields under the existing or predicted
conditions of salinity.
Special planting procedures that minimize or compensate for salt accumulation in the vicinity of the seed.
Irrigation to maintain a relatively high level of soil moisture and to achieve periodic leaching of the soil.
Use of land preparation to increase the uniformity of water distribution and infiltration, leaching and
removal of salinity.
Special treatments (such as tillage and additions of chemical amendments, organic matter and growing
green manure crops) to maintain soil permeability. The crop grown, the quality of water used for
irrigation, the rainfall pattern and climate, and the soil properties determine to a large degree the kind
and extent of management practices needed.

e) Managing soils under saline water irrigation
Several physical, chemical and biological soil management measures help to facilitate the safe use of saline water
in crop production. Some important ones in this regard are: tillage, deep ploughing, use of chemical amendments
and soil conditioners, organic and green manuring and mulching.

f) Tillage
It is a mechanical operation that is usually carried out for seedbed preparation, soil permeability improvement, to
break up surface crusts and to improve water infiltration. If tillage is improperly executed, it might form a plough
layer or bring a salty layer closer to the surface. Sodic soils are especially subject to puddling and crusting; they
should be tilled carefully and wet soil conditions avoided. Heavy machinery traffic should also be avoided. More
frequent irrigation, especially during the germination and seedling stages, tends to soften surface crusts on sodic
soils and encourages better stands.

g) Deep ploughing
This refers to depths of ploughing from about 40 to 150 cm. It is most beneficial on stratified soils having
impermeable layers lying between permeable layers. In sodic soils, deep ploughing should be carried out after
removing and reclaiming the sodicity, otherwise it will cause complete disturbances and collapse of the soil
structure. Deep ploughing up to 60 cm loosens the aggregates, improves the physical condition of these layers,
increases soil-water storage capacity and helps control salt accumulation when using saline water for irrigation.
Crop yields can be markedly improved by ploughing to this depth every three or four years.

h) Groundwater saline eradication measures
As the salinisation of shallow aquifers is closely related to root-zone salinization, these two must be considered
together. Normally, three major types of salinity may be identified in a particular area determined by relative
interactions between soil and groundwater processes, these include (i) groundwater associated salinity where
fluctuations in shallow groundwater levels lead to salt discharge into root zone layers, (ii) non-groundwater
associated salinity caused by poor leaching due to poor hydraulic properties of some soil layers and (iii) irrigation
associated salinity which is due to the input of salts in the irrigation water and their accumulation in the root zone
due to inadequate drainage which also arise from excessive leaching of applied water that causes a rise in water
tables and subsequent salt discharge and thus presents as groundwater associated salinity (Rengasamy, 2006). In
the study area, degradation of the quality of groundwater due to salinization processes is one of the key issues
limiting the dependence on groundwater. At a local level, the keys to efficient on-farm irrigation water
management are to know how much water in the soil profile is available to the crop and how much water the crop
needs. This will minimize accessions of surface water and potential salt leaching into lower aquifers. Best practice
irrigation requires scheduling to match plant water requirements at differing stages of the season and taking into
account soil type and salinity. Excess drainage is to be avoided or reduced in the village and required to be
managed with more efficient irrigation methods such as drip and sprinkler. In addition, the commercial crop
irrigation may be avoided in the village. Land use policies to reduce salinity need to take into account of the
suitability of the soil and the type of crops.

Role of Women in water management
Women play a crucial role in groundwater management particularly in rural areas. Women in developing countries
are often referred to as water suppliers and water managers. Water user’s association can be formed at village
level in which women can play important role in protection, utilization and conservation of water. Presently, the
educated woman can gain the knowledge of occurrence, movement and resources available in aquifer. Training
can be given regarding conservation of water and importance of potable safe drinking water. They can also collect
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the various hydrogeological data regarding rainfall, water level, water sampling, etc. They are the best
communicators and can play dedicated role in spreading the message of groundwater conservation, protection and
management in the village.

Conclusions
In the study area, degradation of the quality of groundwater due to salinisation is one of the key issues limiting
the dependence on groundwater. A detailed micro level aquifer management plan has been studied for Alagur
Grama Panchayath, Jamakhandi taluk, Bagalkote district, Karnataka. An attempt has been made for preparation
of ‘Village Level Aquifer Management Plan’ for this Panchayath to mitigate over-all drinking water scarcity,
improving irrigation facility, better management of vulnerable areas and sustainability of water resources and also
groundwater management plans at the village level for sustainable management. The groundwater management
plans have been prepared and suitable remedies have been suggested and discussed based on the issues identified
in the Panchayath limits. The village water security plan may be considered and adopted to ensure rural drinking
water, domestic and agriculture supply. Participation of women – an integral part of village water security plan
should be ensured. Roof top rainwater harvesting can be considered as a cost‐effective alternative to provide safe
drinking water to households. The management plans will guide the Panchayath agencies at local level on
groundwater condition and its quality, aquifer properties and its geometry, various supply side and demand side
managements and also managing saline groundwater which may help in taking suitable measures to improve the
groundwater situation within its jurisdiction. It is also important to interact with stake holders and communities
to provide them knowledge on the village aquifer maps and management plans. Further, the results of this study
have been shared with the state agencies for proper implementation.
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Abstract
An attempt has been made here to demarcate and classify aquifer recharging and potential groundwater zones at
a watershed scale using GIS based multi-criteria estimation technique. The developed thematic layers of the study
area, Haramaya watershed in Eastern Ethiopia, are lithology, geomorphology, slope, rainfall, and land use/land
cover, soil, lineament, drainage density, transmissivity, hydraulic conductivity, and depth to bedrock. Assigned
numerical weights and ranks for all the thematic maps based on their comparative significance in groundwater
occurrence are simulated using the analytical hierarchy process (AHP). Thereafter, all thematic layers are
integrated using ArcGIS to produce aquifer recharge and potential groundwater zonation maps of the watershed.
The obtained groundwater prospect mapping is categorized into four different recharging zones namely 1) poor,
2) low, 3) moderate, and 4) high. The obtained groundwater recharge map shows an area of 324.39 km2, which is
about 58% of the study area, has a moderate recharge zone. About 30.2% area, 170 km 2, is classified under high
recharge and the remaining 11.8% of the area falls under the low and poor recharging zones covering 63.99 km 2
of the study area, respectively. Most of the higher and moderate recharge zones of the study area are situated in
central, north-eastern, and south-eastern portions of the study area. The high recharge zone is subjected to highintensity rainfall with very low slope mostly covered by alluvial plains with high lineament density. The map of
groundwater potential zones shows 60% area i.e. 344.15 km2, falls under moderate category and about 34%, i.e.
194.819 km2, classified under the low potential zone, and the remaining 6%, i.e. 34.51 km 2, falls under high
potential zones of the study area. The central-western and eastern portion of the study area pertaining to the high
groundwater potential zone consisted of the base of mountains with shallow depth to bedrock with hightransmissivity value. The results of this study are qualitatively compared with the existing well points in the study
area. The methodological framework of this study can be used for identifying groundwater potential recharge
zones of a region for better management of its surface and groundwater resources.
Keywords: Haramaya watershed, Groundwater potential, Aquifer recharge, Multi-criteria assessment, GIS,
AHP

Introduction
Groundwater is naturally replenished by rain or snow melts which infiltrates down through the soil before meeting
to the underlying groundwater table. The amount and distribution of recharging water depends on climatic
conditions and regional situation of the surface and subsurface features such as fractures in the primary rock, land
use category, geomorphic landscapes, essential features and their interrelationships with the hydrological
characteristics (Gebre et al. 2018). Ethiopian lakes are of great significance to Ethiopia’s economy and are crucial
to the survival of the local folks, though they are vulnerable by increasing activities and environmental
degradation. The study area contains the four lakes termed Tinike, Haramaya, Addele, and Harajitu lakes.
Amongst the four lakes, Harajitu lake vanished many years ago, Haramaya and Adelle lakes are about to vanish
which have already turned out to be seasonal. Lake Tinkie is the only living and currently utilized waterbody in
the Haramaya watershed. These lakes were excellent surface water sources for irrigation, drinking, and other
domestic consumption for rural and urban communities in past (Abebe et al. 2014). The loss of the Haramaya lake
water resulted in the loss of drinking and irrigation water, fishing activities, climatic imbalance, and increased
cost of crop production. This has also resulted in decreased production and increased incidences of struggle
amongst local farmers due to land proprietorship. Recently, the area around the lake is changed completely due
to intensive agriculture cultivation. Studies were conducted on Lake Haramaya mainly concentrating on
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identifying the reasons for the lake deterioration. GIS is quite popular for studying water resources of the world
at different scales for estimate fluxes, mapping geomorphology, geology, soils, and vegetation. Several
components of the hydrological cycle, like actual evapo-transpiration and groundwater recharge potential can be
estimated from various mapping techniques (Hagos 2010). However use of GIS in hydrogeology is comparatively
new and has started in studying groundwater table fluctuation, groundwater development status, and groundwater
potential zone of an area (Gintamo 2014). Targeting use of GIS in groundwater along with appropriate decision
making tools can play a vital role for identifying Managed Aquifer recharge sites to sustain groundwater resources
for a long time.
There are a number of decision-making algorithms used in hydrology and Analytic hierarchy process (AHP)
proposed by Satty’s (1980) is gaining popularity due to its multi-criteria decision making capabilities for taking
effective decisions. The AHP is a theory of quantity that performs pair-wise comparison and decides importance
scales for different parameters based on the significance of the factor which controls groundwater recharge and
potential zone of a given study area (Selvam et al. 2012). Remote sensing and GIS-based multi-criteria assessment
was applied for identifying groundwater potential zone in Raya valley of Northern Ethiopia by (Fenta 2014).
Geophysical methods were used to delineate the probable groundwater potential zone in Awa-Ilaporu, near Ago
Iwoye southwestern Nigeria (Sikakwe 2018). However, the use of vertical electrical sounding (VES) at large
watershed scale is very time demanding and expensive. After going through several research paper and studies
conducted for mapping of potential groundwater recharge zones, it can be concluded that integrated use of GIS
and decision making tools found reliable and quite accurate. In this study areas like Haramaya watershed, where
there is a limitation of GIS is preferred to develop aquifer recharge and potential zone maps adequately. As
groundwater resources in the watershed is used my by multiple sectors,, appropriate decisions making tools like
AHP becomes important along with GIS for effective management of its aquifers.
Apart from this, there are no guidelines for the abstraction of water from the subsurface and there is no
prearranged prioritization exists amongst different water users. All these practices resulted in mismanagement of
the groundwater resources of the area and had put it at a large risk. Broadly groundwater recharge is determined
when the infiltrating water meet to the water table, which forms an additional amount to the groundwater
reservoir. Due to low precipitation and high evapo-transpiration rates in arid and semi-arid regions, identifying
groundwater recharge and the potential zones becomes crucial for maintaining sustainable yield of aquifers. In
the current study, GIS, and remote sensing methods are thus used together to evaluate the groundwater potential
recharge zones of Haramaya watershed of Ethiopia.

Description of the study area
The study area, Haramaya Watershed, is located in Haramaya and partially in Kombolcha districts, Eastern
Hararghe zone, Oromia National Region State of East Ethiopia as shown in Figure 1. It is placed at the upstream
part of the Wabi Sheble river basin covering parts of the Oromia, Harari, and Somali regions. The Haramaya
district having the Lake Haramaya watershed is situated 505 km away from Addis Ababa to East, about 21 km
northwest of Harar town, and 38 km far from Dire Dawa city. The watershed is located in the eastern highland
of Ethiopia having 9°19' 21.82" to 9° 29' 38.87 " North of latitude and 41° 55' 27.47" to 42° 04' 22.90” East of
longitude. The total area of the watershed is 565.59 Km2 and the elevation ranges from 1,404 to 2,414m above
sea level.

Methodology
The satellite-based images coupled with ground information monitoring of lithology, geomorphology, slope,
rainfall, land use/land cover, soil, lineament, drainage density, transmissivity, hydraulic conductivity, and depth
to bedrock are used to achieve the aim of this study. In order to determine the groundwater potential and aquifer
recharge zones in the study area, a multi-parametric dataset including satellite data and conventional maps are
used as shown in Figure 2. Metrological data acquired from the Ethiopian metrological agency for the description
of climate patterns, rainfall, and temperature. Geological and soil maps provided by Geological Survey of Ethiopia
are used for preparing soil and lithological map of the study area. Landsat8 from the year 2018 image of 30 m
resolution is collected from the Ethiopian GIS and remote sensing bureau. Water sources inventory data are used
from published literature for mapping transmissivity, depth of bedrock and hydraulic conductivity map, and
validations of groundwater potentials map. Digital elevation model (DEM) is used to produce thematic maps such
as watershed, drainage density, slope, and geomorphology map of the study area at 1 km resolution. Different
types of software’s are used for developing a thematic map of the study area such as ArcGIS 10.4.1, Global
Mapper 19, ERDAS Imagine 9.1, 3DEM.
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Fig. 1 Location map of the study area
Different thematic maps which are important for identification of groundwater recharge and potential zonation by
using satellite images, Digital elevation model (DEM), metrological, different existing maps, and WellPoint data
collected from different published works of literature and non-published which are important for identification of
groundwater recharge and potential zonation. The essential constraint was organized to evaluate the recharge and
potential zones of the study area prepared by GIS-based multi-criteria estimation to standardize section for
different thematic map classes and weightiness for each layer Preceding. For the integration of different
information from individual weights and to give map scores we used Satty’s Analytic Hierarchy Process (AHP)
commonly conventional method for ascending or scoring weightage of individual parameter based on the degree
of importance and indicate the dominant factors over the other parameters in comparison to each map standards.
In this technique, a pair wise comparison matrix arranged for each thematic maps to the range of different factors
of each theme were assigned weights on a scale of 1 to 9 extremely important up to less important including less
important rendering to their comparative impact on groundwater recharge and potential finally all thematic maps
assigned by weight. After assigning the weightage value it is important to check the consistency of the assigning
weightage value the Analytic Hierarchy Process (AHP) method delivers away to evaluation consistency of the
arranged weightage value. The value of each weight finally gives a broad idea about the prospect of the study
area.
To assess the groundwater recharge and prospective zones, relevant constraints are considered for preparing
thematic maps for each factor. Those prepared thematic maps organized in the GIS environment are digitalized
using the same coordinate system with 30 m resolution. All thematic layers of data are corrected with 30-meter
resolution UTM (Universal Transverse Mercator) prognostication arrangement zone 38 N and WGIS1984 datum.
Overlay analysis is performed to assign appropriate weightage for identifying the targeted area without any
uncertainty. To validate suggested model in the Haramaya watershed results of the groundwater potential map are
qualitatively compared with the existing well point of the study area.
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Fig. 2 Methodology flow chart of this study

Results and Discussion

Mean Annual Rainfall in ( mm )

In the study area, rainy season permits from July to September the mean annual rainfall is between 701.2 mm in
the Haramaya and close stations (Fig. 3). March and April have the “small” rains the rainfall pattern in the area
generally displays a bimodal type. The attitude difference of the study area reasons temporal and spatial
inconsistency of rainfall (Fig. 4). In general, the annual rainfall depends on the regional altitude difference of the
area which receives the main annual rainfall from June through September as fixes most of the country. For most
hydrology analysis it’s important to now area dissemination of precipitation usually every step is representative.
Several areal precipitation valuation techniques are currently used for averaging precipitation depths collected at
ground places. Thiessen polygon method is the greatest importance for calculating average rainfall which
computes the stations grounded on the comparative area of each measurement station in the Thiessen polygon
station network. To analyze the spatial distribution of temperature, the monthly data from nearby 3 metro-stations
were used. Though, the selected data for 15 years from (2000 to 2015) the mean minimum temperature of the area
is 15.81°C and a maximum of 29.5 °C as shown Figures 7-8.
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Fig. 3 Mean annual rainfall of the study area and nearby meteorological stations.
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Fig. 4 Mean monthly rainfall of the study area and nearby meteorological stations.

Fig. 5 Rainfall distribution in study area near metro stations
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Groundwater flow direction
Determining groundwater flow direction is very important for groundwater management strategies. Groundwater
flow generally depends on the geology and potentiometric surface. Groundwater in nature always flows from a
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higher potential to a lower potential or higher groundwater elevation to the lower because of the geology setting.
Different other factors that affect the groundwater flow are climate, topography, geology, slope, drainage pattern
and geomorphology feature of the area, Based on the flow direction map of the study area show below, we can
conclude level of groundwater gets varies from some place to another place and central part and the upper part
are potential recharge sites.

Fig. 7 Groundwater flow direction map of the study area.

Thematic layers for mapping potential groundwater recharge zones
Slope: The slope of an area is significant parameter that governs the groundwater recharge capability. The main
surface water stream of the study area is below the low degree of gradient. This area of gentle gradient is
categorized by a very good category for groundwater recharge due to nearly uniform and flat terrain, and slow
surface runoff allowing extra time for rainwater to percolate down. The area with a steep slope is deliberated as
poor groundwater recharge areas. The slope is one of the factors controlling the infiltration that diverges from 0
to 45% in the area. The areas having a slope of 0-8% fall in the ‘high’ recharge zone because of the nearly flat
terrain and comparatively high infiltration rate. The zones with 8 to 15% slope are deliberated as ‘moderate’ for
groundwater recharge due to slightly undulating topography with roughly runoff. Remaining zones having slope
in range of 15-25, 25-45, and >45% are classified as low to very low.
Drainage Density: Drainage density is the ratio of the length of the stream in a given total area of the basin.
Drainage density affects the runoff pattern i.e., a region with high drainage density results in more surface runoff.
Consequently, low drainage density is correlated with higher recharge and higher groundwater potential zones.
The drainage density map of the study area shows a density value ranging from 1 up to 7 and is reclassified into
four categories i.e., 1-2 (high), 2-4 (medium), 4-6 (low), and 6-7 (very low ) density zone. Considering a recharge
point of view, more weight is allocated to very low drainage density regions, whereas low weight is allocated to
very high drainage density.
Soil Type: Soil properties affect the correlation among infiltration and runoff rates which in turn governs the
amount of absorptivity when the soil profile becomes wet. The movement of more water flows through the wetted
soil and this is the source of recharge of groundwater and the most significant factors for groundwater recharge
and its quality. Soil properties of the study area are classified into five classes those are lithosols, Rendzina,
Chromic Vertisols, and Eutric Nitosoils and Chromic luvisols based on FAO soil texture classification (FAO,
1997). Chromic luvisols cover more portion of the study area.
Rainfall: Precipitation is the key source of recharge for groundwater as it controls the amount of water that would
be available to infiltrate into the groundwater system. The rainfall map was assembled into two classes which are
a maximum of 802 mm/year and the minimum 739.55 mm/year. It is observed that the central part of the study
area receives the largest amount of rainfall while the other part of the area receives a medium up to the lowest
amount of rainfall. High amount of rainfall is favorable for high groundwater potential and is given higher
importance.
Lineaments: Lineaments are a structural line representing zones of fault and fractures resulting in increased
permeability that acts as pathways for groundwater movement. Groundwater exploration in basaltic land has
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considerable importance. The fractures and joints serve as channels for the movement of water to the groundwater.
An area with high lineament density is good for groundwater recharge zones The lineament density map of the
study area is classified into four categories, i.e. 0 - 0.6 (high), 0.6 - 1.3 (medium), 1.3 – 2 (low), and 2- 2.5 (very
low) as shown in Figure 8.
Land use land cover: Land use land cover is an important attribute of the runoff process that disturbs the
infiltration capacity, erosion besides evapo-transpiration volume, timing, and recharge of the groundwater system.
Land use/land cover (LULC) map is created by using LAND SAT satellite images. The land use land cover map
of the area is categorized into diverse classes such as bare land, built up, cultivated land, dense forest grassland,
water body, and wetland. The majority part of the area covered by cultivated land grassland followed by bare land
built up and dense forest.
Geomorphology: Geomorphology features of an area provide a strong basis to determine the water resource
occurrence, distribution, and management of an area that is one of the most important features in assessing the
groundwater potential. The geomorphology units that have been branded and delineated from the study area
comprise hills, valley, flood plain, undulating surface, and residual landform. The spreading and range of these
geomorphic zones are changing from place to place and most of the study area is covered by flood plain and
valley.
Geology: The geology map of the study area was prepared by the Ethiopian Geological Survey and was digitalized
to produce its thematic layer of the Haramaya watershed area. The geological formation is an important feature
for groundwater flow, transport, and mineral composition. Considering the influence of these properties on the
subsurface water geology map was assessed for groundwater potential. The geology features of the study area is
founded by the rocks ranging in age from Precambrian to Recent they are granite (Precambrian), sandstone, and
limestone (Mesozoic sedimentary rocks), and recent sediments (Quaternary).
Transmissivity, Hydraulic Conductivity and Depth to Bedrock
Transmissivity is the amount of flow under unite hydraulic gradient over a unite width of the aquifer of a particular
saturated thickness. The transmissivity of an aquifer is related to its hydraulic conductivity if the aquifer transmits
the maximum rate of water indicate the possibility of groundwater potential in a given area especially in the humid
region less or no transmissivity of the aquifer indicates lack of potential of the groundwater zone. Hydraulic
conductivity is an important property governing the flow of water through porous media to the aquifer and it is
going to act as a sort of barrier water infiltrating from the top to down. Poor hydraulic conductivity designates a
lack of potential aquifer. The range of weathering along with depth to bedrock form prospective aquifer. Nearer
the bedrock depth from the ground thinner will be the weathered zone consequently having a direct relationship
with groundwater potential. Considering a potential point of view, more weight is assigned to very low depth to
bedrock regions, although low weight is allocated to a very high region.
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Fig. 8 Thematic layers of input parameters: 8.1 Depth to Bedrock, 8.2 Soil, 8.3 Hydraulic Conductivity 8.4
Transmissivity, 8.5 Slope, 8.6 Rainfall, 8.7 Drainage Density, 8.8 Lineament, 8.9 Geomorphology, 8.10 Geology,
and, 8.11 Land use Land cover
Weightage assignment using the analytical hierarchy process (AHP) is a theory of measurement by pair wise
comparison and depends on the decision of experts to derive priority scales. For determining the relative
prominence in form of weights of each thematic map, comparison matrix is prepared through Satty’s importance
scale with alternative pairs. The comparison was made on a scale of numbers 1-9 which shows how many times
a layer is important than the other.
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Pair wise comparison matrices should be created for the various criterion and their subclasses. In such a matrix,
the criteria on the column is compared and evaluated against the criteria on the row, such that the relative
importance between two criteria is measured according to a numerical scale from 1 to 9. The value 9 in Table 1
shows higher importance while 1/9 shows the least important and 1 shows the equal weight of a parameter or its
class respectively.
Table 1 Assigning weightage value for individual parameters using a pair wise comparison matrix for
groundwater potential recharge thematic maps
Parameters

Sl

Rf

Dd

So

Li

Lulc

Gm

Lith

Wt

Wt (%)

Sl

1

3

2

2

4

6

6

5

0.282

28

Rf
Dd

1/3

1

4

3

3

4

6

3

0.225

22.5

1/2

¼

1

2

2

4

3

2

0.129

13

So

1/2

1/3

1/2

1

4

6

5

4

0.158

16

Li

1/4

1/3

1/2

1/4

1

3

2

3

0.075

7.5

Lulc

1/6

¼

¼

1/6

1/3

1

3

2

0.051

5

Gm

1/6

1/6

1/3

1/5

½

1/3

1

3

0.043

4

Lith

1/5

1/3

1/2

1/4

1/3

½

1/3

1

0.036

4

Table 2 Assigning weightage value for individual parameters using a pair wise comparison matrix for
groundwater prospect thematic maps
Parameters

T

Dbr

So

Lith

K

Gm

Sl

Dd

Li

Wt

Wt (%)

T

1

2

3

2

3

5

6

4

5

0.24

24

Dbr
So

½
1/3

1
1/3

3
1

4
2

2
3

6
3

3
2

2
3

2
4

0.19
0.13

19
13

Lith
K

½
1/3

1/4
1/2

1/2
1/3

1
1/3

3
1

2
2

3
4

4
½

5
1/3

0.12
0.07

12
7

Gm
Sl
Dd
Li

1/5
1/6
¼
1/5

1/6
1/3
1/2
1/2

1/3
1/2
1/3
1/4

½
1/3
¼
1/5

½
¼
½
1/3

1
1/3
¼
1/6

3
1
1/3
1/2

4
3
1
1/3

6
2
3
1

0.09
0.05
0.06
0.05

9
5
6
5

Rf = Rainfall, Dd= Drainage density, Lulc, = Land-use/land-cover, Wt= Weight, Sl = Slope, So= Soil texture, Gm=
Geomorphology, Li =Lineament, T= transmissivity, K = Hydraulic Conductivity, Lith = Lithology, Li
=Lineament, and Dbr = Depth of bedrock
After the pair-wise comparison matrix is built, a normalized pair-wise comparison matrix (Table 2) is created such
that the sum of entries in each column is equal to unity. It can be done by dividing the input value of each cell in
the column by the sum of the total column.

𝑎𝑗𝑘 =

∑

𝑎𝑗𝑘
𝑚
𝑖=1

𝑎𝑗𝑘

𝑓𝑜𝑟 𝑖, 𝑘 1,2 … . 𝑚

(1)

The criteria weight vector (w) was then calculated by averaging all the values in each row of the matrix. The
matrix formed by the weight vectors of all the criteria called weight vector-matrix ‘W’.
This vector is also called an Eigenvector or priority vector and can be multiplied by 100 to get the weight of each
criterion. This can be given by the formula as follow.

𝑤𝑗 =

∑𝑚
𝑖=1 𝑎𝑗𝑘
𝑚

(2)
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Table 3 Normalized principal elegant vector for groundwater recharge zonation map
Parameters

Normalized
Eigenvectors

principal

Sl

9.1

Rf

9.6

Dd

9.19

So

8.7

Li

8.6

Lulc

8.6

Lith

8

Gm

7.9

𝛌𝐦𝐚𝐱

8.712375

The AHP captures the idea of uncertainty in judgments through the principal Eigen value and the consistency
index. To compute CR of various thematic layers and their classes, Consistency index (CI) and Ratio index (RI)
are computed as

𝑪𝑰 =

𝛌𝐦𝐚𝐱−𝐦
𝒎−𝟏

(3)

Where λmax is the largest eigenvalue of the pair wise comparison matrix and ‘m’ is the number of classes. Where
λmax is the largest eigenvalue of the pair wise comparison matrix and ‘m’ is the number of classes.

𝑪𝑹 =

𝐂𝐈
𝐑𝐈

(4)

After assigning the weightage to individual parameters, consistency ratios (CR) was checked. A perfectly
consistent decision-maker can be expected by obtaining CR zero, but small values of inconsistency may be
tolerated. In particular CI/RI<0.1 is accepted but CR rankings greater than 0.1 should be re-weighed. Where, RI
is the ratio index. If the value of the consistency ratio is smaller or equal to 0.1, which results in CR = 0.072 the
consistency is acceptable. Where RI is the ratio index for different, ‘m’ values as given by Satty’s is listed in
Table 3.
Table 4 Random index (RI) value
M

1

2

3

4

5

6

7

8

9

10

RI

0

0

0.58

0.9

1.12

1.24

1.32

1.41

1.45

1.49

After assigning the weightage value and checking the consistency of all parameters according to their degree of
influence, groundwater recharge zonation map is developed by integrated reclassified thematic layers with ArcGIS
using a weighting overlay analysis tool (Gintamo, 2014). The groundwater prospect map was produced using the
following equation.

(𝐺𝑊𝑅𝑍𝑀) =28 * reclassified slop map + 22.5* reclassified rainfall map +13 * reclassified drainage density map
+ 16 * reclassified Soil map + 7.5 * reclassified lineament density map + 5* reclassified land use/land cover + 4
* reclassified geomorphology map + 4 * reclassified lithology map. After integrating all reclassified thematic
layers using ArcGIS weighting overlay analysis tool. The groundwater recharge prospect mapping is performed
by categorizing the area into four different zones namely ‘poor’, ‘low’, ‘moderate’, and ‘high’. To check the
consistency of weight assigned parameter for demarcating groundwater zonation map, the normalized principal
eigenvector value (λmax) is computed using equations 3-4. The normalized principal eigenvector for groundwater
potential zonation map are computed (Table 4) using the same procedure as used in aquifer recharge map.
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Table 5 Normalized principal Eigenvectors for groundwater prospect zonation map

T
Dbr

Normalized principal
Eigenvectors
9.00
9.024

So

9

Lith

9.0023

K
Gm

9.004
9

Sl
Dd

9
9.07

Li

10.48

𝛌𝐦𝐚𝐱

9.126

Parameters

The groundwater prospect map was produced by using the following equation:

(𝐺𝑊𝑃𝑍𝑀) =24* reclassified transmissivity map + 19* reclassified depth to bedrock map + 13* reclassified soil
map +12 * reclassified lithology map + 7 * reclassified hydraulic conductivity map + 9 * reclassified
geomorphology map + 5* reclassified slop map + 4 * reclassified map drainage density map + 5 * reclassified
lineament density map.
After integrating all reclassified thematic layers using ArcGIS weighting overlay analysis tool the obtained results
show that the groundwater potential prospect mapping. The developed map is categorized into four different zones
namely ‘poor’, ‘low’, ‘moderate’, and ‘high.
The result of present work on aquifer recharge zonation map was done by assigning suitable weights to the eight
thematic layers i.e. Slope, rainfall, drainage density, soil, lineament, land- use/ land- cover, lithology, and
geomorphology. The values of the parameters are given based on Satty’s scale. Groundwater recharge zonation
map was demarcated after assigning the proper weightage value for each thematic layer The slope degree varies
between 0-8° are rated high, 8-15° in moderate, 15-25° in the low category, and 25- 45° in the least rate
respectively. High rainfall is favorable for high groundwater potential and recharges, hence given higher
importance and consequently, the weightage was assigned in an increasing imperative of rainfall amount in the
rainfall map. Low drainage density is correlated to higher recharge and higher groundwater potential. Therefore
high drainage density value was assigned the lowermost and the lower drainage density is assigned high value in
the study area. Areas around the lineaments and juncture of lineaments are considered advantageous for the
accumulation of groundwater due to high infiltration capability.
In opposition to drainage density, higher lineament density holds higher value and the lowest lineament density
holds a low value. The soil weightage is assigned according to its infiltration rate and absorptive amount.
Similarly, alluvium and fluvial deposits are given the highest weightage due to their higher permeability. The low
value was assigned for the upper unit of Hamanlei formation. LULC of the area provides essential indications of
the extent of groundwater requirements and utilization as a result, the water body and wetland were given a higher
value, and the built-up area has the lowest value. In place of the geomorphology units, the hilly area was assigned
lowest values and a moderate value for undulating land and valley along with the highest weightage to the flood
plains. Slope, rainfall, and drainage density hold the highest value compared to the other factors. The weight
assigned for slope and rainfall was greater than the weights of other parameters. According to the groundwater
recharge map shown in Figure 5. The north-western and south-western portion of the study area which is around
63.5 km2 is covered by the poor and low, recharge potential zones. In opposition to drainage density, higher
lineament density holds higher value and the lowest lineament density holds a low value.
The soil weightage is assigned according to its infiltration rate and absorptive amount. Similarly, alluvium and
fluvial deposits are given the highest weightage due to their higher permeability. The low value was assigned for
the upper unit of Hamanlei formation. LULC of the area provides essential indications of the extent of
groundwater requirements and utilization as a result, the water body and wetland were given a higher value, and
the built-up area has the lowest value. In place of the geomorphology units, the hilly area was assigned lowest
values and a moderate value for undulating land and valley along with the highest weightage to the flood plains.
Slope, rainfall, and drainage density hold the highest value compared to the other factors. The weight assigned for
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slope and rainfall was greater than the weights of other parameters. According to the groundwater recharge map
shown in Figure 5. The north-western and south-western portion of the study area which is around 63.5 km2 is
covered by the poor and low, recharge potential zones.
These zones are present in the hills, uncomplimentary geology, and geomorphology features in this part of the
area which subsidizes high runoff. Besides hill assortments and highly slope gradient are designated less runoff.
This part of the study is having high rainfall even so it does not accumulate and collect the water as almost of the
rainwater flows towards the plain area. Moreover, hill ranges are the least suitable for groundwater recharge
(Gintamo, 2014). The areas of a steep slope, valley and flood plain revealed moderate groundwater recharge zones.
Most of the study part is covered by moderate recharge potential zones it’s around 324.4 km 2 as shown in Figures
9-10 and Table 5. Higher groundwater recharge zones are falling in the central, north-eastern and south-eastern
portion, and it is cover an area of170.97 Km2. In these zones, the rainfall distribution is also high and its slope is
also gentle, while the area covered by gentle slope helps in reducing the intensity of rainfall and creates maximum
groundwater absorptive than a higher slope gradient.
Table 6 Zone of groundwater recharge area coverage

Area coverage of
Groundwater recharge
class%

Area coverage
(Km2)
0.35
63.7
324.39
170.97

Zone of groundwater
recharge
Poor
Low
Moderate
High

57.5
60
30.2

40
20

11.26
0.06

0
Poor

Low

Moderat

High

Ground water Recharge class
Fig. 9 Area coverage of groundwater recharge Zones (%) in the study area

Fig. 10 Groundwater recharge zone map
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Groundwater potential zonation map (Fig. 12) was done by integrating the designated parameters which are
selected based on the substantial for groundwater identification and classified in to low, moderate, and high
potential zones. North-western and southwestern portions of the study domain having area around 194 Km2 is
covered by low groundwater potential zones (Fig. 11). This part of the watershed is mainly associated with hill
ranges, light depth of bedrock, low rainfall distribution, and higher slope gradient making the recharge amount
are insignificant.
The central portion of the north-western and north-eastern portion of the study area falls under moderate
groundwater and it has a total area around 344 Km2. The central-western and eastern portions of the study zone
pertaining to high groundwater potential zone are associated with base of mountains, shallow bedrock depth. The
geology of the study area is also covered by alluvial plain which corresponds with a low and gentle slope. The
area is also covered by wetland and waterbody, in addition to the geomorphology of the area which is enclosed
by flood plain and undulating land surface. In the area of lower drainage density, the time of opportunity for
infiltration is quite high making it fit for the high potential area as less water drained off by rivers. High
groundwater potential zones are covering the area of 34.5Km2 of the watershed as listed in Table 7.
Table 7 Zone of groundwater potential area coverage
Area coverage in Km2
194.8

Low

344.15

Moderate

34.5

Area Coverage Of
Groundwater Potential
Class %

Zone of groundwater prospect

High

100
50

60
34
6

0
Low
Moderat
High
Ground water prospect class

Fig. 11 Area coverage of groundwater prospect zones (%) in the study area
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Fig 12. Groundwater potential map of the study area.

Validation from depth to water map
The identified groundwater potential map of the study area is qualitatively compared with existing data of borehole
yield. Actual well yield data were collected from 35 wells including dug wells and shallow boreholes.
Interestingly well yield of the boreholes present in high potential zones is observed quite high as compared to the
remaining boreholes. It is noticed that boreholes found in high potential zones have discharge in range of 1 to 22
L/sec. The range of well discharge in the moderate zones is observed between 0.3 to 10.3 L/sec and 0.2 to 0.6
L/sec in low potential zones. More than 75% of the wells are existing in high and moderate potential zone area.
Furthermore, the results of this study are very important to quickly categorize the groundwater potential zones
and be able to be used for integrated groundwater management of the nominated study area (Fenta et al., 2014).

Conclusions
The present study used GIS based analytic hierarchy process (AHP) for the evaluation of aquifer recharge and
potential groundwater zones in the Haramaya watershed. AHP multi-criteria based assessment is used to assign
relevant weightage for various thematic layers of the watershed. Groundwater recharge map is obtained by using
eight thematic layers of slope, rainfall, drainage density, soil, lineament, land- use/ land- cover, lithology, and
geomorphology. For groundwater potential zone mapping, nine thematic layers of transmissivity, depth to
bedrock, hydraulic conductivity, soil texture, slope, lineament, geomorphology, drainage density, and lithology
are used. Based on these, the mapping of aquifer recharge and the potential groundwater zones is performed and
categorized each into four different zones namely ‘poor’, ‘low’, ‘moderate’, and ‘high’. The obtained groundwater
recharge map shows a potential area of 324.39 km2 which is 58% of the study zone has moderate potential. About
30.2% area, i.e. 170 km2, is classified under high recharge category and the remaining 11.8% of the area falls
under low and poor recharging zones covering 63.99 km2 of the study area. The groundwater potential zonation
map of the Haramaya watershed shows a potential area of 60%, i.e. 344.15 km2 , is classified to have moderate
potential and 34%, 194.819 km2, is classified to have low potential, and the remaining 6%, 34.51 km2 area falls
under high potential zones. The central-western and eastern portion of the study extent pertaining to high
groundwater potential area consisted of the base of mountains with shallow depth to bedrock, and hightransmissivity value. This is to be noted that significant area falls below moderate to high potential recharging
zone but the corresponding ground potential map shows most of the study area is situated below moderate to low
potential category. Only 6%, which is 34.51 km2of the entire area, area falls under high potential zones. The
developed groundwater recharge and potential maps of the area can be used as a guide for quickly identifying the
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prospective zone and for finding precise location for groundwater exploration. Also the developed framework is
very important to quickly categorize the groundwater potential zones at watershed scale.

Acknowledgments
The authors are thankful to the Indian Technical and Economic Cooperation (ITEC) program for providing the
financial support for this study.

References
Gebre T, Ahmad I, Dar MA, Gadissa E, Teka AH, Tolosa AT, Brhane ES (2018) Mapping of groundwater
potential zones using remote sensing and geographic information system: A case study of parts of Tigray,
Ethiopia. Environmental Geosciences, 25(4), 133–140.
Abebe S, Haji J, Ketema M (2014) Impact of disappearance of Lake Haramaya on the livelihood of the
surrounding community: The case of Haramaya District in Oromia National Regional State, Ethiopia. Journal of
Economics and Sustainable Development, 5(18), 141-148.
Fenta AA, Kifle A, Gebreyohannes T, Hailu G (2015) Spatial analysis of groundwater potential using remote
sensing and GIS-based multi-criteria evaluation in Raya Valley, northern Ethiopia. Hydrogeology Journal, 23(1),
195-206.
Hagos MA (2010) Groundwater flow modelling assisted by GIS and RS techniques (Raya ValleyEthiopia). Enschede, The Netherlands: Unpublished Master’s thesis submitted to the International Institute for
Geo-information Science and Earth Observation.
Saaty TL (1980) Marketing applications of the analytic hierarchy process. Management science, 26(7), 641-658.
Virupaksha, HS, Lokesh KN (2019) “Electrical Resistivity, Remote Sensing and Geographic Information System
Approach
for
Mapping
Groundwater
Potential
Zones
in
Coastal
Aquifers
of
GurpurWatershed.”GeocartoInternational 10(3):1–15.
Selvam S, Sivasubramanian P (2012) “Groundwater Potential Zone Identification Using Geoelectrical Survey: A
Case Study from Medak District, Andhra Pradesh, India.” International Journal of Geomatics and Geosciences
3(1): 5
Gintamo, (2014) Ground Water Potential Evaluation Based on Integrated GIS and Remote Sensing Techniques,
in Bilate River Catchment: South Rift Valley of Ethiopia. American Scientific Research Journal for Engineering,
Technology, and Sciences (ASRJETS), 10(1), 85-120.
Sikakwe GU (2018) GIS-based model of groundwater occurrence using geological and hydrogeological data in
Precambrian Oban Massif southeastern Nigeria. Applied Water Science, 8(3), 1-13.
Food and Agriculture Organization (FAO), (1997) The Digital Soil and Terrain Database of East Africa (SEA).
Via delle Terme di Caracalla 00153, Rome, Italy.

79

International Association of Hydrogeologists
Indian National Chapter

e-Journal of Geohydrology
Vol. 2, Issue 1 (SPECIAL), August 2021

Hypsometric Analysis of Two Climatically Distinct Watershed
S. Rabab1, M. Shakeel2, and S. Said3*
1Rabab Siddiqui Research Scholar, Civil Engineering Department,
Jamia Millia Islamia, New Delhi, E-mail: rababsiddiqui@gmail.com
2Mohammad Shakeel, Professor, Civil Engineering Department,
Jamia Millia Islamia, New Delhi, mdshak_jmi@yahoo.com
3Saif Said, Assosiate Professor, Civil Engineering Department, Aligarh Muslim University, Aligarh,
*Corresponding author: saif_said@rediffmail.com

Abstract
Hypsometric analysis has been performed to scrutinize the phases of geological evolution and land scape
formation in the two distinct watersheds. Kosi River watershed, lying in the Nainital District of Uttarakhand state
and Nagmati River watershed, lying in the Kutch District of Gujarat state, India. The Cartosat-1 data (i.e.,
CartoDEM) downloaded from the Indian space research organization (ISRO) geo-portal, Bhuvan. The geological
phase of evolution and erosion proneness of a watershed was assessed through hypsometric integral (HI),
evaluated for the two watersheds as 0.48 for Nagmati River watershed and 0.45 for Kosi River watershed, which
inferred that 48% and 45% of the archetype rock strata still dominates the study regions, and the watersheds are
passing through matured and early maturity stage respectively under the cycle of erosion. The hypsometric curve
for Nagmati River watershed revealed complete ‘S shape’ specifying less soil erosion whereas hypsometric curve
for Kosi River watershed depicted approaching ‘S shape’ suggesting high soil erosion.
Keywords: Hypsometric analysis, Geographical Information System (GIS), Digital Elevation Model,
Hypsometric curve, Hypsometric integral.

Introduction
Hypsometry is the frequency distribution of land area at different elevations and the analysis is carried out by
plotting the hypsometric curve and evaluating the hypsometric integral (HI). The hypsometric curve depicting a
complete ‘S-shape’ indicates the maturity stage of landform evolution. The HI is an indicator of phases of
geological evolution of the watershed and finds special significance in estimating soil erosion rates for subsequent
prioritization of vulnerable regions to initiate necessary soil conservation activities. The HI value for any
geographic region indicates the time required by the topographical land unit to reduce to the lowest or base level
of evolution or degradation hence, termed as an index of ‘cycle of erosion’ (Strahler 1952). The complete cycle
of erosion has been categorized into three stages viz. monadnock (old) (for HI ≤ 0.3), indicating the watershed to
be fully stabilized; equilibrium or mature stage (0.3 ≤ HI ≤ 0.6); and in-equilibrium or young stage (for HI ≥ 0.6),
wherein the watershed is extremely vulnerable to erosion (Sarangi et al. 2001; Strahler 1952). The HI facilitates
the understanding of the process of erosion that has already taken place within the watershed on account of
hydrologic processes and land degradation factors since geological time span (Bishop et al. 2002). Furthermore,
it also renders a simplified morphological index that describes the relative elevation (i.e., h/H) as a function of
relative basin area (i.e., a/A) at a particular location, which can be used in surface runoff and sediment yield
estimation from within the watersheds (Jain et al. 2001). The concept of hypsometric analysis is illustrated in Fig.
1.
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Fig. 1 The concept of hypsometric analysis and the model hypsometric curves (source: Ritter et al. 2002).
Hypsometric analysis measures the distribution of land area at different elevations and involves assessment of
geological evolution stages of any geographical region, through the hypsometric curve and hypsometric integral
(HI). Many researchers have performed hypsometric analysis using GIS techniques, (Ozdemir 2012), investigated
the morphological and hydrological behavior of eight main river basins in Albania by using ASTER DEM, the
analysis revealed all eight basins as highly dissected with matured topography. Mahmood et al. 2014, performed
hypsometric analysis on 5th order sub-basin of Parachinar Syntaxis River basin in north-western Pakistan, HI
values and hypsometric curves for each sub-basin were compared to assess the gradation of erosional stages of
the sub-basins. HI values evidenced sub-basins to be less prone to erosion as compared to those, which lie towards
the west or north-west of the Parachinar Syntaxis River basin. Farhan et al. (2015), studied geomorphometric
characterization of WadiKerak watershed and its five sub-watersheds in southern Jordan. The hypsometric curve
for the watershed was convex upward and HI value was evaluated as 0.73 that indicated the watershed in the
youthful stage of geomorphic evolution and subjected to the tectonic activities. Farhan et al. (2016), in their
successive study, carried out hypsometric analysis on the WadiMujib-Wala watershed in central Jordan. In this
study, 28 fourth order sub-watersheds were delineated and hypsometric analysis was performed by utilizing
ASTER DEM at 30 m resolution. SWAT model was employed to assess the loss due to soil erosion for the two
watersheds. Lamsoge et al. (2018) determined the erosion proneness of WR-2 watershed situated in a basaltic
terrain of Amravati District, Maharashtra, India, through hypsometric analysis. Tamilarasan and Brema (2019)
investigated the magnitude of soil erosion in Siruvani reservoir situated in Kerala. Two methods namely, universal
soil loss equation (USLE) and hypsometric analysis were employed in the study. Hypsometric analysis on varied
watersheds has been reported by numerous researchers across the globe suggesting simplified methodologies and
approaches for identifying the extent of landform evolution and suggested remedial measures for taking up
conservation practices (Singh 2008; Hassen et al. 2014; Sharma et al. 2016; Fenta et al. 2017; Chadli and Boufala
2018; Elabanavi and Lamani 2019).

Material and Method
Study Areas
The kosi River watershed is located in Nainital district of Uttarakhand, cover an area of 77.94 km2 and is confined
between the longitudes 79°15′E to 79°26′E and latitude 29°24′N to 29°31′N (Fig 2). The maximum and minimum
elevation of the watershed is about 2567 m and 511 m above mean sea level (MSL) respectively. The climate of
the Kosi River watershed is temperate and monsoon begins in July and it lasts through September. The average
annual rainfall is about 1273 mm and maximum rainfall is received in the months of July, August and September.
The climate remains cool and pleasant throughout the year in Kosi River watershed. The average maximum
temperature is 25°C and the average minimum temperature is 3° C. The average annual temperature is 13.5 °C.
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Fig. 2 Location map of Kosi River watershed
Nagmati River watershed is located in the Bhuj city of Kutch district in Gujarat, cover an area of 129.41 km2 and
is confined between longitudes 69°31’ E to 69°41’ E and latitudes 23°4’ N to 23°12’ N (Fig. 3).The maximum
and minimum elevation of the watershed is about 259 m and 58 m MSL respectively. The average annual rainfall
is 358 mm and the average annual temperature is 26.3°C. Maximum temperature reaches beyond 50°C whereas
minimum temperature ranges between 12° and 16°C. Ninety-seven small river flows in the Kutch district and
drains into the Arabian Sea. Twenty major dams, and numerous smaller dams constructed in Kutch district to
capture the runoff from rainfall.

INDIA

GUJARAT

Fig. 3 Location map of Nagmati River watershed.

82

International Association of Hydrogeologists
Indian National Chapter

Data Source
DEM data was downloaded from http://bhuvan.nrsc.gov.in/data/download. toposheet no. h44n for Kosi River
watershed and f42d for Nagmati River watershed were used for the delineation of watershed boundary.

Software Used
Arc GIS 10.2 software was used for creating, managing and generation of different layer. Microsoft excel was
used for mathematical calculation.

Watershed delineation
The CartoDEM of the two watersheds was employed through ArcGIS 10.2 software to delineate the study
boundary and the following stepwise approach was considered. In the very first step, the ‘fill hydrology’ tool was
applied to remove the possible sensor induced imperfections (or sink) in the DEM followed by ‘flow direction’
tool to generate the grid mapping of flow directions within each cell. ‘Flow accumulation’ wizard was then
implemented to measure the volume of flow inside every cell. On the basis of flow accumulation values, the raster
grid was re-classified into two classes i.e., values less than 5000 and values greater than 5000. The values above
5000 represented the flow courses that configure the formation of rivers/rivulets and the identified pour points
along river/stream lengths were digitized which was followed by ‘snap to pour point’ command was used to
establish the watershed which was later converted from raster to polygon. Once the boundary of watershed is
delineated, it was then clipped with the DEM, flow direction and flow accumulation layers generated in the
previous steps. Finally the ‘raster calculator’ tool was employed to calculate the flow accumulation within each
grid cell by providing a threshold value of flow accumulation as 100 that represented the stream paths forming
the river. Once the stream pattern was generated, which was in the raster format, was converted into a polyline or
vector form and the ‘stream order’ tool was utilized to assign the ordering to the streams.

Fig 4 (a) DEM of the Kosi River watershed
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Fig. 4 (b) Drainage map of Kosi River watershed.

Fig. 5 (a) DEM of the Nagmati River watershed

Fig. 5 (b) Drainage map of Nagmati River watershed.
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Hypsometric Analysis
Hypsometry is the land area frequency distribution at different elevations and is considered as a key tool to
measure and compare the geomorphic development of different landforms regardless of many other aspects that
may be responsible for it. The main factors governing the evolution of landscape are tectonics, the variation in
bed rock characteristics and/or weather patterns. The Hypsometric Integral (HI) forms an inverse correlation with
drainage density, channel gradients, basin relief and slope of the basin and is a cycle erosion indicator (Strahler
1952). The cycle of erosion is defined as the time required for descent of a land topological unit to the lowest
level. The cycle of erosion can be classified into three categories and each three of these represent the three distinct
phases of the geomorphic cycle, viz.
(i) The monadnock or old stage in which the basin is completely evolved: if HI ≤ 0.35
(ii) The equilibrium or mature stage in which the basin evolution has attained stable conditions: if 0.35≤ HI≤ 0.60,
(iii) The in-equilibrium or young stage where the basin is extremely vulnerable to erosion and is under evolution
stage: if HI ≥ 0.60, (Strahler, 1952).
The HI assists in specifying the erosion that have taken place through a geological time frame. The shape of the
hypsometric curves provide relative insights into the past erosional environment of the basins for different basins
under the same climatic condition and approximately equal areas (Awasthi et al. 2002). The relative proportions
of a watershed area that lies below a given height represented by hypsometric curve indicates different stages of
the land degradation. The HI computed from the area under the curve, represents the volume of the un-weathered
region. High value of HI signifies youthful stage and less eroded areas and the value decreases as the landscape
moves towards maturity and old stages. Landscape evolution stages are expressed through hypsometric curves
i.e., youthful stage when having convexity upward, mature for ‘S shape’ curves and old age for concavity upward.
Convex hypsometric curves are approximate representation of a plateau with little erosion, which can evolve into
an ‘S shape’, and greater erosion represented by concave hypsometric curves (Hurtrez et al. 1999). The shape of
the drainage basin is inferred through the HI value, computed either through integration of hypsometric curve or
through the expression given below:
HI =

MeanElevation − MinimumElevation
MaximumElevation − MinimumElevation

(1)

Hypsometric analysis involves two ratios plotted against each other on a graph (Fig 1). The abscissa represents
the ratio of relative area (a/A) and ordinate represents the ratio of relative elevation (h/H). The relative elevation
represents the ratio of elevation (h) of any point measured from the reference plane to the maximum elevation of
the basin (H). The relative area is the ratio of the area of certain location (a) at certain elevation to the total area
of the basin (A). The value of relative area (a/A) ranges from zero to one, where one is at the lowest elevation
point in the drainage basin (h/H = 0) and other at the highest elevation point in the basin (h/H = 1). Hypsometric
analysis was performed over two selected watersheds so as to appraise the geomorphic evolution of the landforms
and the factors associated with the alteration process. CartoDEM of study areas was utilized for carrying through
the analysis and the procedure involved is illustrated in Fig. 6 as a flow diagram.

Drainage

Watershed

Hypsometric
Analysis

Digital
Elevation
model (DEM)

Hypsometric curves
Contours
Hypsometric
integral

Fig. 6 Procedural illustration of hypsometric analysis.
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Results and discussion
Hypsometric Analysis of Kosi River Watershed
Hypsometric analysis was performed by evaluating hypsometric integral (HI) and plotting the hypsometric curve
to interpret the meaningful information regarding evolution and landscape development of the watershed.
CartoDEM was reclassified into 12 classes (Fig. 7) in ArcGIS 10.2 software using special analyst tool to extract
minimum and maximum elevation values as well as areal extent corresponding to every recreated class of the
reclassified map (Table 1). The hypsometric plot shown in Fig. 8 of the watershed depicted an ‘S-shape’ with a
combination of convex and concave curves, indicating an approaching mature stage of the landscape development.
The HI value obtained for the watershed was 0.48, revealing an early mature stage with 48% of the land mass in
the watershed still remaining to get eroded.

Fig. 7 Re-classified elevation map of Kosi River watershed.
Table. 1 Hypsometric Integral (HI) for Kosi River watershed
a/A

Height
(h)

h/H

5.75
5.17
6.70

Area
*Accum.
(a)
77.94
72.19
67.01

1
0.92
0.85

171
341
512

0
0.16
0.25

0.49

6.67

60.27

0.77

682

0.33

170

0.50

7.75

53.59

0.68

852

0.41

87.07

170

0.51

7.69

45.84

0.58

1022

0.49

1625.05

86.05

171

0.50

8.62

38.15

0.48

1193

0.58

1881

1796.80

85.80

170

0.50

8.64

29.52

0.37

1363

0.66

1882

2052

1965.68

83.68

170

0.49

8.71

20.88

0.26

1533

0.74

2053
2225
2396

2224
2395
2568

2131.86
2302
2447.29

78.86
77.00
51.29

171
170
172

0.46
0.45
0.29

6.71
4.36
1.08

12.16
5.45
1.08

0.15
0.06
0.01

1704
1874
2046

0.83
0.91
1

Average

H=Ʃ2046

0.48

S.
No

Min

Max

Mean

Mean-Min

Max-Min

HI

Area
(A)

1
2
3

511
683
854

682
853
1025

597.71
772.50
939.98

86.71
89.50
85.98

171
170
171

0.50
0.52
0.50

4

1026

1196

1110.08

84.08

170

5

1197

1367

1282.77

85.77

6

1368

1538

1455.07

7

1539

1710

8

1711

9
10
11
12

*Accum.: Accumulated
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h/H

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
a/A

1

Fig. 8 Hypsometric Curve for Kosi River watershed.

Hypsometric Analysis of Nagmati River Watershed
Re-classified elevation map of Nagmati River watershed into 12 classes shown in Fig. 9 was subjected to the
process for evaluating the hypsometric integral (HI) and plotting the hypsometric curve to infer substantial
information about landscape evolution and development of the watershed. The areal extent and minimummaximum elevation corresponding to each class of re-classified map utilized for computation of HI is presented
in Table 2. The hypsometric plot in Fig.10 exhibits a perfect ‘S-shape’ inferring an almost mature stage of the
landscape development with little soil erosion taking place within the watershed. The HI value obtained for the
watershed was 0.45 indicating the complete mature stage, revealing that only 45% of the land mass still remains
to get eroded.

Fig. 9 Re-classified elevation map of Nagmati River watershed.
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Table. 2 Hypsometric Integral (HI) for Nagmati River watershed
S.
No

Min

Max

Mean

Mean-Min

Max-Min

HI

Area
(A)

Area
*Accum.
(a)

a/A

Height
(h)

h/H

1

58

74

70.37

12.35

16

0.77

2.97

129.41

1.00

16

0.00

2

75

91

83.95

8.95

16

0.56

17.03

127.17

0.97

32

0.16

3

92

108

100.38

8.38

16

0.51

27.47

110.13

0.84

48

0.25

4

109

125

117.13

8.13

16

0.51

32.15

82.65

0.63

64

0.33

5

126

141

132.87

6.87

15

0.45

21.58

50.50

0.38

79

0.41

6

142

158

149.13

7.13

16

0.44

13.61

28.91

0.22

95

0.50

7

159

175

166.42

7.42

16

0.46

8.35

15.30

0.11

111

0.58

8

176

192

183.13

7.13

16

0.44

3.55

6.95

0.05

127

0.66

9

193

208

199.43

6.43

15

0.42

2.83

3.40

0.02

142

0.74

10

209

225

214.09

5.09

17

0.29

0.52

0.57

0.00

159

0.83

11

226

242

229.93

3.93

16

0.24

0.03

0.05

0.00

175

0.92

12

244

259

248.64

4.64

15

0.31

0.012

0.01

0.00

190

1.00

Average

H=Ʃ190

0.45

*Accum.: Accumulated

h/H

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.1

0.2

0.3

0.4

0.5 0.6
a/A

0.7

0.8

0.9

1

Fig.10 Hypsometric curve of Nagmati River watershed.

Conclusion
The present study critically examines geologic condition of the two selected watersheds having distinct climatic
conditions i.e., semi-arid Nagmati River watershed, located in the Kutch District of Gujarat state, India and the
rain-fed Kosi River watershed, lying in the Nainital District of Uttarakhand state, India, while utilizing various
remote sensing data sets in GIS frame work. The Cartosat-1 data (i.e., CartoDEM) at 2.5 m resolution, of the study
areas along with the 1:50,000 topographical map (No. F42-D12 for Nagmati River watershed and H44-N7 for
Kosi River watershed) were utilized for preparing the drainage network maps. Hypsometric analysis was
performed to investigate into the phase of landform evolution and geological formation of the selected watersheds.
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Hypsometric analysis of Kosi River watershed revealed HI  0.48, indicating the watershed to be still in its
youthful stage and progressing towards the maturity stage and hence, releasing more sediment. The hypsometric
plot for Kosi watershed illustrated an approaching ‘S Shape’ curve. In contrast, Nagmati River watershed observed
HI as 0.45 which suggested the complete mature stage with 45% of the land mass still remaining to get eroded.
Also, hypsometric plot exhibited complete ‘S Shape’ curve that was further corroborated by the above explanation
for Nagmati River watershed.
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Abstract
The impact of the Climate change is much more on the groundwater resources compared to surface water as the
erratic and high intensity rainfall as well as long gap between two rainfall events reduces the rainfall recharge.
This situation enforces us to adopt the artificial recharge by various means depending on the geological formation
of the aquifer system. However, India being a semi-arid country and the increase in the projected temperature due
to Climate change will result additional loss due to evaporation. Thus it is necessary and beneficial to store the
excess water in the subsurface in addition to recharging the aquifer.
This arrangement of storing water underground to save from evaporation losses have been practiced in Arab and
Gulf countries like Iran, Oman, Saudi Arabia etc. Such a system existed century back in India and still the evidence
is found in Gujrat and Madhya Pradesh.
The present paper makes an effort to discuss the idea, the benefits and its necessity under Climate change by
quoting the examples available.

Introduction
Groundwater has over the past few decades become a fundamental resource for social, economic, and
environmental sustainability. Human well-being, livelihoods, ecosystems, industries, agriculture, and urban
development are more and more reliant on groundwater. Groundwater development should therefore be carefully
managed to fully benefit from its potential, to protect its quality and to guard against the over-exploitation of
aquifers.
The sustainability of groundwater is on the one hand linked to policy issues influencing water and land use and
represents one of the major global challenges in natural resource management, on the other hand, groundwater is
technically complex. Practical advances in this field are urgently required, so that technical experts and water
managers can reach a common understanding. There is also a need to integrate groundwater and surface water
management to ensure better overall water management and allocation.
The crisis of water on humanity around the world has been deepening due to the constant change in the behaviour
of nature. The pace of industrialization and urbanization has also increased rapidly due to increase in global
population and development activities over the last few decades, also there has been excessive exploitation of
groundwater for irrigation of crops in rural areas. In such a situation, groundwater is on the verge of extinction in
many areas, while in most areas it is falling sharply. About 2 billion people in the world are not able to get clean
drinking water and in India, the figure is about 600 million. According to a report of NITI Aayog, the demand for
water in the country will be doubled by the available water distribution by the year 2030, which is expected to
reduce the GDP by 6%. Water scarcity is the biggest problem for farmers in the country but ironically, lack of
water is not due to lack of rain but because farmers do not have the means of rainwater harvesting. During the
rains, the village of the villages are submerged in water and there is acute shortage of water during the summer
season.
It is not that we are indifferent in view of the ground water crisis. Our governments and institutions are working
at many levels to deal with this. Several important steps have been taken in this regard, which include construction
of reservoirs, their re-operation and operation, rainwater harvesting, de-silting of reservoirs, revival of small water
bodies and ponds etc.

Some Examples
As several efforts were made on priority basis to tackle the severe water problem in Telangana. The "Sri Raj
Rajeshwar Water Project" was resumed after nearly a decade of closure due to legal issues. After completion of
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the project, its capacity was increased to 27TMC (thousand million cubic feet) and it became the largest reservoir
in the state. The project has been completed in record time of 1.5 years. Similarly, the Annapurna reservoir of
Telangana was revived. With these efforts, the water level of the district has increased by 6m, this is confirmed
and documentation by the officers. As a result, agricultural activities in the district increased by 150%, it is a slow
but strong start.
Thus, Ramsanhi ghat in Uttar Pradesh (Barabanki) has a vast area of 43 hectares, but its condition was awfully
bad for quite some time, but in February 2019, the authorities has transformed it in a few months of time involving
public participation. The acclaimed Lake was an exceptionally large wetland, but it made a deep drain. The
rainwater was not known to be accumulated here. With the cleaning of the lake, people built an embankment of
about 400 metres long and 5 feet high in the northern region of the lake. By February 2020, birds like Kapsi Hans,
brown tithari, snail, crane, sand piper, selhi began to move in a big way. The special thing is that no money has
been spent by the government in this initiative and the people have fulfilled it with their voluntary and “shramdaan”
(Fig. 1). Though there is no survey at present, but the ground water level of 8-10 nearby villages has improved
considerably with 4-5 feet of water being built in the lake throughout the year.

Fig. 1
Similarly, in Lakhimpur Khiri Tehsil of Uttar Pradesh, there were more than 9000 ponds and lakes related to 2
major rivers Ghagra and Sharda. Two years ago, if Lakhimpur was introduced as a house of dead lakes, ponds,
and reservoirs, it would not have been wrong but now the situation is changing. Today, this tehsil is home to
137 revived reservoirs and wavy trees. The result of this environmental effort is that Lakhimpur has become the
first tehsil to have received the prestigious ISO:14001 certifications. Here also, public participation and
government efforts have done a commendable job by reviving the water body built earlier.
Jal, Jeevan Hariyali (JJH) mission is a very outstanding programme launched by The Chief Minister of Bihar, Shri
Nitish Kumar ji on "Bihar Prithvi Diwas" (August 9). This programme includes identifying, resuscitating and reoperation of the missing ponds, Ahaer, Johad etc., through satellite mapping in the next 3 years, and plantation on
vacant lands. Under this process, 3.5 crore trees were planted in a day at record levels by the forest department in
Bihar. These kinds of activities make us not only environmentally conscious of the environment around us but also
help build a better tomorrow.
An exceptionally beautiful example of traditional water system, the Kallanai Dam, Tami Nadu (Fig. 2), which was
built 2000 years ago by the Chola kings on the Cauvery river in Tamil Nadu, also known as “Grand Anikat Dam”,
is still effective today due to better maintenance and awareness. The Chola kings not only built this dam but also
built canals to enable the farmers to use water in their fields. The Cauvery section was divided into 4 partsKollidum, Cauvery, Venaru and Puthuaru. It is said that at some point of time, Tanjore had to buy food from
outside, but due to this dam, the area is now known for producing fine rice. It is understandable from this
discussion that saving the ancient water harvesting practices is also an important step towards water harvesting.
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Fig. 2
The ancient “Karez water system” of Bidar in Karnataka was constructed with the objective of rainwater harvesting
to supply water for drinking, household chores and irrigation (Fig. 3). It has many long and underground aqueducts
that connect with natural springs. Over the past several years, the country's academics and civil engineers have
stressed its conservation. Recently Suranga Bawdi (an integral part of the ancient Karez system in Vijayapura)
has been included in the World Monument Watch List 2020 by a New York-based NGO along with 24 other
monuments from around the world.

Fig. 3
In Patan, Gujarat, there is a “Sahastling Pond” (Fig. 4) just behind the “Rani’s Vaav”. In this pond, water comes
from the river Saraswati through a canal and interestingly, the water in the pond is not just a single, but naturally
it is also clean. Today, even though this pond has been dry, if you go here and look at the construction and carving
of the pond, you will understand how much developed Indi was in architecture, engineering, and water
conservation even at that time.
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Fig. 4

Fig. 5
From these examples, we can understand the importance of public participation and traditional water resources.
Adding public to a task increases its impact manifold like the introduction of a unique initiative called GudiCheruvu in Telangana, under which land was acquired to increase the water space of tanks in temples.
There may be several ways to conserve water in which rainwater harvesting can be a better option. If we try in our
domestic life, we can save water from 80 to 100 liters in almost daily activities. From saving RO water in the
kitchen to frequently used flushes in the restroom. Waste RO water can be used in planting, wiping, vegetable
washing, etc. A lot of savings is possible even if water is used not from a shower to a bucket mug while bathing.
If you save 2 buckets of water, it is equal to 40 litre. We just have to make a slight change in our everyday life.
Initially it will be difficult, but it is possible. Explain to the family members and helpers who work in your home
why we must spend water wisely and why we must save it. You will see that gradually this will get change in
your society and then create wider impact. In view of today's circumstances, it is important to make children aware
towards natural conservation. They must be aware of the importance of planting trees and water in their lives.
This can be understood from the above discussion that Government, NGO, public participation, and awareness of
society can change the current scenario. It is important to achieve better results, to set priorities and to pay attention
to them. Concern is essential. Water is remaining. Small, invigorated steps can make this situation even better.
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During the valedictory function held on 28th Februay, 2021 at 16.30-17.30hrs a discussion was made on climate
resilient groundwater management. Sh. M. Mehta, Prof. B.S. Choudhury, Prof. Nilanchal Patel and Sh. Anup
Nagar participated in the discussion. Dr. Dipankar Saha, Secretary,m INC-IAH moderated the discussion.
The following issues were highlighted:
(a) Raging groundwater over-exploitation in India. Recent replenishable groundwater resource estimation
carried out in 2017 reveals that about 1/5th geographical area of our country is either facing overexploited or in a critical situation. A major part of such areas are intensively cultivated. Agriculture is
the major consumer of groundwater.
(b) A large part of over-exploited and critical areas are getting in adequate recharge from natural sources
because they are located in arid- semiarid regions of the country. Climate change is impacting particularly
because of changing spatio-temporal pattern of rainfall as well as incidence of extreme rainfall events.
These factors are adversely impacting aquifer recharge.
(c) Massive artificial recharge and rainwater harvesting are to be taken up for climate resilient groundwater
management. The efforts should be made to tweak the design of the structures, in view of changing
rainfall pattern and intensity.
(d) For better management of resource it is urgently necessary to understand the aquifer in a holistic manner.
National Aquifer Mapping Program being executed by CGWB should be strengthened. In critical areas
this program should be carried out with higher granularity, so that the community gets benefit in
understanding the local aquifer system for its better and sustainable management.
(e) In view of the climate change scenario, all efforts should be taken to reduce groundwater extraction,
particularly for irrigation sector, consuming > 90% of total withdrawal. However groundwater vis-à-vis
agriculture has become a sensitive political issue. It is difficult to directly regulate the extraction for
irrigation, however some indirect ways must be adopted such as, crop diversification; shifting from water
dazzling to less water consuming crops, adopt efficient irrigation techniques, wise energy use for
pumping to reduce wasteful extraction etc.
(f) The ambient atmospheric temperature is likely to increase under climate change. This will lead to higher
evapotranspiration- which in turn promote more groundwater pumping, if the same cropping pattern and
irrigation practices continue.
(g) Latest technologies in the domain of geo-physical investigation, satellite based studies etc. are to be
promoted for better exploration, monitoring and management of groundwater resources, so that it can
withstand climate change impacts.
The discussion ended with extending thanks to all the speakers by the moderator.
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