


Groundwater Dynamics

in Hard Rock Aquifers



Groundwater Dynamics

in Hard Rock Aquifers

Sustainable Management and Optimal

Monitoring Network Design

Edited by

Shakeel Ahmed

NGRI, Hyderabad, India

Ramaswamy Jayakumar

UNESCO Office, Beijing, P.R. China

Abdin Salih

UNESCO Office, Tehran, Iran



A C.I.P. Catalogue record for this book is available from the Library of Congress.

ISBN 978-1-4020-6539-2 (HB)
ISBN 978-1-4020-6540-8 (e-book)

Copublished by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands
with Capital Publishing Company, New Delhi, India.

Sold and distributed in North, Central and South America by Springer,
233 Spring Street, New York 10013, USA.

In all other countries, except India, sold and distributed by Springer, Haberstrasse
7, D-69126 Heidelberg, Germany.

In India, sold and distributed by Capital Publishing Company,
7/28, Mahaveer Street, Ansari Road, Daryaganj, New Delhi, 110 002, India.

www.springer.com

Cover illustration: Typical dug well in granitic hard rock terrain at Maheshwaram,
Andhra Pradesh. Photograph taken by Dr. Shakeel Ahmed.

Printed on acid-free paper

All Rights Reserved
© 2008 Capital Publishing Company
No part of this work may be reproduced, stored in a retrieval system, or
transmitted in any form or by any means, electronic, mechanical, photocopying,
microfilming, recording or otherwise, without written permission from the
Publisher, with the exception of any material supplied specifically for the purpose
of being entered and executed on a computer system, for exclusive use by the
purchaser of the work.

Printed in India.



Preface

Groundwater is of utmost importance in the arid and semi-arid environment.
The areas in such regions are forced to face a variety of problems regarding
groundwater as it is the main source of water no matter for any use viz.,
drinking, domestic, irrigation or industrial particularly for the rural population.
The main challenges in hard rock areas in the semi-arid region are the water
conservation, management and planning of the water resources. This is further
complicated with several complexities of the geological formation. With the
semi-arid environment, complex geological settings and over shooting stresses,
the aquifer system becomes extremely fragile and sensitive. In spite of a
good amount of research in this field, it is still needed to understand the
behaviour of such complex system precisely and also apply the result in
reasonably larger scales. Therefore, the present research is focused on
improving the knowledge on the structure and functioning of the aquifer
system in hard rock terrain.

An Indo-French Centre for Groundwater Research (IFCGR: www.ifcgr.net)
set-up at the National Geophysical Research Institute (NGRI: www.ngri.org.in)
in collaboration with Bureau de Recherche Géologiques et Minières (BRGM:
www.brgm.fr), France has realized the need and set goal to study the hard
rock aquifers for the groundwater flow and management particularly at local
to medium scale. The centre has developed specific methods to:

� determine the geometry and extent of aquifers,
� estimate aquifer parameters and characterize the aquifer system,
� estimate recharge and irrigation returns as input to the aquifer system,
� estimate various parameters at the unmeasured locations and optimal

monitoring network design,
� calculate the groundwater balance and simulate the groundwater flow and
� evolve the strategies for sustainable management of the ground water.

With a considerable amount of research and identifiable output, it was
thought to share the findings and transfer the knowledge to other organizations
and researchers in this field. The research work carried out by taking a pilot
area on different aspects of groundwater management have been compiled
and presented here in the book. A couple of state-of-the-art papers were
included and the gaps were filled by adding a few more articles of relevance.
Publication of this book will add value to the present readings in the subject



and complete a milestone in the hard rock hydrogeology. The book starts
with a couple of general articles introducing the IHP of UNESCO and water
scenarios in India and then the basic knowledge on the hard rock hydrogeology
as well as an overview of the work carried out at the Indo-French Centre for
Groundwater Research, Hyderabad. The later articles are all technical depicting
mostly the case studies on hydrodynamics of the hard rock aquifers with a
brief theory on the applications of geostatistical methods as well as Aquifer
Modelling.

The editors extend their sincere thanks to all the contributors and IFCPAR,
New Delhi as well as UNESCO who have provided funding for the research
projects whose results are embedded here. Editors are thankful to Prof. G.
de Marsily, Ex-professor of Hydrogeology at the University of Pierre and
Marie Curie, Paris, France for critically reviewing the book.

Shakeel Ahmed
Ramaswamy Jayakumar

Abdin Salih

vi Preface



An Introduction to UNESCO’s
International Hydrological Programme

Abdin Salih*

The United Nations Organization for Education, Science, and Culture
(UNESCO) established International Hydrological Programme (IHP) in 1975,
as the single intergovernmental programme of the UN system devoted to
scientific study of the hydrological cycle and to formulating strategies and
policy for the sustainable management of water resources.

IHP was conceived as an evolving programme, ready to adapt to society’s
needs and transformations. The Programme is implemented in phases of six
years, in order to remain prompt in identifying new, emerging problems,
alerting decision makers, raising public awareness and providing the necessary
resources to respond with action.

The first phase, IHP-I, lasted from 1975 to 1980. IHP-II, on the other
hand, was of a shorter duration (1981-1983). This was to enable the
Programme to fit in with the timing of the Medium Term Plan of UNESCO.

IHP-I was mainly research-oriented following the International
Hydrological Decade. However, in response to the concerns of Member
States, the next phases were oriented to include practical aspects of hydrology
and water resources. Hence IHP-II (1981-1983) and IHP-III (1984-1989)
were planned under the theme Hydrology and the Scientific Bases for Rational
Water Resources Management. The theme chosen for IHP-IV (1990-1995)
was: “Hydrology and Water Resources Sustainable Development in a
Changing Environment”. IHP-V (1996-2001) was devoted to the theme:
“Hydrology and Water Resources Development in a Vulnerable Environment”.

In the development of its various phases, IHP has gone through a profound
transformation from a single discipline to a multi-disciplinary programme.
Recently, with the increased presence of the social science component, IHP
has become a truly inter-disciplinary programme, capitalizing on the
recognition that the solution of the world water problems is not just a technical
issue.

*Director and Representative, UNESCO Office, Tehran, Iran
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UNESCO’s intergovernmental scientific cooperative programme in
hydrology and water resources is presently the only broadly based science
programme of the UN system in this area. It was established because both
the international scientific community and governments, realizing that water
resources are often the primary limiting factors for the peaceful development
in many regions and countries of the world, saw the need for an internationally
coordinated scientific programme focusing on water. It has had a prime role
as a catalyst in promoting cooperation in water science and water resources
management.

Today, integrated water resources management poses scientific, technical,
socioeconomic, cultural and ethical challenges. IHP is a multidisciplinary
programme at the forefront of assuming these challenges. To this end, IHP
is a prominent UNESCO vehicle for meeting the UN Millennium Goals.

The current phase of IHP, IHP-VI, covering the period 2002-2007, is
devoted to “Water Interactions: Systems at Risk and Social Challenges”. The
sixth phase of IHP emphasizes societal aspects of water resources. However,
this emphasis should not be interpreted as the replacement of the primary
concern: to study the occurrence and distribution of water within the natural
environment.

The incorporation of the social dimension underlines the need for improved,
more efficient management of water resources and the more accurate
knowledge of the hydrological cycle for better water resources assessment.
So far, water has been managed in a fragmented way. Surface water and
groundwater are considered separately in development activities without due
recognition of their interdependence. Water resources in many places are
still not managed in conjunction with land resources. Water supply schemes,
eventually generating large amounts of waste water in consumer areas, are
normally designed and built, especially in developing countries, without the
required matching drainage networks and waste water treatment facilities.
Quantity is generally managed separately from quality, as is water science
and water policy. This fragmentation of approach also impedes coherent
hydrological analyses at regional, continental and global scales.

IHP-VI (2002-2007) has been based on the fundamental principle that
fresh water is as essential to sustainable development as it is to life and that
water, beyond its geophysical, chemical, biological function in the hydrological
cycle, has social, economic and environmental values that are inter-linked
and mutually supportive.

The launching of IHP-VI coincides with the emergence of a profound
paradigm shift in society’s approach towards water. As far as the management
of this resource is concerned, it is documented in the call for integrated
water resources management. Research to support integrated water resources
management should also be integrated. This implies not only more inter- and
multi-disciplinary approaches but also more co-operation and partnership in
executing research programmes. In this regard, water-related activities of

Abdin Salih
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intergovernmental organizations (IGOs) should co-operate and be co-ordinated
with the programmes of non-governmental organizations (NGOs). It is
expected that this synergy could be the most important basis to successfully
implement IHP-VI.

In line with the above-mentioned comprehension of water interactions,
technological development of data acquisition and improved modelling of
processes and interactions, the relevant IHP-VI topics on hydrologic research,
water resources management and education are framed under five themes.
The transition and interaction from the global scale to the watershed scale
being the overall driving force for the consideration of the complex
relationships between water and society and the overall need for knowledge,
information and technology transfer.

Theme 1 - Global Changes and Water Resources
Theme 2 - Integrated Watershed and Aquifer Dynamics
Theme 3 - Land Habitat Hydrology
Theme 4 - Water and Society
Theme 5 - Water Education and Training

Two crosscutting programme components: FRIEND (Flow Regimes for
International Experimental and Network Data) and HELP (Hydrology for
Environment, Life and Policy) have been identified that, through their
operational concept, interact with all themes.

Besides the obvious symmetry with FRIEND, HELP is conceived to be
funded entirely from extra-budgetary or external financial sources. This
structure accounts first of all for the considerably higher financial requirement
and longer time scale of HELP projects than for the ones in the regular IHP
time and budget framework. However, it is fully considered as an integrated
part of IHP-VI (and beyond) as far as scientific objectives, approach and
result dissemination is concerned.

A pilot project on “Analyses of Geochemical Contamination in
Groundwater including monitoring network design in hard rock aquifer
systems” was taken up as part of IHP-VI Theme II - Integrated Watershed
and Aquifer Dynamics, in collaboration with Indo-French Centre for
Groundwater Research jointly sponsored by National Geophysical Research
Institute, India and BRGM of France. Under this project a large number of
experiments have been conducted to thoroughly investigate the area. The
information gathered from the field has been interpreted by different methods
to establish the best and suitable technique to be applied. Extensive application
of aquifer modeling and geostatistics were made to make the study versatile.
A few new techniques have developed particularly the geostatistical
monitoring network design etc. A project on the groundwater management
in this weathered-fractured aquifer has been completed and refining of the
model with the additional data and for further research particularly unsaturated
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zones are continuing. I believe our collaboration with this centre will go a
long way in implementing IHP priorities.

UNESCO and IFCGR is planning to create a network of scientists from
Asian region and around the world on “Groundwater Monitoring Network
Optimization for hard rock areas” to bring all the scientists working in this
area together to create a monitoring network design which is the backbone
of any development activities in the hard rock aquifer system. I hope through
this initiative this region as well the whole world will be benefited in terms
of groundwater monitoring in the hard rock aquifer systems.

World Water Assessment Programme is one of the recent initiatives of all
UN Agencies in the field of water. This UN-wide programme seeks to
develop the tools and skills needed to achieve a better understanding of
those basic processes, management practices, and policies that will help
improve the supply and quality of global freshwater resources. The United
Nations system is complex. It is not easy to explain what each agency and
programme does, since each one has its own priorities and procedures. Under
this common banner, they have agreed to work together—sharing information,
knowledge and know-how—to improve our understanding of the policies
and practices that encourage sustainable use of water resources.

We in UNESCO-IHP have now started preparing the themes for IHP
Phase VII (2008-2013), and the consultation with member states has started.
I request all the scientists and engineers participating in this workshop to
consult their respective IHP committees after this training to critically evaluate
the priorities and proposals. The Task Force suggests the following four
themes for IHP-VII:

Theme I: Global Changes, Watersheds and Aquifers
Theme II: Governance and Socio-Economics
Theme III: Water and Environmental Management
Theme IV: Water Quality, Human Health and Food Security

Finally, the challenge we all have is “How to put water in the minds
of people?” Let us work together to solve the world’s most important problem
of water in the coming years. Let me conclude my introduction with a quote
from former President J. F. Kennedy “Anybody who can solve the problems
of water will be worthy of two Nobel Prizes, one for peace and one for
science”.
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Hydrogeological Research in India in Managing Water Resources 1

K.D. Sharma and Sudhir Kumar

National Institute of Hydrology, Roorkee 247667, India

INTRODUCTION

India is a vast country with a total geographical area of about 3.28 × 106

km2. Due to diversified geological, climatological and physiographic setup,
groundwater situations in different parts of the country are divergent. Uneven
distribution of surface water in space and time, man’s interference, and over-
exploitation of groundwater have caused regional imbalances in the supply
and demand of water both in the alluvial tract of north India and in the hard
rock formations of Peninsular India. The total annual water resources of
India are about 1960 km3. The utilizable water resource is 1140 km3 (690
km3 from surface water and 450 km3 from groundwater). The present
utilization is 750 km3 (500 km3 from surface water and 250 km3 from
groundwater). The projected demand for the year 2025 is 1050 km3 indicating
that by that point of time the total available water resources have to be put
to use.

Groundwater has to fulfill about 33% of the water demand by the year
2025. Availability of groundwater varies from free flowing wells in parts of
Indo-Gangetic plains to deep aquifers (>100 m) in Rajasthan depending on
the hydrogeological conditions. Also, availability of groundwater in hard
rock areas depends on the thickness of weathered material and fractures and
fissures.

In view of the above, there is a need to understand the distribution and
occurrence of groundwater in different hydrogeological situations. In this
article, the hydrogeological setup of the country and occurrence of
groundwater in different geological formations have been presented. Also,
the research carried out in the areas of groundwater recharge, water quality
and remote sensing and GIS have also been included.

Hydrogeological Research in India
in Managing Water Resources1
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WATER RESOURCES OF INDIA—AVAILABILITY
AND DEMANDS

The present population of India is about 105 billion. It has mainly tropical
climate but certain parts of the country in the west and in the peninsular
region have semi-arid to arid climate.

India is bestowed with large resources of surface water and groundwater.
However, their distribution both in space and time is highly variable due to
the monsoon type of climate. The average annual rainfall is of the order of
1170 mm which brings about 4000 km3 of water and about 200 km3 flows
in from the neighbouring countries. Evapotranspiration rates are high causing
a total loss of about 1820 km3 of water to the atmosphere. A water balance
prepared by the National Commission of Agriculture is given in Fig. 1. The
total water resources of all the river basins in the country are about 1869
km3. Due to topographic limitations, only about 690 km3 of water is considered
as utilizable flow, out of which at present only about 500 km3 is being used.
The rest presently flows down unused either through surface flow or via
groundwater to the oceans.

The maximum utilization of surface water is in Indus, Krishna, Kaveri,
Sabarmati and Mahi river basins, while that in Ganga, Brahmaputa, Mahanadi
and Narmada is low. Out of 1869 km3 annual surface water potential, as
much as 585.6 km3 or 31.1% is in Brahmaputra Basin where due to non-
availability of sufficient irrigable land only 24 km3 is considered utilizable.

Figure 1. Approximate annual water resources of India in 2000 and
2025 AD (in km3). The values in brackets are those anticipated

for 2025 AD (Singh, 1997).
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The river Brahmaputra carries more water per unit area of the basin than any
other river in the world and is also one of the major sediment transporting
rivers of the world, second only to the Yellow River of China.

The utilizable annual water resources of India are about 1140 km3 out of
which 690 km3 is from surface water and 450 km3 from groundwater sources.
The utilization for the year 2000 and the projected annual demands of water
for the year 2025 are given in Table 1.

Table 1: Estimates of Annual Water Demand and Water
Distribution in India (in km3)

Sl. No. Purpose Year 2000 Year 2025
Annual Water Demand

1. Domestic use 33 52
2. Industrial 30 120
3. Energy 27 71
4. Irrigation 630 770
5. Other uses 30 37

Total 750 1050

Annual Water Distribution

Surface water 500 700
Groundwater 250 350

(Source: Singh, 1997)

Table 1 indicates that out of total water utilized in the country, 84% is
used for irrigation, about 4.4% for drinking and municipal use, 4% for
industry, 3.6% for energy development and the remaining 4% for other
purposes. Table 2 also shows that nearly the entire utilizable water resources
of the country would be required to be put to use by the year 2025.This is
mainly on account of increased demand of water for irrigation required to
grow more food grain for the increasing population which is estimated to
reach about 1.25 billion by the year 2025. Even at present there are indications
of over-exploitation of groundwater as manifested by the lowering of water
table in several areas. Therefore, there is an urgent need for chalking out
suitable strategies for planning, development, conservation and management
of available water resources in an optimal way.

GROUNDWATER RESOURCES

The assessment of water resources of the country dates back to 1949,
Dr. A.N. Khosla (1949) estimated the total average annual run-off of all the
river systems in India as 1674 km3 (167.4 million hectare meter [Mham]),
based on empirical formula which included both the surface and groundwaters.
Since then various Working Groups/Committees/Task Force, constituted by
Government of India, have made attempts to estimate the groundwater
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resources of the country. But, due to paucity of scientific data and incomplete
understanding of the parameters involved in recharge and discharge processes,
all these estimations were tentative and at best approximation.

The National Commission on Agriculture (1976) assessed the total
groundwater resources of the country as a whole, taking into account the
total precipitation, its distribution, evaporation from the soil, and sub-soil
percolation. The groundwater recharge was worked out from the total quantity
of water that percolated into the soil. The Commission assessed the
groundwater resources as 670 km3 (67 Mham), excluding soil moisture. The
usable groundwater resource was assessed as 350 km3 (35 Mham), of which
260 km3 (26 Mham) was considered as available for irrigation. It further
worked out the ultimate irrigation potential from groundwater as 400,000
km2 (40 Mha) based on utilizable groundwater resource of 260 km3 (26
Mham) and an average requirement of 0.65 hectare meter depth of
groundwater to irrigate a cropped hectare, in contrast to 0.90 hectare meter
of surface water, as conveyance losses are higher in the latter case.

This was the first exercise for conversion of the volume of groundwater
to the area to be irrigated. The water requirement of crops was based on the
average depth of gross irrigation application at the source per crop hectare.

The first attempt to estimate the groundwater resources on scientific basis
was made in 1979. Agriculture Refinance and Development Corporation
constituted a High Level Committee, Ground Water Over Exploitation
Committee to recommend definite norms, for groundwater resources
computations. Based on these norms the State Governments and the Central
Ground Water Board computed the gross groundwater recharge as 467.90
km3 (46.79 Mham) and the net recharge (70% of the gross) as 324.9 km3

(32.49 Mham). This committee had, however, recommended that the
methodology be revised with increasing availability of data.

Subsequently, Government of India constituted another committee to go
into various aspects of the problems of the groundwater development. This
committee examined in depth a large volume of hydrogeological and related
data generated by the Central Ground Water Board through nation-wide
surveys, exploration and 12 water balance projects, completed till then, and
area oriented studies carried out by the State Ground Water Organizations.
The Ground Water Estimation Committee came up with a revised methodology
for assessment of groundwater potential and evolved new norms in 1984.
Based on these norms the annual replenishable groundwater resources of the
country were worked out to be 453.30 km3 (45.33 Mham). Keeping a
provision of 15% (69.8 km3) for drinking, industrial and other uses the
utilizable groundwater resource for irrigation was computed 383.40 km3

(38.34 Mham) per year. The ultimate irrigation potential in terms of area
based on the state-wise assessment was estimated as 80.38 Mha. In this
assessment, the irrigation requirement varies from 0.36 m/ha in Uttar Pradesh
to 1.20 m/ha in Assam. Even in individual states, a range of values of
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irrigation requirement was considered viz. 0.36 to 0.937 m for Tamilnadu,
0.4 to 0.75 m for Maharashtra, etc.

Ministry of Water Resources, Government of India, revised the groundwater
resources in 1995. According to the report, the total rechargeable groundwater
resources in the country are computed as 43.19 m.ha.m. The available
groundwater resource for irrigation is 36.08 m.ha.m, of which the utilizable
quantity is 32.47 m.ha.m. The utilizable irrigation potential of the country
has been estimated as 64.05 m.ha., based on crop water requirement and
availability of cultivable land. The stage of groundwater development is
estimated as 55.23% based on irrigation potential created in the country
(35.38 m.ha.). Basin wise groundwater potential is given in Table 2.

Table 2: Basin-wise Ground Water Potential of India

Sl. No. Name of Basin Total Replenishable Ground
Water Resources (km3)

1. Brahmai with Baitarni 4.05
2. Brahmaputra 26.55
3. Cambai Composite 7.19
4. Cauvery 12.30
5. Ganga 170.99
6. Godavari 40.65
7. Indus 26.49
8. Krishna 26.41
9. Kutch and Saurashtra Composite 11.23

10. Madras and South Tamil Nadu 18.22
11. Mahanadi 16.46
12. Meghna 8.52
13. Narmada 10.83
14. Northeast Composite 18.84
15. Pennar 4.93
16. Subarnarekha 1.82
17. Tapi 8.27
18. Western Ghat 17.69

Total 431.42

In order to establish changes in groundwater levels, Central Ground Water
Board has established a network of about 15,000 stations covering various
parts on the country. In addition to these, State Ground Water departments
are also monitoring the water levels in their respective States. The observations
for the year 1980-2000 indicate a decline of about 4 m during this period
covering almost all the States. In the capital city of Delhi, a decline of more
than 5 m has been reported. The overall decline in water table is due to
greater demand of water for irrigation, domestic and industrial uses as well
as decreasing groundwater recharge as a result of urbanization. As the pace



6 K.D. Sharma and Sudhir Kumar

of development is not uniform, there are areas, which are greatly affected
while in other parts the problem is not so severe.

In view of the recurring problems of drought, Government of India has
launched an Accelerated Programme of Groundwater Exploration and
development. Under this programme, tube wells are being drilled as “sanctuary
wells”, which will be used only during the drought period, as a crisis
management measure exclusively for drinking water needs.

HYDROGEOLOGICAL SETUP

India is a vast country having diversified geological, climatological and
physiographic setup, giving rise to divergent groundwater situations in
different parts of the country. The rocks, which control the movement of
groundwater, vary in age from Archean to Recent and also vary widely in
composition and structure. The landforms vary from rugged mountains of
the Himalayas to flat alluvial plains of rivers and coastal tracts, and the
aeolian deserts of Rajasthan. The rainfall also varies from <100 mm in parts
of Rajasthan to >10,000 mm in Meghalaya. The topography and rainfall
virtually control the surface runoff and consequently the groundwater recharge.
Fig. 2 shows the major aquifers in India.

Figure 2. Distribution of major aquifers in India

(Source: Raju, 2003).
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The large alluvial tract in the Sindhu-Ganga-Brahmaputra plains, extending
over a distance of 2000 kms from Punjab in the west to Assam in the East,
constitute one of the largest and most potential groundwater reservoirs in the
world. These aquifer systems are extensive, thick, hydraulically interconnected
and moderate to high yielding. To the north of this tract all along the
Himalayan foot hills, lies the linear belt of Bhabar piedmont deposits, and
the Tarai belt down slope with characteristic auto flowing conditions.

Hydrogeologically alluvial formation consists of unconsolidated sand, silt
and clay with occasional beds of gravel extending to a depth of more than
one km at some places. In a narrow belt in the north, at the foot of the
Himalayas, artesian aquifers, under free flowing conditions exist at a depth
of 50 to 100 m. Possibilities of deep confined aquifers as a potential source
of water is indicated from deep drilling carried out for oil exploration at
some places (Jones, 1987). The area is also bestowed with good rainfall and
recharge conditions. Ground water is mainly used for irrigation in addition
to domestic and other uses. Tube well irrigation is being practiced in this
area from the last more than one hundred years.

The next older formation of Cenozoic age consisting of unconsolidated to
semi-consolidated sandstone and shale occupy parts of coastal areas and also
in the northeast. Under favourable conditions these formations form artesian
aquifers as in parts of Cambay basin in the west and Neyveli in Tamilnadu
in South India.

The main volcanic suite of rocks is represented by Deccan Traps occupying
an area of more than 500,000 km2 in the western and central parts of the
country. A number of basaltic flow units are identified of age varying from
Upper Cretaceous to Lower Eocene. Main source of groundwater is from the
weathered, fractured and vesicular horizons. At places different layers of
basalt form a multi-aquifer system. Parts of this area has semi-arid climate
due to which recharge is limited and availability of groundwater is poor.

The Gondwanas are represented by semi-consolidated sandstone, shale
and coal beds, which were deposited in the structurally controlled faulted
basins. They are fresh water deposits of age varying from Permo-
Carboniferous to Late Jurassic. They also form multi-aquifer system.
Uncontrolled mining has resulted in the flooding of mines causing great loss
of life of miners.

Most part of Peninsular India is occupied by a variety of hard and fissured
formations, including Crystalline, trappean basalt and consolidated
sedimentaries (including carbonate rocks), with patches of semi-consolidated
sediments in narrow intracratonic basins. Rugged topography and compact
and fissured nature of the rock formations combine to give rise to
discontinuous aquifers, with limited to moderate yield potentials. The near
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surface weathered mantle forms the all important groundwater reservoir, and
the source for circulation of groundwater through the underlying fracture
systems. In the hard rock terrain, deep weathered pediments, low-lying valleys
and abandoned river channels generally contain adequate thickness of porous
material, to sustain groundwater development under favourable
hydrometeorological conditions. Generally, the potential water saturated
fracture systems occur down to 100 m depth, and in cases yield even up to
30 litres per second (Ips). The friable semi consolidated sandstones also
form moderate yielding aquifers, and auto flowing zones in these formations
are not uncommon. Shallow large diameter dug-wells and small diameter
bore-well s are the main source of water supply for domestic and irrigation
purposes. The yield characteristic of wells varies widely. Over exploitation
of groundwater has caused considerable lowering of water table. Recent
studies have indicated the presence of potential aquifers at deeper levels due
to the presence of deep-seated fractures along lineaments. These lineament
zones are found to be highly productive for construction of bore-well s
(Singhal and Gupta, 1999).

Consolidated sedimentary formations viz., sandstone, shale and limestone
of Pre-Cambrian age occur as isolated basins in different parts of the country.
The permeability of the rocks is usually poor. Limestone is usually massive
and lack in the development of secondary porosity due to the lack of solution
activity except in some parts of western and Peninsular India.

The coastal and deltaic tracts in the country form a narrow linear strip
around the peninsula. The eastern coastal and deltaic tract and the estuarine
areas of Gujarat are receptacles of thick alluvial sediments. Though highly
productive aquifers occur in these tracts, salinity hazards impose quality
constraints for groundwater development. In this terrain, groundwater
withdrawal requires to be regulated so as not to exceed annual recharge and
not to disturb hydro-chemical balance leading to seawater ingress.

The high relief areas of the northern and northeastern regions occupied by
the Himalayan ranges, the hilly tracts of Rajasthan and peninsular regions
with steep topographic slope, and characteristic geological set-up offer high
run-off and little scope for rainwater infiltration. The groundwater potential
in these terrains are limited to intermontane valleys. Distribution of
hydrogeological units in India is given in Table 3.
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GROUNDWATER RECHARGE STUDIES

Groundwater recharge has been measured at many locations in India by the
tritium tagging or tritium injection method. The method is based on the
assumption that the soil water in the unsaturated zone moves vertically
downward as discrete layers. Water added on the surface either as precipitation
or irrigation will move downwards by pushing the older water beneath and
this in turn will push the still older water further below, thereby the water
from the unsaturated zone is added to the groundwater reservoir. This flow
mechanism is known as the piston flow. Therefore, the vertical movement
of the injected tritium can be monitored in the soil column. The position of
the tracer is indicated by a peak or a maximum in the tritium activity versus
depth plot. However, molecular diffusion, dispersion and aquifer
heterogeneties may cause broadening of the peak. The methodology provides
spot measurements of natural recharge.

This method has been used by a number of workers in different
hydrogeological environments in India. Measurements have been carried out
for the last more than 25 years in 35 watersheds, water basins and
administrative blocks by various research workers (Table 3).

Natural recharge rates obtained from the tritium injection method were
compared with other methods e.g. water level fluctuation and groundwater
modelling. The recharge rates calculated from tritium injection method range
from 24 to 198 mm/yr. or 4.1 to 19.7% of the local average seasonal rainfall
depending upon the hydrogeological and climatic conditions (Table 4). The
replenishable groundwater potential of India, for normal monsoon years
based on tritium injection method, is calculated as 476 × 109 m3 per year.

Table 4: Rainfall recharge measurements in India
using tritium injection method

SI.. Basin/watershed/ Main rock Rainfall Natural recharge derived
No. Blocks  types (mm yr-1

) Median Mean Rainfall
(mm yr-1) (mm yr-1) (%)

1. Punjab Alluvium 460 35 56 12.2
2. Haryana Alluvium 470 43 70 14.9
3. Western Uttar Pradesh Alluvium 174 195 19.7
4. Churu district, Rajasthan Alluvium 491 67 62 12.6
5. Godavari-Puma basin,

Maharashtra Basalt 652 50 56 8.6
6. Lower Maner basin,

Warangal and Karimnagar Sandstone
dists. Andhra Pradesh and shale 1250 103 117 9.4

7. Neyveli basin, Tamilnadu Sandstone 1398 150 181 12.9
8. Neyveli basin, Tamilnadu Alluvium 1004 50 161 16.0
9. Noyil basin, Tamilnadu Granite,

Gneiss 715 35 69 9.6

(after Rangarajan and Athavale, 2000)
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Studies in the hard rock terrains covered with black cotton soil in basaltic
terrain and red lateritic soil in granitic areas indicate that a minimal rainfall
of about 246 mm and 412 mm are required for initiation of deep percolation
in red and black cotton soils respectively. However all of this will not be
available for utilization as part of it will be lost to base flow and effluent
seepage to surface drainage system. This also does not include other sources
of recharge such as return flow from irrigation.

WATER QUALITY

In addition to the problem of inland salinity, overexploitation of groundwater
has resulted in seawater intrusion in coastal areas. This problem is more
severe in the coastal parts of Gujarat, Orissa, Tamilnadu and Kerala. Further,
higher concentration of fluoride, iron and arsenic is reported from some
areas. Higher concentration of fluoride (more than the permissible limit of
1.5 mg/lit) is reported from parts of Andhra Pradesh, Tamilnadu, Rajasthan
and Uttar Pradesh. The cause of high fluoride in these areas is geogenic i.e.
due to the dissolution of fluoride bearing minerals. At some places,
deflouridation plants are installed to remove high concentration of fluoride.

The occurrence of arsenic in groundwater, reported in recent years from
parts of West Bengal, has caused great concern. In West Bengal, life of more
than five million people is at risk due to high As in groundwater and already
about half a million people suffer from various arsenic related diseases.
Similar problem is reported from the neighbouring country of Bangladesh
where high concentration of arsenic (0.3 to 1.1 mg/lit) is reported from
shallow alluvial and deltaic aquifers in the depth range of 15 to 75 m below
the ground surface. The permissible limit of arsenic in drinking water in
India is 0.05 mg/lit, while the WHO has put a limit of 0.01 mg/lit.

Studies in West Bengal by the scientists of the Bhaba Atomic Research
Center (BARC) and CGWB show that groundwater from shallow unconfined
aquifers (depth 20 to 80 m) has low dissolved oxygen, negligible SO4 and
higher concentration of As (0.5 to 1.0 mg/lit or more), and bicarbonate; pH
being above 7. In most of the areas the arsenic concentration is localized.
Higher concentration of As is in areas where clay pockets predominate.
Isotope data indicate modern recharge to the shallow aquifer. Groundwater
in deeper semi-confined to confined aquifers (>100 m) contains negligible
amount of As and is much older in age (5000 to 13,000 years) indicating that
these are palaeowaters. Surface water in these areas does not have any
arsenic.

The cause of high arsenic in groundwater of both India and Bangladesh
is somewhat controversial. Some workers attribute it to the presence of
arsenic bearing pyrite in the clay, silt and peat formations interbedded with
alluvial aquifers. Lowering of water table, due to excessive withdrawal of
groundwater, has resulted in the oxidation and leaching of As from the
sediments.
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According to other scientists, arsenic, which is adsorbed on the iron
hydroxide surface, is released to groundwater under reducing conditions
(Mukherje et al., 2001). They have also argued that detrital pyrite or
arsenopyrite is absent from the aquifer in these areas.

Studies by the CGWB in West Bengal have indicated the presence of
arsenic-free aquifers in the depth range of 200 to 250 m below ground level
which can be tapped by constructing deep tube wells. Mitigation is difficult
given the scale of the problem as well as social and economic factors.
Options include use of deep groundwater (>150 m), use of disinfected
groundwater from dug-wells, rainwater harvesting, and treatment of
contaminated groundwater and surface water.

Groundwater having more than the maximum permissible limit of 1.0 mg/
lit of iron is reported from high rainfall areas in eastern states and northeastern
states. It is attributed to the dissolution of iron oxides in laterites and other
iron bearing minerals. Iron-removal plants are installed at some places to
provide safe drinking water in these areas.

The problem of acid mine drainage especially from high sulphur Tertiary
coals of Assam in northeastern India is quite acute. In this area the problem
is aggravated due to high rainfall of the order of 400 cm/yr. The mine
drainage water is highly acidic (pH = 2.3 to 4.0) and contains more than
3000 mg/lit of sulphate and about 300 mg/lit iron.

Dumping of industrial waste and sewage into surface water-courses cause
widespread pollution resulting in large number of deaths due to water-borne
diseases.

GROUNDWATER AUGMENTATION THROUGH
ARTIFICIAL RECHARGE

The artificial recharge is being practiced for augmentation of groundwater
reservoir and to provide sustainability to groundwater development in India.
The schemes for artificial recharge are being implemented in different
hydrogeological situations by CGWB and many State Groundwater
Departments. A few case studies from different hydrogeological setups are
given herein under:

Basaltic Terrain—Maharashtra

Over-exploitation of groundwater for orange cultivation has depleted the
groundwater resources in parts of Amravati district, Maharashtra.
Hydrogeological studies have brought out that the watershed WR-2 covering
488 km2 area has surplus monsoon runoff of about 98.9 million cubic metres
(MCM) which can be conserved through simple artificial recharge structures
like percolation tanks and check dams (cement plugs). The efficiency of
these structures constructed at suitable locations with appropriate design in
case of percolation tanks is 91% and for cement plugs 94%. The benefited
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area in case of percolation tanks with gross storage capacity varying from
71 to 220 thousand cubic metres (TCM) varied from 60 to 120 hectares (ha)
during 1997-98 and benefits extended up to 1.5 km down stream of percolation
tanks. In case of cement plugs with storage capacity varying from 2.10 TCM
to 7.42 TCM varied from 3 to 15 ha during 1997-98.

Alluvial Aquifers Bordering Mountain Front—Maharashtra

The prominent regional aquifer system for Tapi Alluvial basin paralleling
Saturn Mountain front is being extensively developed to meet the water
requirement of cash crops like banana and sugarcane. This has led to decline
of water levels by more than 8-10 metres during last 10-15 years. Large
number of wells have either gone dry or their yields have declined. The
Central Ground Water Board carried out artificial recharge studies in TE-17
watershed in Jalgaon district. The sub-surface storage potential of watershed
five metres below ground level was assessed as 85 million cubic metres
(MCM) compared to surplus monsoon runoff of 29.7 MCM. Artificial
recharge techniques like recharge through percolation tanks, recharge through
existing dug-wells, recharge shafts and through injection tubewells were
experimented. Percolation tanks in Bazada formation of Saturn foothills were
found to be highly efficient with efficiency as high as 97% and capacity
utilization going up to 400%. The zone of benefit extended to 5 km with
benefited area up to 400 ha.

Percolation Tanks in Hard Rocks in South India

Artificial recharge by percolation tanks is an ancient practice of water
conservation especially in the hard rock terrains of India. Hundreds of such
tanks are constructed every year in drought prone areas to augment
groundwater recharge from permeable river beds by constructing check dams/
dykes. Rate of infiltration from these tanks depend on local hydrogeological
conditions, topography and storage characteristics of the tank. Studies in
granites and basaltic terrains of South India indicate that the rate of recharge
from percolation tanks vary from 9 to 12 mm/day. The rate of infiltration
decreases with time due to silting. In ephemeral and seasonal streambeds,
recharge rates are comparatively high due to the reworking/removal of silt
during the dry period. Evaporation losses from the tanks are also high, being
about 4 to 6 mm/day (Muralidharan and Rangarajan, 2001).

Coastal Area—Saurashtra, Gujarat

After detailed hydrogeological surveys and groundwater draft estimation,
artificial recharge through pressure injection and surface spreading methods
was experimented in the alluvial area around Kamliwara in the Central
Mehsana. Source water for the test was drawn from the phreatic aquifer
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below the Saraswati riverbed. Since groundwater was used for artificial
recharge, the injection water was devoid of silts and other impurities and
chemically compatible with the water in aquifer getting recharged. The
pressure injection experiment was conducted continuously for about 250
days with an average injection quantity of 225 cubic metres per day. During
the recharge cycle, a rise in water level of five metres in the injection well
(apparent built up of 11 m) and 0.6 to 1.0 m in wells 150 metres away from
the injection well were observed.

In Mehsana area, artificial recharge experiments through spreading method
were also conducted using canal water. A spreading channel of 3.3 metres
width, 400 m length with 1 in 1 side slope was constructed and in which the
canal water was fed for 46 days. The recorded build up in water level of 1.4
to 2 m was observed up to 15 m from the recharge channel and about 20 cm
at distance of 200 m. The recharge rate of 260 cubic metres per day was
estimated using an infiltration rate of 17 cm/day. Dissipation in recharge
mound (1.42 m) was observed in 15 days.

Studies on control of salinity in the coastal Saurashtra using spreading
and injection method have indicated that the recharge pit and the injection
shaft can effect recharge at the rate of 192 and 2600 cubic metres per day
respectively. Canal water was used for recharge studies.

Alluvial Areas of Ghaggar River Basin—Haryana
Central Ground Water Board, with the assistance of UNDP, carried out

artificial recharge studies involving recharge through injection well in
Kurukshetra District along Ghaggar river in Haryana. After construction and
development of injection well, recharge experiment was conducted with a
recharge rate of 40 LPS for 389 hours and with 22 LPS for another 24 hours.
The experiment demonstrated that the hydrogeological conditions of the area
are favourable for artificial recharge through injection method. The canal
water quality was found to be suitable for injection.

REMOTE SENSING AND GIS APPLICATIONS

Since late 60’s many attempts have been made to explain spatial variability
of groundwater occurrence in different terrain conditions using aerial
photography and remote sensing. Ghosh and Singh (1975) have identified
the control of palaeochannels on the occurrence and movement of groundwater
in Rajasthan. Under National Drinking Water Mission, ISRO has identified
and mapped favourable zones for groundwater exploration (ISRO, 1988).

Groundwater cannot be seen directly from the remote sensing data; hence
its presence is inferred from identification of surface features, which act as
an indicator of groundwater (Das et al., 1997; Ravindran and Jeyram, 1997).

Many researchers have used remote sensing and GIS techniques
successfully for demarcating the groundwater potential zones in diverse
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geological setup (Raj and Sinha, 1989; Champati et al., 1993; Krishnamurththy
et al., 1996; Saraf and Chaudhary, 1998; Shahid et al., 2000).

Department of Space have recently completed a project under drinking
water mission in five states of the country (NRSA, 2000). Under this project
different thematic maps—viz., geology, geological structures, geomorphology
and recharge conditions have been prepared and the said maps have been
integrated in GIS for demarcation of potential groundwater zones.

Jaiswal (2003) has developed an approach for identifying groundwater
prospect zones in hard rock areas. The approach is based on information
extracted on lithology, geological structures, landforms, landuse map prepared
from remotely sensed data and drainage network, soil characteristics slope
of terrain from conventional methods and studying all these data in GIS
environment.

CONCLUDING REMARKS

India is a vast country with diverse hydrogeological conditions. Distribution
and availability of groundwater depends on the type of aquifers. A lot of
work has been done on exploration of groundwater and understanding the
hydrogeological setup of the country. Modern techniques like isotopic tracers
are being used to study the groundwater recharge and groundwater movement
in different conditions. Remote sensing and GIS is also being used to identify
the groundwater prospect zones.
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INTRODUCTION

The term hard rock was perhaps originally coined by drillers to indicate poor
drillability of these rocks. Hard rocks are characterized by insignificant
primary (intergranular) porosity and primary permeability. However,
weathering and fracturing can impart secondary porosity and permeability to
varying extent. Usually, crystalline (igneous and metamorphic) rocks are
included in this group. As the hydraulic properties of these rocks are mainly
controlled by fracturing, these are also referred as fractured rocks. Unlike
sedimentary rocks, the hard rocks generally represent anisotropic and
heterogeneous media.

Hard rocks widely occur in various parts of the world and cover about
20% of the land surface. In India, over two third of the surface area totalling
about 2.40 million sq. km. is occupied by hard rocks regions and nearly 50%
of the replenishable resources of groundwater occur in these rocks. In certain
parts of the hard rock terrains in India, as in the Western Ghats and in
Assam, rainfall is high (about 400 cm per year) but over a greater part of
the area, rainfall is poor and these are drought prone areas e.g. Central
Maharashtra, Telengana area of Andhra Pradesh and some parts in Karnataka
and Rajasthan. In these semi-arid areas availability of groundwater is quite
problematic.

In the past, the hard rocks were neglected as a possible source of
groundwater. This was mainly due to their low permeability and high cost
of drilling. However, in recent years, geo-hydrological investigations have
indicated that the rocks everywhere are not so unpromising. Moreover, rapid
methods of drilling by down-the-hole hammer have also facilitated the

Nature of Hard Rock Aquifers:
Hydrogeological Uncertainties and
Ambiguities
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groundwater investigations and development work. Systematic geo-exploration
has also increased the rate of success in water well drilling in hard rock
areas.

Studies on the hydrogeology of hard/fractured rocks are being pursued for
different purposes and with widely differing objectives, such as:

(i) Development of safe groundwater supplies for domestic and irrigation
purposes.

(ii) Contaminant migration studies, in order to estimate the movement of
pollutants through fractures etc.

(iii) Tapping of geothermal resources involving estimation of extractable
amount of hot fluids from the natural geothermal gradients.

(iv) Development of petroleum and gas reservoirs.
(v) Underground nuclear waste disposal.

(vi) Construction of underground rock cavities for storing water, oil and
gas etc. and underground passages such as tunnels.

(vii) In several other geo-technical problems, e.g. stability of rocks, slopes
and seepage from dams and tunnels, triggering of earthquakes etc.

All the above studies require a clear understanding and proper description
of’ the hydrological characteristics of these rocks. A comparison of the
hydrogeological characteristics of porous and hard (fractured) rock aquifers
is given in Table 1.

Table 1: Comparison of Granular and Fractured Hard Rock Aquifers

Aquifer Characteristics Aquifer Type
Granular Rock Fractured Rock

Effective porosity Mostly primary Mostly secondary through
joints, fractures etc.

Isotropy More isotropic Mostly anisotropic
Homogeneity More homogeneous Less homogeneous
Flow Laminar Possibly rapid and

turbulent
Flow predictions Darcy’s law usually Darcy’s law may not apply,

applies cubic law applicable
Recharge Dispersed Primarily dispersed with

some point recharge
Temporary head variation Minimal variation Moderate variation
Water quality variation Minimal variation Greater variation

ROCK DISCONTINUITIES AND FRACTURES

Hard rocks are characterized by various types of rock discontinuities of
various scales varying from few mm size joints to major fault zones and
lineaments. The main rock discontinuities are foliation, fractures (joints),
faults and lineaments.
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 Foliation is a characteristic feature of metamorphic rocks. Along a fault,
relative movement of rock mass takes place while long discontinuities
extending over several km are termed as lineaments. Fracturing is caused by
tectonic stresses, residual stresses, contraction-cooling and desiccation,
unloading and weathering.

Fractures and other discontinuities are the most important geological
structures from the hydro-geological point of view as they facilitate storage
and movement of fluids through them. On the other hand, some discontinuities,
e.g. faults and dykes may also act as barriers to groundwater flow.

A number of factors including stress, fracture geometry and temperature
etc. control the groundwater flow through fractures. For example, fracture
aperture and flow rate are directly interrelated, non-parallelism of walls and
wall roughness leads to friction losses, hydraulic conductivity of fractures is
inversely related to normal stresses and depth because normal stress tends to
close the fractures and reduce the hydraulic conductivity. Fractures parallel
to the maximum compressive stress tend to be open, whereas those
perpendicular to this direction tend to be closed.

Experience in the hard rock areas of Scandinavian countries and in India
indicate that tensional fractures are more open and transmissive than shear
fractures, as the latter are held closed by a component of normal stress. This
hydro-tectonic model was originally suggested by Larsson.

As fracture geometry and their hydraulic properties greatly depend on
stress distribution, palaeo-stress and in situ stress analysis is important. Studies
in the hard rock areas of Norway have also indicated the importance of post-
glacial isostatic rebound on well yields (Banks et al., 1996).

In addition to stress distribution, interconnectivity of fractures, fracture
aperture and other fracture properties are also important from permeability
point of view. Fracture permeability reduces with increasing temperature. As
temperature increases with depth, thermal expansion in rocks takes place,
which leads to reduction in fracture aperture and corresponding decrease in
permeability. Further, the fracture permeability also decreases by cementation,
filling and weathering etc.

Sheeting joints developed in granitic rocks due to weathering and unloading
impart higher hydraulic conductivity horizontally. However at deeper level
vertical fractures may be the main cause of groundwater flow where Kh/Kv
may be less than one.

In view of the above, from hydrogeological point of view, including
movement of contaminants, it is extremely important to study the structure
of rock mass and quantify the pattern and nature of fractures etc.

Fractures, lineaments and faults can be studied in the field outcrops, and
by aerial photographs, remote sensing as well as from bore hole surveys.
Fractures have certain orientation, spacing, aperture, length etc. which are
studied in rock outcrops in the field. Several sets of fractures are often
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developed in a rock mass. The number of sets of fractures in an area can be
statistically determined by contouring the pole points and in rose diagram.

As weathering will affect surface exposures and their fracture network,
bore hole data will provide complementary information for the interpolation
of fracture network and its attributes at depths. Later, this is compared with
the data obtained from hydraulic tests on bore holes to get an idea about the
hydraulic attributes related to the fracture set volumes. The combination of
all these data helps generating the calculated hydraulic attributes of fracture
networks for numerical modelling of fracture aquifers.

Studies in many crystalline rock terrains world over has shown that highly
transmissive fractures occur locally as clusters in a near-horizontal form
embedded within an extensive network of less transmissive fractures
(Fig. 1).

Figure 1. Vertical cross section and conceptual model of the US Geological
Survey’s fractured rock research site near Mirror Lake, New Hampshire.
Four clusters of highly permeable fractures labelled A-D occur in the less
permeable fractured rocks. Borehole packers are closed sections

(after Rutqvist and Stephansson, 2003).

The weathered zone is also an important source of groundwater in hard
rock terrain. In many developing countries in Asia and Africa, large diameter
dug-wells tap water from this zone. The thickness of the weathered zone
depends on the geomorphological, climatic and lithological conditions.
Electrical resistivity and seismic refraction methods are quite helpful in
estimating the thickness of this zone.

GROUNDWATER FLOW

The characterization and prediction of flow and transport through fractured
hard rock mass is extremely difficult as the geometry of the flow and path
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in these rocks is often very complex and heterogeneous depending upon the
fracture characteristics as discussed earlier. In fractured rocks, the groundwater
movement mainly takes place along discontinuities, i.e. joints, fractures and
shear zones. The interconnections between rock discontinuities and their
spacing, aperture size and orientation decide the porosity and permeability
of such rock masses. Open joints and fractures which are not filled with
weathered or broken rock material form potential passage for groundwater
movement but their permeability is greatly reduced when filled with clayey
material such as smectite or montmorillonite. These filling materials form
fracture skin which also influence the movement of solutes from the fractures
into the porous matrix.

Flow through Single Fracture

The Darcy’s law for flow in a single fracture can be written as:

V = KfI  (1)
where Kf is the hydraulic conductivity of the fracture, defined by

Kf = 
2

12

a�
�  (2)

where a  is the fracture aperture, � is the specific weight of water and � is
the viscosity. The hydraulic conductivity (K), and permeability (k) are related
by the expression

K = k�
�  (3)

Therefore, the permeability of the fracture, kf , can be defined as:

kf = 
2

12

a
(4)

By combining equations (1) and (2), the average velocity (V�) in the
fracture expressed by a single parallel plate model is given by

V � = 
2

12

�
�

a dh
dl

(5)

Here it is assumed that the fracture walls are impermeable. In terms of
transmissivity of fracture, Tf, equation (4) can be written as:

Tf = 
2

f12

� �
�

a K a (6)

Many researchers also defined Tf as the hydraulic conductivity of fracture.
The volumetric flow rate per unit plate (fracture) width (Qf) will be
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Figure 2. Hydrogeological classification of fractured media (after Streltsova,
1975). Kf and Km are the hydraulic conductivities of the fractures and the
matrix, respectively. Sf and Sm represent the fluid storativities of the fractures
and the matrix. A: purely fractured media. B: fractured formation. C: double
porosity medium. D: heterogeneous formation. In cases B, C, and D, the

fracture coating or “skin” may be hydrogeologically significant.

Qf = 
3

12

a I
� ��
� 	�
 �

(7)

Equation (7) is referred as the cubic law which is valid for laminar flow
through parallel wall fractures with smooth surfaces. In natural conditions,
these assumptions usually do not hold good. The validity of cubic low is
discussed by several researches, viz. Lee and Farmer, 1993.

 Under field conditions, it is usually difficult to determine the representative
distance between the fracture walls. At low applied stress, when the fractures
are open, the parallel plate approximation for fluid flow through fracture
may be valid. However, due to stress the contact area between fracture
surfaces will increase and, therefore, variation in fracture aperture should be
considered.

Flow Models

Depending on the porosities and permeabilities of the fractures and the
matrix blocks, the fractured rock formations can be classified into (a) purely
fractured medium, (b) double porosity medium, and (c) heterogeneous medium
(Fig. 2 ). In a purely fractured medium, the porosity and permeability is only
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due to interconnected fractures while blocks are impervious. In double (dual)
porosity medium, both fractures and matrix blocks contribute to groundwater
flow but fractures are the main contributors. In a situation, when fractures
are filled with clay or silty material, the fracture permeability is considerably
reduced and such a medium is termed as heterogeneous.

In fractured rocks, the concept of porous medium can be applicable where
the fractures are interconnected and the density of conductive fractures is
high. When these conditions are not met, alternate conceptualizations must
be used.

Some of the models describing flow in a fractured medium are:

1. Double porosity model.
2. Equivalent porous medium (EPM) model.
3. Discrete fracture network model.

It may be mentioned that various models require knowledge about
characteristic features of individual fractures and thereby account for the
heterogeneity. Therefore, careful mapping of fractures by surface and
subsurface measurements is important. The level of details depends on the
purpose for which the model is being developed. A greater accuracy is
required for modelling solute transport as the heterogeneity of the fracture
system greatly influences the travel time and solute concentration. It is also
important to estimate the hydraulic properties of different fracture sets. Studies
indicate that fractures parallel to the maximum compressive stress tend to be
open, whereas those perpendicular to this direction tend to be closed (Anon,
1996).

The choice of modelling strategy depends on information desired. The
choice of simulation model should depend on conceptual model . If necessary
hydrogeological data are lacking, sophisticated numerical models can not be
justified. In case sufficient data is not available, simple epm model can be
used for flow but not for transport.

Double Porosity Model

Double porosity model is also known as dual porosity model. The behaviour
of a fractured aquifer for regional groundwater investigations can be
represented by a double-porosity model. The concept of double porosity
model has been explained in detail by Streltsova-Adams (1978) and Gringarten
(1982). The model assumes two regions—the porous block and the fracture,
which have different hydraulic and hydromechanic characteristics. Three
types of distributions of matrix block are considered—horizontal slabs (strata-
type), spherical blocks, and cubes (Fig. 3). The fissured medium with
horizontal fractures has been considered to be analogous to alternate aquifer-
aquitard system (Boulton and Streltsova, 1978). The block consists of fine
pores which are separated from fractures. The blocks supply fluid to the
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fractures and act as uniformly distributed source. Such an approach with
some modifications has been also used by several researchers in analyzing
the behaviour of fractured oil reservoir (Anon, 1996).

Figure 3. Types of double porosity aquifers: (a) Horizontal fractures and
matrix blocks; (b) Spherical matrix blocks, and (c) Cubical matrix blocks.

In the double-porosity model, the porous blocks have high primary porosity
but low hydraulic conductivity while the adjacent fractures have although
low storativity but high conductivity. The difference in pressure between the
porous blocks and the fractures lead to flow of fluid from porous to adjacent
fractures. Due to difference in the permeabilities of fracture and blocks, flow
mechanism is different during early, long and intermediate times of pumping.

The characteristics of a double (dual) porosity aquifer system are given
in terms of Kf, Km, Sf, and Sm, where subscripts f and m are for fractures and
matrix respectively. The other two parameters are storativity ratio (�) and
the transmissivity ratio (). Storativity ratio (�) is the ratio of fissure to total
system (blocks plus fissures) storativities and can be expressed as

� = f

f m

S
S S

�
�

 (8)

where Sf and Sm are the storativities of fractures and blocks respectively, and
� is a factor depending on matrix block geometry which is taken to be equal
to l for strata type. The transmissivity ratio, or interporosity flow coefficient
() (dimensionless) is given by:

 = 
2 m
w

f

Ka r
K  (9)
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where a is the shape factor parameter depending on fracture and matrix
geometry and rw is well radius.

Equivalent Porous Medium Model

This is also known as equivalent continuum model. Here it is assumed that
flow in a large volume of fractured medium can be similar to that of a
porous medium especially when fracture density is high. In such cases
conventional pumping test methods can be used.

Discrete Fracture Network Models

Network models use fracture characteristics and heterogeneity of rocks mass
based on field data. The hydraulic behaviour of a discrete fracture aperture,
length, density, orientation, connectivity of fractures and fracture filling
material is discussed later.

Two-dimensional and three-dimensional fracture network models have
been suggested by Lee and Farmer (1993). These models evaluate flow in
fractures or fracture sets with synthetic distributions of apertures, orientations,
spacings and dimensions and take into account various surface roughness,
flow channelling, and mixing phenomena at fracture intersections. The
application of these theoretical models to natural systems has been limited.
These models are useful where the area of interest is small—as in the study
of the effect of radionuclide transport through fractures as a result of nuclear
waste storage in geological formations over a long period of time. The
disadvantages of the discrete modelling are that statistical information about
fracture characteristics may be difficult to obtain.

HYDRAULIC CONDUCTIVITY OF FRACTURED MEDIA

In fractured rocks, a distinction can be made between hydraulic conductivity
of fracture, Kf and of intergranular (matrix) material, Km. As fractures form
the main passage for the flow of water, the hydraulic conductivity of fractured
rocks mainly depends on the fracture characteristics, e.g. aperture, spacing,
stress, infilling (skin), connectivity etc. as discussed below.

Relationship of Hydraulic Conductivity with Fracture
Aperture and Spacing

The relationship between hydraulic conductivity (Kf) of a single plane fracture
with aperture (a) is given by equation:

Kf = 
2

12

�
�

a
 (10)

The equivalent hydraulic conductivity of a rock mass, (Ks) with one parallel
set of fractures is expressed by:
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Ks = 
3

f m m12

�� � �
�

a aK K K
s s

(11)

where s is fracture spacing. Usually Km is very low except when rock is
porous and/or fractures are filled with impervious material.

The range of hydraulic conductivity of fractured rocks from some areas
in Europe and USA is given in Fig. 4.

 

Figure 4. Range of hydraulic conductivity (K) and permeability (k) in
some crystalline rocks estimated from in situ borehole tests (based on data
from Brace, 1984; Black, 1987). 1. Granite batholith, Monticello, SC, USA;
2. Altnabreac, Scotland; 3. Carynnen, Cornwall, UK; 4. HDR, Cornwall,
UK; 5. Deep drilling in northern Switzerland; 6. Four sites in Sweden.

Relationship of Permeability with Depth

The decrease in permeability with depth in fractured rocks is usually attributed
to reduction in fracture aperture and fracture spacing due to increased stress.
Although, a decrease in permeability with increasing depth is demonstrated
from several places, this decrease may not be systematic, especially at greater
depths (>50 m). The permeability can also vary several order of magnitude
at the same depth (Fig. 5). Higher permeabilities at shallow depths (<50 m)
can be attributed to greater influence of surficial phenomena like weathering
etc. and development of sheeting joints due to unloading. Further, fractures
at the same depth below the ground surface but with different orientations
may be subjected to different stresses and, therefore, may have different
permeability.

Sheeting joints developed at shallow depths in granitic rock terrains are
more open thereby imparting higher hydraulic conductivity horizontally which
imparts a greater heterogeneity. However, at deeper levels vertical fractures
are the main cause of permeability. Lee and Farmer (1993) have suggested
values of Kh/Kv ranging from 1 to 10.
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Even at depths of more than 1000 m, appreciable permeability are reported
in fractured rocks. For examples, Fetter (1988) reported higher permeabilites
from fractures at depths of 664 to 1669 m in granitic rocks of Illinois, USA.
Recent studies under the Continental Deep Drilling Project in Germany
(Kessels and Kuck, 1995) and HDR experiments in the Rhine Graben, France
(Gerard et al., 1996) also showed existence of good hydraulic interconnection
between adjacent boreholes through fractures even at a depth of more than
3000 m.

On the basis of above discussion, it may be summarized that although,
generally in fractured rocks a decrease in permeability with depth is observed
at several places but there is not much justification of such a universal rule.
Therefore, site-specific studies are necessary to establish any such variation.

Permeability is also influenced by mineral precipitation and dissolution
(Fig. 5).

Influence of Temperature on Permeability

Significant changes in rock temperature can occur due to natural weather
conditions viz. alternate freezing and thawing and due to man-induced
changes. Formation of ice in fractures will cause freezing and thawing. It
further causes extension of fractures and can also block the movement of
water producing pressure buildups. The influence of temperature on

Figure 5. Permeability estimated from short-term well tests in fractured
crystalline rocks of Sweden (after Rutquist and Stephansson, 2003)
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permeabilities is important for disposal of radioactive waste and in harnessing
geothermal energy. An increase in temperature will cause a volumetric
expansion of the rock material leading to reduction in fracture aperture and
an overall decrease in rock permeability. Studies at Stripa mine in Sweden
demonstrated a reduction in permeability of granites by a factor of three
when temperature was increased by 25°C by circulating warm water.

METHODS OF AQUIFER PARAMETER ESTIMATION

Hydraulic properties of an aquifer can be estimated in laboratory and in the
field. However, values obtained in the laboratory from rock samples are not
representative of the formation.

Table 2 gives a list of commonly used field methods. The choice of a
particular method depends on the purpose of study. For small scale problems,
as in geotechnical investigation, seepage of water to mines and tunnels and
contaminant transport, packer tests, slug tests and tracer tests are preferred.
Cross-hole pneumatic injection tests are recommended for detailed
investigation on a local scale (Illman and Neuman, 2003). For estimation of
aquifer parameters and groundwater development and management on a
regional scale, pumping test method should be used.

Table 2: Field test methods for the estimation of hydraulic
characteristics of hard rock aquifers

Purpose of Size of area under Distribution of Test Method
Investigation Investigation Fractures
Geo-technical A few km2 Random Packer (Lugeon) test,
investigations; mine slug test, tracer
drainage; waste injection test

Systematic Modified packer test,
fractures of cross-hole hydraulic
1, 2 or 3 sets test; tracer injection

Groundwater > 100 km2 Random and Pumping test
development; water closely

Geothermal and A few km2 Random Well interference test,
petroleum reservoirs  tracer injection test

In hard rocks, as the geometry of the fractures will greatly influence the
flow characteristics and pumping test data, structural analysis is significant
in the planning of pumping tests and interpretation of test data. Reader may
refer to Kruseman and deRidder (1990), Singhal and Gupta (1999) and
Lloyd (1999) for a detailed account of the pumping tests and interpretation
of data. The effect of scale of measurement on permeability values is depicted
in Fig. 6.
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Figure 6. Variation in permeability values of crystalline rocks as a function
of scale of measurement. Bars mark the permeability range based on several
reported values, and stars represent single values (after Clauser, 1992).

In a recent study, Shapiro (2003) has shown that although the hydraulic
conductivity measured from borehole tests in individual fractures varies over
more than six orders of magnitude (10-10 to 10-4 ms-1), the magnitude of the
bulk hydraulic conductivity of the rock mass was the same from aquifer tests
over 10’s of metres and kilometre-scale estimates inferred from groundwater
modelling. In contrast, the magnitude of the formation properties controlling
chemical migration viz. dispersivity and matrix diffusion increases from
laboratory size tests to field tests on kilometre scale.

Most of the earlier work on well hydraulics was based on porous
homogeneous media. However, as the hard rock aquifers have varying degree
of heterogeneity, due to the complexity of geometry of fracturing, the
conventional well flow equations developed for homogeneous porous aquifer
will not adequately describe the drawdown response in fractured aquifers.

Theis’ method, although originally developed for porous and homogeneous
media, can be used for fractured rock aquifers with due care if the correct
part of the time-drawdown curve is matched with the Theis’ type curve.

Experience in South Africa has shown that the estimated values of S in
fractured rocks decrease with increase in the distance of observation well
from pumping well (Fig. 7). Such a behaviour is explained by the rapid
release of water from larger fractures near the pumping well while the pressure
gradient between the small and larger fractures will be smaller away from
the pumping well. Further, a variation is noted only at the early time of
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pumping. As the system reaches close to steady condition, S will approach
a uniform value.

Figure 7. Variation of estimated S-values in relation to the distance
between the observation and pumping borehole as obtained in the
fractured-rock aquifer on the University of the Orange Free State (UOFS)

campus (after Lloyd, 1999).

FACTORS AFFECTING WELL YIELD

Drilling of a successful well for groundwater in hard rocks is to a great
extent a matter of chance. Groundwater exploration in hard rock formations
should be carried out with due considerations to lithological, structural and
geomorphological setting of hard rock formations. Plotting of structural data
viz. poles of joints and foliation planes on Schmidt’s equal area net is useful
in the design and orientation of wells in such rock formations. Shape of cone
of depression and base flow from streams are of help in determining the
relative role of different fracture planes as groundwater conduits.

As fractures tend to close with depth, an overall decrease in well yield
with depth is reported from various crystalline terrains. The optimum depth
of wells is regarded between 50 and 100 m (Table 3). Although generally
lithologies do not have any significant influence on well yield but coarse-
grained rocks viz. pegmatites are more permeable. Fine grained and micaceous
rocks viz. phyllites and schists have poor yield. Weathered granites usually
have lower permeabilities as compared with fractured rocks due to the
development of secondary clay minerals. Lineament zones are more productive
for the construction of bore-wells.

In areas underlain by hard crystalline and meta-sedimentaries viz., granite,
gneiss, schist, phyllite, quartzite, etc., occurrence of groundwater in the fracture
system has been identified down to a depth of 60 m and even up to 200 m
locally. In most of the granite-gneiss country, the weathered residuum serves
as an effective groundwater repository. It has been found that the deeper
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Table 3: Data on optimum depth of wells in different regions and rock types

Region Rock type Optimum depth (m)
Cyprus Gabbro 170-200
Satpura hills, India Granite gnesiss and schist 45-60 and 45-75
Northern Carolina, USA Granite 75-90
Kararnoja, Uganda Gneiss and schist 30-92
Zimbabwe Greenstone and gneiss 40-80
Norway Granite and gneiss 40-60

fracture systems are generally hydraulically connected with the weathered
saturated residuum. The yield potential of the crystalline and meta-sedimentary
rocks shows wide variations. Through 10 cm to 15 cm diameter bore-wells,
the fractured system generally yields from 10 m3/hour and up to 100 m3/
hour in the vicinity of structurally disturbed areas (Table 4).

Studies in different parts of the world indicate that the following factors
can be related to well yields (Banks et al., 1996; Singhal and Gupta, 1999;
Moore et al., 2002, Faillace, 2003; Henriksen, 2003).

� Rainfall regime and intensity.
� Size of the drainage area up-gradient of the well.
� Distance to the nearest water body.
� Well proximity to major fractures and lineaments.
� Narrow alluvial valleys in hard rock terrain and underlying weathered and

fractured hard rocks can be a potential source of water supply.

Table 4: Yield of bore-wells in crystalline rocks

Rocks type Region Well yield (m3 h-1) Well depth (m)

Granite-gneiss Southern and
eastern India 3-10 15-80

Granite-gneiss, Tamilnadu,

Charnockite South India 6-18.3 0-70

Granite and gneiss Kwara, Nigeria 9.5 50-75
Granite and gneiss Victoria, Zimbabwe 4.1 20-30
Gneiss (fractured) Maharashtra, India 48 164
Granodiorite and
Gabbro (fractured) Lee Valley, USA 3.5-23 60-150
Pegmatite (fractured) Karnataka, India 110 42
Quartz vein (fractured) Bihar, India 55 137

Marble Sri Lanka 2.4-24

Quartzite Sri Lanka 6-28.8
Schist Connecticut, USA 4.16 33.4
Slate Slate Maine, USA 3.42
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� Topography and geomorphology have distinct influence on transmissivities
and well yields. Steep slopes and sites on hill tops should be avoided for
constructing bore-wells.

� Lithology doesn’t appear to have any appreciable influence on well yield
(Fig. 8)
Experience of water well drilling in hard rock terrains indicate that even

in geologically promising areas, the yield of bore-wells may not be satisfactory.
Proper design and development of bore holes is very important. A bore hole
should be oriented so that it intercepts the maximum number of fractures,
preferably perpendicular to the hydraulically open fractures. Further,
techniques of artificial yield enhancement such as hydraulic fracturing or
explosives will greatly improve well yield by creating a network of
interconnected fractures (Singhal and Gupta, 1999).

 Figure 8. Distribution of well yields for different rock types in the Central
Scandinavian area (after Banks et al., 1996) 1: syn-orogenic granites. 2: post-
orogenic granite. 3: post-orogenic gabbros and dolerites. 4: gneisses.

5: Caledonian mica schists.

ESTIMATION OF AQUIFER RECHARGE

Quantitative estimates of recharge to aquifers and changes in groundwater
storage is important to manage the development of groundwater resources
and to know the amount of groundwater that can be withdrawn without
exceeding recharge.
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The hard rock terrain usually poses a different set of problems unlike
porous rock areas, viz. rapid variation in hydraulic characteristics (T and S),
both laterally and vertically. Demarcation of the boundaries of the groundwater
basin in a hard rock terrain is also problematical. The watershed may be
taken as a unit for recharge estimation as the watershed boundary is likely
to be a no flux boundary for groundwater also. The watershed may further
be divided into various hydrogeologically homogeneous units depending
upon their hydrogeological characteristics.

In hard rocks the most common methods for recharge estimation are
(Lloyd, 1999):

� Water balance estimate
� Chloride profile method
� Chloride mass balance
� Hydrograph method
� Cumulative Rainfall Departure method
� Tritium injection method

The residence time of groundwater in hard rock aquifers varies from few
years in shallow weathered horizon to several thousand years in deeper
fractured zones as revealed from isotopic data (Gale et al., 1982; Sukhija and
Rao, 1983; Silar, 1996). This indicates slow recharge of deeper fractures.

GROUNDWATER QUALITY

In crystalline (igneous and metamorphic) rocks the groundwater flow is
mainly through fractures. Therefore, the contact area between water and
rock matrix is less than in porous media. Further, the crystalline rocks contain
usually silicate minerals which have comparatively low solubility. Therefore,
in general groundwater in these rocks has relatively low salinity (TDS < 500
mg/l). However, in arid and semi-arid regions, groundwater may have high
salinity. In some eastern and western African countries, where arid conditions
prevail, groundwater in crystalline rocks is brackish to saline with TDS in
the range of 2000 to 6000 mg/l (Faillace, 2003).

At some places, as in parts of Andhra Pradesh and Rajasthan in India,
groundwater in acidic igneous rocks (granites and pegmatite) and mica schists
has fluoride contents more than the permissible limit (1.5 mg/l), which is
mainly due to the presence of fluoride-bearing mineral, viz apatite, fluorite,
biotite and hornblende in rocks. Among other trace elements, iron and
manganese are common as a result of weathering of biotite and hornblende
bearing rocks. In mafic and ultramafic rocks, chromium is quite prominent.

A vertical zonation in the water quality has also been reported from
several crystalline rock terrains. Shallow groundwaters are usually of Ca-
HCO3 type. With increasing depth salinity increases (TDS = 5000-50,000
mg/l) and water at depths greater than 500 m tends to be of the Na-HCO3
type and Na-Ca-Cl type (Gascoyne and Kamineni, 1996; Bae et al., 2003).
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The quality of groundwater in deep-seated crystalline rocks is not only of
geochemical interest but is also of importance for the disposal of radioactive
waste and tapping of geothermal power.

CONTAMINANT TRANSPORT AND WASTE DISPOSAL

Hydrogeological studies in fractured rocks are also required to find suitable
sites for the disposal of hazardous waste material and site selection of land-
fills etc. The transport of hazardous dissolved contaminants, especially radio
nuclides and other hazardous waste, in the subsurface, especially in complex
environments through highly deformed and fractured rocks is quite
complicated. Under such situations the contaminants undergo rapid transport
through fractures and the movement of solutes into the high-porosity low-
permeability matrix by chemical diffusion. Sorption by very large surface
area of the matrix will retard the transport of reactive contaminants.

Dense non-aqueous phase liquids (DNAPLs) are also an important class
of groundwater contaminant. DNAPLs, released on ground surface underlain
by fractured rocks, migrate under the influence of gravitational and viscous
forces while capillary forces retard their forward movement.

Local industries, such as tanneries in South India using Cr (iv) and textile
industries using large salt concentration for dyeing, cause point source
contamination. Use of fertilizers and human and animal excreta are the main
cause of nitrate contamination especially in shallow groundwaters. However,
at greater depths, nitrate is reduced by denitrifying bacteria.

Special care is required for the disposal of high level radioactive waste
(HLW) produced from nuclear reactors for power production, weapons
manufacturing and research. Crystalline rocks including salt, shale and clay
beds, being impervious, are regarded to be suitable host rocks for HLW
disposal in repositories at depths of more than few hundred metres.

Most of the waste from nuclear power plants and nuclear weapons consists
of radioactive isotopes, which are long-lived and, therefore, require several
thousands of years of isolation from the environment. Therefore, the safety
requirements of such repositories pose considerable technical, social and
political challenges. The movement of dissolved radio nuclides in groundwater
through fractures is a matter of great concern. It has to be demonstrated that
the disposal of HLW will not have any adverse effect on the environment
and human health so that such programmes are acceptable to the public. This
has led to the establishment of Underground Research Laboratories (URLs)
for detailed hydrogeological and geotechnical studies in different parts of the
world viz., USA, Canada, Europe, Japan and Korea.

In USA, a repository for the disposal of HLW is proposed at the Yucca
Mountain in Nevada in the unsaturated (vadose) zone within basaltic tuffs
at a depth of about 350 m below the ground surface and 225 m above the
water table. The area is located in a desert environment having an annual
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rainfall of about 15 cm. Conceptual models for flow in the variably saturated
fractured rocks at the Yucca Mt. are developed. However, doubts have been
created about the safety of the proposed repository. If all goes well, the
repository is expected to accept waste in 2010.

 In India, the deep abandoned gold mine in the Pre-Cambrian crystalline
rocks (amphibolites) in the Kolar Gold Field is regarded to be a potential
repository for the disposal of HLW (Bajpai, 2004).

REFERENCES

Anon, 1996. Rock Fractures and Fluid Flow: Contemporary understanding and ap-
plications. National Academy Press, Washington, D.C.

Bae, D., Koh, Y.K., Kim, K.S., Kim, C.S. and Kim, G.Y., 2003. The Hydrogeological
and Hydrochemical Conditions of Deep Groundwater System in Yuscong Gran-
ite Area, Korea. In: Krasny J., Hrkal, Z. and Bruthans, J. (eds.) IAH Sympo-
sium on Groundwater in Fractured Rocks, Prague, p. 25-26.

Bajpai, R.K., 2004. Recent Advances in the Geological Disposal of Nuclear Wastes
Worldwide and Indian Scenario, Jour. Geol. Soc. Ind, 63(3): 354-356.

Banks, D. et al., 1996. Permeability and Stress in Crystalline Rocks. Terra Nova,
pp. 223-235, Blackwell Services Ltd.

Black, J.H., 1987. Flow and Flow Mechanisms in Crystalline Rocks. In: Fluid Flow
in Sedimentary Basins and Aquifers, (eds) J.C. Goff and B.P. Williams, Geol.
Soc. Spl. Publ. 34, pp. 185-200.

Boulton, N. and Streltsova, T.D., 1978. Unsteady Flow to a Pumped Well in an
Unconfined Fissured Aquifer. Jr. of Hydro., 35: 257-269.

Brace, W.F., 1984. Permeability of Crystalline Rocks: New in-situ measurements.
J. Geophys. Res. 89 (B6): 4327-4330.

Clause, C., 1992. Permeability of Crystalline Rocks, EOS, Trans. Am. Geophys.
 Union, 73: 233-238.

Faillace, C., 2003; Hydrogeology of Hard Rocks in Some Eastern and Western
African Countries. IAH Symposium on Groundwater in Hard Rocks, Prague,
pp.4-6

Gale, J.E. et al., 1982. Hydrogeologic Characteristics of a Fractured Granite. In:
Papers of the Groundwater in Fractured Rock Conference. AWRC Conference
Series No.5, Canberra, pp. 95-108.

Gascoyne, M. and Kamineni, D.C., 1993. The Hydrogeochemistry of Fractured
Plutonic Igneous Rocks in the Canadian Shield, Memoir 24th Congress of IAH,
Oslo, pp. 440-449.

Gerard, A., 1996. European Hot Day Rock Research Project at Soultz-Sous-Forets.
30th IGC, Abstracts, Vol.1, Beijing, pp. 385.

Gringarten, A.C., 1982. Flow Test Evaluation of Fractured Reservoirs. In: Recent
Trends in Hydrogeology, Geol. Society of America, Special paper 189, pp.
237-263.

Henriksen, H., 2003. The Role of Some Regional Factors in the Assessment of Well
Yields from Hard Rock Aquifers of Fennoscandia. Hydrogeology Jr., 11(6):
pp. 628-645.



Nature of Hard Rock Aquifers: Hydrogeological Uncertainties and Ambiguities 39

Illman, W.A. and Neuman, S.P., 2003. Steady-state Analysis of Cross-hole Pneu-
matic Injection Tests in Unsaturated Fractured Tuffs, Jour. of Hydrology, 281:
36-54.

Kessels, W. and Kuck, J., 1995. Hydraulic Communicator in Crystalline Rock Be-
tween the Two Boreholes of the Continental Deep Drilling Project in Germany.
Intl. Jour. Rock Mech.Min. Sc. and Geotech. Abstacts, 32(1): 37-47.

Kruseman, G.P. and de Ridder, N.A., 1990. Analysis and Evalution of Pumping Test
Data, 2nd edition, Intl. Inst. for Land Reclamation and Improvement, Wageningan,
Bulletin 11, p 200.

Lee, C.H. and Farmer, I. 1993. Fluid Flow in Discontinuous Rocks. Chapman and
Hall, London, pp 169.

Lloyd J.W., 1999. Water Resources of Hard Rocks Aquifers, Studies and Reports in
Hydrology, 58, UNESCO.

Moore, R.B., Schwarz, G.E., Clark Jr., S.F., Walsh, G.J. and Degnan, J.R., 2002.
Factors Related to Well Yield in the Fractured Bedrock Aquifer of New Hamp-
shire. USGS Professional Paper 1660, Denver, Colorado.

Rutqvist, J. and Stephansson, O., 2003. The Role of Hydromechanical Coupling in
Fractured Rock Engineering. Hydrogelo. Jr., 11: 7-40.

Shapiro, A.M., 2003. The Effect of Scale on the Magnitude of the Formation Prop-
erties Governing Fluid Flow Movement and Chemical Transport in Fractured
Rocks. Proc. Symp. on Groundwater in Fractured Rocks, Prague, pp. 13-14.

Silar, J., 1996. Groundwater Residence Time in Crystalline Rocks. In: Hardrock
Hydrogeology of the Bohemian Massif, Acta Karlova, Czech Republic, vol. 40,
pp. 279-288.

Singhal, B.B.S. and Gupta, R.P., 1999. Applied Hydrogeology of Fractured Rocks.
Kluwer Academic Publishers, Dordrecht. The Netherlands, pp 400.

Streltsova-Adams, T.D., 1975. Well Hydraulics in Heterogeneous Aquifer Forma-
tions, In: Hydroscience, Vol. 11, Academic Press, pp. 357-423.

Sukhija, B.S. and Rao, A.A., 1983. Environmental Tritium and Radiocarbon Studies
in the Vedavati river basin, India. J. Hydro., 60: 185-196.



40 P. Lachassagne

P. Lachassagne

Resource Assessment, Discontinuous Aquifers Unit, Water Division, BRGM,
French Geological Survey, 1039, rue de Pinville, 34000 Montpellier, France

INTRODUCTION

Hard rocks (granites, metamorphic rocks) occupy large areas throughout the
world (Africa, South and North America, India, Korea, several areas in
Europe, etc.). Their groundwater resources are modest in terms of available
discharge per well (from less than 2-3 m3/h up to 20 m3/h), compared to
those in other types of aquifers (sedimentary, karstic or volcanic aquifers).
They are, however, geographically widespread and therefore well suited to
scattered settlement, and small to medium size cities. These resources
contribute largely to the economic development of such regions, especially
in arid and semi-arid areas where the surface water resource is limited.

However, these aquifers are considered as highly heterogeneous. For
example, two neighbouring wells may exhibit very contrasted behaviours:
one of them yielding several cubic metres per hour, the other being of very
low discharge. As a consequence, for most authors, their hydrodynamic
properties feel quite unpredictable at the local scale and they are thus
considered as "discontinuous aquifers". Moreover, their properties also seem
to be unpredictable at the catchment scale.

Significant advances have recently been made in our knowledge of the
structure and functioning of hard rock aquifers. Their hydrodynamic properties
appear to be mainly related to the existence of ancient weathering profiles.
The spatial distribution of such weathering profiles, or their remains after
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erosion, can now be mapped, even at the catchment scale. Thus, this newly
developed approach enables to regionalize hard rock aquifers properties, and
to find numerous practical applications: from the mapping of groundwater
potential on a regional scale, through well siting techniques and methods, to
water resources management at the watershed scale, crucial in areas where
ground water is heavily exploited.

These recent research results and their practical applications are summarized
within the present paper.

STRUCTURE AND HYDRODYNAMIC PROPERTIES
OF HARD ROCK AQUIFERS

The Classical Concept of Discontinuous Aquifer

The "hard rock" aquifers, or "fissured aquifers", that are present near the
surface (within the first 100 m below ground surface) are considered as
"discontinuous aquifers", as a consequence of their discrete hydraulic
conductivity. In fact, during a drilling, the first significant water bearing
zones appear within the fresh (hard) rock. The well intersects an impermeable
rock that is only very locally (along a few centimetres or decimetres) showing
significantly permeable zones. Most of the wells exhibit a few of these water
strikes (from 0 to 4 or 5 water bearing zones).

The classical concept of discontinuous aquifer has been developed during
the seventies, mainly on the basis of the results of the large drilling campaigns
performed in Africa (Detay et al., 1989). It considers that these water bearing
zones are tectonic open fractures (Fig. 1).

Figure 1. The classical concept of discontinuous aquifer [translation - upto bottom:
superficial and consolidated weathering cover (a few metres), piezometric level,

aquifers in isolated fractures].
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Several authors noticed a decrease of the occurrence of such water bearing
zones with depth (within the first 100 m below the ground surface) and
attributed it to the "closure" of these tectonic fractures, as a consequence of
the increase of the lithostatic strain. These concepts influenced in the past,
and still presently influence the methodologies used in such areas, for instance
for water well sitting.

The New Concept of Continuous Stratiform Aquifer due to the
Weathering Processes

Most of the areas where metamorphic or plutonic rocks do outcrop are stable
areas, emerged since a long time, that were thus exposed during very long
periods (several tens of millions years) to the weathering processes, under
rather humid climates. The outcropping rocks thus generally comprise a
several tens of metres thick superficial weathered layer, where it has not
been eroded. This superficial layer corresponds to a laterite type weathering
profile (Dewandel et al., 2006).

Figure 2. Stratiform conceptual model of the structure and the hydrogeological
properties of hard rock aquifers (after Wyns et al., 2004).

From recent results (see for instance Dewandel et al., 2006; Wyns et al.,
2004), a typical weathering profile (Fig. 2) comprises the following layers
that have specific hydrodynamic properties. All together (where and when
saturated with ground water), these various layers constitute a composite
aquifer. From the top to bottom, the layers are the following (Fig. 2):

- The laterite (or iron or bauxitic crust) that can be absent, due to erosion
or rehydration of hematite in a latosol (for iron crusts), or resilicification
of gibbsite/boehmite into kaolinite (for bauxitic crusts).
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- The saprolite or alterite, or regolith (Fig. 3), a clay-rich material, derived
from prolonged in situ decomposition of bedrock, a few tens of metres
thick (where this layer has not been eroded). The saprolite layer can be
divided into two sub-units: the alloterite and the isalterite.

� The alloterite is mostly a clayey horizon where, due to the volume
reduction related to mineralogical weathering processes, the structure
of the mother rock is lost.

� In the underlying isalterite, the weathering processes only induce slight
or no change in volume and preserve the original rock structure; in
most of the cases this layer takes up half to two thirds of the entire
saprolite layer. In plutonic rocks, such as granites, the base of the
isalterite is frequently laminated; this layer is thus named the 'laminated
layer'. It is constituted by a relatively consolidated highly weathered
parent rock with coarse sand-size clasts texture and a millimetre-scale
dense horizontal lamination crosscutting the biggest minerals (e.g.,
porphyritic feldspars), but still greatly preserving the original structure
of the rock.
Because of its clayey-sandy composition, the saprolite layer can reach
a quite high porosity, which depends on the lithology of the parent rock
(bulk porosity is mainly between 5 and 30%; Compaore et al., 1997;
Wyns et al., 2004), and displays generally a quite low permeability,
about 10-6 m/s. Where this layer is saturated, it mainly constitutes the
capacitive function of the global composite aquifer.

Figure 3. Saprolite (grus and laminated grus) in granites
(Jeonju area, South Korea).
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- The fissured layer (Fig. 4) is generally characterized by fresh (hard) rock
cut by a dense horizontal fissuring in the first few metres and a depth-
decreasing density of subhorizontal and subvertical fissures (Cho et al.,
2003; Maréchal et al., 2003; Maréchal et al., 2004; Wyns et al., 2004).
Several processes such as cooling stresses in the magma, subsequent
tectonic activity or lithostatic decompression were invoked to explain the
origin of these fissures. However, it has been demonstrated that fissuring
results from the weathering process itself (Cho et al., 2003; Dewandel et
al., 2006; Wyns et al., 2004). Swelling of certain minerals results in a
local increase of volume that favours cracks and fissuring. In granitic
rocks, the most sensitive mineral to swelling is biotite. Where the rock
texture is relatively isotropic (in granite for example), the generated fissures
are orthogonal to the lower constraint vector (�3), and thus subparallel to
the topographic surface contemporaneous with the weathering process
(Fig. 4 left). In highly foliated rocks (i.e., gneisses or schists) the orientation
of the fissures can be also controlled by the rock structure. The
intensification of this horizontal fissuring at the top of the layer constitutes
the overlying laminated layer.
The fissured layer mainly assumes the transmissive function of the global
composite aquifer and is drawn from most of the wells drilled in hard
rock areas. However, the covering saprolite layer may have been partially
or totally eroded, or may be unsaturated. In these cases, the fissured layer
assumes also the capacitive function of the composite aquifer; e.g., in
French Brittany 80 to 90% of the groundwater resource is located in the
fissured layer (Wyns et al., 2004).

- The fresh unfissured basement is permeable only locally, where tectonic
fractures are present. The hydraulic properties of such fractures have been
investigated in various studies, particularly in details when the purpose of
these studies is the storage of nuclear waste (Neuman, 2005). Even if
these tectonic fractures can be as permeable as the fissures induced by the
weathering processes described here above, in most of the geological
contexts, their density with depth is much more lower than within the
fissured layer (Cho et al., 2003). At the catchment scale, and for water
resources applications, the fresh basement can then be considered as
impermeable and of very low storativity (Maréchal et al., 2004).

In addition to rock mineralogy, the development of such thick weathering
profiles requires specific climatic conditions: mainly significant rainfall, in
order to ensure mineral hydrolysis and, on the second order, quite high mean
temperatures to favour the kinetics of the process. Its development also
requires long periods of time under stable tectonic conditions (a few millions
to a few tens of millions years), the latest duration leading to profiles a few
tens of metres thick. In addition, relatively flat topography is required to
avoid the erosion of weathering products (saprolite), and also to favour
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water infiltration. Thus, such profiles cannot develop in regions of sharp
topography where the erosion rate is higher than the one of weathering.

An important consequence of this weathering process is that, from the
hectometre scale to the regional one, these layers are parallel to the paleo-
weathering surfaces (paleo-landscape) contemporaneous with the weathering
phase and thus appear as stratified layers (Fig. 2; Wyns et al., 2004;
Lachassagne et al., 2001). Moreover, geological features (faults, dykes, etc.)
or contrasts in rock mineralogy or structure can locally modify the
characteristics (mineralogy, thickness, etc.) of the weathering profile. These
contrasts lead to differential weathering and in some cases to the development
of positive topographic anomalies such as inselbergs.

More complex weathering profiles can result from multiphase weathering
and erosion processes. In Korea for instance at least two main phases of
weathering have been identified (Cho et al., 2002; Fig. 5):

Figure 4. The fissured layer in granites (left: Margeride, Lozère,
France)and in metamorphic rocks (right: Gokseong area, South Korea).

Figure 5. Red recent weathering, related to the present topography,
intersecting an old weathering profile (Namwon area, South Korea).
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� an "ancient" one which deeply affects hard rocks (up to more than 50 m)
and results in a typical weathering profile, similar to those observed in
other regions of the world (Africa, South America, Europe, etc.); from
bottom to top, it comprises:

o the unweathered hard rock,
o the fissured horizon, and,
o above, the saprolite in metamorphic rocks and grus in granites, including

a laminated horizon in the lower part. The upper part of the original
weathering profiles (mottled horizon and iron crust) has not been
observed. As a consequence of its position at the top of the original
profile, it has probably been removed by erosion,

� a more recent one which only affects the rocks (and the ancient weathering
profile) within their first metres below the topographic surface. It is clearly
posterior to the previous weathering phase(s) as it crosscuts all the horizons
of the previously described weathering profile. It is probably quite recent
as it clearly follows the actual topographic surface.

This recent weathering phase didn’t develop a thick fissured layer. It
is thus of low hydrogeological interest.

In southern India (Dewandel et al., 2006), the non-laminated saprolite is
very thin (1-3 m) and is almost constant in thickness while it should be
thicker in the plateau areas than in the valleys if the weathering had occurred
earlier than the erosion that shaped the present topography. The thickness of
the laminated layer (10-15 m) is disproportionate compared to that of the
non-laminated saprolite, while in the classical weathering profile (Fig. 2) the
laminated layer occupies only one third to half of the entire saprolite layer.
The thickness of the fissured layer is small compared to that of the saprolite
(ratio of ~1 instead of ~2). Moreover, the laminated layer presents preserved
fissures, which are usually not observed in the classical model.

In fact, the weathered zone appears to be composed of an old, probably
Mesozoic, weathering profile (Fig. 6a), where only a part of the fissured
layer has been preserved. An erosion phase, probably due to regional uplift,
thus caused the erosion of the entire saprolite layer and a part of the fissured
layer (Fig. 6b). Then, at least one more recent weathering phase, the latest
being probably still active, is responsible for the saprolitisation of this truncated
profile and explains the development of 1-3 metres non-laminated saprolite
locally capped by an iron crust, and the lamination of a large part of the
ancient fissured layer (Fig. 6c). The profile structure is thus controlled by a
multiphase weathering process that was induced by the geodynamic history
of the Indian Peninsula.

This (or these) more recent weathering phase(s) was (were) efficient enough
to hydrogeologically rejuvenate the old weathering profile through the
apparition of new permeable weathering induced fissures.
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Hydrodynamic Properties of the Fissured Layer

Recent research works confirm that the fissured layer of the weathering
profile plays a major role from a hydrodynamic point of view. For example,

Figure 6. Multiphase weathering conceptual model observed in
southern India (vertical scale exaggerated) from Dewandel et al., 2006.
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the statistical analysis of several hundreds existing well yields from Korea
(Cho et al., 2003) reveals no evidence to suggest a relationship between well
yield and tectonic fracturing (Fig. 7).

Conversely, a marked relationship is observed (Cho et al., 2003) between
the well's specific yield (yield [m3/day] divided by well depth [m] below the
base of the saprolite) and its depth below the base of the saprolite (the first
water bearing zone always appears below this horizon), shown as a "classical"
sharp decrease with depth (Fig. 8). The most interesting point is that this
relationship is well expressed for wells drilled in zones where a weathered
cover (saprolite and/or fissured layer) is preserved (Fig. 8), but is not consistent
where the weathering profile has been totally eroded. It thus appears that the
weathered cover, and thus its lower part, the fissured layer, plays a determining
role in terms of the transmissive properties of the hard rocks and not only
in term of their water-retention capacity. The weathered-fissured horizon,
which develops within the uppermost tens of metres of the "fresh" basement
substratum, is clearly due to the weathering processes. Thus, well yields are
statistically much higher in regions where a weathered cover (alterites +
fissured layer or fissured layer only) is preserved than in places where these
horizons have been eroded.

Despite providing different absolute values of specific yield, similar results
are obtained for granite and metamorphic rocks.

The underlying fresh basement substratum is permeable only very locally
due to tectonic fracturing. Despite local significant yields from certain
fractures, the overall specific yield is lower than that measured in the
weathered-fissured horizon (Fig. 8).

The hydrodynamic properties (permeability, storativity, anisotropy, fissures
density, double porosity, scale effects) of the fissured layer of a granite
aquifer have been characterized in details in southern India, within a
multiphase weathering profile (see previous subsection) using hydraulic tests
at different investigation scales. Slug tests, injection tests, flowmeter tests,
and pumping tests are interpreted using various analytical solutions (Table 1)
specific for fractured media (Maréchal et al., 2004 and Dewandel et al.,
2006). A first comprehensive hydrodynamic model of the fissured layer has
then been proposed.

The application of flowmeter profiles during injection tests determines
the vertical distribution of the most conductive fissure zones (CFZ) and their
hydraulic conductivities (Fig. 9c). The geometric mean of available data (19
flowmeter tests) is KCFZ = 8.8 × 10-5 m/s (according to the geometry of the
well and the observed drawdowns, the sensitivity of the flowmeter limits the
identification of fissure zones to those with a hydraulic conductivity higher
than 1 × 10-5 m/s; hydraulic transmissivity T > 5 × 10-6 m2/s). The rather
narrow range of hydraulic conductivities (which do not exceed 2.10-3 m/s)
suggests a similar genesis for all of them, namely the weathering processes.
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Figure 7. Example of the distribution of well yields as a function
of the distance to lineaments (from Cho et al., 2003).

Figure 8. Example of the vertical distribution of specific yields as a
function of depth for wells drilled in zones with a weathering
cover (Jeonju Wanju area, Korea, Jurassic granites) (from Cho et al., 2003).
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The vertical distribution of the CFZ (Fig. 9a) shows the occurrence of
conductive fractures both within the bottom of the saprolite (unusually
preserved fissures) and within the first 20 m of the underlying fissured layer,
with higher concentrations of fissures within its first metres (the curve on
Fig. 9b shows that observations between -6 and +24 metres can be considered
as representative, the percentage of investigated wells being higher than
50%—for a given aquifer portion, ratio between the number of available
observations and the total 19 possible measurements). The low number of
observations at shallow depths suggests that the apparent decrease in fractures
density above 15 metres is an artefact due to lack of observations.
Consequently, in such a context, it can reasonably be assumed that the
fissured layer extends above the upper limit of observations, which is
consistent with field and well geological observations.

Figure 9. Interpretation of flowmeter-measurement profiles (19 wells)
by 0.5-metre-thick aquifer portions performed in the Maheswaram
(southern India) experimental watershed. (a) Number of identified hydraulically
conductive fissures zones (CFZ). (b) Quality of observation (see definition in the

text). (c) Hydraulic conductivity of CFZ (from Dewandel et al., 2006).



52 P. Lachassagne

The bottom of the weathered-fractured layer is better constrained thanks
to the quality of the available observations. The number of fractures starts
to decrease between 14 and 16 metres (Fig. 9a) and is followed by an
absence of fractures below 20 metres while the quality ratio of observations
remains high down to 24 metres. This depth roughly corresponds to the top
of the fresh basement as identified by geological observations during the
drilling of the wells, and also to a sudden decrease in drilling rates at this
depth.

The comparison of the characteristics of the Maheshwaram aquifer,
resulting from a multiphase weathering process, with the ones of aquifers
where the landscape mainly results only from a single main weathering
phase (Dewandel et al., 2006), leads to a generalized 3-D geological and
hydrogeological conceptual model of granitic aquifers (Fig. 10).

The hydrodynamic properties of the fissured layer are thus controlled by
the distribution, the hydraulic conductivity, the anisotropy of hydraulic
conductivity and the connectivity of the fissures (Maréchal et al., 2004). It
thus constitutes an anisotropic medium. It is the most permeable layer of the
entire weathering profile and assumes most of the transmissive function of
the aquifer.

The global hydraulic conductivity of this layer appears to be a result of
the number of conductive fissures intersected by the considered well, and
not the result of a higher hydraulic conductivity of a single (or more)
conductive fissure (Maréchal et al., 2004). Indeed, the hydraulic conductivity
of the conductive fissure zones belonging to this layer is relatively similar
regardless of the case study location in the world; it ranges between 10-6 and
10-4 m/s. Thus, it appears that granitic rocks exposed to weathering are
affected by similar weathering processes that induce similar fissure hydraulic
conductivities.

As the hydraulic conductivity of this layer closely depends on the density
of the conductive fissures, the variations in hydraulic conductivity from one
well to another are explained by the variability in hydraulically conductive
fissure density itself and not by the variability of fissure hydraulic conductivity.
Moreover, the hydraulic conductivity of the fissures does not significantly
decrease with the depth (Fig. 9). The apparent decrease in hydraulic
conductivity toward the base of this layer, largely observed worldwide, reflects
only a downward decrease in density of the weathering-induced fissures
(Fig. 10).

The presence of two main fissure sets, a horizontal and a subvertical one,
recognized both from geological observations and from pumping test
interpretation (Maréchal et al., 2004), ensures good connectivity between the
fissures and induces an anisotropy of hydraulic conductivity (vertical
anisotropy ratio close to 10; Khoriz>>Kvert), which is in agreement with the
qualitative geological observations.
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Figure 10. Generalized 3-D geological and hydrogeological conceptual
model of granite aquifers controlled by single or multiphase weathering.
(a) Maheshwaram (southern India) multiphase weathering and (b) Classical
profile - single weathering - (idealized profile). Dfiss: density of conductive
fissures, Kfiss: hydraulic conductivity of fissures and Kglobal: equivalent hydraulic

conductivity of the layer (from Dewandel et al., 2006).

The effective porosity of the fissured layer is relatively low, about 10-2,
and is mainly (90%) ensured by the low permeability fissure zones affecting
the blocks (block permeability, including very low permeability fissure zones:
5 × 10-8 m/s), while the conductive fissure network contributes only 10% to
the effective porosity (Maréchal et al., 2004).

The top of the fissured layer is characterized by a few metres-thick high
density fissured zone, named the 'transition zone' (density: 0.7-0.5 m-1)
(Figs 9 and 10). This zone, 2-metre-thick in the case of the young rejuvenated
weathering profile studied in Maheshwaram, can reach more than 12 metres
in the case of old thick weathering profiles (French Brittany, Wyns et al.,
2004). The hydraulic conductivity of the fissures belonging to this transition
zone is comparable to that of the deeper part of the fissured layer. This
transition zone is the more permeable part of the fissured zone, thus of the
entire weathering profile.
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MAPPING THE LAYERS CONSTITUTING
THE HARD ROCK AQUIFERS

The formation of the fissured layer is, therefore, closely related to the
development of the alterites, and hence to the weathering front. An important
consequence of this process is that, at the catchment scale, these weathered
layers are parallel to the paleo weathering surfaces (paleo landscape)
contemporaneous with weathering. At the local scale (from about 10 to
about 100 m), it can be influenced by lithological or structural variations, the
latter being well-known to basement hydrogeologists and geophysicists who
use them to site water wells: the presence of fractures enables water to
circulate or diffuse, causing a local deepening of the base of the alterites.

These ancient surfaces have been affected by erosion processes posterior
to the main weathering phase. Therefore, the saprolite and the fissured layer
make up stratiform beds whose geometry at the regional scale can be linked
to the more or less good preservation of paleoweathering surfaces. On the
basis of the knowledge of this genetic principle, it is quite easy to map, at
the watershed scale (Lachassagne et al., 2001; Dewandel et al, 2006):

� the altitude of:
o the limit between the saprolite (laminated layer) and the fissured layer,
o the base of the fissured layer,

� and thus to respectively compute the residual thickness of:
o the saprolite,
o the fissured horizon.

In most cases, the geometry of the base of the saprolite is determined at
first, through the combined use of well data, geophysical data if any, and
specific field surveys. Since the surface of the base of the saprolite is, in
many places, cut by the present-day ground surface, notably near valleys, it
is relatively simple, in the field, to determine the position of the saprolite/
weathered-fissured layer interface.

On the basis of observations of the thickness of the fissured layer
(observations on outcrops, statistical treatment of existing well data), the
altitude of its base can also be directly computed from one of the alterite
base. The altitudes of (i) the saprolite/fissured layer interface and (ii) fissured
layer/fresh rock interface can therefore be subtracted from that of the present
ground surface, as inferred from Digital Elevation Model (DEM) data, in
order to compute the residual thickness of respectively the saprolite and the
fissured layer. In regions where the paleosurface(s) have partly been preserved
from erosion, slope analysis from DEM data can also be used for the
elaboration of such maps.
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Figure 11 displays an example of such a map obtained in France, Truyère
river catchment, Massif central, 730 km2 (Lachassagne et al., 2001), in a
region where no data from wells was available. The interface between the
saprolite and the fissured layer was systematically sought along roads and
trails, following routes perpendicular to the slopes. About 700 km of roads
and trails, distributed as evenly as possible over the study area (about one
linear km per km²), were reconnoitred. These field studies were accomplished
in two weeks. Based on observed or inferred interfaces, as well as on available
surveying data, the contour lines of the bottom of the alterites were plotted.
The observation grid was tightened in the zones where the bottom of the
saprolite is cut by vertical slip faults subsequent to the weathering (for the
most part these faults were contemporary to the formation of Oligocene
grabens). The contour lines of the bottom of the saprolite were then digitized,
turned into a figure field and interpolated in order to create a grid that can
be overlain on the DEM. The thickness of the saprolite layer was then
calculated by subtracting the altitude of the bottom of the saprolite from that

Figure 11. Lozère part of the Truyère river catchment (700 km2, Massif Central,
France): thickness of the saprolite (increasing thickness from yellow to red
and black) and the fissured layer (green colours) (from Lachassagne et al.,2001).
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Figure 12. Krigged map (45 bore-well lithologs—IFP—and 80 VES
interpretations) of the elevation (in m amsl) of the base of the saprolite (base of
the laminated layer) on the 60 km2 southern India Maheswaram catchment
(from Dewandel et al., 2006). The plot in the right corner shows the variogram

used for krigging.

of the ground surface. Although the time spent on field surveying was kept
to a minimum, measurements done later showed that the uncertainty
concerning the altitude of the bottom of the saprolite (generally better than
10 m) was consistent with this regional approach.

Figure 12 displays an example of a similar map obtained on the southern
India Maheswaram catchment (Dewandel et al., 2006), mainly from
geophysical data (Vertical Electric Soundings), and well data (lithologs). It
was completed by observations on outcrops (dug-wells).

APPLICATIONS

The main research results obtained these last years on hard rock aquifers and
the main practical applications of these results for the development, the
management and the protection of their water resource are summarised in
Table 2.
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Figure 13. Example of a map of groundwater potential (obtained from multivariate
analysis integrating the thickness of the weathering profile - cf. Fig. 11) on the
Lozère part of the Truyère river catchment (700 km2, Massif Central, France).

Dark blue to red: increasing groundwater potential.

Figure 14. Map of groundwater reserves (in metres of water).
La Roche Sur Yon Granite (Vendée, France).
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Figure 15.  (a) Water table map and (b) annual (June 02 to June 03) groundwater
budget expressed as water table fluctuations for the southern India Maheswaram

catchment (from Maréchal et al., 2006).

Figure 16. Example of an output of a DST (from Dewandel, Gandolfi et al.,
2006). Predicted evolution of groundwater reserves for different agricultural policy
scenarios. Maheswaram southern India catchment. Upper graph: –5%, –10%, –
15%: 5, 10 and 15% reduction of groundwater withdrawal for irrigation; FAO:
increased withdrawal in order to meet the production objectives of FAO scenarios.
Lower graph: current water level in the aquifer (2002) and predictions for 2022
if increase in withdrawal for irrigation continues according to the current trend.
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CONCLUSION

Significant advances have recently been made in our knowledge of the genesis,
geometry and functioning of hard rock aquifers. The hydrodynamic properties
of these aquifers appear to be mainly related to weathering processes. The
weathering profile, up to more than 100 m thick, is mainly composed of two
superposed layers, the saprolite, playing a capacitive role, and the underlying
fissured layer that assumes the transmissive function. All together and where
saturated with ground water, these two layers constitute a composite aquifer.

The spatial distribution of such weathering profiles (single or multiphase),
or their remains, can be mapped at the catchment scale on the basis of
various types of data: digital elevation model, observations on outcrops,
drilling cuttings and geophysical measurements. Then, the spatial distribution
of the hydrodynamic properties of granite type aquifers can also be mapped.
A precise geological mapping not only of lithology but also of the weathering
structure thus appears to be a prerequisite for groundwater management in
hard rock areas.

These newly developed geological and hydrogeological concepts, that
enable to regionalize hard rock aquifers properties, can answer several key
issues: (i) evaluation of aquifer potentialities from large to small (a few
hectares) areas; as a consequence, it helps in defining the characteristics of
field surveys (geophysics, radon, etc.) and well siting, (ii) elaboration of
water budget at the catchment scale, taking into account the piezometric
level fluctuations in the various layers, (iii) input data for numerical modelling
of the aquifer, (iv) elaboration of vulnerability maps, (v) guidelines for
aquifer protection, for town and country planning (siting of landfill, quarry),
etc.

Such a geological and hydrogeological model now requires to be adapted
to the geological contexts of weathered metamorphic rocks. The mapping
methodology is also to be developed for applications at a larger scale, 1,000
to 10,000 km2, through the integration of techniques such as remote sensing
and spectrometric and radiometric aerial surveys.
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INTRODUCTION

Geophysics plays a major role for characterizing the hard rocks for
groundwater studies. The qualitative and quantitative application has increased
since past few years due to rapid development and advancement in
microprocessors and associated numerical modelling solutions. Although
geophysics has ability to probe deep earth interior (say >1000 m), but its
application for groundwater studies is usually restricted to depths less than
and around 250 m below the surface. These include mapping the depth and
thickness of aquifers, mapping aquitards or confining layers, locating fractures
and fault zones and mapping contamination to the groundwater such as that
from saltwater intrusion. The theoretical and practical background to
geophysics has been extensively reviewed and can be studied in standard
texts on the subject, for example Kearey & Brooks (1991); Telford et al.
(1976); Parasnis (1979); Dobrin (1976); Grant and West (1965); Reynolds
(1997); Miller et al. (1996); Murali et al. (1998); etc.

IMPORTANCE OF FRACTURES IN HARD ROCK AREAS

Fractures often serve as major conduits for movement of water and dissolved
chemicals through hard rocks in the underground. The geological structure
normally encountered in hard rock areas of places such as in India is granite
or granite gneiss overlain by a variable thickness of weathered material. The
latter is a regolith produced by the in-situ weathering of the basement rock
(Acworth, 1987). The regolith normally grades into solid unfractured basement
over several tens of metres, although often the boundary between the two
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may be fairly sharp. Hydrogeologically the weathered overburden has a high
porosity and contains a significant amount of water, but, because of its
relatively high clay content, it has a low permeability. The bedrock on the
other hand is fresh but frequently fractured, which gives it a high permeability.
But as fractures do not constitute a significant volume of the rock, fractured
basement has a low porosity. For this reason a good borehole, providing long
term high yields, is one which penetrates a large thickness of regolith, which
acts as a reservoir, and one which additionally intersects fractures in the
underlying bedrock, the fractures providing the rapid transport mechanism
from the reservoir and hence the high yield. Boreholes which intersect
fractures, but which are not overlain by thick saturated regolith, cannot be
expected to provide high yields in the long term. Boreholes which penetrate
saturated regolith but which find no fractures in the bedrock are likely to
provide sufficient yield for a hand pump only.

HARD ROCK AQUIFER CHARACTERISTICS

The most significant features of the hard rock aquifers are: 1. A topographical
basin or a sub-basin generally coincides with ground water basin. Thus, the
flow of ground water across a prominent surface water divide is very rarely
observed. 2. The aquifer parametres like Storativity (S) and Transmissivity
(T) often show erratic variations within small distances. 3. The saturated
portion of the mantle of weathered rock or alluvium or laterite, overlying the
hard fractured rock, often makes a significant contribution to the yield obtained
from a dug-well or bore-well. 4. Only a modest quantity of ground water,
in the range of one cu.m. to a hundred cu.m. or so per day, is available at
one spot. 5. Draw down in a pumping dug-well or bore-well is often almost
equal to the total saturated thickness of the aquifer.

STUDY AREA

The case studies shown in this part are from the geophysical studies carried
out in the Maheshwaram watershed having an area of about 60 km2, situated
at about 30 km south of Hyderabad, India. It lies in between geographical
coordinates having 17° 06� 20� to 17° 11� 00� North latitudes and 78° 24�
30� to 78° 29� 00� East longitudes and forms part of Survey of India toposheet
56K/8. The geology of the Maheshwaram watershed is mainly granites of
Archean age intersected by dolerite dykes and quartz veins. They have
undergone variable degrees of weathering with depths extending up to even
20 m followed by fracturing at many places. The dyke located in the extreme
northern part strikes east-west with about 15 m width. Another dyke exposed
about 1 km south of the first one, strikes N60°E-S60°W with a width of
about 20 m at places. A quartz vein of about 20 m width with a strike of
ENE-WSW is exposed in the drainage divide in the southern boundary of
the watershed. Ground water in the area occurs under water table conditions
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in the weathered granite and in semi-confined conditions in the fractured
granites. The depth to water level varies from 11 m to 20 m. The yield of
the bore-wells range from 1000 gph to 5000 gph. The high yielding bore-
wells are either recharged by the irrigation tanks or tapping the deeper
fractures. The yield of the bore-wells in the vicinity of the dolerite dykes is
high as they are tapping thick fractured zone. The area comprises thin soil
cover of sandy loam and clayey soils and is underlain by granites. These
granites are medium to coarse grained and of pink and grey colour.

GEOPHYSICAL METHODS

Several geophysical methods are available for groundwater exploration. Most
of the available geophysical methods have been applied here to study the
aquifer system of a hard rock granitic terrain. A brief description of the
methods is given here.

Electrical Resistivity Technique

Electrical resistivity technique is the most commonly applied method among
all the geophysical methods for groundwater exploration, because of the
large variation of resistivity for different formations and the changes that
occur due to the saturated conditions. Resistivity is defined as the resistance
offered by a unit cube of material for the flow of current through its normal
surface. If L is the length of the conductor, and A is its cross-sectional area,
then the resistance is defined as

R = 
L
A

�

where � is constant of proportionality and is called as resistivity. In MKS
system the unit of resistivity is ohm-metre (�m).

In the case of an inhomogeneous medium, the resistivity measured is
called as the apparent resistivity. The apparent resistivity of a geologic
formation is equal to the true resistivity of a fictitious homogeneous and
isotropic medium. Resistivity of rock formations varies over a wide range,
depending on the material, density, porosity, pore size and shape, water
content and quality, and temperature. There are no fixed limits for resistivities
of various rocks: igneous and metamorphic rocks yield values in the range
102 to 108 ohm m while sedimentary and unconsolidated rocks, 1 to 104

ohm.m.
Generally for measuring the resistivities of the surface formations, four

electrodes are required. A current of intensity I is introduced between one
pair of electrodes, called as current electrodes, named as A and B and some
times as +I and -I denoting source and sink respectively. The potential
difference produced as a result of current flow is measured with the help of
another pair of electrodes, called as potential electrodes and represented by
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M and N. There are different electrode arrangements for measuring the
potential difference, which are uniquely used as different purposes in
exploration techniques. The most commonly used arrangements are Wenner
and Schlumberger configurations.

Wenner Array: Wenner configuration consist a system of earth resistivity
measurements with four collinear equally-spaced point electrodes on the
ground surface. The two current electrodes A and B and two potential
electrodes M and N are placed at surface at equal distance ‘a’ as shown here.
Current I is passed into the ground through A and B and the potential
difference is measured through M and N.

 A M O N B
 �_____�___.___�______�

� a �� a �� a �

The geometrical factor (K) for this array is 2�a and apparent resistivity
is given by

�a = 2�a (�V/I )
Schlumberger Array: The Schlumberger array also uses four collinear

point electrodes but measure the potential gradient at the mid point. In this
array the current electrodes are spaced much farther apart than the potential
electrodes, usually five times or more as shown here.

A M O N B
 �___________�___.___�____________� where L � 5(l)

� 2(l) �
�- - - - - - - - - - 2L - - - - - - - - - - �

The geometrical factor for this array is

K = �{(AB/2)2-(MN/2)2}/MN

Or K = � (L2– l2)/2l
Apparent resistivity �a = K(�V/I), where A and B are the current electrodes,

M and N are the potential electrodes, L = half spacing of current electrodes
and l = half of spacing of potential electrodes.

Resistivity Profiling

Electrical profiling is used to determine the lateral inhomogeneities up to a
particular depth and thereby a particular section of the subsurface is mapped
along a profile. This method is highly useful in mineral exploration where
the detection of isolated bodies of anomalous resistivity is required and in
groundwater exploration to determine the linear features in the subsurface,
which control the movement of ground water. In resistivity profiling, the
electrode system moves as a whole from one station to other along a line,
known as profile or traverse. For a given spacing, the electrode system has
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its depth of investigation. For higher electrode spacings, the depth of
investigation will be more.

When the apparent resistivity observations for all stations on a traverse
and for all such traverses spread over the entire area of the survey are made,
the resistivity values are plotted at their respective positions over a map.
After this, the contours of equal resistivity values for particular electrode
spacing are drawn and are called as equi-resistivity or contour maps. Thus
the representation is in the form of linear maps for several electrode spacings
or contour maps for a particular assumed depth section. The resistivity highs/
lows are marked to give an idea about the epicentral location of the target
(resistive or conductive zone) and its lateral extent. The resistivity profiles
taken across two dykes are shown in Fig. 1. The results show low resistivities
at shallow depths and high resistivities at deeper depths over the dyke thus
indicating the conductive nature due to weathering/fracturing of the dyke in
upper parts and hence suggests that this dyke is not acting as barrier for the
ground water to flow at shallow depths, whereas in deeper levels, the dykes
may be acting as barriers.

Figure 1. Resistivity profiles in Maheshwaram watershed.
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Resistivity Sounding

Vertical Electrical Sounding is applied whenever a depth section is to be
determined at a particular place and, in this method, increase in the depth of
investigation can be obtained by gradually increasing the distance between
the current electrodes such that current penetrates deeper and deeper into the
ground. This method gives the information about depth and thickness of
various subsurface layers and their resistivities.

The field procedure of a sounding is to use a fixed centre with expanding
electrodes. The Wenner and Schlumberger layouts are particularly suited to
this technique. But Schlumberger array has some advantages. There are
always some naturally developing potentials (self-potential, SP) in the ground,
which have to be eliminated and nullified. The potential difference developed,
due to the experimentally impressed current, should be taken into
consideration. For different spacings, the apparent resistivity of the ground
for particular array can be calculated.

Interpretation of Sounding Data

The apparent resistivity is plotted against half current electrode spacing on
a double logarithmic paper and the curve so obtained is called sounding
curve. To get the layer parametres (resistivity and thickness) of the subsurface,
these sounding curves are to be interpreted and there are mainly two types
of interpretational techniques: Indirect methods and direct methods.

In the indirect methods, the field curve is compared with a set of theoretical
curves, also called as master curves, for different known layered parametres
prepared in advance. Several albums of master curves are available which
include among others Compagne Generale de Geophysique (1963), Flathe
(1963), Orellana and Mooney (1966) and Rijkswaterstaat (1969). These are
computed from the expression for surface potential (Stefanesco et al., 1930).

V = 1
0

0

1
2 ( ) ( )

2

L K J r d
r

�� ��
�   �  � ! "

#

where r = distance of the measuring point from current source, �1 = resistivity
of surface layer, K () = Stefanesco kernel function determined by thickness
and resistivity of surface layer, J0 (r) = Bessel function of zero order and
first kind and  = Integration variable, a real number with dimensions of
inverse length. When a match of the field curve is obtained with the theoretical
curve, one can get the layer parametres in terms of resistivity and thickness
of the subsurface layers.

In direct methods, one can get the layer parametres from the field curve
itself by using the computer code available. Quite often, it is possible that
the field curve may not match with the available master curves. In the
absence of a proper set of master curves that simulates the geological situation,
one has to compute a theoretical sounding curve that best fits the field
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situation to get the proper layer parametres. In some codes, one requires
giving an initial guess model and the curve is interpreted by an iterative
process and in another type of direct methods, the field curve is interpreted
without the necessity of an initial model.

The method of automatic iterative interpretation given by Zohdy (1974)
is based on the similarity in shape existing in many cases between apparent
resistivity curves and Dar Zarrouk curves. Zohdy (1989) has developed an
algorithm for automatic iterative interpretation of field sounding curve, where
no initial guess model of the layered earth are required to be given as initial
model. Based on the field curve an initial model is assumed. Then first
thickness parametres are changed according to an algorithm till minimum
root mean square error is obtained. Later, layer resistivities are changed
according to an algorithm till another minimum is obtained in RMS error.
Using equivalence principle the layers can be suppressed finally.

When the layer parametres are obtained in terms of resistivities and
thicknesses, these can be inferred in terms of lithology of the subsurface by
knowing the geology of the area and correlation of resistivities with various
formations from a known place.

The resistivity data collected in Maheswaram watershed was interpreted
using a computer programme based on the inversion algorithm of Jupp and
Vozoff (1975), which uses digital filter theory (Ghosh, 1971a, b). The iterative
method successively improves the initial model given, until the error measure
is small and the parametres are stable with respect to a reasonable change
in the model parametres. Figure 2 is an example of a sounding curve
interpreted by the above method.

Figure 2. Resistivity sounding interpreted showing the
field and computed curves.
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It may be necessary to mention that a parameter model derived either by
conventional or computer method may not be unique because of an inherent
limitation, namely the phenomenon of equivalence resulting in a range of
models fitting the same sounding curve. Another limitation is the simplified
assumption of horizontal, homogeneous and isotropic model layers, which is
never the case in nature. It is, therefore, very essential to gather the
hydrogeological knowledge of the area and correlate the sounding data
obtained near existing wells with lithology for a reliable interpretation.

Multi Electrode Resistivity 2-Dimensional Imaging (MER2DI)

The improvement of resistivity methods using multielectrode arrays has led
to an important development of electrical imaging for subsurface surveys
(Griffiths and Turnbull, 1985; Griffiths et al., 1990; Barker, 1992; Griffiths
and Barker, 1993). Such surveys are usually carried out using a large number
of electrodes, 24 or more, connected to a multi-core cable. A laptop micro-
computer together with an electronic switching unit is used to automatically
select the relevant four electrodes for each measurement. Apparent resistivity
measurements are recorded sequentially sweeping any quadruple (Current
and Potential Electrodes) within the multi-electrode array. MER2D data can
be interpreted with the help of RES2D inversion software and finally a true

Figure 3. (a) Profile layout and (b) Comparison of different
arrays along Line A in Mohabatnagar.
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resistivity cross-section can be obtained. As a result, high-definition pseudo-
section with dense sampling of apparent resistivity variation at shallow depth
(0-100 m) is obtained in a short time. It allows the detailed interpretation of
2D resistivity distribution in the ground (Loke and Barker, 1996).

Figure 3 shows comparison of different configurations along a profile. As
seen from the resistivity image, the following are observed.

� The pole-dipole arrays bring rather distorted images at depth. The resistivity
of the bedrock is overestimated at the end opposite to the current electrode.

� Only the pole-pole array has sufficient depth of investigation to effectively
image the bedrock with resistivity higher than 1500 Ohm.m.

� But with respect to Wenner configuration the image at the surface is much
poorer. For instance, the lateral extension at shallow depth of the two
conductive anomalies is clearly detected with the Wenner array, but is not
seen with the pole-pole array.

� From another point of view, the high depth of investigation of the pole-
pole array is counter balanced by a large model uncertainty.

MER2D data interpreted with the help of RES2D inversion software and
model uncertainty obtained along two profiles in Mohabatnagar are shown
in Fig. 4 and described below. As seen in Fig. 4, there are two clear conductive
faults respectively located at distance 55 m and 190 m along line A. The
second fault located at 190 m from the profile and at a depth of 20 m seems
to be more prominent compared to the first one, located at 55 m. The second
one presents a lateral extension at shallow depth. The prominent anomaly
also corresponds to large weathered thickness of resistivity 100 �m. There
is a clear bedrock raise with a resistivity of around 600 �m, to the surface
at distance 45 m. The second conductive anomaly corresponds to a lineament
detected on aerial photography. All the other anomalies observed at depth
are not corresponding to geomorphological features. The presence of
conductive body at the surface raises the uncertainty of the model at depth.
The same anomaly was also prominent in other configurations like Wenner,
and pole-pole array and the basement upliftment is more prominent in the
pole-pole array with extension of conductive zone about 40 m, which could
indicate the fracture in granite.

The bedrock presents a regular deepening from the eastern to the western
part along line B (Fig. 4). No faults are detected as interpreted from the
inverse model. The result shows low resistivity of 60-100 �m, which indicates
the weathered fractured granite. At the surface a conductive area is located
between distances 160 and 270 m. This conductive area is not corresponding
to the black shrinking clayey soils of the paddy fields but to the reddish
clayey soils covering the end of a gentle hill slope.

In addition to this, the intrusive lineaments like dykes or quartz veins,
which behave resistive to the groundwater flow, can be taken as an indicative
tool for exploring the groundwater potential zones. The contact zones of the
intrusive material and the host material become weak because of their
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formation by cooling and crystallization at different times, development of
cracks and fractures at the time of intrusion in the host material, and
weathering of the contact zone due to water entrance through the fractures.
Even the intrusive bodies may get weathered due to the fracture development
and hence become good groundwater potential zones. With this idea Electrical
Resistivity Tomography (ERT) was carried out at Kothur quartz vein (~25 m
thick) in Maheshwaram watershed. The resistivity image (Fig. 5) has revealed
the weathering effect at the contact zone, which was confirmed by the drilling
of the bore-well. The top red coloured patch is the impression of high
resistive quartz vein; however at coming further deeper it has shown low
resistivity, which is nothing but the weathering and fracturing effect. The
deepening of the weathering front can be clearly seen (as low resistivity) on
either side of the quartz vein.

Figure 5. ERT across a quartz vein near Kothur, Maheshwaram watershed.

Figure 4. MER2DI Section along Line A and Line B (Mohabatnagar).
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Magnetic Method

Magnetic methods are based on the observation of anomalies in the magnetic
field of the earth that are caused by magnetic susceptibility of different
rocks. As dolerite dykes are very common features in hard rock and important
for groundwater flow, these methods are very useful to delineate even the
buried dykes. Magnetic surveys are classified as grid and profile survey
depending upon the density and geometrical distribution of the points of
observation. Measurements with a magnetometer are taken 2 to 4 times at
a station and their average value is considered to that station. The time of
measurement is also noted for every observation since the magnetic field
does not remain constant with time and hence necessary correction is applied
for each station value by having repeat observations at base station.

Different types of instruments are available for magnetic surveys e.g.
Schmidt type or by compensation as in Torsion magnetometer, Induction
type of instrument, Fluxgate magnetometer, Proton precession magnetometer,
Optical absorption magnetometer or the high sensitivity atomic resonance
magnetometer etc. Magnetic systems consist of a permanent magnet, which
can be deflected under the influence of geomagnetic field. The value of the
magnetic field is determined by the deflection as in Schmidt type or by
compensation as in Torsion magnetometer. Induction types of instruments
consist essentially of an induction coil operated by a motor in the earth’s
magnetic field. The electromotive force developed in the coil due to
intersection of force of the earth’s magnetic field is a measure of the field.
Instruments with sensitive fluxgate elements consist of a coil with core made
of an alloy whose magnetic permeability strongly depends on the minor
changes in the external magnetic field. The change in the electromagnetic
parametres of the sensitive element determines the intensity of the earth’s
magnetic field.

Proton precession magnetometer consists of a container of water with a
coil wound around it. When a strong magnetic field is applied in a direction
approximately perpendicular to the earth’s field, the protons will align parallel
to the applied field. At this stage if the field is suddenly cut off, the protons
start processing, inducing a small e.m.f. in the coil which is a measure of the
earth’s field. Optical absorption magnetometer or the high sensitivity atomic
resonance magnetometer is the latest type. There are three types namely, the
metastable helium, rubidium or cesium magnetometer. All these
magnetometres make use of optical pumping technique. They are highly
sensitive and also enable the measurement of the vertical gradient of the
earth’s magnetic field employing two magnetometres kept separated vertically
apart from each other. One example of a magnetic profile carried out across
a dyke in Maheswaram watershed is shown in Fig. 6.
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Figure 6. Magnetic traverse across a dyke.

Magnetic Resonance Sounding (MRS)

The initial idea of transforming the well-known proton magnetometer into a
tool for water prospecting from the surface is ascribed to R.H. Varian (Varian,
1962). This idea was further developed and put into practice much later by
a team of Russian scientists under the guidance of A.G. Semen. The Institute
of Chemical Kinetics and Combustion (ICKC) of Russian Academy of
Sciences fabricated the first version of the instrument for measurements of
magnetic resonance signal from subsurface water (“Hydroscope”). The basic
principle of operation of the Magnetic Resonance Sounding or the hitherto
called surface Proton Magnetic Resonance (PMR) method for groundwater
investigation is similar to that of the proton magnetometer. They both assume
records of the magnetic resonance signal from a proton-containing liquid
(for example, water or hydrocarbons). However, in the proton magnetometer,
a special sample of liquid is placed into the receiving coil and only the signal
frequency is a matter of interest. In MRS, a wire loop 100 m in diameter is
used as a transmitting/receiving antenna and the water in the subsurface
behaves as the sample. Thus, the main advantage of the MRS method,
compared with other geophysical methods is that the surface measurement
of the PMR signal from water molecules ensures that this method only
responds to the subsurface water. Used routinely in Russia and tested in
other countries (Shirov et al., 1991; Goldman et al., 1994; Lieblich et al.,
1994) the method has demonstrated its potential.

The wire loop/antenna is laid out on the ground, normally in a circle with
a diameter between 10 and 200 m, depending on the depth of aquifers; it
may also be laid out in a “figure of eight” in order to improve S/N ratio
(Trushkin et al., 1994). A pulse of alternating current then energizes the
antenna
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i(t) = I0 cos(�0t), 0 < t $ % (1)

where I0 and % are respectively the pulse amplitude and duration. The
frequency of the current �0 is equal to the Larmor frequency of the protons
in the geomagnetic field �0 = �H0 with H0 being the magnitude of the
geomagnetic field and � the gyromagnetic ratio for the protons (physical
constant).

The pulse causes precession of the protons around the geomagnetic field,
which creates an alternating magnetic field that can be detected using the
same antenna after the pulse is terminated (“free induction decay” method).
In practice, the PMR response recording is possible after an instrumental
delay (“dead time”).

Equipment

The parametres of currently available surface PMR equipment, such as
Hydroscope (ICKC, Russia) and NUMIS (IRIS Instruments, France), do not
permit measurements of the very short signals (less than 30 ms) corresponding
to ‘bounded’ water in the subsurface. Thus, the vertical distribution of the
water content deduced from the MRS data corresponds to the location and
amount of ‘free’ water in the aquifers. Free water distribution in the subsurface
is a solution of integral equation. Like many other ill-posed problems, the
inversion is sensitive to field measurement errors caused by external
electromagnetic interference such as electrical discharges in the atmosphere,
magnetic storms, and all kinds of electrical currents through the subsurface.
Interference may also be due to cultural noise produced by power lines,
electrical generators and engines. In addition, the electrical conductivity of
the subsurface (the operational frequency is between 1.5 and 2.8 kHz) not
only attenuates the signal, but also has an effect on the kernel of the integral
equation. Knowledge of this effect is important for the practical application
of the method and for the data interpretation. Although further research is
required to establish a precise relationship between the decay times of the
PMR signal and the hydrogeological parametres of water in a porous medium,
the studies show that PMR application allows to assume, with sufficient
accuracy, that the decay time for bounded water is less than 20-30 ms and
that for free water is between 30 and 1000 ms.

The transmitting antenna usually consists of a 100 m diameter loop laid
on the ground, allowing a depth of investigation of the order of 100 m. The
Larmor frequency varies between 0.8 and 3.0 kHz depending on the amplitude
of the local Earth’s magnetic field. The energizing current in the loop will
reach intensities of 200-300A during pulses of a few tens of milliseconds.
The relaxation field of the protons is measured in the same loop, after the
energizing current is turned off. The voltage measured in the loop is of the
order of a few tens to a few thousands nanovolts. Stacking is used to enhance
the signal. To reduce the noise, ‘figure-of-eight’ shaped antenna is used
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which gives a maximum depth of investigation of about 40 m. One example
of a sounding in Maheswaram watershed is shown in Fig. 7.

Figure 7. PMR sounding result at IPMR 10.

� To the left, the raw data time series for each value of the pulse parameter
(the pulse parameter increases from bottom to top of the page).

� In the centre, measured and reconstructed amplitude, decay time, frequency,
and phase of the PMR signals ambient noise versus the pulse parameter.

� To the right, the result of amplitude and decay time data inversion, i.e.
water content and decay time distribution versus depth.

The cross section, as shown in Fig. 8a, summarizes the water content and
decay time deduced from inversion of the PMR data at Mohabatnagar. The
maximum thickness of the water saturated weathered zone was found to be
about 25 m on PMR-10. The upper portion of the main part of IPMR13 may
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be due to alluvial deposits. The underlying probable weathered zone increases
from almost non-existent on IPMR 13 to reach the thickness of
20 m for a maximum depth of 30 m on IPMR10 (Fig. 8). This deepening
of the weathered zone may be related to the fracture zone in the vicinity of
IPMR10. A relatively long signal decay time reveals a small amount of clay
in the weathered zone. Higher water content and a longer decay time suggest
that more water is stored in this area than in KB Tanda area.

(b)

Figure 8. 2D sections from PMR soundings.

(a)
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IPMR13a and IPMR13b measured at the same place but at right angles,
show very different water contents and depths, which could be explained by
the presence of 2D or 3D structures that are not revealed in the same manner
by both soundings. Due to a low signal to noise ratio, it may also be possible
that the IPMR13b result are erroneous.

The cross-section presented in Fig. 8b summarizes the water content and
decay time deduced from inversion of PMR soundings at KB Tanda. The
higher water content and longer decay time suggest that the largest amount
of water is stored in the northwestern part of the profile (IPMR9, IPMR11).
The maximum thickness of the water-saturated weathered zone was found to
be about 15 m. A relatively short decay time and low water content (IPMR3)
is most probably caused by a greater amount of clay or silt in the weathered
zone. The low water content and almost waterless areas, as observed on
IPMR14 and IPMR8 can be attributed to unweathered zones (fresh rocks).

WELL LOGGING

Geophysical well logging provides information on the geologic framework
and the groundwater system at disposal sites. Log data can be used to plan
the location of pits, trenches and monitoring wells. They can provide specific
information on completion problems in monitor or injection wells. Logging
provides more continuous data on the vertical and lateral distribution of
effluent from waste than can be obtained from samples at a lower cost. Logs
can also be used for monitoring changes in water quality. In order to plan
a cost effective remediation programme, a thorough understanding of the
hydrogeologic system is necessary and much of the needed information can
be obtained economically from well logs.

Self-Potential (SP) Logging: The SP log is a measurement of the natural
potential differences or self-potentials between an electrode in the borehole
and a reference electrode at the surface. The development of SP in bore-
wells is contributed mainly due to the differences in salinity and other
parametres between the fluid filling the borehole i.e. mud or water and the
quality of formation water. The diffusion of ions of different salts from one
medium to another and flow potentials generate spontaneous polarization.
Normally, clay/shaly rocks produce positive anomalies while porous,
permeable layers such as sands, fractured sandstone, and compact sandstone
give rise to negative anomalies. The interpretation of SP logs mainly consists
of identification of different lithological horizons and marking their
boundaries. This is usually done in conjunction with the resistivity logs.

Point Resistance (PR) Logging: One of the simplest and very useful
logging methods measuring resistivity variations is called as the point
resistance (PR) logging method. In this technique, the resistance between
two electrodes (one of them is kept on the surface and the other is moved
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in the bore-wells) is measured and is invariably used in conjunction with SP
logging. Measurement of ground resistance serves more as an indicator of
the probable order of resistivity rather than for determining the actual
resistivity of formations. The compact zone shows high resistance while the
others is indicated by lower values. The PR log has some advantages such
as: 1. The anomaly highs or lows are proportional to the resistivity of the
formation. 2. Very thin beds with different resistivities can be identified
provided the borehole diametres are not very large compared to sonde
diameter. 3. The measurement and interpretation of PR logs is simple.

Resistivity Logging: The most commonly used electrode arrangement is
normal or potential sonde in which one current electrode and two potential
electrodes are located on the sonde. The other current electrode is kept on
the surface. The curves obtained by potential or normal resistivity logs are
symmetrical in form in which the maximum indicates the layer with the
higher resistivity, and the minimum indicates a layer with lower resistivity.

Gamma Ray Log: The gamma ray log is a record of a formation’s
radioactivity. The radiation emanates from naturally occurring uranium,
thorium and potassium. Most rocks are radioactive to some degree. Igneous
and metamorphic rocks are more so than sedimentary rocks. However,
amongst sedimentary rocks, shales have by far the strongest radiation. It is
for this reason that the simple gamma ray log has been called the ‘shale log’.
A high gamma ray value frequently means shale. Quartzite shows no
radioactivity. Sandstones usually show low gamma ray values.

The various well logging techniques used in IFP-19 at Maheswaram
watershed are shown in Figs. 9 and 10. The geological sequence encountered
while drilling is the top weathered and semi-weathered layer followed by
fractured granite underlain by compact granite at a depth of about 36 m. The
resistivity sounding result shows a resistivity of 292 �m for the semi-
weathered zone followed by fracture granite from 16-30 m with a resistivity
of 496 �m, underlain by bed-rock. Self-Potential, Point Resistance,
Temperature log, Short Normal, Long Normal and Gamma logs were done
in this well. S.P. and Temperature logs do not indicate any anomalous zone.
The SN and LN logs indicate low resistivity around 31 m and the PR log
indicates a low resistance around 32 m.The apparent resistivity as observed
against weathered zone are 110 �m and 600 �m by SN and LN respectively
whereas against fractured zone are 220 �m and 1200 �m. The gamma log
indicates high activity below 22.5 m onwards, which is in the range of 500
cps compared to that above 22.5 m which is in the range of 300 cps or less.
This high activity can be activated to a fractured zone. Combining all these
results showed that there is a clear fracture zone around 25 m as shown in
Fig. 10. All the electric logs indicate that the bedrock occurs at a depth
of 38 m.
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Figure 10. Gamma Log at IFP-1.

 Figure 9. Geophysical Well Logs at IFP-1.
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SELF POTENTIAL (SP) METHOD

Certain natural or spontaneous potentials occurring in the underground caused
by electro-chemical or mechanical activity are called self-potentials. These
potentials, when associated with groundwater at geologic contacts, bioelectric
activity zones etc., are known as electro-kinetic or streaming potentials.
Streaming Potentials generated by subsurface water flow are the source of
the great majority of SP anomalies of groundwater interest. In a porous or
fractured media, the relative movement between solid matrix and electrolyte
(groundwater) causes an electrical potential at the interface, called zeta
potential. If the water movement were brought by a hydraulic gradient (�P),
a difference of electric potential E, called streaming potential, would result
between any two points in the direction of motion. The following relation
can be observed.

E = C × �P

where C, the streaming potential coefficient is dependent on a number of
parametres like resistivity, dielectric constant and viscosity of fluid in the
rock, the zeta potential, the grain size, the water path and others (Ahmed,
1964; Parkhomenko, 1971; Bogoslovsky and Ogilvy, 1973). The presence of
a pressure gradient in the sub-surface, however, is not a sufficient condition
to ensure the existence of an electric potential on the surface. As defined by
Fitterman (1979), it is necessary to have a pressure gradient parallel to a
boundary that separates regions of different streaming potential coefficients.
An electric field equivalent to that by a surface distribution of current dipoles
along the boundary is developed. The equipment required is extremely simple,
consisting merely of a pair of non-polarisable electrodes (to eliminate electrode
polarization effect) connected by a wire to a millivoltmeter of high impedance
(greater than 108 ohms, so that negligible current will be drawn from the
ground during the measurement). The procedure for carrying out the field
studies is described by Krishnamurthy et al. (2001).

MISE-À-LA-MASSE METHOD

Schlumberger first attempted the mise-à-la-masse method in 1920. Only
very limited case histories are available for this method (Parasnis, 1967,
1979; Ketola, 1972). The idea is to use a subsurface conductive mass (in this
case water bearing fracture) as energisation point. The conductor is energized
by a point source by lowering one current electrode in borehole below the
water table. The other current electrode is kept on the surface at far off place
(infinity). Potential on the surface is mapped in a grid pattern by keeping one
electrode fixed as the reference electrode on the surface and moving the
other potential electrode along the various profiles. The mise-à-la-masse
equipotential maps are prepared by normalizing the potential values for 1A
current (i.e, units are volts/amp).
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Figure 11 shows Mise-à-la-masse and SP equipotential map near borehole
no. 265. This bore-well drilled up to 42 m struck water at a depth of 23 m
in pink granite and has static water level at 21.18 m. The drill log of existing
bore-well indicates minor fractures between 15.84 and 32.90 m and fractured
pink granite from 32.90 to 37.50 m. Well developed fractures with high
density from 32.90 to 37.50 m substantially increased the yield of the well
to 100 lpm. The current electrode in the bore-well was lowered down to
depth of 37 m. Mise-à-la-masse map shows a well-developed trend of high
equipotential zone in N-S direction along the central profile across the
borehole. This indicates the extension of the fractures in N-S direction. SP
map also shows similar trend in N-S direction. Two bore-wells (BW-1 and
BW-2), one each on southern and northern side of the existing bore-well
recommended on the basis of the Mise-à-la-masse measurements intercepted
fractures at nearly the same depth as in borehole no. 265. A bore-well (BW-
3) recommended on hydrogeological consideration in NW of existing bore-
well did not intercept any fracture. This confirms the extension of fracture
in N-S direction only.

Figure 11. Mise-à-la-masse (above) and SP equipotential
map (below) at IFP-11.
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CONCLUSION

Many geophysical techniques have been applied to groundwater investigations
with some giving more success than others. For resource mapping, it is not
the groundwater itself that is the target of the geophysics rather it is the
geological situation in which the water exists. Potential field methods, gravity
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and magnetics, have been used to map regional aquifers and large-scale
basin features. Seismic methods have been used to delineate bedrock aquifers
and fractured rock systems. Electrical and electromagnetic methods have
proved particularly applicable to groundwater studies as many of the
geological formation properties that are critical to hydrogeology such as the
porosity and permeability of rocks can be correlated with electrical
conductivity signatures. Most geophysical techniques have been used for
groundwater characterization but once again it is with the electrical and
electromagnetic methods that the greatest success has been shown in directly
mapping and monitoring contaminated and clean groundwater. The use of
geophysics for groundwater studies has been stimulated in part by a desire
to reduce the risk of drilling dry holes and also a desire to offset the costs
associated with poor groundwater production.
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INTRODUCTION

Remote sensing and GIS methods permit rapid and cost effective natural
resource survey and management. Moreover, remotely sensed data serve as
vital tool in groundwater prospecting (Sharma and Jugran, 1992; Chatterjee
and Bhattacharya, 1995; Tiwari and Rai, 1996; Ravindran, 1997; Horton,
1945). The remote sensing data helps in fairly accurate hydrogeomor-
phological analysis and identification and delineation of land features (Kumar
and Srivastava, 1991). With sufficient ground data, hydrological characteristics
of geomorphological features can be deciphered. Groundwater occurrence
being subsurface phenomenon, its identification and location is based on
indirect analysis of some directly observed terrain features like geological
and geomorphic features and their hydrologic characters. Satellite remote
sensing provides an opportunity for better observation and more systematic
analysis of various geomorphic units, lineament features, following the
integration with the help of Geographical Information System to demarcate
the groundwater potential zones. Therefore, an integrated approach, including
studies of lithology, hydrogeomorphology and lineament, has been taken up,
using remote sensing and GIS techniques, for a proper assessment of
groundwater potential zones in the study area.

METHODOLOGY

For the groundwater resource development in an area the following
methodology may be undertaken which integrates remotely sensed data. The
groundwater resource development in the study area involves lithological,
hydro-geomorphological and lineament thematic maps generation. The Survey

Application of Remote Sensing and
GIS in Groundwater Exploration5
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of India toposheets may be used for the preparation of base map. The
methodology of generation of thematic maps such as lithology, hydro-
geomorphology and lineaments of the study area requires visual interpretation
of satellite remote sensing data. Identification and delineation of various
units on the thematic maps are based on the colour, tone, texture, size,
pattern and association. All the thematic maps are verified during the field
checks. The thematic details thus finalized are transferred to the base map
prepared from the Survey of India toposheets. A typical method used in GIS
modelling is to compute numerical values for each spatial feature in a theme
and classify the numerical values on an interval basis known as Weighted
Index Overlay Analysis.

HYDROGEOMORPHOLOGY

The hydrogeomorphology in the hard rock terrain is highly influenced by the
lithology and structures of the underlying formations. The area is characterized
by a dominant rocky terrain and a number of erosional and depositional
hydrogeomorphic features, which are manifested by hills, uplands and
undulating surfaces. The significant hydrogeomorphic units, commonly
identified on the basis of their image characteristics, include buried pediments

 Flow Chart
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(shallow), buried pediments (medium) and valley fills. Depositional processes
also develop landform namely valley fill. The weathered pediments buried
under soil cover represent the features formed by the involvement of both
erosional and depositional process.

Buried Pediments (Shallow) [BPS]

This unit is basically a pediment zone and consists of very low weathered
zone. A flat and smooth surface of buried pediment consists of shallow
overburden of weathered derivative material. Groundwater prospects are
moderate to poor, but open wells yield good amount of potable water after
monsoon (Shah, 2001).

Buried Pediments (Medium) [BPM]

These units are moderately weathered with their thickness greater than that
of the shallow pediments. A flat and smooth surface of buried pediment with
moderately thick overburden of weathered derivative material. Groundwater
prospects are also good to moderate.

Valley Fills [VF]

Valley fills are linear depressions present in between the hill ranges and
occupy the lowest reaches in topography, commonly filled with pebbles,
cobbles, gravel, sand, silt and other detrital material. The groundwater potential
ranges from moderate to good. These valleys are developed along the fractures
and such places can be exploited for groundwater through deep bores. In
general, it is observed that adequate recharge source of groundwater is met
within valley fillings. Hence, in such places, the groundwater is considered
to be moderately better with adequate source of water. This has very good
porosity and permeability but some time presence of clay may make it
impermeable.

The details of various geomorphic units and their groundwater bearing
prospects are given in Table 1.

 Table 1: Hydrogeomorphology and groundwater prospects
of various geomorphic units

Geomorphic Units Description Water Prospects
Valley Fill Accumulation zone of colluvial materials Good

derived from surrounding uplands; shallow
to deep; fine loamy to clayey soils.

Buried Pediment Gently sloping topography; very deep, Moderate
(Medium) clayey to fine loamy soils.
Buried Pediment Nearly flat to gently sloping topography, Poor
(Shallow) shallow to moderately deep, loamy soils

followed by regolith zone.
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LINEAMENT STUDY

In the hard rock areas, the movement and occurrences of groundwater depends
mainly on the secondary porosity and permeability resulting from folding,
faulting, fracturing etc. The most obvious structural features that are important
from the groundwater point of view are the lineaments. The lineaments are
linear or curvilinear feature pattern and play a vital role, particularly in
geomorphic and structural analysis. The lineaments like joints, fractures etc.,
developing generally due to tectonic stress and strain, provide important clue
on surface features and are responsible for infiltration of surface run off into
sub-surface and also for movement and storage of groundwater (Subba Rao
et al., 2001). Photolineaments generally represent the surface traces of fractures
in bedrocks, projected more or less vertically upwards to the erosion surface
by various mechanisms (Srinivasan, 1988). A systematic mapping effort
needs to be conducted to perform the lineament trace analysis. By visually
interpreting the satellite imageries, the lineaments of the study area are
picked up and traced on the basis of tonal, textural, soil tonal, vegetation,
topographic and drainage linearities, curvilinearities and rectilinearities
(Lillesand, 1989; Drury, 1990; Gupta, 1991).

The remote sensing data, which offer synoptic view of large area, helps
in understanding and mapping the lineaments both on regional and local
scale. The lineament analysis of the area from remotely sensed data provide
important information on subsurface fractures that may control the movement
and storage of groundwater. To determine the lineament density in the study
area, the total study area is subdivided in a number of grids of dimension 1
km × 1 km. Density of the lineaments of a single grid is obtained from the
values of the total length of the lineaments in a single grid (&L). Calculation
of the density of the lineaments in the area involves the ratio of &L to A. By
calculating the value of &L/A for each grid and locating the value at the
centre of that grid, the density of the lineaments of the study area is calculated.
These values are joined by isolines to prepare a lineament density map using
GIS software.

The main advantages in using remote sensing techniques for groundwater
exploration are: quick and less expensive way of getting information on the
occurrence of groundwater, aids to select promising areas for further
groundwater exploration thus reducing field work and provides information
on prospects in one map.

WEIGHTED INDEX OVERLAY ANALYSIS (WIOA)

It is a simple and straightforward method for a combined analysis of multi-
class maps. The efficacy of this method lies in that the human judgement can
be incorporated in the analysis. A weight represents the relative importance
of a parameter vis-à-vis the objective. WIOA method takes into consideration
the relative importance of the parameters and the classes belonging to each
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parameter. There is no standard scale for a simple weighted overlay method.
For this purpose, criteria for the analysis should be defined and each parameter
should be assigned importance (Saraf and Chowdhury, 1998).

RESULTS AND DISCUSSION

Groundwater occurrence is influenced by the climate, physiography, drainage
and geology of the area. Geomorphological mapping allows an improved
understanding of watershed management, groundwater exploration, land use/
land cover planning etc. Analysis of remotely sensed data along with Survey
of India topographical map, collateral information and limited ground checks
help in establishing the baseline information for groundwater targeting of the
area. Furthermore Remote Sensing techniques are efficient means of obtaining
land use/land cover information more accurately at a faster rate with less
manpower and with greater cost efficiency. Measurement of land cover based
on information obtained from satellite imagery can also be greatly expedited
through computer analysis.

The main advantages in using remote sensing techniques for groundwater
exploration are: quick and inexpensive way of getting information on the
occurrence of groundwater, aids to select promising areas for further
groundwater exploration thus reducing field work and provides information
on prospects in one map. This type of information is very helpful in the
areas where more emphasis is on groundwater for the irrigation and drinking
purposes.
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INTRODUCTION

The most important aspect of groundwater studies in an area is to determine
how much groundwater can be safely withdrawn and also for management
of the available source. This determination involves

(i) Transmissibility and storage coefficients of the aquifers
(ii) The lateral extent of aquifers and the nature of the boundary conditions

(iii) The effect of future developments on recharge and discharge

All the above information can be obtained by conducting pumping tests
in the field. A pumping test involves the bailing out of water through a
pumping well (Pw) and the measurement of water level changes induced in
one or more observation wells (Ob well/s) located in the vicinity of the
pumping well. In general, two types of tests are conducted in the field. A
long duration test known as the aquifer performance test (APT) is for obtaining
the characteristic features of the aquifer. The second type of test, step-draw
down test (SDT) is for determining the optimal capacity of the well and to
install proper pumping equipment. A step-draw down test is conducted with
different pumping rates in three or five stages, each stage being of the same
duration. The specific capacity versus the yield relationship is determined on
a designed production well.

Since a pumping test is a costly proposition, an attempt has been made
in the following paragraphs to briefly discuss the most important aspects of
selection of a test site, preparation and procedures to accomplish the tests.

Pumping Tests: Planning,
Preparation and Execution6
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SELECTION OF TEST SITE

The factors to be considered before selecting a test site could be: (a)
topography, (b) geology of the area, (c) porosity and permeability, (d) joints
and faults and folds, (e) proximity to tanks, rivers, springs, lakes, unlined
channels and (f) existing pumping wells.

As the aquifer parametres have to be utilized for effective planning and
management of the groundwater in an area, it is very essential that the wells
be so selected that they do not fall near contact zones of formations. The
movement of water in hard rocks is through joints, fractures and cracks
which are interconnected. Wells that tap the highly jointed rocks or along
fault plane produce very high yield in comparison to surrounding areas.
When the rocks are folded into anticlines and synclines, the synclines are
favourable spots for groundwater storage in the pervious layers, while if a
well taps the anticlines, it may not yield, since the crest forms a groundwater
divide. Thus a judicious selection for a pumping test site should be made.
The water levels in confined aquifers are subject to immediate changes in
pressure heads caused due to heavy traffic passing nearby the test sites, such
as railway lines or heavy road trucks.

In addition to the above factors, adequate subsurface investigations prior
to performance of an aquifer test are to be determined for ascertaining the
lithological character, thickness of aquifer, location of aquifer boundaries,
character of bed overlying and underlying the aquifer, nature of barrier or
recharge boundaries if any, direction of groundwater flow, water table gradients
and regional water level trend. The thickness of aquifer, and the features of
the overlying and underlying beds can be ascertained during the drilling of
the bore-well. The depth vs. yield of the various formations could be collected
from the data recorded during drilling. If the main aquifer is bounded by any
partially permeable formations, then adequate care has to be exercised for
sealing of the inflows by inserting a suitable packer assembly. It is also very
important to dispose off the pumped water preferably through pipeline to a
distant place so that it does not return back and cause interference with the
water level changes in wells. Gradient of the water table should be low and,
preferably, the boundary conditions of the aquifer should be clearly defined
and simple.

Abstraction Well (Pumping Well - PW)

The diameter of the well should be able to accommodate pumping equipment
and sufficient length of casing must be inserted to avoid collapsing of loose
material if any. The length of the casing of the screen should at least be 70%
of the aquifer thickness, so that it does not become a partially penetrating
well.
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Observation Well (Ob Well)

To measure drawdown within the cone of depression caused by discharging
well. As a general rule, the observation wells should be placed at a distance
of 1.5 to 2.0 times the thickness of the aquifer. More than one observation
well, if available, would also give the directional inhomogeneities, if any.

The position of observation wells should be considered with respect to:
(a) type of aquifer, (b) hydraulic conductivity, (c) well penetration, (d)
geohydrologic boundaries, (e) discharge and (f) stratification. Observation
wells should not be located near a recharge area, as the data from these wells
may not reflect actual storage coefficient

The operation for pumping test involves prior information at the test site:

(a) measurement of static water level (before pumping begins), the depth
below a measuring point or ground level

 (b) the lithological characteristics and the details of well depth, length of
casing inserted, the discharge of the well (say at the time of drilling)

 (c) general water table, the performance of nearby wells.

EQUIPMENT REQUIRED

A truck-mounted test-pumping unit should comprise a submersible pump
(with three-phase motor) and a (diesel) power generating set (since
uninterrupted power may not be available at the test site as in most parts of
India) and tripod/hydraulic arrangement for smooth lowering of pump and
pipes. The pump and power unit for a pumping test should be capable of
operating continuously at constant discharge rate for longer periods of time.
Suitable measurement devices for time, discharge and water level. The time
intervals may be best noted through a stopwatch, and if several wells have
to be monitored then all the watches have to be matched to a common time.

Measurement of Water Level

Best device is automatic water level recorder since this gives a continuous
record of changes in water level measurements. The other types of devices
in usage are (a) chalked steel tape, (b) whistle tape, (c) hollow cylinder, (d)
digital tape and (e) electrical tape. These can be used accurately for
measurement in the observation wells since the water levels are not disturbed
by changes in pumping rate and inflows into the well (as in the case of
fractured rocks).

Since the water levels decline at a faster rate during the early stages of
pumping, it is required that the frequency of measurements is high in the
beginning of the test. The yield test is generally run for 10-15 hours
continuously and till constant draw down is maintained in the well. Thus, the
specific capacity of the well is its yield per unit draw down and for the given
pumping period. This may also vary with the wet and dry seasons.
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Measurements in Pumping well and Observation well

Time since pump started Time intervals
(minutes)  (minutes)

0-5 1-5
5-60 5
60-120 10
120-360  (or till shut down) 20

Discharge Measurements

A pumping test requires correct measurement of discharge of the pumped
well at a constant discharge rate. The flow rate is measured at regular intervals
of time and adjustments made to keep it constant through deployment of (a)
integrating type of water meter installed in the pipe, (b) Orifice meter and
(c) 90° V-notch. Small discharges can also be measured by recording the
time taken to fill a known volume of container.

Discharge through a 90° V-notch

Q = 1.38 H2.5, where H = head in m and Q = discharge in m3/sec.

Head H (cm) Discharge Q (lpm)
2 4.7
4 26.5
6 73
8 149

10 255
12 414
15 725
20 1490
25 2580

30 4060

Estimation of Flow from Horizontal Pipes

A fairly close determination of the flow from full open pipes may be made
by measuring the distance the stream of water travels parallel to the pipe in
falling 12 inches vertically.

 
A

20
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The flow in gallons per minute equals the distance (A) in inches multiplied
by a constant k obtained from the following table.

Internal diameter
of pipe ('')

k

2.0 3.3
2.5 5.1
3.0 7.3
3.5 10.0
4.0 13.1
4.5 16.5
5.0 20.4
5.5 24.7
6.0 29.4
6.5 34.5

Approximate flow from pipe running full in gallons per minute

Horizontal Distance (A)

Dia- 12� 14� 16� 18� 20� 22� 24� 26� 28� 30�
pipe
2� 41 48 55 61 68 75 82 89 96 102
3� 90 105 120 135 150 165 180 195 210 225
4� 150 181 207 232 258 284 310 336 361 387
6� 352 410 470 528 587 645 705 762 821 880

Minimum period of pumping test - at least 6 to 8 hrs or till a good
response of the Aquifer is achieved.

Preparation, Compilation and Analysis of Data

Time to be expressed in days

Water level to be reduced to draw down in metres

Either time-draw down or distance-draw down data
Correction of observed draw down for variation in barometric pressure,

changes in tidal height, rate of pumping changes in adjacent wells.

Type of aquifer

Suitable methods for analysis to be applied depending upon type of aquifer

The two important aquifer parameters in relation to groundwater flow are
the transmissivity (T) and the Storage Coefficient (S). Pumping tests are the
most practical and direct methods of determining these parameters. Some of
the constraints in performing these tests are, however, the cost towards
conducting the tests, and the availability of observation wells near the
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discharge wells. Theis (1935) has shown that transmissivity could be calculated
from the recovery water level data and this method is often used in estimating
transmissivity from single bore-wells. From the time-drawdown data of an
observation well located at a distance ‘r’, the aquifer parametres can be
determined. The other data required for the computation are the drawdown
from the observed data, the time factor and the constant discharge of the
pumped well. The type curve and the data curve (plotted on double logarithmic
paper) are matched and the following data are noted from a common match
point. (No attempt is made to elaborate the theoretical aspects of the method.)
Another method has been described by Jacob, which involves plotting of
observed data on a semi-logarithmic paper and fitting the data to straight
line. Both transmissivity and storage coefficient can be determined.

Theis Method
T = Q/4�s w (u); u = r2 S/4Tt
from match point

where s = 0.174 m, t = 5.2 × 10-2 day, w(u) = 1.0, 1/u = 100, u = 0.01 and
r = 130 m

Jacob’s Straight-line Method

T = 2.30 Q/4 �s; S = 0
2

2.25 T t
r

,

where ‘T ’ is the transmissibility (m2/day), ‘Q’ is the discharge in m3/day, �s
is log cycle difference in drawdown (m), ‘S’ is the storage coefficient, ‘t0’
time intercept on the zero-drawdown axis (s = 0) and ‘r’ is the distance
between pumping well and observation well.

Selection of Pump Sets

The selection of proper pumping set is important to ensure yields from wells
and factors to be considered are:

(a) finished inside diameter and total depth of the well
(b) yield from the well, the desired pumping rate and hours of pumping per

day
(c) the lowest pumping water level (in dry season)
(d) the total head on the pump
(e) the power required

CONCLUSIONS

The chapter provides practical tips for carrying out the pumping tests that
are at one hand important experiments in groundwater hydrology and on the
other hand quite cumbersome and to be handled with utmost care to obtain
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a useful result. A number of relevant literatures exist and they are listed for
further reading and consultation.
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INTRODUCTION

Large tracts of South India are underlained by hard crystalline rock terrain
(granite, gneiss, basalt, etc.). The area is also classified as semiarid to arid,
generally prone to drought conditions, requiring optimal management of
groundwater resources against increasing demands of water for various
activities (agricultural, industrial, domestic). Estimating the hydraulic
characters of water bearing layers is an essential part of groundwater studies.
The most effective way of determining these characteristics is to conduct
and analyse in-situ hydraulic tests. One of the early records of pumping tests
on a large scale in India was done by Vincent and Sharma (1978). The study
indicates that well losses comprise a significant portion of the total drawdown
in a number of low- and high-yielding wells. Karanth and Prakash (1988)
observed that the transmissivity values (T) obtained by slug-tests are more
than pump test values for low T values, and that they vary from negligible
up to a factor of about three for higher T values. Pradeep Raj et al. (1996),
from hydrological tests on dug wells in the crystalline rocks, estimated a
range of T values from 26.5 to 56.36 m2/d, for the weathered zone based on
interpretation made by Papodopulos and Cooper method (Papadopulos and
Cooper, 1967). Ballukraya (1997), from a study in Karnataka, postulates that
the yield fluctuation in the pre- and post-monsoon periods is largely dependent

Various Pumping Tests and
Methods for Evaluation of
Hydraulic Properties in Fractured
Hard Rock Aquifers

7
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on recharge that is restricted to about 60 m depth. All these studies considered
hard rock aquifer as isotropic and homogeneous, which is not the case as
demonstrated below.

The fresh unaltered massive hard rock is not water bearing, but the
(i) weathered zone and (ii) fissured and jointed zones are productive. In
general, the weathered horizon, when it is water saturated, is poorly
transmissive with high storage while the fissured and jointed zones are
poorly capacitive, but highly transmissive. The problem of flow through
fractures or a fractured environment is primarily a problem of flow through
a dual-porosity media, which includes the porous matrix and the fractured
network. These two components are hydraulically interconnected and cannot
be treated separately. The degree of interconnection between these two
media defines the character of the entire flow domain, and is a function of
the hydraulic properties of each of them. These properties include matrix
hydraulic conductivity and fracture-network distribution, orientation,
apertures, connectivity and, thus, bulk hydraulic conductivity. They will
also determine the heterogeneity and anisotropy of the whole aquifer. The
complexity of flows through fractures makes inadequate the use of classical
techniques such as Theis and Jacob methods for the interpretation of hydraulic
tests. Basically, in hard rock context, assumptions (homogeneity and isotropy)
attached to such methods are not coherent with the reality. Thus, there is a
need for alternative techniques for the evaluation of aquifer parameters able
to involve the specificity of hard rock aquifers.

Four different methods are presented below, for the interpretation of
pumping tests, well adapted to the complexity of groundwater flows in hard
rock aquifers. The method of Neuman (1975) is suited for unconfined
anisotropic aquifers while Gringarten method (Gringarten and Witherspoon,
1972) was developed for the case of a single (horizontal) fracture intersecting
the pumping well. These methods are complementary because they deal
both with anisotropy at the observation and at pumping wells respectively.
The Warren and Root (1963) method takes into consideration the
heterogeneity of the medium, allowing the introduction of a double porosity
aquifer (transmissive fractures and capacitive matrix). Finally, the fourth
method - Barker theory (Barker, 1988)—opens the way for the assessment
of the flow dimension and of the degree of connectivity between the fractures.
All these methods are incorporated and illustrated on observations obtained
from pumping tests carried out in the same study area.

The Maheshwaram watershed located in India (Andhra Pradesh, Ranga
Reddy District) is the main study area of the Indo-French Centre for
Groundwater Research (French Geological Survey/National Geophysical
Research Institute). This watershed, located at 30 kilometres away from
Hyderabad, covers a surface of about 55 km2 and is mainly constituted by
Archean granites. The weathering profiles are observable through many dug
wells earlier used by the farmers for irrigation. Profiles are generally truncated
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by erosion: under a few decimetres of red soils, the alterites are thick with
less than five metres. A high density of horizontal fractures is observed in the
fissured zone (Maréchal et al., 2005). Vertical fractures with a tectonic origin
are also present. Due to the overexploitation of groundwater resources, water
levels are far below ground level and the alterites are dry while only the
fissured zone is saturated. This specificity was used to realise pumping tests
with the objective to test the four interpretation methods mentioned above
and thus to characterise the hydrodynamic properties of the fissured layer
only.

ANISOTROPY OF PERMEABILITY USING NEUMAN
METHOD AT OBSERVATION WELLS

On a bi-logarithmic plot (Fig. 1), the drawdown curves at observation wells
IFP-1/1 and IFP-1/2 during pumping tests at IFP-1 well have a complex
shape, difficult to interpret with classical methods (Theis, for example).
Drawdown curves are composed by three parts: the first one, at short times,
with strong slopes, is followed by an intermediate period during which water
level stabilisation occurs, and a third part for long times shows a new increase
in slopes.

Figure 1. Adjustment of drawdown in observation wells IFP-1/1 and IFP-1/2
using Neuman theoretical curves of types A and B.

The theory initially developed by Boulton (1970), to interpret some special
curves obtained in observation wells, takes into account the notion of
“delayed yield from storage in unconfined aquifers” (Boulton and Pontin,
1971). It was improved by Neuman (1972) who developed an analytical
solution adapted to anisotropic unconfined aquifers, where Kr is the radial
permeability parallel to the aquifer extension and Kz is the vertical permeability.
Neuman method considers an unconfined and infinite aquifer. When a constant
discharge rate is pumped in a complete well, the water comes for one part
from the storage in the aquifer and for the other part from gravitational
drainage at the free surface. The Neuman solution, under abacus, gives reduced



Pumping Tests and Methods for Evaluation of Hydraulic Properties 103

drawdowns in an observation well located at a radial distance r from the

pumping well, sDN =
4�T
Q

as a function of:

Reduced time tz = 2

Tt
Sr

for type A curves;

Reduced time ty = 2
y

Tt
S r

for type B curves;

where T is the transmissivity of the aquifer, S the storage coefficient, Sy the
specific yield, t the time since the starting of pumping. The interpretation
using  this method consists in fitting the observed drawdowns on the abacus
constituted by two types of curves: type A curve for early times and type B
curve for later times. Both curves are characterised by the same parameter

� =
2

D
2

r K
b

, which is a function of the permeability anisotropy KD = z

r

K
K

, the

thickness of the aquifer b and the distance r between the observation and
pumping wells.

The application of this method (Table 1a) to the observation wells IFP-
1/1 and IFP-1/2 leads to the evaluation of transmissivities, storage coefficients
(S) and specific yields (Sy). Very similar values are obtained in each observation
wells for TA and TB showing the coherence of the interpretation of this
pumping test using Neuman method. The values obtained for specific yields
are consistent with other ones deduced both from indirect methods by
Magnetic Resonance soundings (Wyns et al., 1995) and from direct methods
by adjustment of water levels fluctuations using a global model (Engerrand,
2002).

Table 1a: Transmissivity and storage parameters obtained
by adjustment of drawdown

Observation Pumping r TA TB TA/TB TAB S Sy
well well (m) (m2/s) (m2/s) (-) (m2/s) (-) (-)

IFP-1/1 IFP-1 28 1.76E-05 1.96E-05 0.90 1.86E-05 7.0E-05 1.7E-03
IFP-1/2 IFP-1 27.5 1.71E-05 1.76E-05 0.97 1.74E-05 3.7E-05 1.5E-03

TA: transmissivity obtained by adjustment on type A curve, TB: transmissivity obtained
by adjustment on type B curve, TAB: average of TA and TB.

The determination of KD needs the knowledge of the aquifer thickness b.
Flowmeter measurements during injection tests in eight wells of the basin
have shown that the fresh basement does not contain any conductive fracture.
It is namely the case in pumping well IFP-1. Thus, the top of this layer was
chosen as the bottom of the aquifer. As for classical methods, the uncertainty
on the value of r makes difficult any interpretation of drawdown in pumping
wells. The results of this interpretation, included in Table 1b, show an
anisotropy of the permeability tensor, in accordance with geological
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observations: horizontal permeability is systematically higher than vertical
one. This result is consistent with the observation of many horizontal fractures
in dug wells.

Table 1b: Permeability and anisotropy degree determined at
observation wells using Neuman method

Observation � r b Kr KZ KD 1/KD
well (-) (m) (m) (m/s) (m/s) (-) (-)

IFP-1/1 1.00 28 21.8 8.5E-07 5.2E-07 0.606 1.7
IFP-1/2 0.20 27.5 21.8 8.0E-07 1.0E-07 0.126 8.0

HORIZONTAL FRACTURE INTERSECTING THE PUMPING
WELL USING GRINGARTEN METHOD

Flowmeter vertical profile in IFP-9 (Maréchal et al., 2005) shows that only
one fracture is conductive (at 29 metres depth) and is saturated during the
whole pumping test. Moreover, the analysis by Neuman method arises the
existence of hydraulic anisotropy due to the existence of horizontal fractures
(Marechal et al., 2005). Thus, the method developed by Gringarten and
Ramey (1974) for a vertical well intersecting a single horizontal fracture in
an anisotropic aquifer (Fig. 2), applicable to the pumping well, is well
adapted to the hydrogeological context of IFP-9 well.

Figure 2. Schematic section of the Gringarten aquifer model
(one single horizontal fracture).

The complexity of the analytical solution necessitates an interpretation
through the adjustment of observed drawdown on theoretical curves (known
as master curves) giving the reduced drawdown in a pumping well as a
function of reduced time for various geometrical configurations represented
by the parameter HDG, when the fracture is located at the centre of the aquifer

0.5fz
H

� �
�� �

� 	
, with
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tDG = 
r
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K t
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Q

�
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r K

where zf is the distance between the fracture and the bottom of the aquifer,
and H the aquifer thickness. Kr, the permeability along the radial direction
parallel to the fracture, can be interpreted as the permeability increased by
the existence of the horizontal fracture. Kz, the vertical permeability,
represents the matrix permeability, Ss the specific storage coefficient, t the
time since the pumping started, rf the radius of the horizontal fracture, s the
drawdown and Q the pumping discharge rate.

Adjustment of observed drawdowns by Gringarten theoretical curves
(Fig. 3) leads to high value of HDG, suggesting a high permeability anisotropy.
Difference between observations and theoretical curve at short times is
attributed to well losses in the pumping well. Knowing the geometry of the
case (i.e. the thickness H of the aquifer), supposing the distance zf between
the bottom of the aquifer and the fracture equal to half H and using the
value determined by Maréchal et al. (2005) using Neuman method for Ss
(9.7 × 10–5 at IFP-9), the hydrodynamic properties of the aquifer are evaluated
(Table 2): Kr the horizontal permeability, Kz the vertical permeability and
the radius rf of the horizontal fracture. It is observed that the anisotropy of
the aquifer is shown in the pumping wells while estimated fracture radius
is coherent with field observations.

Table 2: Permeability, anisotropy degree and radius of the horizontal fracture
determined at pumping wells using Gringarten method

Known parameters Parameters determined by adjustment

Pumping H Fissure zf Ss* HDG rf Kr Kz
Well (m) (m) (1/m) (–) (m) (m/s) (m/s)

IFP-9 7.3 F9/1 4.0 0.55 9.7E-05 5 3.4 2.9E-05 5.2E-06 5.5

*Ss is the average of specific storage coefficient determined for each site using
Neuman method at observation wells.

Figure 3. Adjustment of drawdown in pumping well IFP-9 using
Gringarten theoretical curves.
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DOUBLE POROSITY MODEL USING WARREN
AND ROOT METHOD

Due to the fact that blocks separated by fractures compose hard rock aquifers,
one method allowing describing such behaviour is proposed. This method
derives from the conceptual double porosity model developed by Barenblatt
et al. (1960). The concept (Fig. 4) supposes a confined aquifer constituted
by two media: the fractures, transmissive but poorly capacitive, and the
matrix, capacitive but poorly transmissive. Each medium is characterised by
its hydraulic properties. Kf and Sf are the permeability and the storage
coefficient of the fracture medium respectively and Km and Sm are the
permeability and the storage coefficient of the matrix respectively. The flow,
radial to the pumping well, is only controlled by the transmissivity of fractures
(flow from matrix to pumping well is nil, Kf >> Km) and the fractures
network drains the matrix where the flow is stationary (spatial variation of
the hydraulic head is neglected). The expression of the drawndown is:

s (r, t) = 
4 f

Q
T�

F(u*, ,'�);

u* = 2( )

f

f m

T t

S S r� �

 = �r2 m

f

K
K

and

� = 
f

f m

S
S S� �

where  is interporosity flow coefficient (dimensionless), � = 4n(n + 2)/l2
shape factor, parameter characteristic of the geometry of the fractures and
aquifer matrix where n (dimensionless) is the number of fracture sets (n =
1, 2, 3; see Fig. 4), l the width of matrix blocs (in metre), �, a factor, for
early time analysis equal to zero and for late time analysis equal to 1/3
(orthogonal system, n = 2, 3) or 1 (n = 1), r a radial distance from the
pumping well, Tf the fractures transmissivity (Tf = H Kf ; H: aquifer thickness),
Q the pumping rate and t the time.

This method is well illustrated at pumping well IFP-16. The logarithmic
derivatives of drawdowns in IFP-16 have the typical shape of a double
porosity aquifer (Fig. 5a): (i) well effects and flow trough fractures to pumping
well, (ii) transitional period: the “U” illustrates the contribution of the matrix
flow through fractures to the pumping (note that in most cases the “U” of
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Figure 5. Interpretation at pumping well IFP-16 using a double porosity model.
(a) logarithmic derivative at IFP-16 and (b) adjustment of drawdown using Warren

and Root (double porosity) and Theis method.
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derivatives is often masked by well effects) and (iii) flow in fractures and
matrix. The application of Warren and Root method is then justified for this
data set (Fig. 5b). For the interpretation, according to flowmeter measurements
and geological observations, n = 3 and l = 1 m were used. The hydraulic
conductivity of fracture network Kf = 5.3 × 10–5 m/s and that one of matrix
Km = 7.76 × 10–8 m/s. On Fig. 5b is also presented the interpretation using
Theis method, which cannot properly interpret the drawdown after 470 min
of pumping. This shows the limit of such models for hydraulic tests in hard
rock terrain, and consequently the necessity to use more sophisticated models.

CONNECTIVITY AND FRACTIONAL DIMENSION FLOW
USING BARKER THEORY

In fractured aquifer, flow properties are controlled by the fractures distribution.
Barker model (9) takes account of the dimension of the flow, which results
from the distribution and connectivity of the conductive fractures (Fig. 6).
This theory is a generalisation of the Theis theory considering a radial flow,
n-dimensional, into a homogeneous, confined and isotropic fractured medium
characterised by a hydraulic conductivity Kf and specific storage Ssf. This
Generalised Flow Model introduces the fractional dimension of flow, n,
which characterises the variation law of flow section according to distance

Figure 6. The concept of flow dimension (from Black, 1994).
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from the pumping well. Values of n vary from 0 to 3, when n = 3 the flow
is spherical (Fig. 6), cylindrical when n = 2 (that corresponds to Theis
model) and linear when n = 1. Parameter n can take any values, entire or
not, revealing the complex geometry of the flow. Expression of transient
drawdown in the aquifer (s(r,t)) is given as following:

s(r, t) = 
2 n

n
3 n2

f

1,
2

4

Q r n u

K b

�

�

� �( �� 	
 �
�

, u = 
2

sf

f4

S r
K t

where ((a, x) = t a 1

x

e t dt
�

� �# is the incomplete gamma function, r the radial

distance from the pumping well, Q the pumping rate and t the time.
This method has been applied to pumping well IFP-9 (Fig. 7). The

generalised transmissivity Kfb3-n is evaluated: 1.66 × 10-4 m1.5/s. The flow
dimension is equal to 2.5, and thus corresponds to an intermediate flow
between cylindrical (like Theis) and spherical. The flow seems to be generated
by one sub-horizontal fractures network, or only one single horizontal fracture
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Figure 7. Adjustment of drawdown at pumping well
IFP-9 using Barker theory.

as suggested by flowmeter tests, connected to a second fracture network
probably sub-vertical to vertical.

CONCLUSIONS

Aquifer tests in hard rock terrain (granite, gneiss, basalt) make inadequate
the use of classical techniques such as Theis or Jacob methods and need
specific methods allowing taking into account the complexity of groundwater
flow. The methods adopted in the present paper consider the heterogeneity
and the anisotropy of the media: anisotropy of permeability (Neuman, 1975),
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single horizontal fracture intersecting the pumping well (Gringarten and
Witherspoon, 1972), double porosity behaviour (Warren and Root, 1963) or
connectivity and fractional dimension flow (Barker, 1988). These methods
are successfully applied to case studies in Archean granites and allow to
characterise the complexity of flows through fractures. These techniques
should be widely used by scientists and engineers for fractured aquifer
characterisation (structure, anisotropy, heterogeneity) and evaluation
(permeability, storage, water supply).
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INTRODUCTION

Slug test is based on the principle of the analysis of the rate of water level
fluctuation in a well after a certain volume of water (slug) has been suddenly
added or removed from the well. However one limitation of conducting slug
tests in this manner is that if the tests are being conducted for environmental
monitoring purposes it is not advisable to inject or take out a certain volume
of water in the well as it may disturb the ambient water quality or it may
produce hazardous wastes. To overcome this problem, it is common to insert
an iron cylinder of a known volume in the well. The length of the cylinder
may vary from 1 to 1.5 metres with a cord tied to one end which facilitates
the cylinder to be lowered quickly below the water level and later to be
quickly raised above the water level. This instantaneous lowering and raising
of the slug in the bore-well causes a cone of depression or suppression
which can be related to a pumping or injection tests. The corresponding
changes in water levels are recorded in the bore-well with the help of a water
level recorder. With this record of the rate of recovery or recession of the
water level, the transmissivity or the hydraulic conductivity of the borehole
can be measured (Kruseman and de Ridder, 1994). Generally slug tests can
yield good results of hydraulic conductivity for formations which have low
permeability. For highly permeable formations, such as alluvial aquifers,
slug tests cannot be very successful as the disturbance in water level created
by the slug dissipates very fast in the formation and it is difficult to measure
the corresponding water level changes. Of course the development of
automatic water level recorders with the capability of taking regular

Analyses of Aquifer Parameters
from Different Hydraulic Tests
and Their Scale Effect

8



Analyses of Aquifer Parameters from Different Hydraulic Tests 113

measurements every few seconds have solved the problem to a great extent
even for highly permeable formations.

In the recent times where the hard rock aquifers have been subjected to
over exploitation, there has been a considerable decline in the water level to
a extent that the weathered portion is completely dry and the water is limited
to the fissured/fractured zone. In such situations if pumping tests are carried
out it will not represent the true aquifer parameter, as the zone of investigation
will be reduced due to further drop in water level because of pumping. In
these cases slug tests and injections tests can give a better picture of the
aquifer parameter as the zone of investigation increases because there is an
increase in water level when a slug is lowered in the bore-well during a slug
test or when water is injected in the bore-well during the course of an
injection test.

Flow meter tests when coupled with injection tests helped in determining
the conductive fissure zones within the aquifer and thus help in the
characterization of the hydraulic properties of the aquifer in the vertical
direction.

SLUG TESTS

Context

Hydraulic parameters in saturated zone of aquifer are required to be
determined for the purpose of modelling groundwater flows in Maheshwaram
watershed. In this regard slug tests were carried out in all 25 IFP wells for
the pre-monsoon period in 2002. The slug tests data were interpreted using
Bouwer & Rice method to estimate the hydraulic conductivity in the wells.
In addition, slug tests were performed on six IFP wells during 2001 and
were interpreted using de Marsily method (for transmissivity and storage
coefficient) and the same were reinterpreted using Bouwer & Rice method
to compare the results.

To have a completed data base of the hydraulic conductivities of all the
observation wells present in Maheshwaram, seven more slug tests were
carried out in the newly drilled wells by NGRI during July 2003. All the
tests were interpreted using Bouwer & Rice method.

Principle and Theory

The principle consists of analyzing the rate of water level fluctuation in the
well after a certain volume (“slug”) of water is suddenly removed/added
from/to the well. Emerging/submerging a cylinder in the water brings about
this sudden fluctuation (fall/rise) of water level. Instantaneously, it creates a
cone of depression/pression, which corresponds to pumping/injection test.
The chosen interpretation method is the one proposed by Bouwer & Rice
(1976) for slug tests in unconfined aquifers with completely or partially
penetrating wells. In addition to experiment measurements (water level
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monitoring with time), parameters needed are basically in relation with the
geometry of the well (length of casing, radius of well, water level in the
well).

The calculation is based on the Thiem equation of steady state flow to a
well. The equation of Bouwer & Rice (equation 1) gives K, which is calculated
from recovery/drawdown of the water level in the well after suddenly
removing/adding a slug of water from/in the well (Fig. 1).

Bouwer & Rice equation: K = 
2

c c w

1

ln ( / ) 1
ln

2
or R r y

L t y (1)

K is the hydraulic conductivity [m/s], y is the vertical distance between
water level in the well and equilibrium water table before the test [m]—y0

at t = 0 and yt at t, t is the time [s], Re is the effective radius over which the
head loss y is dissipated in the flow system [m], rw is the well radius [m],
rc is the casing radius [m], L is the height of the portion of well through
which water enters [m]. Re only depends on the geometry of the well and
the flow system. Pre-established curves allow evaluation of ln (Re/rw) using
an abacus (Bouwer and Rice, 1976) giving parameters as function of L/rw.

Field data should fit on a straight line when they are plotted as ln yt = f(t).
So the expression (1/t) ln y0/yt is the slope of the corresponding straight line.

Figure 1. Injection pulse and pumping pulse.

Injection pulse: followed by Pumping pulse: followed by
drawdown of water level recovery of water level
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Well Geometry and Aquifer Thickness

In Bouwer & Rice slug test method, the well and aquifer geometries are
required for calculation of K (Fig. 2). Thus the aquifer thickness should be
well known before analysis and interpretation of slug test.

In these slug tests campaigns, the aquifer geometry has been determined
from the geological observations during well drillings. The bottom of the
aquifer corresponds to the top of the massive granite layer. This is supported
by flowmeter tests, which show that transmissive fractures exist only above
the fresh basement (massive grey granite). For data processing, well thickness
in massive grey granite (below aquifer zone) is not used for calculation of
K. Water in this well portion is considered as “dead water”.

The different well parameters required for the determination of the
parameter Re are L, H and D detailed in Fig. 2. L is the height of the portion
of well through which water enters, H is the total height of the well in the
aquifer and D is the aquifer thickness (L $ H $ D). In fact, there are four
cases for the geometry of bore-wells. Both extreme cases are illustrated in
Fig. 2. If the well is partially penetrating, H is inferior to D; if the well is
completely penetrating, H is equal to D. In Maheshwaram, in most of the
cases, the wells are fully penetrating thus H = D.

The value of L is dependent on the casing depth: if the casing reaches the
water table, L is inferior to H. On the contrary, if the casing doesn’t reach
the water table, L = H.

 

Figure 2. Different geometries of observation wells.
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Field Procedure

A slug test cycle comprises two pulses: the injection pulse and the pumping
pulse (Fig. 3).

Injection pulse: The rapid insertion of the slug in the bore-well causes a
sudden increase in water level and it is followed by a gradual fall in order
to reach the static water level.

Pumping pulse: Similarly when the slug is removed suddenly there is a
sudden fall in the water level and then gradually the water level tries to
regain its initial position.

The time taken to reach the initial water level during the injection and
pumping pulses is a direct function of the permeability of the formation.
Data have been recorded using Madofil (automatic water table recorders)
and is coupled with manual measurements which help in calibration and
checking of Madofil data.

Figure 3. Madofil slug test data.

Data Processing and Interpretation

The recording of the drawdown and the recovery were verified to ensure the
quality of data acquisition. Each test is a cycle of rise and fall in the water
level and in the ideal condition, the water level should come back to its
original position (making y = 0). Also the drawdown and recovery curves
should be smooth without any noise.

The field records of water level through Madofil (the automatic water
level recorder) have not shown any noise in recording but in a few cases, a
definite trend of water level decline/increase (of the order of 10 cm) was
observed which is much beyond the accuracy of Madofil (1 cm). This trend
phenomenon is the consequence of pumping in farmer bore-wells or recovery
in wells close to observation wells.
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Thus a trend line was fitted on recorded values of water level and
corresponding shift was made so that the water level at the end of the
experiment reaches its original value. Figure 4 shows this correction
graphically for a typical test.
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Figure 4. Recorded and corrected water level data.

Data recorded by Madofil are water depths (from well head) with time.
Data processing consists of determining y (vertical distance between water
level and static water level) for every recorded value. The plot of field data
as ln yt = f(t) is fitted by a straight line (Fig. 5). According to the equation
of Bouwer & Rice (equation 1), hydraulic conductivity is calculated from
the slope of this straight line and the geometry of the well.

For each test, two K’s are determined: one average K injection and one
average K pumping (respectively averages of all K’s of injection pulses and
all K’s of pumping pulses) are distinguished. A geometrical average of all
these K’s gives a representative hydraulic conductivity in the well.

Figure 5. Plot of ln (y) versus t for OB 1-2 well.
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INJECTION AND FLOWMETER TESTS

Injection Tests

With the aim of determining the hydraulic conductivity before monsoon with
different methods and to characterize the hydraulic properties of the fractured
aquifer in the vertical direction (weathered and fissured zones), a new
hydraulic tests campaign was carried out between May and July 2002 in the
Maheshwaram watershed. In the continuation of slug tests campaigns (March
2001 and March-April 2002), eight flowmeter tests have been coupled with
injection tests of short duration. The 2003 campaign was carried out during
monsoon period on the seven wells drilled by NGRI during that period.

Injection tests were interpreted according to Theis method with ISAPE
software. Concerning flowmeter tests, the determination of hydraulic
conductivities of the wells and each located fractures was based on the
Dupuit equation.

Principle

Since flowmeter measurements require a water flow (pumping or injection
test) into the bore-well, injection tests of short duration have been coupled
with flowmeter tests. For each well, the field procedures were identical: the
water was available from water tanker of 6 m3. Water from the tanker is
injected into the bore-well with a constant discharge and the experiment is
carried out for a period of 25 to 75 minutes depending on the flow rate.

The main problem during these tests was to maintain a constant discharge.
At the head of installation, the valve of water tanker wasn’t reliable. Therefore,
a drum, which controlled a permanent load, was installed in the middle of
the water circuit. The obtained permanent load in the drum has given a
constant discharge through the pipe inside the bore-well.

Water level in the bore-wells were recorded with the help of Madofil
(automatic water level recorder) and with a follow-up of manual measurements
for helping in calibration and checking up of the Madofil data. Each recording
includes a buildup of water level during the injection of water and then a
drawdown that begins when the injected flow is stopped.

Data Processing and Interpretation

Injection tests of short duration are interpreted by Theis method, which is
based on the principle of unsteady state radial flow to the well, in confined
or unconfined aquifer (if hydraulic head variations are low). The other
assumptions include that the aquifer is homogeneous and isotropic with
infinite extent and constant thickness.
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Theis equation

h(r, t) = 
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where W(u) is the Theis’ well function, i.e., exponential integral of order 1
(E1(1/u)), which is known and tabulated. The “Theis curve” is drawn as a
function of the parameter u. The h is hydraulic head [m], r: well radius [m],
t: time [s], Q: pumping flow rate [m3/s], T: transmissivity [m2/s], and S:
storage coefficient [-].

Storage coefficient cannot be evaluated when there is no observation well
and if the test duration is short. In fact, the storage coefficient is more
representative of the well effects and storage of fractures in the vicinity of
the bore-well than the real storage of aquifer if the test is of a short duration.
Thus, in the report, storage values are not presented. Concerning
transmissivity, values are valid in the nearby area of the well and characterize
locally the fractures that are intercepted by the bore-well.

Properties and Functions of ISAPE Software

One of the advantages of ISAPE software is to consider variable injection
flow rates and depletion effect (the injection pipe empties back to the well
once the injection is stopped) allowing a more accurate determination of
transmissivity and storage coefficient.

Principle is to fit a theoretical curve, calculated from Theis well function
(equation 3) on the experimental curve (Fig. 6) determined from the field.
In most of the cases, transmissivity is determined from the buildup (during
injection) and the drawdown (after injection), but when discharge control
was difficult at the beginning of the test (variations of water level), the
aspect of the buildup curve doesn’t allow fitting the theoretical model and
the fit on the drawdown has always been privileged.

In an easy way, injection tests have been interpreted like pumping tests
transforming buildup in drawdown and drawdown in recovery; T and S
values are not affected. The three required parameters to be controlled are
the flow rate, the well radius and the buildup recording.

Hydraulic Conductivity

Injection tests help in determining the transmissivity of the aquifer, while
flowmeter tests give a measure of the hydraulic conductivity. For having a
detailed comparison the results of these two methods, hydraulic conductivity
must be determined from results of injection tests, using the thickness of
aquifer evaluated from geological observations during well drilling. The
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bottom of the aquifer was chosen at the top of the massive granite layer.
Flowmeter tests show that transmissive fractures only exist above this fresh
basement.

Flowmeter Tests

The location of hydraulically conductive fissures was obtained using vertical
profiles of flowmeter measurements. In order to increase the vertical extension
of the investigated zone, the measurements are done during injection tests
and not pumping. A water tanker is brought to the site and water is directed
to a drum connected to the well through a pipe with a valve. A constant head
is maintained in the drum thanks to overflowing water flow. This allows
injecting constant flow rate. During the injection at constant rate Q when a
pseudo steady state is reached, the flowmeter, which measures the vertical
flow within the screen, is lowered close to the bottom of the bore-well and
a measurement of velocity is obtained. The flow meter is then raised a few
decimetres, another reading taken, raised another few decimetres, and so on.
As illustrated in the lower portion of Fig. 6, the final result is a series of data
points giving vertical discharge Q(z) within the screen as a function of depth
z. Just above the top of the screen the meter reading should be equal to Q,
the steady injection rate that is measured independently on the surface with
a water meter. The procedure may be repeated several times to ascertain that
readings are stable.

As usually assumed, one considers the aquifer as a series of horizontal
layers. The difference between two successive meter readings constitutes the
net radial flow (qrj) entering each layer of the aquifer:

qrj = 
i 1 iQ Q

e
� �

(4)

where e is thickness of the layer.
Then, the Dupuit formula for a confined aquifer and horizontal flow to a

well is applied to each layer, leading to the estimation of the layer hydraulic
conductivity:

Ki = ln
2

rjq R
h r��

(5)

where �h is the drawdown, R the investigation radius and r the well radius.
The aggregated permeability of the profile is obtained:
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Interpretations of long duration pumping test carried out in the area have
shown that aquifers are unconfined. Consequently, flowmeter conductivities,
calculated for confined condition, need to be corrected. A correction factor
is applied to the obtained conductivities in order that the aggregated
conductivity of the well is equal to the global conductivity, K, using the
Dupuit formula for unconfined aquifer for the injection tests.

K = 
ln( / )

(2 )

R rQ
h h H�� � �

(7)

 

Figure 6. Injection and flowmeter tests.
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INTRODUCTION

The Indian sub-continent is underlain by hard rocks aquifers that are devoid
of primary porosity and occupy more than two thirds of the landmass. These
aquifers are highly vulnerable to pollution and resource depletion because
they are the most heavily exploited by the population for agriculture, industry
and domestic needs. These hard rocks aquifers, in general, consist of three
layers: the weathered zone that can be considered as a porous media, the
fissured/fractured zone, which is heterogeneous, and the fresh basement
which is generally devoid of any openings unless and until some deep seated
tectonic fractures are present. Aquifers in such geological settings are,
therefore, of very variable quality, inherently to the heterogeneous nature of
the fracture networks. Due to the adaptation of the latest drilling technology
in India during the last few decades, ground water has been exploited on a
large scale. But this uncontrolled exploitation of the resource has resulted in
an alarming decline in water levels. The characterization of the flow and
storage of ground water in these systems is a challenging task since flow and
transport processes are very different from those occurring in the porous
matrix. Furthermore there is an extremely high degree of contrast between
the hydraulic conductivity of the fractures within short distances. An
estimation of the groundwater resources is only possible through an estimation
of flow and storage parameters in the fracture systems but it is anticipated
that the responses of pumping tests performed in well field cannot be analyzed
through classical aquifer-testing methods that assume a homogeneous aquifer.

Upscaling of Slug Test Hydraulic
Conductivity Using Discrete
Fracture Network Modelling in
Granitic Aquifers

9
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STUDY AREA AND AVAILABLE DATA

For the above mentioned reasons, a joint Indo-French Collaborative Project
on groundwater research was launched in 1999 (Ahmed & Ledoux, 1999)
and a number of field investigations were conducted in a watershed in
Maheswaram mandal, about 30 km south of Hyderabad, Andhra Pradesh,
India. Some historical data of rainfall, water levels in wells and land-use
were available from the Groundwater Department but much of the field
investigations were jointly performed by the scientists involved in the project.
The studies included the base-line data generation of well inventory,
preparation of geomorphological maps based on aerial photographs and
satellite imageries, geophysical investigations for the delineation of the
extension of weathering in dykes, and across lineaments, mapping of the
weathering profiles, drilling of wells at specific locations for regular
monitoring of water levels, conducting hydraulic tests of short (30 minutes)
duration to mid and long duration (4 to 6 hours, 18 hours), and the monitoring
of a hydrometeorological station. Under the present project, about 25
piezometers have been drilled in the entire watershed to carry out the
hydrological tests and for monitoring water levels and quality parameters.
This considerable but necessary amount of data will form the basis for the
preparation of a model so that future scenarios of water balance could be
established for the management of the limited resource. This paper mainly
deals with the results of slug tests and the related subjects. Figure 1 shows
the set of normalized slug test responses which will be used later.

Figure 1. Slug tests responses, normalized versus the initial water level change.
Superimposed is the average value observed at a given time and the standard
deviation measuring the spreading of the responses at that particular time (three

 poor responses have been discarded).



Upscaling of Slug Test Hydraulic Conductivity Using DFN Modelling 125

THE DISCRETE FRACTURE NETWORK APPROACH

Conceptual Model

Discrete fracture network approaches have been developed in the past few
years to handle the question of fluid and mass transport in fractured
heterogeneous systems where discontinuities are likely to exist at many
scales. Various conceptual approaches were proposed to describe the geometry
of network of discontinuities, and capture the uneven nature of flow and
solute transfer within a single fracture. 2D flow as well as channel models
in random or structured network of planar fractures were investigated and
tested against a variety of in situ experiments. Different softwares now exist
with most of these capabilities (i.e. NAPSAC developed by AEA Tech in
UK, FRACMAN package, developed by Goldberg ass.). The FRACAS
software used hereafter is a similar product, gradually developed at the Paris
School of Mines by Cacas et al. (1990) and Bruel et al. (1994), in the
framework of National and European research programmes dedicated to
nuclear waste insulation, to geothermal projects in hard rocks (Bruel, 2002),
and to the estimation of hydrogeological properties in the vicinity of mined
areas. Some of the capabilities of the code were recently tested in an
international benchmark exercise (Rejeb and Bruel, 2001).

Geometry

The FRACAS modelling approach is based on the assumption that fluid
moves through a rock mass within a system of interconnected fractures and
that flow in the rock matrix is negligible by comparison. To alleviate the
problems faced in the interpretation of fractured rock geometry the following
are adapted for a better representation and interpretation of the aquifer
characteristics.

The three-dimensional hydraulically conductive network of planar, disc-
shaped fractures is generated within a rectangular block of rock based on
stochastic descriptions of fracture density (Poisson distribution), fracture
orientation (Fisher von Mises distribution), and fracture diameter (log-normal
distribution) for specific fracture sets. Fractures may arrange into five types
of fracture systems for modelling purposes.

1. Pure random network of disk shaped fractures.
2. Fisher type set of disk shaped fractures, that is a directional set.
3. Sub-vertical, with no preferential strike, set of disk shaped fractures.
4. Planar structures of deterministic location, can be infinite or with a finite

elliptical extension, partly glued/non-persistent.
5. For an array of discs, with a fully deterministic description.
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Flow Rule

Time-dependant analysis requires assumptions to be made concerning the
form of fluid flow within the fracture network. The general form of fluid
flow assumed in each fracture is based on an analytical solution, known as
the “cubic law”, for fluid flow between approximately parallel surfaces
(Witherspoon et al., 1980). For ground water purposes at shallow depth, in
unconfined or semi-confined situations, a linear form is used. Transmissivity
is proportional to the permeability and to the fracture thickness. It is also
assumed that fractures are filled with a porous material of storativity S.
However transmissivities and storativities are modified to account for the
effects of pressure changes between fracture surfaces when the fracture
becomes desaturated. Thus, in FRACAS, the volumetric flux (m3s–1) in the
x-direction through a length l (m) of a fracture has the form:

Q = 
3–

12*
a glF dh

dx
(1)

where a is the hydraulic aperture (m) of the fracture, g is acceleration due
to gravity (ms–2), * is the kinematic viscosity (m2s–1), dh/dx is the hydraulic
head gradient driving flow through the fracture, and F is a dimensionless
function dependent on effective pressure.

Analytical and empirical expressions for F, in which F decreases as the
effective pressure becomes negative (F = 1 under saturated conditions) are
presented in the literature. As an example we adopt the Van Genuchten
formalism: the water content + and the fluid pressure , are linked by equation
(2), where the residual water content +r, � and k are adjustable parameters
to be calibrated. +s is the water content at the saturation (, = 0) and l = 1-
1/k. In this case the F factor is derived as a power function of the water
content, according to the Brooks and Corey formulation (3).
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The FRACAS geometry underlying the fluid flow law is illustrated here
below. For this geometry, the volumetric flux from the centre of fracture i
to the centre of fracture j may be approximated by equation (4), where the
geometric mean fracture hydraulic conductivity kij (m3s–1) is defined as:

Qij = i j i j i j
ij ij

i j j i j i

( )
,

� �
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� �
h h k k L L

k k
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(4)

in which, based on equation (1), the fracture hydraulic conductivities are
defined as:
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I

J

K

The fracture volume term Vi (m
3) is:

Vi = �Ri
2�

and the specific storage of the Si (m–1) is a constant or, under unsaturated
condition, a function of the water content:

Si = 
1g
a

-+�
-,

 (5)

where Ri is the fracture radius (m) and � is the fluid density (kgm–3).
In deriving the specific storage term, the rock stress has been assumed

constant, such that changes are caused only by fluid pressure changes. Also,
fluid compressibility is generally much smaller than fracture compressibility
and, thus, has been neglected. The form of the term d+/d,, calculated at the
centre of the fracture disc, depends on the assumed form of the relationship
between the pore pressure and the water content that we use to describe the
material infilling the fractures.

Modelling the Slug Tests Using the FRACAS DFN Approach

The objective of this section is to identify and calibrate a set of parameters
suitable for modelling the observed spatial variability of the slug test responses,
described in Fig. 1. Our working assumption is that the variability of the
numerical responses resulting from statistically equi-consistent alternatives
of the fracture network should be similar to the variability observed on the
field. Therefore, our strategy will be (i) to built a set of fracture networks,
using the same geometrical characteristics, (ii) simulate a transient hydraulic
test, similar to a slug test, in each one of these networks and (iii) analyse the
set of responses in terms of mean behaviour and deviation between the
tested alternatives. This should be comparable with the in-situ corresponding
curves in Fig. 1.

kj = 
3 3

j i
i,

12 12
�

* *
a gly F a gly Fk  ,

If ni fractures intersect fracture
i, then the time dependent mass
conservation equation for fracture
i is given by:

i
i

y i i

n

j

dhQ V S
dt

�)

Figure 2. Geometry of the fracture network
underlying the fluid flow law.
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Determination of the Geometrical Fracture Network Parameters

Identification of Fracture Sets
Assuming that the rose diagram for the fracture orientations reflects the
strike of sub-vertical fractures only, we define two fracture sets. First one
representing sub-vertical fractures, striking to North +/– 30° and a second
set, for the rest of the population. A third set is introduced for sub-horizontal
fractures. There is much less constraint on this third set, since we only have
visual indications in dry dug-wells and indirect indications of fluid occurrence
in producing wells.

Densities of the Fracture Sets and Fracture Sizes
The determination of these parameters is highly empirical. At the scale of
the visited excavated areas, there is no evidence of single sub-horizontal
fractures that crosscut the domain. However, the sub-horizontal fractures
may arrange into relay structures, therefore resulting at a larger scale in more
continuous horizontal features. We assume that horizontal single elements
have extensions ranging in between 5 and 10 m that is the size of a dug-
well’s side, with a mean value of 75 m. This in turn, indicates a mean
fracture area of about 45 m2. With a frequency of about 0.4 (i.e. one fracture
in 2.5 m) we deduce the density, expressed in fracture centre/unit volume of
rock, in the range of 0.4/45 = 0.0088. With a frequency of about 0.1 we end
with a fracture density of about 0.0022. As a starting value for modelling
purposes, the density of sub-horizontal fractures has been set to 0.005.

Concerning the sub-vertical structures, we arbitrarily assume a total density
of about 0.01 and smaller sizes, ranging from 2 to 5 m. As the sub-vertical
north striking fractures do not form the majority, we assume a density of
0.004 for this set. These numbers are starting numbers and will be subject
to numerical tests to evaluate how sensible the model is to any significant
variation.

The FRACAS model assumes a lognormal distribution for the fracture
radius. Two parameters are required, a mean value � and a deviation �. The
mean size in the real space, expressed in [m] is given by the expression r
= exp (� + 0.5 �2). The parameters used in the next sections are tabulated
hereafter.

Table 1: Fracture Set Parameters

Fracture set Mean value Deviation Mean radius
(m)

Set 1: Sub-horizontal 1.20 0.5 3.75
Set 2: Sub-vertical, North-South 0.79 0.5 2.50
Set 3: Sub-vertical 0.79 0.5 2.50
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Hydraulic Properties of the Different Sets of Fractures

Fracture Aperture, Fracture Permeability and Fracture Storativity
These parameters refer to single fracture and have to be calibrated. There is
poor site specific information about realistic bracketing values, since no tests
between packers are available, and since even the slug tests we are looking
at refer to open hole sections that may intersect more than one fracture (2
to 5 intersections are frequently detected in the present numerical models).
Fracture aperture are therefore set to 10–2 m, and we assume that the infilling
materials, some weathering by products trapped in between the natural rough
fracture walls, have a porosity of about 30%. We investigate fracture
permeabilities ranging in between 10–2 ms–1 and 10–4 ms–1. Dealing with
storativity, we started with values close to that of confined aquifers, about
10–4 to 10–5, and move towards values more appropriate to unconfined
situations, i.e. some per cent.

Calibration Procedure and Model Outputs

Size and Shape of the Modelled Volume
The modelled volume of rock is a vertical cylinder, 50 m in diameter and
30 m in elevation. A vertical bore-hole is simulated along the vertical cylinder
axis. The open hole section is 22 m, centered at the mid-height of the block.
This value reflects the average aquifer thickness, which was observed on the
25 tested IFP wells.

Inner and Outer Prescribed Conditions at the Model Boundaries

The outer surface represents an open boundary where hydrostatic conditions
prevail all the time. These conditions are applied at all the fractures (i.e. at
the fracture centre in the numerics) that intersect this outer boundary. Along
the central bore-hole is the inner boundary, where a transient chart is
prescribed. Two phases are described. During the first two seconds, the
hydraulic head at the well linearly increases from 0 to 0.49 m, the theoretical
maximum value of the change in water level. Then from 2 to 2100 seconds,
the well is subject to a ‘no flow’ condition and the head perturbation dissipates
in the fracture network. The initial hydraulic head distribution is uniform
and set to 0 m.

Calibration Strategy and Results
The scenario is applied and we present the period during which the pressure
perturbation vanishes in the fracture network, in a normalized way, starting
from 0 at the peak time and increasing to 1 as time increases. Series of 10
equi-consistent network alternatives are generated and we produce a set of
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10 hydraulic drawdown curves. These curves are summed up into two curves,
an average and a deviation curve respectively that can be compared to those
derived from the in situ measurements. The first point is try to simulate the
spatial variability of the responses, and then try to match the average
behaviour. Hereafter (Figs 3 and 4), we show some of satisfactory results
obtained using the parameters listed in Table 2. Obviously there is no unique
solution to the problem and we only suggest set of values that produce an
acceptable fit to the data, qualitatively and quantitatively.

 

 

Figure 3. Calibration test, case 4.

Figure 4. Calibration test, case 5.
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Table 2: Parameters used to calibrate the slug test model,
according to Figs 3 and 4

Calibration test Case 4 Case 5

Density set 1 (frac/m3) 0.004 0.0033

Density set 2 (frac/m3) 0.004 0.0033

Density set 3 (frac/m3) 0.006 0.005

K-1 (ms–1) 1.2 × 10–2 1.0 × 10–2

K-2 (ms–1) 1.2 × 10–2 1.0 × 10–2

K-3 (ms–1) 1.2 × 10–2 1.0 × 10–2

S-1(–) 1.0 × 10–3 1.0 × 10–4

S-2(–) 2.0 × 10–2 8.0 × 10–3

S-3(–) 2.0 × 10–2 8.0 × 10–3

UPSCALING THE TRANSMISSIVITY AND STORATIVITY
PARAMETERS

Objectives

The upscaling phase of this study consists in a numerical derivation of
equivalent hydraulic parameters at a spatial scale greater than the one
investigated by the slug tests. The aim is to evaluate properties at the scale
of an elementary cell of a global hydrogeological model based on standard
porous media theory. The set of calibrated parameters, at the local scale, will
be directly used for this purpose.

Method

The method consists in simulating parallel flow through a square cell of
varying size. The size of this elementary cell is set successively to 50 m ×
50 m × 30 m and 100 m × 100 m × 30 m, the sides of which are parallel
to east-west and north south directions. Such a cell is filled with fracture
elements, with geometrical properties directly inferred from the previous
calibration phase. The flow is established across the cell, by assigning a head
gradient between two opposite faces, the two others remaining closed to
flow. The head gradient can be applied along X axis and Y axis in two
successive runs.

Because the hydraulic regime is calculated in transient conditions, the
numerical experience has to last until a quasi steady state situation is reached.
Practical numerical prescriptions are as follows:
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Initial head distribution: 0 m
Initial head value at the inlet face: + 5 m
Initial head value at the outlet face: – 5 m
Duration of the simulation: two days

Equivalent Transmissivity

The results of the tests are obtained for the two directions. They are obtained
as the averaged value of the results produced by five equi-consistent networks,
in a statistic sense. The five independent responses for a cell of 50 m × 50
m × 30 m for case 4 are listed hereafter:

Table 3: Flow in X and Y directions based on the parameters
used for calibrating the slug test model in Table 2

Alternative Seed number Flow in X direction Flow in Y direction
(l/s) (l/s)

1 7571 2.76 3.49
2 3317 2.25 2.66
3 4531 2.31 3.04
4 9999 2.35 2.59
5 5703 1.92 2.91
Mean Value - 2.32 2.93

From the calculated mean flux value combined with the geometry of the
block and the applied head gradient, we derive an equivalent horizontal
transmissivity, for both directions.

Because the cell has a square shape, the transmissivity is directly given
when dividing the flux, expressed in m3s–1 by the head difference, expressed
in m. In the East-West direction (resp. along X axis), we obtain TXX = 2.3
× 10–4 m2s–1 and in the North-South direction (resp. along Y axis), we obtain
TYY = 2.94 × 10–4 m2s–1. Therefore the equivalent porous media is likely to
be slightly anisotropic, with a factor TXX/TYY close to 0.8. An equivalent
isotropic horizontal permeability would be about 8.7 × 10–5 ms–1. For case
5, there is no connection at a big scale, T = 0.

Equivalent Storativity

To derive an equivalent storativity factor suitable for hydraulic calculations
at the regional scale, the calibrated fracture storativities are combined, using
the densities of the fracture sets as weighting factors.

Table 2 shows that, to fit the data, the storativities values for the horizontal
fracture set are smaller than the one for the sub-vertical and vertical fracture
set. This can be due to the fact that because of the geometry, the vertical
fractures are more in unconfined condition than the horizontal ones. In that
case, the storativity calculated for the vertical and horizontal fracture set is
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more representative of confined aquifer and more near from a storativity
value. The storavities calculated for the vertical and sub-vertical fracture sets
are a ‘mix’ between a storativity and a specific yield coefficient. That is why
the resulting storativity value (no unit) is calculated as following according
to the set of horizontal fracture parameters:

S = e.�.Sset1.(dset1.R2
set1 + dset2.R

2
set2 + dset3.R2

set3) (6)

where dseti = density, set i (centres/m2), e = fracture thickness (m), Rseti =
fracture radius, set i (m2) and Sset1 = horizontal fracture storavity (1/m) and
falls within the range of 3.89 × 10–6, case 4 (Table 2) and 3.22 × 10–7,
case 5 (Table 2).

CONCLUSIONS

Numerical calibration was performed following a trial and error process.
Although the solution may not be unique, we end with a combination of
parameters that provides the set of responses shown in Fig. 1 when simulating
a slug-test in a random fracture network. Total fracture density is about
0.02 m–3, 30% of the fractures being sub-horizontal. Sizes are ranging in
between 1 and 10 m, fracture thickness is about 0.01 m and porosity of the
infilling material is set to 30%. Calibrated fracture permeability is close to
10-2 m/s, while the fracture storativity lies in between 10–3 and 10–4m–1.

Using these numbers to evaluate the permeability tensor by simulating
parallel flow in a 100 m × 100 m × 30 m cell, in two perpendicular directions
successively, leads to equivalent permeabilities ranging from 5.0 × 10–6 to
7.3 × 10–6 m/s, with a mean value of 6.2 × 10–6m/s. An anisotropy factor
of 1.25 is found in favour of the North/South direction, as a result of the
existence of a set of north-south sub-vertical fractures.
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INTRODUCTION

The high stress on ground water due to abstraction of large quantities of
water through pumping for irrigation threatens the sustainability of agricultural
development. This is mainly the case in hot and dry areas such as Hyderabad
where the aquifers are located in hard rocks.

Therefore, it is necessary to adapt the exploitation of ground water to its
availability. For that purpose, it is indispensable to have suitable tools able
to assess either the water balance of the aquifer or its renewable reserve.

In this paper, a methodology for water balance evaluation using
Geographical Information System is presented and applied to a study case.
The different flows from or to the aquifer are listed and analysed in order
to present a final spatial groundwater balance. The study area is a watershed
centred on the village of Maheshwaram in Ranga Reddy district, Andhra
Pradesh, India. The piezometric map of the aquifer indicates water level
depletion in areas with high concentration of pumping wells (Fig. 1).

COMPONENTS OF THE GROUNDWATER BALANCE

Flows are divided in two categories: in- and out-flows (Fig. 2). First ones
are flows coming in the watershed. They are positive and contribute to the
recharge of the aquifer. The second ones correspond to water leaving the
aquifer and contribute to the discharge of the aquifer.

Percolation flow (INF) from the ground to the aquifer through the soils
and rocks can be diffused (through the whole surface area), or can take place
at various specific places through preferential flows in cracks or fracture
zones and from specific structures such as water tanks, trenches, old brick

Groundwater Balance at the
Watershed Scale in a Hard
Rock Aquifer Using GIS
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Figure 1. Piezometric map and pumping wells distribution in
Maheshwaram watershed. Maheshwaram village (30 km south

from Hyderabad) is at the centre of the map.

Figure 2. Simplified scheme of flow components.

 

factories, dug-wells. Return flow (RF) is the part of pumped flow that directly
goes back to the aquifer. It is dependent on the irrigated crops type and the
pumping volume. Horizontal In- (HIN) and Out-flows (HOUT) take place at
the boundaries of the watershed only. They correspond to the exchanges of
the watershed from outside and take place where the hydrological limit of
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the watershed does not coincide with the hydrogeological limit of the aquifer
comprised in the surface watershed. Pumping flow (Q) is the major negative
component in such exploited basin. Water is mainly used for irrigation and
domestic purposes. Evaporation (EVAP) from the groundwater table must
be considered regarding the hot temperatures observed in this semi-arid area.
Except when specially mentioned, the flows are expressed as rates in
mm/yr.

The watershed is divided in a grid of 1324 cells of 200 × 200 metres size.
The flows identified above are evaluated in each cell, except for HIN and
HOUT, which are determined only along the boundary of the basin.

Pumping Flow

A database of the bore-wells present in the watershed has been constituted.
In all 929 wells were located using GPS portable and their discharge rate
measured. Information about daily duration of pumping and annual number
of pumping days was gathered in order to assess annual abstracted volume.
The discharge rates are comprised between 5 l/min and 700 l/min. A map
of annual abstracted volume is presented (Fig. 3). Pumping is concentrated
in low zones, on flat areas allowing agriculture.

Horizontal Flow Across the Boundaries of the Watershed

Because weathering cover of the geological profile is dry and permeability
of the fresh basement is very low, horizontal flows in these layers of the
aquifer can be neglected. They are only located in the fissured layer of
the aquifer.

These flows are dependent on horizontal permeability, thickness of saturated
zone and local hydraulic gradient. They were computed using a finite
differences model in order to obtain a spatial distribution on a grid of squared
cells. Modflow model was used with a grid corresponding to the one selected
for the balance. A kriged grid of the altitude of the summit of the fresh
basement, constituting the bottom of the aquifer, was imported along with
the grid of water table. Hydraulic potentials were imposed on the four limits
of the modelled domain. Flows are computed during a few days with an
average horizontal permeability K = 0.87 × 10–5 m/s determined by upscaling
(from slug-test scale to 200 × 200 metres cells) using a DFN (Discrete
Fractures Network) model, on the basis of 25 slug-tests. The results are
presented in Table 1.

Table 1: HIN—Horizontal In-Flow, HOUT—Horizontal Out-Flow

Flow Pre-monsoon Post-monsoon
HIN (m3/d) 1997 1637
HOUT (m3/d) 176 686
HIN-HOUT (m3/d) 1821 951
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Figure 3. Abstracted volume (m3/d) from the aquifer by pumping.

Figure 4. HIN and HOUT (m3/d) at the boundaries
of the watershed in November 2001.

(m3/day)
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In-flows mainly take place across the southern border of the watershed
(Fig. 4) due to the regional south-north gradient linked to regional
topographical slope. Other in-flows located west and east are due to the
depletion of water table near the boundaries, due to pumping wells. The
balance between horizontal in- and out-flows is finally positive due to the
capture of water from outside. The balance is higher during pre-monsoon
period according to higher water table depletion in such dry period.

Evaporation from Groundwater Table

This component is evaluated using the relation developed by Coudrain et al.
(1998). Evaporation flux is expressed as an inverse power function of the
piezometric depth below the soil surface, independently of the soil
characteristics:

EVAP = 71.9z–1,49  (1)
where z is water table depth from soil (m).

It was calculated for both pre- and post-monsoon periods. Then, an average
was determined. The value is about 1.7 mm/yr, very less compared to the
other components of the water balance. This is due to high depth (18 m
before the monsoon and 12 m after the monsoon) of depleted water table in
the study area.

Return Flow from Irrigation

Most of the pumped water in the basin is used for irrigation, a large part of
this volume returns back to the aquifer by direct infiltration in the irrigated
lands. This can be written as: RF = C × Q with C = return coefficient (0 <
C < 1), Q: pumping flow.

Because return coefficient is different from paddy fields to other crops,
the global return coefficient is weighted by the repartition of crops:

A × C = ARICE × CRICE + AOTHER × COTHER  (2)

where A is the total irrigated surface, ARICE = surface of irrigated paddy
fields, AOTHER = surface of other irrigated crops, CRICE = return coefficient
in paddy fields, COTHER = return coefficient in other crops.

The return coefficient for each crop is quite difficult to assess but some
studies are available and mention that 0.55 < CRICE < 0.80 for paddy fields.
In granite areas encountered in Andhra Pradesh, the coefficient for paddy
fields was evaluated to be 0.60 (APGWD, 1977). For other crops, the proposed
coefficient is COTHER = 0.20 (CGWB, 1998). With 79% of paddy fields and
21% of other crops, the obtained value is C = 0.516.

Percolation and Specific Yield

The satisfying knowledge of groundwater levels in the basin leads us to
estimate the infiltration using the basic relationship between balance over a
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given period and resulting water level fluctuations, better known as Water-
Table Fluctuation Method (Healy and Cook, 2002):

BAL

S
= �h (3)

where S = specific yield, BAL = balance result of the addition of all the
components, �h = water level fluctuation (same sign than BAL). This
necessitates the accurate assessment of S at the catchment scale. This is done
through the same way using (3) for a different period.

During the post-monsoon dry period (from November 2001 to June 2002),
the percolation term can be neglected and the balance BAL becomes according
to the budget defined by Schicht and Walton (1961), neglecting baseflow
(groundwater discharge to streams or springs):

DRY DRY DRY DRY DRY DRYBAL RF Q EVAP HIN HOUT� � � � �   (4)

Including (3) in (4), it is obtained:

 S = DRY DRY DRY DRY DRY

DRY

RF Q EVAP HIN HOUT
h

� � � �
�

(5)

where all the terms are known (Table 2).

Table 2: Groundwater balance during dry period (all terms
are expressed as rates in mm/yr)

RFDRY QDRY EVAPDRY HINDRY - HOUTDRY �hDRY(m) S(-)
69 135 1.0 4.9 –6.88 0.0089

The specific yield obtained is consistent with other approaches applied on
this basin such as pumping tests (Maréchal et al., 2004) and global modelling
(Engerrand, 2002).

Consequently, the same approach is applied to determine the percolation.
During the wet season (from June 2001 to November 2001), the BAL

becomes:

WET WET WET WET WET WET WETBAL INF RF Q EVAP HIN HOUT� � � � � � (6)

Including (3) in (6), we obtain:

WET WET WET WET WET WET WET–INF h S – RF Q EVAP HIN HOUT. � . � � �
Application of this equation is illustrated in Table 3.

Table 3: Groundwater balance during wet period (flow terms are in mm/yr)

RFWET QWET EVAPWET HINWET-HOUTWET �hWET(m) INFWET

49.6 96.1 0.7 3.5 +5.70 94.5

The percolation is quite coherent for such a hydrogeological context.
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ANNUAL GROUNDWATER BALANCE

The annual groundwater balance was calculated from June 2001 to June
2002. The flows are easily determined using the following equation:

 TOT WET DRYFLOW FLOW FLOW� � (7)

where FLOWTOT is the total flow along the year, the term FLOW representing
as well RF, Q, EVAP, HIN and HOUT.

Assuming that the percolation takes place only during the wet season
(from June 2001 to November 2001 when the water levels are maximum):

TOT WETINF INF� (8)

The annual balance on the whole watershed is described in Table 4.

Table 4: Groundwater balance during one hydrological cycle
(flow terms are in mm/yr)

INFTOT RFTOT QTOT EVAPTOT HINTOT-HOUTTOT BAL �hTOT(m)

94.5 119 231 1.7 8.4 –10.5 -1.18

Considering the uncertainty on the components of the balance, this indicates
that the balance is more or less in equilibrium. However, the total balance
is a little bit negative, in accordance with an average water level decrease
of about 1.18 metres on the watershed during this period, in spite of a
normal monsoon (603 mm of rainfall). This clearly shows that, with such an
abstraction rate on the basin, any bad monsoon as for example the monsoon
of this year (2002), will induce a significantly negative balance followed by
a depletion of water table.

Figure 5. Spatial annual balance.

Balance(mm/yr)
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The map of water balance (Fig. 5) shows that negative balance areas only
correspond to pumping areas due to the fact that pumping flows and return
flows are respectively the main negative and positive components of the
balance. In spite of the fact that they represent only 25% of the 1324 cells,
the whole balance is negative.

CONCLUSIONS

The annual water balance of Maheshwaram watershed was calculated from
June 2001 to June 2002. The global balance on the whole basin is a little bit
negative, inducing a depletion of 1.18 metres for the water table in spite of
the occurrence of a normal monsoon. The use of a Geographical Information
System allows presenting a spatial budget.

The applied method gives very consistent results. It necessitates a good
knowledge of pre- and post-monsoon groundwater levels. Thus, a network
of observation of one hundred observation wells is necessary on this basin
of 53 km2 with monitoring twice a year. The accurate evaluation of pumping
is also necessary for the determination of the balance and of the specific
yield.
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INTRODUCTION

The Indo-French Centre for Groundwater Research (IFCGR) has carried out
intensive research for understanding the structure and functioning of the
hard rock aquifers in granitic area by taking a small watershed at
Maheshwaram, RR Dist of Andhra Pradesh and has developed a number of
specific techniques during five years for aquifer characterization, groundwater
balance both global and discretized including the technique of the “Double
Water Table Fluctuation (DWTF)” (Maréchal et al., 2005), well suited for
arid and semi-arid areas to improve the groundwater resource management
in hard rock aquifers. This method has been implemented in the small pilot
watershed of 53 km² area, a representative of the Southern Indian catchment
in terms of overexploitation of the hard rock aquifers in semi-arid climate,
cropping pattern, rural socio-economic context, etc. Between June 2001 and
June 2004 three annual water budgets have been prepared. It is observed that
both water balances for a “bad” and “good” monsoon could more or less be
counterbalanced, the water balance is negative for a normal monsoon inducing
a depletion of the Water Table at about 1 m/year due to consecutive deficit
rainfall years. Due to this, in the long, medium, or short-term, drastic
groundwater problems will inexorably occur if any realistic solution is not

Water Budgeting and
Construction of Future
Scenarios for Prediction and
Management of Ground Water
under Stressed Condition

11
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found. Therefore, it is now essential that policy makers be equipped with
accurate predictive tools for simulating the groundwater table in the coming
years in order to better guide their future actions in total coherence.

The IFCGR has built up and developed a Decision Support Tool (DST)
which can easily be used by everyone, and made under Excel Software
interface which can be found everywhere on any computer. DST is now
operational in Maheshwaram and can be applied to any other watershed with
a similar context. The DST is designed for ground water scenarios under
variable agro-climatic conditions, and focuses on the importance of changing
cropping pattern and artificial recharge on groundwater levels. It is based on
the Groundwater Budget method combined with the DWTF method. The
DWTF method has been developed at the IFCGR and is specially applicable
to hard rock aquifers in a semi-arid climate. For further details about this
method, the readers are suggested to refer Maréchal et al., 2006.

The DST is composed of various active windows:

� the Groundwater budget method as memo,
� the various information about the studied watershed (geographical and

geological contexts, land use, etc.) including all the data related to the
components of the Groundwater budget and the different methodologies
used,

� the ones for the input data related to the aquifer characteristics (specific
yield, piezometric, surface area, etc.), the in- and out-flow balance, the
irrigated crop characteristics (seasonal consumption, irrigation return flow
for each crop, and for Rabi and Kharif season),

� the one to simulate the effect of different scenarios of rainfall on the
groundwater levels,

� the one to simulate the effect of the changing cropping pattern and/or the
artificial recharge on the groundwater levels,

� and a window for helping the user to build realistic scenarios through the
support of socio-economic and socio-cultural data.

The DST enables to input rainfall scenarios for the coming years, calculate
the corresponding recharge component, and simulate the consequences on
groundwater levels at the watershed scale as well as the socio-economic
consequences, like the impact on the population or the energy issues.

SCENARIOS USED IN DST

Considering no apparent climatic changes (same annual rainfall pattern since
the last 20 years), two scenarios are presented in Fig. 1: ‘current trend’ with
no change in both groundwater abstraction and cropping pattern, and ‘present
rate of agricultural development’ where the irrigated area is increasing at a
rate of ~1.3%/year according to FAO, 1997; cropping pattern remains also
identical. In the first scenario, the mean groundwater resource limit, below
which the aquifer cannot be exploited, will be reached by the year 2010 if
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the current pumping is maintained. This scenario will also entail the loss of
about 50% of the bore-wells with accompanying serious socio-economic
consequences that the reader can easily imagine (rural exodus, poverty,
diseases, etc.). This limit will be reached by the year 2009 if the groundwater
exploitation by pumping continues at the present rate of development.
Unfortunately, recent information (complaints from the farmers and recent
hydraulic tests) from the studied area is in accordance with the first scenario:
strong decrease of the yield of numerous bore-wells and sometime drying-
up.

Considering no change in both groundwater abstraction and cropping
pattern, Fig. 2 presents simulations with two different climatic conditions:
one with two consecutive weak monsoons (annual rainfall: for 2005 =
450 mm and for 2006 = 400 mm) and the other with two consecutive good
monsoons (year 2005 = 1000 mm and year 2006 = 1100 mm). The simulated
groundwater levels show that whatever the monsoon, the problems will
occur sooner or later, and maybe faster than expected. Drying up of bore-
wells are about 50% in 2006 in case of ‘weak’ monsoons and about 40% in
2014 in case of ‘good’ monsoons. These simulations as well as the ones
presented in Fig. 1 show that immediate action is required.

Impacts of changing cropping pattern and artificial recharge on ground-
water levels as well as groundwater budget clearly show that this catchment
is overexploited. To avoid a dramatic situation in this area in the near future,
decisions have to be taken to improve the groundwater management. As the
area is overexploited, either the evapotranspiration of irrigated crops has to
be reduced (decrease PG-RF) or/and additional artificial structures have to
be implemented. However, the authors want to point out that building large

Figure 1. Simulation of water table levels in Maheshwaram watershed
according to Rainfall scenario (substituting the 20 previous rainfall

years for the coming 20 years).
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number of rain harvesting structures (water tanks, dug-wells, etc.) may have
serious negative impacts for the downstream areas.

One of the most interesting options of the developed tool is to assess the
impact of both changing cropping pattern of irrigated culture scenarios and
artificial recharge structure. DST enables the increase or decrease of surface
area of irrigated crops present in the watershed (or other). In order to avoid
non-realistic scenarios, which could not be accepted by the farmers because
of profitability or cultural issues, the DST has been designed to enable the
input of actions plan for several years under various socio-economic criteria.

Figure 3 presents two examples of scenario that considers a 15-year action
plan scenario (from 2005 to 2019) where there is 6% decrease of the rice
cultivated area every two years and at the same time 20% increase of
vegetables and flowers cultivated area. In this scenario paddy field area is
reduced by 40% and area of vegetables and flowers is increased by 30% at
the end of the plan.

The first scenario (scenario 1) considers the changing cropping pattern
only and in the second (scenario 2) artificial recharge structures have been
added, the recharge rate being 2 mm/year at the watershed scale. This 2 mm/
year may correspond to about 25 hectares of additional tanks or about 30
defunct dug-wells where run off is diverted (dug-well dimension: 10 × 10 ×
13 m; supposed fully-filled up three times a year); moreover it might be the
improvement of irrigation techniques or consequences of a public awareness
programme (water conservation). While scenario 1 is just able to maintain
the mean groundwater level above the mean groundwater resource limit,

Figure 2. Simulation of water tables in Maheshwaram watershed according to
Rainfall scenario (substituting the 20 previous rainfall years for the coming
20 years) and a 15-year action plan scenario (decreasing the rice surface area
every two years by 5%, increasing vegetables and flowers surface areas by 10%,

adding a package of solutions, 3 mm/year at the watershed scale).
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adding some rain harvesting structures (scenario 2) now significantly
maintained the water levels above. Drying up of bore-wells are also presented
(Fig. 4); all scenarios clearly improve the current situation.

Figure 3. 15-year action plan scenario with changing cropping pattern and artificial
recharge system - groundwater levels simulation. Scenario 1: changing cropping
pattern - 6% decrease of the rice cultivated area every two years and at the same
time 20% increase of vegetable and flower cultivated area. Scenario 2: scenario
1 + additional artificial recharge structures (+ 2 mm/year) (tanks, dug-wells, etc.).
Scenario 3: artificial recharge only (dashed line) - 200 hectares of additional

water tanks (efficiency of one hectare of tank: 0.1% of R).

Figure 4. 15-year action plan scenario with changing cropping pattern and artificial
recharge system - example of socio-economic impacts: drying-up of bore-wells.
Results from the scenario 1, 2 and 3. The vertical bars depict the degree of
uncertainty, which depends on the spatial variability of the aquifer thickness

(about 25% of uncertainty).
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Scenario 3 presents the results of a scenario where only rain harvesting
structures are built to stabilize groundwater level decline (Fig. 3). However,
about 230 hectares of tanks (or 270 dug-wells) are required. This non-
realistic scenario shows that the artificial recharge cannot be considered as
the only solution. One may question in such a semi-arid context the efficiency
of groundwater management only based on such a solution.

One may conclude that in the present situation of Maheshwaram watershed,
which is not an isolated case in the country and not an area recognized as
an extremely or under overexploited area, reasonable solutions can be found
by a package of solutions, i.e. combining changing cropping pattern, improving
the irrigation techniques, new rain harvesting structure, etc. The water levels
would be more or less maintained before getting back their original levels
at the end of the plan; therefore this would induce a sustainable solution.

CONCLUSION

The DST is mainly based on changing cropping pattern solutions: that means
trying to decrease the Real Evapo-Transpiration component of the water
budget. It enables the increase or decrease of surface area of any crop
present in the watershed. In order to avoid non-realistic scenarios, which
could not be accepted by the farmers because of profitability or cultural
issues, the DST has been designed to enable the input plan actions for
several years under various socio-economic criteria.

As we have seen in Fig. 3, which considers a 15-year action plan scenario,
decreasing the rice surface area every two years by 5%, at the same time
increasing vegetable and flower surface area by 10%, and reasonably adding
a package of solutions like the contribution of artificial recharge techniques
to groundwater, or the improvement of irrigation techniques, or even a public
awareness programme

This scenario shows that in any case the artificial recharge cannot be
considered as the only solution. Its contribution to improve the situation is
quite less than a changing cropping pattern solution. But a combination of
both solutions could seriously improve the groundwater situation. Thus the
only solution to get a sustainable groundwater management will come from
a package of solutions.

The need of the hour is to adapt the exploitation of groundwater to its
availability. Due to this, it is indispensable that policy makers be equipped
with suitable predictive tools to better guide their coming actions.

The place of the DST (Fig. 5) is between policy makers and the experts,
the experts helping them to build up realistic scenarios including the socio-
economic aspects and the policy maker’s own constraints as well. The results
of simulations can be criticized, optimized or validated together, and it is
only afterwards that the authorities can launch the actions. In addition, the
package is entirely interactive and the scenarios could be built up by the
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farmers and the outcome be visualised. Thus the farmer’s participation is
ensured at one hand and on the other hand implementation of a particular
scenario is also ensured as the scenarios are decided by mutual agreement
rather than forcing it on the farmers.
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INTRODUCTION

Any scientific study is based on a number of information on the system or
processes through measurement of parameters defining one or more properties
of the physical system. In most cases these parameters change their values
in space and sometimes in time also and hence they are called variables.
Rainfall, effective recharge, thickness of an aquifer, hydraulic head,
transmissivity, permeability, storage coefficient, etc. are the examples in
hydrogeology. Although, these parameters are often highly variables but this
spatial variability is not purely random and, according to Matheron (1963),
if measurements are made at two different locations, the closer the
measurement points are to each other, the closer the measured values. These
variables are given the name of Regionalized Variables (Re. V).

Although the characterization and estimation of a regionalized variable
(Re.V.) can be made on a purely deterministic basis, it is more convenient
and usual to introduce geostatistics in a probabilistic framework, bearing in
mind that this artifact is only a tool for performing an estimation (Marsily,
1986).

In this article attempt has been made to include a few basic aspects that
are often needed by a hydrogeologist to practise geostatistics and for others
it will be a refreshing starting from basic definition and formulae of statistics,
part of mathematics and algebra that are used.

Applying Geostatistics: Basic
Knowledge and Variographic
Analysis with Exercises

12
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BASIC STATISTICS AND MATHEMATICS USED

Data speak most clearly when they are organized. Much of statistics deals
with the organization, presentation and summary of data.

Frequency Distribution

One of the most common and useful presentation of data sets is the frequency
table and the histogram. A frequency table records how often observed
values fall within certain intervals or classes. A typical data set is given in
Table 1 (Isaaks and Srivastava, 1989).

 Table 1: Values of a single variate data set observed on a regular grid.

81 77 103 112 123 19 40 111 114 120
• • • • • • • • • •

82 61 110 121 119 77 52 111 117 124
• • • • • • • • • •

82 74 97 105 112 91 73 115 118 129
• • • • • • • • • •

88 70 103 111 122 64 84 105 113 123
• • • • • • • • • •

89 88 94 110 116 108 73 107 118 127
• • • • • • • • • •

77 82 86 101 109 113 79 102 120 121
• • • • • • • • • •

74 80 85 90 97 101 96 72 128 130
• • • • • • • • • •

75 80 83 87 94 99 95 48 139 145
• • • • • • • • • •

77 84 74 108 121 143 91 52 136 144
• • • • • • • • • •

87 100 47 111 124 109  0 98 134 144
• • • • • • • • • •

The frequency table of the data set from Table 1 is given in Table 2.
Table 2 also shows, in its last column, the cumulative frequency

distribution. For many Earth Science applications, such as pollution studies,
the cumulative frequency above a lower limit is of more interest. Rather than
recording the number of values within certain class, we record the total
number of values below certain cut off. The second and third columns in the
Table 2 can be represented graphically and they are called histogram and
cumulative histogram respectively. The percent frequency and cumulative
percent frequency forms are used interchangeably, since one can be obtained
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from the other. The frequencies or the cumulative frequencies can be expressed
in percentage. Incidentally, in the above example, since the total number of
values is 100, the frequency and its percent are same. If a curve is plotted
taking y-axis as the frequency, it is known as Probability Plot or Probability
Distribution Function (PDF). A number of distribution function based on the
shape of the curve are available. However, among the most common are the
Gaussian/Normal and Log-normal distribution. Some of the estimation tools
work better if the distribution of data values is close to a Gaussian or normal
distribution.

Table 2: Frequency and cumulative frequency table

Class of Number of observations/ Cumulative
values Frequency Frequency

0-10 1 1
 10-20 1 2
20-30 0 2
30-40 0 2
40-50 3 5
50-60 2 7
60-70 2 9
70-80 13 22
80-90 16 38

90-100 11 49
100-110 13 62
110-120 17 79
120-130 13 92
130-140 4 96

140-� 4 100

Summary Statistics

The centre of the distribution can be defined by mean, median and mode.
The measure of spread can be defined as variance and standard deviation.
The shape of the distribution is described by the coefficient of skewness and
coefficient of variation. Taken together, these statistics provide feel of the
data.

The mean, m, is the arithmetic average of the data values:

m = 
1

1 n

i
i

z
n �
 (1)

The number of data is n and z1, .... zn are the data values. The mean of the
above presented 100 values is 97.55.

The median, M, is the midpoint of the observed values if they are arranged
in increasing order. The median can easily be read from a probability plot.
The mode is the value that occurs most frequently.
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The variance, �2, is the average squared difference of the observed values
from their mean and is given by:

�2 = � �2

1

1 n

i
i

z m
n �


 (2)

The standard deviation, �, is simply the square root of the variance. This
shows the spread of the values from the mean. The coefficient of skewness
showing the symmetry of the distribution is defined as:

Coeff. of Skewness = 
� �3

1

3

1 n
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z m

n 




�


(3)

The coefficient of variation (CV) is a statistics that is often used as an
alternative to skewness to describe the shape of the distribution. It is defined
as the ratio of the standard deviation to the mean:

CV = 
m
�

(4)

Some Remarks

The mean is quite sensitive to erratic extreme values. If the 145 ppm value
in the above data set had been 1450 ppm, the mean would change to 110.6
ppm. The median, however, would be unaffected by this change because it
depends only how many values are above and below it.

The variance, since it involves squared differences, is also quite sensitive
to the extreme values. The variance of the 100 values is 688. Standard
deviation is often used instead of the variance since its units are the same
as the units of the variable.

The coefficient of skewness suffers even more than the mean and variance
from sensitivity to erratic extreme values. A coefficient of variation greater
than one indicates the presence of some erratic high sample values that may
have a significant impact on the final estimates. The CV for the above data
is 0.269, which reflects the fact that the histogram does not have a long tail
of high values.

Bivariate Distribution

In the field of hydrogeology, due to scarcity of data, we always prefer to
work on multivariable information. A typical data set for a two variable
system is given in Table 3.

In the data set in Table 3, values of two variables are available at all the
100 locations. Values of the first variable are written above the circle (denoting
the locations of measurement) and the values of the second variable are
written below the circle in Italics. The basic statistics of the two sets of data
are given in Table 4 for comparison.
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Table 3: Values of a bi-variate data set observed on a regular grid

81 77 103 112 123 19 40 111 114 120
• • • • • • • • • •

 15 12 24 27 30 0 2 18 18 18

82 61 110 121 119 77 52 111 117 124
• • • • • • • • • •

16  7 34 36 29  7  4 18 18 20

82 74 97 105 112 91 73 115 118 129
• • • • • • • • • •

16  9 22 24 25 10  7 19 19 22

88 70 103 111 122 64 84 105 113 123
• • • • • • • • • •

21  8 27 27 32  4 10 15 17 19

89 88 94 110 116 108 73 107 118 127
• • • • • • • • • •
1 18 20 27 29 19  7 16 19 22

77 82 86 101 109 113 79 102 120 121
• • • • • • • • • •

15 16 16 23 24 25  7 15 21 20

74 80 85 90 97 101 96 72 128 130
• • • • • • • • • •

14 15 15 16 17 18 14 6 28 25

75 80 83 87 94 99 95 48 139 145
• • • • • • • • • •

14 15 15 15 16 17 13  2 40 38

77 84 74 108 121 143 91 52 136 144
• • • • • • • • • •

16 17 11 29 37 55 11  3 34 35

87 100 47 111 124 109  0 98 134 144
• • • • • • • • • •

22 28  4 32 38  20  0 14 31 34

Table 4: Various statistics of the two data sets

Statistics Symbol First variable V Second variable U
Population n 100 100
Mean m 97.6 19.1
Median M 100.5 18.0
Mode 111.0 15.0
Standard Deviation � 26.2 9.81
Minimum min 0.0 0.0
Maximum max 145.0 55.0
Coeff. of Variation CV 0.27 0.51
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REFRESHING PRELIMINARY ALGEBRA
AND MATHEMATICS

A few equations and expressions are reproduced below for refreshing and
their applications in later part of the theory.

/ 02x y� = 2 2 2x y xy� �  (5)

 Similarly / 02ax by� = 2 2 2 2 2a x b y abxy� � (6)

Let us substitute x1 for x and x2 for y in the equation (5).

 / 02
1 2x x� = 2 2

1 2 1 22x x x x� � (7)

Let us substitute 1, 2, x1, x2 for a, b, x and y respectively in the equation
(6).

Then / 02
1 1 2 2x x � = 2 2 2 2

1 1 1 2 1 2 2 22x x x x   � �  (8)

 (1x1 +' 2x2) can be written in the form of = 
2

1
i i

i
x

�
) (9)

Then / 02
1 1 2 2x x � = 2 2 2 2

1 1 2 2 1 2 1 22x x x x   � � = 

2 2

1 1
i j i j

i j
x x 

� �
))  (10)

This is because in the equation (10), when i = j = 1 the resulting term is
2

1 x2
1; when i = j = 2 the term is  2

2 x2
2 ; and when i = 1, j = 2 the term is

12x1x2. Similarly when i = 2, j = 1 the term 21x1x2 results.
Therefore, equation (10) can also be written as

2

i i
i

x
� �
� 	
 �
) = i j i j i j i j

j i i j
x x x x   

� 1
�) ) (11)

The above formula can be simplified and written as

2

i i
i

x
� �
� 	
 �
) = i j i j

i j
x x ))  (12)

This is an important derivation. Generally one is prone to confusion as to
how the terms with j have come, when it is not there originally. This formula
has got extensive application in statistics and geostatistics.

PROBLEM OF CALCULATING MEAN AND
CONCEPT OF VARIOGRAM

Let us summarize again the most common statistics and their forms used in
the development of geostatistical methods.
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Expectation

If we can calculate the expected value of a distribution, it is known as
Expectation and is denoted by E. It is also known as the first moment of the
variable. Practically, one calculates the expected value of a variable using
arithmetic mean keeping in mind that the number of values available can be
approximated by 2. However, we write an expected value of Z as follows:

mz = [ ]     E z z3 (13)

Variance

The variance of the variable Z can be written in the following form:
�2

z = E[(zi – mz)
2] (14)

It is important to note that the variance in the general case is the variance
of many realization available at a single location. However, the variance
given by the equation (14) is the spatial variance of the variable and it does
not depend on the location i.

Covariance

Similarly an expression for covariance of a variable Z between two points
i and j in space can be given as:

Cij = E[(zi – mx)(zj – mx)] (15)
By definition the expected value mz should not change by adding or

removing one or a few values of the variable from the data. However, since
we simply calculate an arithmetic mean, it will not be possible to ensure this.
This means that a true mean or a true expected value can never be calculated
from the data. Thus we can neither calculate a correct variance nor a correct
covariance. We have to then introduce another hypothesis known as Intrinsic.

If we work on another variable y defined as:

y = zi – zj (16)

i.e. the first order difference of the primary variable Z, then the expected
value of the variable y can be shown to be 0 provided the variable Z has an
unknown but constant mean mz. Since the expected value of Y is 0, we need
not calculate it from the data. If we calculate the variance of this new
variable Y, we find the following expression.

Var (y) = E[(zi – zj)
2] (17)

Though it is the variance of the new variable Y, it is a new function for the
variable Z that does not depend on the location of points nor is affected by
the value of mz. This new function is called variogram of the variable Z
between two points in space i and j and is denoted by

2�ij = E [(zi – zj)
2] (18)

The variogram depends only on the separation vector between the two points
i and j and not on the location of i and j. Here Z is called Intrinsic and more
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precisely Intrinsic Random Function (IRF) of order zero because its first
order difference has become stationary. Similarly if (k + 1)th order difference
of a variable becomes stationary, the variable is called IRF-k, i.e. Intrinsic
Random Function of order k. Most of the hydrogeological variables could be
categorized as IRF-0 from the practical point of view. We will show in the
subsequent text that the complete estimation theory can be developed using
variograms and thus there is no need to calculate the mean.

STRUCTURAL ANALYSIS AND COMPUTATION
OF COVARIANCE AND VARIOGRAM

As both the covariance and the variogram are the function of separation
vector between two points i and j, values of separation vectors e.g., h1, h2
etc. are decided first such that

h  = –i jx x (19)

Depending upon the value of h, the data are grouped into pairs and some
function as defined below are averaged to obtain a covariance (Cij) or a
variogram (�ij).

Cz(h) = 
1

1
{ ( ) }{ ( ) }

hN

i z i z
h i

z x m z x h m
N �

� � �) (20)

�z(h) = 2

1

1
{ ( ) ( )}

2

hN

i i
h i

z x z x h
N �

� �) (21)

Nh is the number of pairs for a given h. It is usual to write C(h) or Cij or
C(xi, xj) etc. and correspondingly for the variogram also. If we consider
equation (18), the expression in the equation (21) should be called semi-
variogram. However, in practice only semi-variograms are used; hence for
convenience we call it simply a variogram. It is now clear that in practice,
we cannot calculate a true mean. Thus we prefer to work on variogram
rather than covariance.

Properties of Covariance and Variogram

A relation between a variogram and a covariance can be established as
follows if both the functions exist (i.e., the mean exist or the variable is
stationary).

( )h�  = (0) ( )C C h� (22)

Here C(0) is equal to the variance of the variable. Thus in case of stationary
variables one function can be calculated from the other.

Behaviour of the Variogram for Large Separation Distance, h

As the distance h increases, �(h) increases. However, after a large distance,
�(h) stabilizes around a constant value except sometimes when it increases



158 P.S.N. Murthy et al.

continuously. In case the variogram increases continuously with h, it is
known as unbounded variogram and then no covariance exist. But if it
stabilizes around a constant value (known as sill), it is called bounded
variogram and both covariance and variogram exist [cf. equation (22)].
Unbounded variogram also shows the nonstationary nature of the variable.

Behaviour Close to Origin

Theoretically, � (h) = 0 if h = 0 regardless of the type of variogram. However,
often variograms exhibit a jump at the origin. This apparent jump is called
nugget effect.

Anisotropy in the Variogram

Variogram can be calculated in different directions by taking the separation
vector in particular direction. If variograms in different directions are different
then the parameter is anisotropic but if variograms calculated in all possible
directions are more or less same, the parameter can be considered as isotropic
and so the variograms.

Parameters of the Variogram

A variogram function can be defined essentially by sill and range: sill is the
constant value on the y-axis around which a variogram stabilizes after a
large distance and range is the value at x-axis at which the variogram becomes
constant or nearly constant. The sill value is usually very close to the variance
of the variable. In addition, the sudden apparent jump near the origin that
occurs in some cases is known as nugget effect. Also, the shape of the
variogram between origin and the point of stabilization is different in different
variables, which purely depends on its nature of variability. Depending on
this shape, variograms are categorized into different type of variogram viz.,
Linear, Spherical, Exponential, Gaussian, Cubic etc.

Modelling a Theoretical Variogram

The variogram calculated from the field data is an erratic curve and known
as an experimental variogram. It is not possible to use this variogram in the
estimation purpose due to various reasons discussed later. Therefore, the
curve of the experimental variogram is approximated by another theoretical
curve with a defined mathematical expression. This smooth curve fitted to
the experimental variogram is known as theoretical variogram. This fitting
or modelling is performed in several ways mostly visual or using some form
of difference between the two variograms but on a trial and error basis.
Sometimes an automatic modelling has also been proposed but is not proved
to be very useful. Mathematical functions for the common variogram type
are given below. In all the expressions, c is the sill, a the range and h is the
separation vector.
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Model in h2 including Linear Model
 � (h) = ch <2 (23)

If  = 1 the variogram model is called Linear.

Spherical model

 

3
3 1

2 2

h hc
a a

� �� � � �
� �� � � �� 	 � 	� �� �
h' $  a (24)

c h > a (25)

Exponential Model

1 exp
hc
a

� �4 5� �6 7�  8 9! "
 (26)

Gaussian Model
2

2
1 exp

hc
a

� �4 5� �: :�  � �6 7� 	
 ��  : :8 9! "
 (27)

Cubic Model

 

3 7

7 8.75 3.5 0.75
sh h h hc

a a a a

� �� � � � � � � �� � ��  � 	 � 	 � 	 � 	
 � 
 � 
 � 
 ��  ! "
h $ a (28)

c h > a (29)

Difference between the approach of statistics and geostatistics

Statistics Geostatistics

Statistics considers all the
numerical values Z(x), Z(x’) as
independent realization of the same
numerical function Z.
In other words it does not take into
account the spatial auto-correlation
between two neighbouring values
Z(x) and Z(x + h)

Statistics does not take the
regionalization into consideration.
In other words, the location of the
samples is ignored.

The variability with the distance
and the anisotropies are not taken
into consideration

Geostatistics considers all the numerical values
z(x), z(x’) as the particular realizations of
random variables Z(x) and Z(x’)

In other words it takes into account the spatial
auto-correlation between two neighbouring
values z(x) and z(x + h).

Geostatistics takes the regionalization into
consideration. Even when populations can have
same parameters like mean, variance, skewness
and kurtosis still they can differ considerably.
Because the regionalizations can be different.

Geostatistics also takes into consideration, the
anisotropies, the correlation with the distance.
In other words Geostatistics takes into account
the holistic view.
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EXERCISES IN LINEAR GEOSTATISTICS

1. Probabilities

Question 1.1
The variance of a random variable x is, by definition, V(x) = E[x – �]2

where � = E(x) = ( )xf x dx# .

Show that V(x) = E(x2) – {E(x)}2

Answer

Var(X) = 2( ) ( )x f x dx� �#
= 2 2( ) 2 ( ) ( )x f x dx xf x dx f x dx� � � �# # #
= E(x2) – 2 ��'+' �2 .1

= E(x2) – �2

= E(x2) – {E(x)}2

Question 1.2
Let x be a random variable and “a” a constant.
(a) Show that E(ax) = a E(x).
(b) Show that Var(ax) = a2 Var(x).

Answer

(a) E(ax) = ( ) ( ) ( ) ( )ax f x dx a xf x dx a aE x� � � �# #
(b) Var(ax) = E[(ax)2] – E[(ax)]2

= a2E(x2) – a2�2

= a2V(x)

Question 1.3
Let x, y and z be three random variables such that z = x + y.
Show that
V(z) = V(x) + V(y) + 2Cov(x, y)

Answer

E(x + y) = ( ) ( , ) .x y f x y dx dy�# #
= ( , ) . ( , ) .xf x y dx dy yf x y dx dy�# # # #
= [ ( , ) ] ( , ) . .x f x y dy dx f x y dx y dy�# # # #
= . ( ) . ( ).x f x dx y f y dy�# # #
E[(x + y) = E(x) + E(y)

Also V(x + y) = E[(x + y)2] – [E(x + y)]2
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= 2 2 2( 2. . ) ( )x yE x x y y� � � � � �

= 2 2 2 2( ) 2. ( . ) ( ) 2. .x x y yE x E x y E y� � � � � � � � �

= 2 2 2 2( ( ) ) ( ( ) ) 2[ ( . ) . ]x y x yE x E y E x y� � � � � � � � �
= ( ) ( ) 2Cov( , )V x V y x y� �

In fact

Cov (x, y) = [( )( )]x yE x y� � � �
= ( . . . . )x y x yE x y y x� � � � � � �

= ( . ) . ( ) . ( )x y x yE x y E y E x� � � � � � �
= ( . ) . . . ( . ) . )x y x y x y x yE x y E x y� � � � � � � � � � � � �

Cov (x2) = 2(Cov( . )) ( , )x x E x x m� � = 2 2( )E x m�

E(x2) = 2Cov( , )x x m�

2. Properties of Variogram and Covariance Models

Question 2.1
Let Z(x) be a stationary random function. Show that the co-variance that
is equal to
C(h) = E{[Z(x + h) – m)[Z(x) – m]} has the following properties:
(i) C(0) � 0

(ii) C(h) = C(– h)
(iii) |C(h)| $ C(0)

Answer
(i) C(h) = {[ ( ) ][ ( ) ]}E Z x h m Z x m� � �

C(0) = 2{[ ( ) ] } ( ) 0E Z x m V x� � �
(ii) C(–h) = {[ ( ) ][ ( ) ]}E Z x h m Z x m� � � Put x h y� �

= {[ ( ) ][ ( ) ]}E Z y m Z y h m� � �
= ( )C h

Because the random variable is stationary.

(iii) It is to be shown that (0) ( ) (0)C C h C� $ $
to show that ( ) (0)C h C$

2 20 {[ ( ) ( )] } {[( ( ) ) ( ( ) )] }E Z x h Z x E Z x h m Z x m$ � � � � � � �
The expectation of a square is always � 0

= 2 2[ ( ) ] [ ( ) ] 2 [ ( ) ] [ ( ) ]}E Z x h m E Z x m E Z x h m E Z x m� � � � � � � . �
= 2 (0) 2 ( ) 0 ( ) (0)C C h C h C� � ; $
to show that ( ) (0)C h C� �  again:

2 2{[ ( ) ) ( ( ) )] } 0 [ ( ) ]E Z x h m Z x m E Z x h m� � � � � ; � �
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2 2{[ ( ) ] [ ( ) ]

2 [ ( ) ] [ ( ) ]} 0

E Z x h m E Z x m
E Z x h m E Z x h m

; � � � � �
� � . � � �

2 (0) 2 ( ) 0 (0) ( )C C h C C h; � � ; � $
Hence: (0) ( ) (0) ( ) (0)C C h C C h C� $ $ ; $

Question 2.2
Let Z(x) be a stationary random function. Show that the variogram that

is equal to 21
2( ) [ ( ) ( )]h E Z x h Z x� � � �  has the following properties:

(0) 0� �
( ) ( ) 0h h� � � � �

Answer

(i) 1
2(0) [ ( ) ( )] 0E Z x Z x� � � �

� (h) is the expectation of a square, hence it has to be positive.
21

2( ) [ ( ) ( )]h E Z x h Z x� � � � �

Let y = x – h ( , ) ( , )x h y h� � � , because it is intrinsic

21
2( ) ( , ) [ ( ) ( )] ( ) ( ) ( )h y h E Z y Z y h h h h� � � � � � � � � ; � � � �

Question 2.3
Let Z(x) be a stationary random function. Show that

( ) (0) ( )h C C h� � �

Answer

�(h) = 21
2 {[ ( ) ] [ ( ) ]}E Z x h m Z x m� � � �

= 
2 21

2{ [ ( ) ] [ ( ) ]

2 [( ( ) )( ( ) )]}

E Z x h m E Z x m
E Z x h m Z x m

� � � �
� � � �

= 1
2[2 (0) 2 ( )]C C h�

�(h) = (0) ( )C C h�

Question 2.4
Let Z*(x) be a stationary random function.

*

1

( ) ( )
n

i i
i

Z x Z x
�

� ) where i are constants. Show that

*( ( )) Cov ( ( ), ( ))i j i j
i j

V Z x Z x Z x�  ))
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= ( ( ), ( ))i j i j
i j

Z x Z x�   �))  where 0i �)
Answer '

We know that Cov( ( ), ( )) (0) ( ( ), ( ))i j i jZ x Z x C Z x Z x� � �

Hence ( * ( )) [ (0) ( ( ), ( ))]i j i j
i j

V Z x C Z x Z x�   � �))

= (0) ( ( ), ( ))i j i j i j
i j i j

C Z x Z x  �   �)) ))

= 2(0)( ( ) ( ( ), ( ))i i j i j
i j

C Z x Z x �   �) ))

But 0i �) by the hypothesis.

Therefore: ( * ( )) ( ( ), ( ))i j i j
i j

V Z x Z x Z x� �   �)) If 0i �)

3. Standard Models

Spherical Model

/ 0
3

3

3 1

2 2
when

( )

when

h hC
a a

C

ah
h

ah

� �
. � .� 	� 	
 �

4 <::� � 6
: �:8

Question 3.1
Trace the curve of �(h) when sill c = 2 and range a = 100 m.

Answer
The expression for �(h) when sill c = 2 and range a = 100 m will be

/ 0
3

3
3

100 100

2

when 100

( )
when 100

h h h

h
h

� �
. �� 	� 	
 �

<4
::� � 6
: �
:8

The slope at the origin is equal to � �(h) when h = 0 which is equal to
3/100.

2

3

( ) 3 3
'( )

100 100

d h hh
dh
�� � � �

We will calculate �(h) when h takes values 0, 20, 40, 60, 80, 100, 120.
Elaborate calculations are shown for two cases. Rest can be calculated
in similar manner.
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�(0) = 33(0 /100) (0 /100) 0� �
�(20) = 33(20 /100) (20 /100) 3 0.2 0.008 0.59� � . � �
�(40) = 3 0.4 0.064 1.14. � �
�(60) = 3 0.6 0.216 1.58. � �
�(80) = 3 0.8 0.512 1.9. � �

�(100) = 2
�(120) = 2

Question 3.2
Trace the variogram which is a sum of two spherical variograms, the
first variogram having sill = 1, range 50 m, and second variogram
having a sill 1 and range 100 m. (Note the curvature at h = 50 m and
at h = 100 m).

Answer
It may be remembered that variograms are additive. Sum of two spherical
variograms with c1 = 1, a1 = 50, and c2 = 1, a2 = 100

3 3

1 2 3 3

3 1 3 1
( ) ( ) ( )

2 50 2 2 100 250 100

h h h hh h h� � � � � � . � . � . � .

When h < a1: 
3 3 3

1 2 3 3 3

3 3 1 8 1 9 9
( ) ( )

2 100 2 2 100100 100 100

h h h h hh h
� � � �

� � � � = � � � ��  � 	
 � �  ! "

= 
3

3

9

2 100 100

h h� �
��  

�  ! "
=

2

2

9
1

200 100

h h� �
�� 	
 �

When > ?1 2 1 2 1 2..or.. , : ( ) ( )a h a h a a h h$ $ @ � � �
3

2 3

3 1
1 ( ) 1

2 100 2 100

h hh� � � � � = � =

When h>a2 : 1 2 1 2( ) ( ) 2h h C C� � � � � �

2

3

( ) 1 9 3
'( )

2 100 100

d h hh
dh

� ��
� � � ��  

�  ! "
 Slope near the origin is when h = 0

� �(0) = 9 / 200

� (0) = / 039
0 (0) 0

2
� �

� (10) = / 039
0.1 (0.1) 0.445

2
� �
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� (20) = / 039
0.2 (0.2) 0.86

2
� �

� (30) = / 039
0.3 (0.3) 1.23

2
� �

� (40) = / 039
0.4 (0.4) 1.51

2
� �

� (50) = / 039
0.5 (0.5) 1.69

2
� �

� (60) = / 033 1
1 0.6 0.6 1.79

2 2
� . � . �

� (70) = / 033 1
1 0.7 0.7 1.88

2 2
� . � �

� (80) = 33 1
1 0.8 (0.8) 1.944

2 2
� . � �

� (90) = 33
1 0.9 (0.9) 1.99

2
� . � �

� (100) = 1 + 1 = 2

� (110) = 1 + 1 = 2

Question 3.3
Calculate the slope of the spherical variogram near the origin. Show that
the tangent at the origin cuts the straight line Y = c at h = (2/3)a.

Answer
The tangent at the origin cuts the straight line Y = c at h = (2/3)a. The
slope of the spherical variogram near origin is obtained by differentiating
variogram function and substituting h = 0.

3

3

3 1
( )

2 2

h hh c
a a

� �
� � = � =� 	
 �

2

3

( ) 3 3
'( )

2 2

d h hh c
dh a a

� ��
� � � �� 	
 �

Substituting h = 0, 
3

(0)
2

c
a

� ��  which is the slope near origin.

The equation of the tangent near the origin is 
3

2

cY h
a

� =
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When this tangent cuts the line Y = c at the point of intersection, the
values of (x, y) are common for both the lines, which can be obtained
by equating them.

3

2

cY c h
a

� � 2

3

ahA �

Question 3.4
Show that the spherical variogram has the same behaviour at the origin
as the linear variogram with the following equation:

3
( )

2

ch h
a

� �

Answer

At the origin, 
3

3

h
a

term is so small that it can be neglected for practical

purposes. Hence the equation of the variogram can be considered as

3 3
( )

2 2

h ch c h
a a

� �
� B = � =� 	
 �

But this is nothing but the linear variogram. Hence it is proved that
spherical variogram has the same behaviour at the origin as the linear

variogram with the equation
3

( )
2

ch h
a

� � .

Exponential Model
� (h) = C[1 – exp(– |h| /a)]

Question 3.5
Trace the variogram curve when sill c = 2 and range a = 30 m. Make

a comparison with those of the questions 3.1 and 3.2.

Answer

( ) 1
'( ) ( )

h h
a ad h ch c e e

dh a a
� �� �� � �� � � � = � � � 	� 	
 � � 	
 �

We can get the slope near the origin by differentiating the Gamma
function and substituting h = 0 in the differential.

� �(0) = / 0
0

0 2

30
ac c ce e

a a a
� �

� �
� � �� 	� 	
 �

� (0) = 
0

302 1 0e
�� �

� �� 	� 	
 �
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� (20) = 

20

302 1 0.97e
�� �

� �� 	� 	
 �

� (40) = 

40

302 1 1.47e
�� �

� �� 	� 	
 �

� (60) = 
60

302 1 1.73e
�� �

� �� 	� 	
 �

� (80) = 
80

302 1 1.86e
�� �

� �� 	� 	
 �

� (100) = 
100

302 1 1.93e
�� �

� �� 	� 	
 �

Note: The exponential variogram, in comparison to spherical variogram,
rises very quickly in the beginning. On the contrary it increases very
slowly and reaches the sill value very slowly. Since it is an exponential
function, theoretically it reaches the sill value at infinity only. Therefore
a practical range is defined below.

Question 3.6
Calculate the practical range of the model, i.e. the value of h, for which
� (h) attains 95% of its sill value.

Answer

( ) 95% 0.95 1 0.95 1
h h
a ah c c c e e

� �� � � �
� � . � � � � � �� 	 � 	� 	 � 	
 � 
 �

1 0.95 0.05
h
ae

�
� � �

log(0.05) 3 .h a h a� � . C B
Note: One important point to be noted is that in spherical model, a
represents the sill value at which the � (h) reaches the maximum value.
Whereas in exponential model, theoretically, the sill value is reached
when h = �. That is why we are forced to define a working sill value
of 95% value.

Question 3.7
Calculate the slope of the variogram near the origin. Show that the
tangent near the origin cuts the line Y = c at h = a.

Answer
We can get the slope near the origin by differentiating the Gamma
function and substituting h = 0 in the differential.
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( ) 1
'( ) ( )

h h
a ad h ch c e e

dh a a
� �� �� � �� � � � = � � � 	� 	
 � � 	
 �

The slope near the origin = / 0
0

0'(0) ac c ce e
a a a

� �
� �

� � � �� 	� 	
 �

The equation of the tangent near the origin is 
cY h
a

�

Since it cuts the line Y = c, both can be equated near point of
intersection. In other words:

c h c
a

� or h a� .

Gaussian Model
2

2 2 2( ) 1 [1 Exp( / )]
h
ah c e c h a

�� �
� 	� � � � � �
� 	
 �

Question 3.8
Trace the curve of the Gaussian variogram, when Sill c = 2 and the
Range a = 50. Make a comparison of the curves in questions 3=5 and
3=1.

Answer
We can get the slope near the origin by differentiating the Gamma
function and substituting h = 0 in the differential.

2

2( ) 1
h
ah c e

�� �
� 	� � �
� 	
 �

2 2

2 2

2 2

( ) 2 2
' )

h h
a ad h h hh c e c e

dh a a

� �� �� � � � ��  � � � � . � � .� 	 � 	�  
 � 
 �
! "

2

0

2

2 0
'(0) 0ac e

a

�.� �� � = �� 	
 �

� (0) = / 02 22 1 Exp ( 0 / 50 ) 0� � � � (10) = / 02 1 Exp ( 1/ 25) 0.08� � �
� (20) = 2(1 Exp ( 4 / 25)) 0.30� � � � (30) = 2(1 Exp ( 9 / 25)) 0.60� � �
� (40) = 2(1 Exp ( 16 / 25)) 0.95� � � � (50) = 2(1 Exp ( 25/ 25)) 1.26� � �
� (60) = 2(1 Exp ( 36 / 25)) 1.53� � � � (70) = 2(1 Exp ( 49 / 25)) 1.72� � �
� (80) = 2(1 Exp ( 64 / 25)) 1.85� � � � (90) = 2(1 Exp ( 81/ 25)) 1.92� � �

� (100) = 2(1 Exp ( 100 / 25)) 1.96� � �
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Comparison
The Gaussian scheme presents a parabolic behaviour near the origin
with a horizontal tangent. Hence it rises very slowly at the beginning,
in comparison to either Exponential or Spherical Schemes. The Gaussian
scheme also shows a concavity whereas the other two schemes are
convex. Lastly, for the values of h nearer to the range, the Spherical and
Gaussian schemes appear same.

Question 3.9
Show that the behaviour of the variogram is parabolic near the origin.
Model in |h|�

( ) 0 2h h �� � $ � <
Answer

The behaviour of the variogram is parabolic near the origin.
Behaviour of ex at the origin is:

2

1 ................. (for 0)
2! !

n
x x xe x x

n
� � � � � D

Hence 
2 4 2

2 4 2
( ) (1 (1 .........)) (for 0) :

2!

h h hh c c h
a a a

� D � � � � D � This is

because as h � 0, the higher powers of h can be neglected. This represents
the equation of a parabola of axis (0, y).

Hence the variogram has a parabolic behaviour near the origin. A few
clarifications below:
Origin = h = 0 Behaviour near the origin means 0h D .

Model in  h �

Question 3.10
Trace the curves for different values of � (for example � = ½, 1, 3/2).

Answer

The curves for different values of � (for example � = ½, 1, 3/2).

� = 0.5

h 0 1 2 3 5 10 15 20 25
�(h) 0 1 1.41 1.73 2.24 3.16 3.87 4.47 5

� = 1

h 0 1 2 3 5 10 15 20 25
�(h) 0 1 2 3 5 10 15 20 25

� = 1.5

h 0 1 2 3 5 10 15 20 25
�(h) 0 1 2.83 5.2 11.18 31.62 58.1 89.4 125
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Clarification: It may be clarified that � can not take values greater than
or equal to 2. It can be 1.9 or 1.999, but cannot be equal to 2 or more.

4. Calculation of Experimental Variograms

Regular Grids in One Direction
Question 4.1

1 3 5 7 9 8 6 4 2
Case I I--------I--------I--------I------- I--------I-------I--------I--------I

5 1 9 2 3 7 8 4 6
Case II I--------I--------I--------I------- I--------I-------I--------I--------I

The above figures represent the value of Z(x) at each point. Calculate the
experimental variograms in both the cases.

Answer
The theoretical formula for the variogram is

> ?21
( ) ( ) ( )

2
h E Z x h Z x� � � � .

But to calculate practically / 0 21
( ) ( ) ( ) ,

2
h Z x h Z x

N
� � � �) where N

represents the number of pairs and h represents the lag. The variograms
for the cases are calculated using the formula and presented in Table 5.
The distance lag and the number of pairs for both the cases are same
since the measurement points are same.

Table 5: Variograms of two data sets having same mean and variance

h  �(h)–Case I  �(h)–Case II Number of pairs
1 1.81 10.44 8
2 6.43 8.29 7
3 11.92 4.58 6
4 14.80 5.40 5
5 10.50 11.75 4
6 5.83 4.50 3
7 2.50 6.50 2
8 0.50 0.50 1

It may be noted that though both data sets are numeral from 1 to 9
with the same mean and variance but have different variograms.

Question 4.2
10 12 36 72 91 38 31 50 69 07 21 18 71 08 40 82
I --- I --- I --- I --- I --- I --- I --- I --- I --- I --- I --- I --- I --- I --- I--- I

Calculate the experimental Variogram for the above distribution.
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Answer
h   �(h) Number  h  �(h) Number

of pairs of pairs
1 647.7 15 9 707.8 7
2 962.7 14 10 834.6 6
3 896.2 13 11 543.4 5
4 615.7 12 12 481.6 4
5 810.7 11 13 484.0 3
6 1116.5 10 14 1450.0 2
7 861.5 9 15 2592.0 1
8 565.8 8

Question 4.3
2.4 3.0 - 1.8 1.5 3.0 - 2.5
I-------- I-------- I-------- I-------- I-------- I-------- I-------- I
The numbers represent the tenors in percentage. Two values are missing.
Calculate the experimental variogram.

Answer
Note: While calculating the variograms with missing values, the pairs
with missing values is omitted and it is not taken into consideration
while calculating the number of pairs.

h 0 1 2 3 4 5 6 7

�(h) 0 0.45 0.52 0.60 0.22 0.18 0.13 0.01

Number of pairs 6 3 3 3 3 1 1 1

CONCLUSIONS

Geostatistical methods have found applications in many fields of Earth
Sciences and much more in hydrogeology. In this article, efforts have been
made to introduce the subject in a possible simple way by defining the basic
statistics utilized to develop the method, the basic mathematical derivations
required as well as a few critical comparisons between classical statistical
methods and that of geostatistical methods. Variography, the most important
component of the geostatistical methods, has been dealt with in details and
finally a number of examples of computing the variograms are presented for
demonstration purpose.

REFERENCES

Isaaks, H.E. and Srivastava, R.M., 1989. An Introduction to Applied Geostatistics,
Oxford Universtity Press, USA.

Marsily, G.De., 1986. Quantitative Hydrogeology: Groundwater Hydrology for
Engineers, Academic Press.

Matheron, G., 1963. Principles of Geostatistics, Econ. Geol. 58: 1246-1266.



172 Shakeel Ahmed and K. Devi

Shakeel Ahmed and K. Devi

Indo-French Centre for Groundwater Research
National Geophysical Research Institute, Hyderabad-500007, India

INTRODUCTION

Geostatistics based on the theory of regionalized variables has found more
and more applications in the field of groundwater hydrology. Now geostatistics
has found applications in almost all domains of hydrogeology from parameter
estimation to predictive modelling including the most important one: data
network designing. Geostatistical estimation variance reduction, cross-
validation techniques etc. are a few procedures that could study adequacy of
a given monitoring network and could evolve an optimal monitoring network
with some given constraints. The advantage of the geostatistical estimation
technique is that the variance of the estimation error could be calculated at
any point without having the actual measurement on that point (well). Thus
the benefits to be accrued from an additional measurement could be studied
prior to its measurement. Monitoring through an optimal network can reduce
the amount of data required while providing the desired accuracy and a few
simple procedures have been developed for a geostatistical optimization of
the monitoring network in this study.

A number of geostatistical estimators have been developed and depending
on the nature of the parameter, objectives of the result on precision etc. a
particular method is applied. In this article development of the basic estimation
method i.e. Ordinary Kringing as well as Universal Kriging; from the Kriging
family are described in detail and remarks on them have been discussed.

BRIEF DESCRIPTION OF THE THEORY OF ESTIMATION

The kriging technique was originally developed by Matheron (1965, 1971)
to estimate regionalized variable such as the grade of an ore body at known
location in space, given a set of observed data. Its application to groundwater

Kriging for Estimating
Hydrogeological Parameters13
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hydrology has been described by a number of authors, viz. Delhomme (1976,
1978, 1979), Delfiner and Delhomme (1973), Marsily et al. (1984), Marsily
(1986), Aboufirassi and Marino (1983, 1984), Gambolti and Volpi (1979 and
1979a) to name a few.

If Z(x) represents any random function (for instance, the transmissivity
field in an aquifer) with values measured at n locations in space z(xi),
i = 1…. n and if the value of the function Z has to be estimated at the point
x0, which has not been measured, the kriging estimate is defined as:

z*(x0) =
1

( )
n

i i
i

Z x
�

) (1)

where z*(x0) is the estimation of function Z(x) at the points x0 and i are the
weighting factors. Now we impose two conditions to equation (1), i.e. the
unbiased condition and the condition of optimality.

The unbiased condition (also called universality condition) means that the
expected value of estimation error or the difference between the estimated
z*(x0) and the true (unknown) z(x0) value should in the average be zero:

E[z*(xo) – z(xo)] = 0 (2)

The condition of optimality means the variance of the estimation error
should be minimum.

�2 = var [z*(xo) – z(xo)] minimum (3)

Note that the variance of estimation error �2
k,, is not a priori variance �2

of the random variable z. It is instead a measure of the uncertainty in the
estimation of Z at an unmeasured location. By definition �2

k at a measured
location is zero.

Using the expected value E[Z(x)] = m and rewriting equation (2) with the
help of equation (1) we get:

1

n

i
i�

) = 1 (4)

Developing equation (3) we get:

�k
2 = 

1

n

i
i�

)
1

n

j
j�

) E[Z(xi)Z(xj)] + E[Z(xo)
2] – 2

1

n

i
i�

) E[Z(xi)Z(xo)]  (5)

Introducing a coefficient called Lagrange multiplier � and adding the term

–2�
1

1
n

i
i�

� �
�� 	
 �

)  to the above equation we get:

Q = �k
2 – 2� 

1

1
n

i
i�

� �
�� 	
 �

)
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=
1

n

i
i�

)
1

n

j
j�

) C(xi, xj) + C(O) – 2
1

n

i
i�

) C(xi, xo) – 2�
1

n

i
i�

)  + 2� (6)

To minimize the above expression which is quadratic in  and �, we equate
-Q/-i, i = 1……n and -Q/-� to zero and obtain the following kriging
equations:

1

n

j
j�

) C(xi, xj) – � = C(xi, xo)  (7)

i = 1…..n

1

n

j
j�

)  = 1 (8)

where C(xi, xj) is the value of covariance between two points xi and xj. Now

to express the value �2
k we multiply both sides of equation (7) by 

1

n

i
i�

) and

put the value of 
1

n

i
i�

)
1

n

j
j�

) C(xi, xj) into equation (6) to get:

�k
2 = C(O) – 

1

n

i
i�

) C(xi, xo) + � (9)

which is the variance of the estimation error. Equations (7) and (8) are a set
of (n + 1) linear simultaneous equations with (n + 1) unknowns and on
solving them we get the values of i, i = 1……n and which are later used
to calculate the estimated value by equation (1) and the variance of the
estimation error by equation (9). Therefore, the square root of the expression
given by equation (9) gives the standard deviation �k, which means that with
the 95% confidence true value will be within z* (x0)± 2�k.

When we deal with intrinsic case i.e. working with variogram, which is
common in hydrogeology the kriging equations (7) to (9) are simply modified
as follows:

C(xi, xj) = C(0) – �(xi, xj) (10)

C(xi, x0) = C(0) – �(xi, x0) (11)

Equations (10) and (11) hold good only when both the covariance and the
variogram exist, i.e. in the case of stationary variables. In case the covariance
cannot be defined we can derive the following kriging equations:

1

n

j
j�

) �(xi, xj) + � = �(xi, x0) (12)

i = 1…..n
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1

n

j
j�

)  = 1 (13)

and the variance of the estimation error becomes:

 �k
2 =

1

n

i
i�

) � (xi, xo) + � (14)

Expression in a matrix form:

11 12 13 1n

21 22 23 2n

31 32 33 3n

n1 n2 n3 nn

................ 1

.............. 1

............... 1

................. 1

1.....1......1.......................1...0

� � � �� �
�  � � � ��  
�  � � � �
�  
�  
�  
�  
�  � � � �
�  
�  
�  �  ! "

 

1

2

3

n

� �
�  �  
�  
�  
�  
�  
�  
�  

�  
�  
��  ! "

 = 

10

20

30

n0

1

�� �
�  ��  
�  �
�  
�  
�  
�  
�  �
�  
�  ! "

(15)

where �nm means � (xn, xm). In the short form it is written as:

 [A][] = [B]

 or [] = [A]–1[B] (16)

We have seen previously that after a certain distance, called the range,
which also shows the zone of influence, the variogram generally takes an
asymptotic value. Thus for estimating any variable at a particular point, it is
not very useful to consider the data points beyond the zone of influence,
called the neighbourhood of the estimated point x0. Therefore, if we consider
the points, which lie inside the zone of influence for estimating the variable
at any given point, a smaller matrix will be used. This procedure is called
the ‘moving neighbourhood’. However, when we used the moving
neighbourhood for each point of estimation, a different matrix has to be
inverted separately for calculating the situation and this becomes very time
consuming. If we work with the so-called ‘unique neighbourhood’, where all
the available data points are considered simultaneously, it is sufficient to
calculate the inverse of matrix [A] only once. A simple multiplication is
needed to get the kriged estimate to any location.

It is also clear that the value of z*(x0) is equal to []T [Z] where [Z] is
the column matrix of the measured values at the measurement points; therefore
we can easily write:

z*(xo) = []T [Z] = {[A]–1 [B]}T [Z]
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= [B]T [A]–1 [Z] (17)

Since [A] is a square symmetric matrix, it is unchanged when transposed
also z*(x0) = [B]T[C] where [C] = [A]–1 [Z]

So in the case of the unique neighbourhood, matrix [C] is calculated once
and used for the estimation of all the points.

Similarly the matrix equation for the variance of the estimation error can
be written as follows:

�k
2 = []T [B] = [B]T [A]–1 [B] (18)

A few remarks about the Kriging
1. If we estimate the value of the variable Z at a point Xm, which also is one

of the data locations, i.e. xm E {x1…..xn}, the kriging system provides an
estimated value z* (xm) of the data and nil variance of estimation error.
Hence the kriging estimator is called an “exact” estimator. It is also called
a Best Linear Unbiased Estimator (BLUE) since it is indeed a linear
estimator defined by the conditions of universality and of optimality.

2. Instead of working with the natural values of the variable, it is sometimes
preferable to work with its logarithm; this is often the case with
transmissivity, because when the natural values have a lognormal
probability distribution the spatial structure, e.g. variogram or covariance,
is better defined if the logarithms of the values are used. Moreover, the
arithmetic mean of the logarithm gives, in fact, the geometric mean of the
natural value, which is a better estimator of the true spatial average in the
case of transmissivity (Matheron, 1967).

3. Very often the observed field data are approximate and unreliable but the
kriging theory permits the use of data with uncertainties. For this we
assume that the observed value of the variable z consists of two components
T and e (true part and uncertainty).

4. The variogram calculated on the raw data uses the average variability of
the variable for any particular separation h, and the theoretical model
fitted through the experimental variograms makes it more approximate.
Thus it is necessary to check the validity of the adjusted theoretical model.
In other words, the variogram model and the kriging procedure should
reproduce the observed data. To do so we remove one data point and
estimate the variable at that point from the rest of the measured values
and calculate the difference between the estimated and observed values
(i.e. error).

5. The variance of the kriging estimation error depends on the geometry of
the data network and on the structural model, i.e., the covariance or
variogram but not on the measured value z(xi) at the measurement points.
We have seen that the variance decreases as the number of points in the
near-neighbourhood is increased.
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Therefore, before deciding on a new location for a measurement point (or
the deletion of an existing point) a variance can be calculated, and thus when
the variogram or covariance is known, a better network of data can be
designed based on the minimum variance, prior to any measurement.

UNIVERSAL KRIGING MOSTLY APPLIED TO
WATER LEVEL ESTIMATION

Water levels generally being a non-stationary variable, Ordinary Kriging
technique is not applicable and the technique of Universal Kriging is thus
applied. The water level estimate at any point p (say a well) using Universal
Kriging is written as follows:

h*
p = D*

p + 
1

N

i
i�

) (hi – Di) (19)

where h*
p and D*

p are the estimated water level and the drift respectively at
any unmeasured well p; hi and Di are the values of water level and drift at
well i and i are kriging weights. The water levels h are split into a smoothly
varying deterministic part D and the residual (h – D). A bounded variogram
could be obtained for the residual, as this is a stationary random function.

Modelling the drift correctly is difficult as it is not possible to estimate
parameters of the drift and that of the variogram of residuals from a single
data set. Drift depends on the nature of water level variation, and could be
linear, quadratic or of higher order. Usually a drift is approximated by
polynomials of the space coordinates. For example, a linear drift can be
written as:

Di = a + bxi + cyi 3i (20)

A quadratic drift can be written as:

Di = a + bxi + cyi + dxi
2 + eyi

2 + fxi yi (21)
where a, b, c, d, e and f are the drift coefficients and are constants. It is
possible to estimate a drift by ordinary kriging but it has got the indeterminacy
problem, as that requires the knowledge of the variogram of residuals.

The kriging weights can be determined as follows:

1

N

i ij
i�

 �) + �0 + �1xj + �2 yj = �jp

j = 1 -------- N (22)

1

N

i
i�

) = 1 (23)

1

N

i
i�

) xi = xp (24)
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1

N

i
i�

) yi = yp (25)

and the variance of the estimation error is given by:

�2
p =

1

N

i
i�

) �ip + �0 + �1xp + �2 yp (26)

where � are the variograms of residuals determined by the variographic
analysis, i, j, p denote different points and �0, �1 and �2 are Lagrange
multipliers.
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INTRODUCTION

Appropriate and adequate data are essential for the success of any scientific
study such as groundwater hydrology. Scarcity of data and their collection
on isolated location mainly in the field of hydrogeology makes it necessary
to adopt special procedures such as geostatistical estimation technique for
bridging the gap between field measurements and data requirements. However,
these estimations are based on a crucial criterion of the structural analysis
known as variography and obtaining a true and representative variogram is
extremely ambiguous from limited field data. Cross-validation test to
determine a representative and optimal variogram as well as to validate the
other assumptions has been found very useful in case of hydrogeological
parameters.

Ahmed (2001) used the application of Ordinary Kriging including
variography in a case study on fluoride concentration. In addition to that,
multivariate geostatistical techniques viz., Cokriging, Kriging with an external
drift have found better applications. It is concluded that, depending upon the
situation, geostatistical techniques could be applied at each step of
hydrogeological modelling studies i.e., from data collection network design,
parameter estimation to the fabrication and calibration of aquifer models.

According to Ahmed (2001), numerical simulation of flow and transport
processes in an aquifer necessitates dividing and discretizing the natural
heterogeneous system into a number of small volumes called mesh which
are assumed to be uniform with almost no variation of the aquifer properties
over it. To satisfy this condition, it is necessary to discretize the system into
much finer and hence more number of grids. Although with the availability

Application of Geostatistics in
Optimal Groundwater
Monitoring Network Design
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of more powerful computers, computation with large number of grids/mesh
is not a difficulty but the data preparation that is to assign the aquifer
parameters to each grid/mesh becomes cumbersome. Thus an appropriate
estimation procedure is required to provide an unbiased, minimum variance
and with unique value over the entire area of the mesh.

Rouhani (1985) used composite programming with a combination of
Geostatistics and multicriterion decision-making in optimizing network of
measuring thickness and porosity of a two-layer aquifer system. Aspie and
Barnes (1990) suggested the criterion by minimizing the expected cost of
classification errors. Das (1995) developed an analytical method integrating
the practical implementing aspects and applied to a multilayered groundwater
flow system for contaminant detection. Agnihotri and Ahmed (1997) analyzed
a number of ambiguities arising in the existing methods of data collection
network design using a few worked examples. Hughes and Lettenmaier
(1981) have suggested an algorithm to optimize the location of data collection
points by minimizing the variance of the error in estimating the parameter
over the entire area of the aquifer. Sophocleous et al. (1982) have applied
the technique of Universal Kriging in analyzing the network of wells for
water level measurement in Kansas, USA with respect to cost of the network
and the accuracy obtained. However, it has been limited to the data regularly
spaced along a square grid. Virdee and Kottegoda (1984) have proposed a
map of kriging estimation error (�k) and located new measurement points at
places where a high value of �k was calculated. They have applied this
method to a network of transmissivity and water level measurements. This
procedure has two drawbacks: (1) it is difficult to decide a limit to compare
the �k values to, and (2) an additional point improves the estimation variance
not only at that point but also at the neighbouring points forcing the procedure
to work in an iterative way only. Carrera et al. (1984) proposed an iterative
procedure based on non-linear programming to select the optimal location of
measurement points and applied it to optimize monitoring fluoride
concentration in the San Pedro River basin, Arizona. Bogardi et al.(1985)
proposed a methodology combining two concepts: Geostatistics and
Multicriterion decision making (MCDM) to design a regular observation
network for spatially correlated and anisotropic parameter in a multiplayer
aquifer system, where the composite solutions is quite robust with respect to
variogram parameters and changes in the weight set assigned to the parameter.
Dillon (1988), Rouhani (1985) and Rouhani and Hall (1988) have used the
method of estimation variance reduction calculated at the centre of a set of
discretized blocks in the area. Hudak and Loaiciga (1993) developed an
analytical method integrating practical implementation aspects applied to a
multilayered groundwater flow system for contaminant detection. Gao et al.
(1996) presented a simple algorithm to rapidly compute the revised kriging
estimation variance when new sample locations are added. Moreover, we
believe that this algorithm is useful only if a network has to be improved
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from a sparse one by adding additional measurement points. This algorithm
may not be useful for optimizing a dense network either by deleting the
measurement points or by shifting them. Bras and Rodriguez-Iturbe (1976)
applied multivariate estimation theory to obtain the aerial mean precipitation
of an event over a fixed area considering the spatial uncertainty and correlation
of process, correlation in measurement errors and non-homogeneous sampling
costs.

One of the challenges of monitoring network design in a fractured rock
setting is the heterogeneity of the rocks. Nativ et al. (1999) summarize the
activities and problems associated with the monitoring of contaminated
groundwater in porous, low permeability fractured chalk in the Negev Desert,
Israel. Mayer et al. (1994) have recently presented a related methodology for
designing a monitoring network for plume detection that is based on finding
an optimal design that considers three objectives: minimizing the number of
monitoring wells, maximizing the probability of detecting a contaminant
leak and minimizing the expected area of contamination at the time of
detection. They develop examples based on a two-dimensional areal flow
model and examine the factors influencing trade-offs between the three design
objectives. The intention in their work is to illustrate a decision model for
evaluating monitoring network designs at waste management facilities that
overlie fractured bedrock.

There is a recent work also on Optimization techniques applied in solving
groundwater flow management problems (Ahlfeld et al., 2002). Ahlfeld et
al., in their work, used simple and advanced methods of linear optimization
techniques and includes also sensitivity and range analysis. MODOFC
software uses optimization techniques to find the best combination of pumping
rates and well locations to achieve criteria specified by the user. The response
of the groundwater system is modelled using the groundwater flow simulator.
Design criteria can be specified that encompass construction and operation
costs, pumping rates and volumes, water level elevations and groundwater
flow directions. However, the use of hydraulic head surface is the simplest
and quickest means of flow analysis and provide the most accurate flow
representation.

According to Bogardi et al. (1985), the observation network design itself
may involve the following interrelated factors: (1) observation effort (cost,
time, instrumentation, etc.); (2) relative importance of the various parameters;
(3) the different geostatistical properties of the parameters; and (4) estimation
accuracy or error criteria for the various parameters. The key precondition
for using geostatistics for observation network design is that the variograms
be available for the design parameters. Clearly if no observation network
exists, no variogram based on sample information over the entire area can
be available. For any network design model, one must have some information
on the overall areal variation of the parameter to be observed even if no
“hard” data set, that is, sample information on such variation exists.
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The applicability and usefulness of kriging as a tool for network design
has been recognized. The success of kriging is primarily based upon taking
into account the structural aspects, such as correlations of geological
formations. One of the most interesting features of kriging, as pointed out
by Matheron (1963), is that the variance of estimation, which measures the
uncertainty of the estimate, can be computed before the actual measurements
are available. This feature suggests its application to the design of
measurement networks, namely to locate measurement points in such a way
that the estimation variance is minimized. Hughes and Lettenmaier (1981)
pointed out that kriging should be more useful for network design than for
estimation. Frequently, measurement points are located by random search
procedures. The estimation variance is computed for each set of measurement
points and the set that gives the smallest estimation variance is accepted
(Journel and Huijbregts, 1978).

ESTIMATION VARIANCE REDUCTION APPROACH
IN OPTIMAL NETWORK DESIGN

Geostatistical estimation variance reduction, cross validation techniques etc.
are a few procedures that could study adequacy of a given monitoring network
and could evolve an optimal monitoring network with some given constraints.
The advantage of the geostatistical estimation technique is that the variance
of the estimation error could be calculated at any point without having the
actual measurement on that point say a well. Thus the benefits to be accrued
from an additional measurement could be studied prior to its measurements.
A few new procedures have been developed using geostatistical technique so
that the number of monitoring wells was reduced without loosing the scientific/
monitoring benefits. It is difficult to define or generalize the necessary and/
or sufficient data for a particular study but availability of adequate
measurements to capture the variability of the parameter is the key for a
successful scientific study. Large amount of measurements will make the
study easy but the project extremely ill-favoured or uneconomic but less
number of data will make the study gloomy. It is difficult but important to
determine the optimal requirement of data for any study. Often it depends on
the scientific objective of the study also. The main objectives of the
geostatistical optimization of the monitoring network have been that the
monitored parameter should:

� Represent the true variability of the parameter under study and,
� Provide its estimate on unmeasured locations with a desired accuracy in

the form of the variance of the estimation error.

Thus the entire area is usually divided into reasonably finer grid and the
variance of the estimation error are calculated through a suitable kriging
technique and the same are compared with the pre-decided or desired limit
of the variance of the estimation error. Thus depending on the outcome of
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the comparison, a network is categorized into dense, sparse or near optimal.
The network is iteratively optimized either by discarding, adding or shifting
the measurement points.

The theory of regionalized variable using kriging was used to analyse the
water level from 56 observation wells, with the grid size of 500 m × 500 m.
Following norms are calculated by comparing the �c (cut off standard
deviation) values with �i values all over the area.

Mean value of �i as < �i > (1)

No. of grids (M) where �i > �c (2)

Sum of the Squared Difference (SSD) = &(�i – �c)
2 where �i > �c (3)

If the network is dense, the value of M and SSD will both be zero and
measurement points can be discarded starting from the location with the
least �i. If the network is sparse, M and SSD will be non-zero and positive
and their magnitude directly relates to the sparseness of the network. New
measurement points can be added at the highest �i areas. The monitoring
network need not be dense or sparse but it may not be still optimal as per
the desired accuracy/constraints. In that case values of M and SSD will be
moderately positive and the network could be optimized by shifting the
measurement points.

The following ordinary kriging equation was used in estimation:
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where o( )xF is the estimated value of the variable at the point xo and xo is

the spatial coordinate. The , �, 2
k�  and � are the kriging weight, variogram,

kriging variance and Lagrange multiplier respectively. Krignet using ordinary
kriging equation was used to analyze the 56 data points and based on the
norms as shown in Table 1 and after comparing the different norms the
particular well was not considered for monitoring purpose. The criterion for
rejecting a well(s) was that the different norms should not differ much from
the standard situation when all 56 wells were present. The procedure was
repeated by removing a single well, two wells, three wells and four wells
taken at a time (Table 1).
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OPTIMAL MONITORING NETWORK DESIGN IN
MAHESHWARAM WATERSHED FOR WATER LEVEL

Optimal water level monitoring network design is an important step for
better analyzing the aquifer behaviour by using the geostatistical method in
an unbiased way and to monitor the optimal network without loosing the
scientific benefits. Water level data was used in optimizing the monitoring
network of observation wells. A number of bore-wells (56) based on
geomorphology, land use and other variations were selected to have a first
hand network for measurement of water levels. The existing network consisted
of 56 bore-wells (Fig. 1) out of which 25 (IFP) were specially drilled for
monitoring the water levels and 31 (IFW) were selected from the existing
irrigation wells. The analysis of the variance of the estimation error obtained
using kriging technique on a suitably finer grid in the entire area has been
the basis to discard some of the private irrigation wells. The wells were
discarded in such a way that the variance of the estimation error does not

Figure 1. Location of bore-wells.
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exceed a predecided value i.e., the network was designed based on ordinary
kriging by analyzing the sum of square difference and the mean standard
deviation, keeping the cut off standard deviation (�c) at the lowest i.e., �c
= 3. Thus after a few iterations, a network of 40 monitoring wells have been
evolved consisting all 25 specially drilled observation wells and 15 private
irrigation wells keeping the variance of the estimation error within the desired
limit. Monitoring through an optimal network can reduce the amount of data
required while providing the desired accuracy and a few simple procedures
have been developed for a geostatistical optimization of the monitoring
network in this study. Also the use of common variogram reduces half of the
estimation procedure for estimating water levels for various time periods.
The network of 56 wells was thus modified in order to obtain optimum
observation well for monitoring purpose taking into consideration the scientific
importance so that the water level could be measured in least possible time
and also to reduce the cost involved in water level data collection.

Table 1: Variogram, �(h) = 0 + 148 sph(3500)

Sl. Sigma Sigma(�) SK > SC For total Deleted Data
No. (�) Bar nodes of Well No. Points

227
1 3 5.03 1780 195 ---- 56
2 3 5.06 1800 196 IFW-3 55
3 3 5.04 1780 195 IFW-4 55
4 3 5.04 1780 195 IFW-5 55
5 3 5.05 1790 196 IFW-6 55
6 3 5.06 1800 196 IFW-3,4 54
7 3 5.05 1780 196 IFW-4,5 54
8 3 5.06 1790 196 IFW-5,6 54
9 3 5.07 1810 196 IFW-3,5 54

10 3 5.08 1810 197 IFW-3,6 54
11 3 5.05 1790 196 IFW-4,6 54
12 3 5.09 1820 197 IFW-3,5,6 53
13 3 5.08 1820 197 IFW-3,4,5 53
14 3 5.08 1810 197 IFW-3,4,6 53
15 3 5.12 1840 198 IFW-3,4,5,6 52
16 3 5.04 1780 196 IFW-10 55
17 3 5.05 1790 195 IFW-11 55
18 3 5.04 1780 195 IFW-12 55
19 3 5.06 1790 196 IFW-10,11 54
20 3 5.05 1780 197 IFW-10,12 54
21 3 5.07 1800 196 IFW-11,12 54
22 3 5.05 1790 196 IFW-16 55
23 3 5.10 1880 197 IFW-17 55
24 3 5.04 1780 195 IFW-18 55

(contd.)



186 Shakeel Ahmed et al.

25 3 5.14 1910 197 IFW-16,17 54
26 3 5.06 1790 197 IFW-16,18 54
27 3 5.11 1880 197 IFW-17,18 54
28 3 5.04 1780 195 IFW-19 55
29 3 5.05 1780 195 IFW-21 55
30 3 5.05 1790 195 IFW-22 55
31 3 5.06 1790 196 IFW-19,21 54
32 3 5.05 1790 195 IFW-19,22 54
33 3 5.07 1800 195 IFW-21,22 54
34 3 5.06 1800 196 IFW-7 55
35 3 5.08 1860 197 IFW-8 55
36 3 5.16 1980 197 IFW-7,8 54
37 3 5.09 1840 196 IFW-23 55
38 3 5.05 1790 195 IFW-24 55
39 3 5.04 1780 196 IFW-25 55
40 3 5.07 1800 197 IFW-24,25 54
41 3 5.07 1800 196 IFW-28 55
42 3 5.06 1790 195 IFW-29 55
43 3 5.12 1850 196 IFW-28,29 54
44 3 5.07 1800 196 IFW-27 55
45 3 5.04 1780 196 IFW-14 55
46 3 5.08 1810 197 IFW-27,14 54
47 3 5.07 1810 197 IFW-26 55
48 3 5.10 1860 196 IFW-30 55
49 3 5.03 1780 196 IFW-15 55
50 3 5.08 1800 198 IFW-4,5,6 53
51 3 5.08 1810 197 IFW-14,28 54

It was therefore proposed that a systematic redesign of the network of 40
wells be undertaken in order to examine its adequacy for monitoring the
wells within the watershed. This was achieved by optimizing the information
gained from each observation well and modifying by decreasing the number
of observation wells in order to upgrade the accuracy of the estimates.

MONITORING OF WELLS IN THE STUDY AREA

Water level monitoring was started during January 2000 from 31 wells; later
25 wells were also monitored for analyzing the water level variability in the
fractured rock aquifer (Fig.1). These wells were monitored manually in the
first week during each month. The water level measurements also tell us
about the extent of exploitation of groundwater in a watershed. The water
level decreases consistently in the watershed. In all 56 wells were monitored

Sl. Sigma Sigma(�) SK > SC For total Deleted Data
No. (�) Bar nodes of Well No. Points

227
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regularly each month (Fig.1). The water level varies from 580 m to 640 m
(amsl) which follows the topography of the area.

DISCUSSION AND CONCLUSIONS

The standard deviation maps (Figs 2 and 3) obtained by 56 observation wells
and also the optimal number of 40 observation wells obtained after optimal
network design from the area with grid size of 500 m × 500 m looks very
similar which shows that the network so finally obtained after geostatistical
optimization reproduce the complete water level fluctuation of the watershed.
The statistics of standard deviation (�) obtained after using krignet
(Table 2) shows in good agreement with both cases i.e., when there are 56
and 40 observation wells. This has also been tested in a smaller grid of grid
size 250 m × 250 m. The final map shows the optimized well location
(Fig. 4). Similar work was carried out by Sophocleous et al. (1982). In their
work the error analysis produced by universal kriging indicates that a
significant reduction in the number of wells could be achieved by employing

Figure 2. Contour map of sigma (in m) with 56 measurements
points (500 m × 500 m).



188 Shakeel Ahmed et al.

Figure 3. Contour map of sigma (in m) with 40 measurement
points (500 m × 500 m)

a regular 4-mile (6.4 km) network, without affecting the present level of
accuracy. It also indicates that it is not practical to reduce the estimation
error in the water table surface uniformly throughout the region because to
do so would increase the cost of monitoring wells drastically. For example,
reducing the presently existing error by 50 percent throughout the area would
require 16 times more wells than the currently existing well network.

 Table 2: Comparison of �k for the existing and revised network

Grid Size Total Measurement Min. Max. Mean Variance
Point

500 m × 500 m 56 1.56 10.30 5.03 3.78
500 m × 500 m 40 2.34 10.17 5.32 3.19
250 m × 250 m 56 1.53 11.82 5.49 3.84
250 m × 250 m 40 1.57 11.56 5.77 3.26



Geostatistics in Optimal Groundwater Monitoring Network Design 189

Figure 4. Optimized well location after geostatistical optimization.

It was also conveyed that the error analysis produced by universal kriging
indicates that most of the increase in estimation error in the water table
surface occurs within a short distance of the observation wells. The error
map is a very powerful tool that can be used to evaluate the reliability of
features on a map produced by universal kriging (Olea and Davis, 1977).
The error map and the semivariogram also can be used to determine where
more information is necessary to refine the map and to estimate the number
of additional measurements that will be needed. In this way, regionalized
variable theory provides criteria by which future measurements can be planned
in order to achieve specified levels of reliability. The estimation error can be
reduced to prescribed limit by taking more measurements in critical areas.
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INTRODUCTION

Water level is the only parameter that is measured from the aquifer directly
and also depicts the dynamics of the aquifer. It is measured normally in
static condition but in spite of all precautions taken while measuring the
water level there are data gaps. In aquifer modelling, particularly in the
calibration of the model in transient condition, a sufficiently long time series
of water level is required on all the wells that are used as control points. So
to deal with two different situations that are to have a sufficiently long time
series of water level at any well, geostatistics was applied to fill the data gap,
at the time when the water level could not be measured. With this we
obtained a mixed time series of water level at any well containing measured
water levels without any error term and the estimated water level with
estimation errors at uniform frequency.

A geostatistical technique from the theory of regionalized variables was
first documented by Matheron (1963). The theory of regionalized variables
very well applied to groundwater hydrology are by Delhomme (1978),
Gambolati and Volpi (1979), Marsily (1986), Isaaks and Srivastava (1989)
and Kitanidis (1997) and many others. This theory of regionalized variables
has been applied here in analyzing time variant parameter, the water level
data. As this parameter is very important in understanding the dynamics as
well as stress-strain behaviour of the aquifer, it is of utmost importance that
it should be available in adequate interval of time. This was used during
calibration of the aquifer model.

In the present study, water level data from IFP wells (Fig. 1) was used
from November 2000 to August 2003. The water level was monitored from

Reconstruction of Water Level
Time Series in an Aquifer Using
Geostatistical Technique
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25 wells every month during the first week in one day. Due to unavoidable
circumstances few wells were not monitored during some months. By this
process after three years there were data gaps for some of the wells during
various months (Fig. 2). But the water level had to be known for those wells
for all months to have a complete time series of water level. The data gaps
from January 2000 to October 2000 were completed by geostatistical
estimation using unbiased kriging estimation variance (Best Linear Unbiased
Estimator BLUE, Kitanidis, 1997). After the estimation of the water level
was made along with variance of estimation, it was plotted with complete
data set along with estimation variance and the water level now available
from January 2000 to August 2003.

STUDY AREA

The study area, Maheshwaram watershed, falls between the geographical
coordinate 17° 06' 20" to 17° 11' 00" North latitude and 78° 24' 30" to
78° 29' 00" East longitude and is situated in Ranga Reddy district at about
30 km south of Hyderabad, Andhra Pradesh, India and covering an area of
55 km2, is a typical watershed in a granitic terrain with outcrops, structural
features and fissure systems (Fig. 1). The average annual rainfall of the area

Figure 1. Study area and location of wells.
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is 750 mm. The area lies at an elevation of 600 – 670 m above mean sea
level. The area consists of hard crystalline rocks mainly pink and grey
granites of Archaean age with variable density of fractures within the
subsurface. Major part of the basin consists of biotite granite and some part
of it consists of leucogranite. Foliation of the granites is traced on outcrops
of granite. Granites with pegmatite show higher density of fractures/fissures.
The area consists of dendritic drainage pattern. Major part of the basin is
covered with pediplain having shallow weathering. Soil consisting of clay
loam, red loam and sandy loam with variable thicknesses (0-1 m) form the
top layer (Hashimi and Engerrand, 1999 and Krishnamurthy et al., 2000).
Moderate thicknesses of weathered rocks are present and thus a two-tier
system viz., weathered and fractured aquifers co-exist in the entire area. Due
to over-exploitation of the groundwater resources, the water level has gone
down and presently the groundwater occurrence is mainly in the fissured
rock under unconfined conditions (Subrahmanyam et al., 2000; Maréchal et
al., 2004).

Figure 2. Hydrographs of observation wells showing data gap.
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Hydrogeology

Mostly horizontal fractures were prominent but vertical fractures are also
contributing as a conduit for groundwater flow. Permeability in the fissured
layer is greater than the laminated layer. In general the horizontal permeability
is greater than the vertical permeability. Groundwater occurs mostly in
fractured zone with water table varying between 11 and 20 m below ground
level. The groundwater is mostly tapped by means of bore-wells in the
fractured rock and the yield ranges between 1000-5000 gph (Subrahmanyam
et al., 2000). High yields of some of the bore-wells are due to encountering
of water bearing fractures at depths. Four sets of joints were mapped. The
most prominent joint set strikes in N-S direction based on rose diagram plot.
The strike varies between N10° E to N10° W. The joints are either vertical
or dip very steeply towards west with angles 70° to 75°. The second set of
joints strikes E-W with steep dips. The strike of this joint set varies between
N80°W and N80°E. The third set of joints strike NE-SW direction with
steep dips of 60°-75° towards SE. The fourth set of joints is more or less
parallel to the surface of the topography. All these joints and its system help
in the percolation of rainwater from the surface to the groundwater table.
They also help to act as conduits for the transmission of groundwater. There
are two sets of dykes and the strike of the first set is 90°-110° and the second
set strikes 50° to 60°. There are joints and fractures in the dykes also but the
surfaces are curved. These fracture also act as conduits for the transmission
of surface water to the groundwater. The area is also traversed by lineaments,
identified through the study of aerial photographs and land-sat imageries.
The high yielding wells are aligned along these lineaments.

1-D Variogram of Water Level in Time

In the present study using the water level data from 25 experimental
observation wells, the 1-D variogram analysis using Ahmed (1995, 2001)
was carried out individually for each well to obtain the water level variability
in time. The variogram was calculated and fitted with the theoretical variogram
for all the monitoring wells (IFP’s).
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where h(t) is water level, d is the initially chosen time interval between two
measurement periods; t and (t + d) with �d as tolerance on time interval. d
is actual time for the corresponding calculated variogram. Nd is the number
of pairs for a particular time interval. The additional equation 3 avoids the
rounding-off error of pre-decided time intervals (only multiples of the initial
time is taken in conventional cases). It is very important to account for every
term carefully while calculating variograms.

WATER LEVEL ESTIMATION IN TIME

Method of ordinary kriging was used for geostatistical estimation by Kitanidis
(1997). Given the monsoon climate in the area and if there is no heavy
pumping, the water level time series could be assumed stationary. The
estimation were made at the month(s) for each well where the water level
was not monitored due to some unavoidable cause e.g., due to the pumping
in the nearby well. Thus the water level was estimated using the existing
observed data and the corresponding best fitted variogram’s model parameters.
The estimation was made by ordinary kriging using equations 4-7 which
gives the estimated water level along with the variance of the estimation
error.

METHODOLOGY APPLIED

The theory of regionalized variable (Matheron, 1971) was used to analyze
the water level data. The Ordinary Kriging equation used are as follows:
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where h * (to) is the estimated value of water level at the point to and to is
the particular time. The ,' �,' �2

o and � are the kriging weight, variogram,
kriging variance and Lagrange multiplier respectively.

RESULTS AND DISCUSSIONS

The estimated water level was combined with the existing (observed) water
level data and the plot was made to view the trend of the water level
fluctuations. The observed and the estimated water level were plotted along
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with the standard deviation value at the estimated time. As an example two
cases are shown (Figs 3 and 4). In the beginning the water level data was
not available during the month of January 2000 to October 2000 for all the
25 wells as the wells were newly drilled and the regular monitoring was
started from November 2000 and thus the estimated water level for this
period shows higher standard deviation compared with the in-between
estimated water level. In-between estimated water level for various wells for
certain months shows good agreement with the observed water level and
they follow the trend of the observed water levels. During aquifer modeling
the output of the model is water level which has to be matched with the
observed water levels and any deviation in the water level trend or abnormal
behaviour of water level fluctuation can be justified by calibrating the model.
These results were very useful during calibration of the numerical aquifer
model in transient state with the updated data till July 2003 as the calibration

Figure 3a. 1-D variogram of water level for well IFP-1.

Figure 3b. Observed water level showing data gap for well IFP-1.
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Figure 3c Observed and estimated water level with standard
deviation for well IFP-1

Figure 4a. 1-D variogram of water level for well IFP-9.

Figure 3c. Observed and estimated water level with standard
deviation for well IFP-1.

of the aquifer model in study area was completed up to July 2003 (Kumar,
2004). Thus these estimated water levels have helped for a reliable model
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Figure 4b. Observed water level showing data gap for well IFP-9.

calibration. Figure 5 shows the estimated water levels at three time steps
well matched (very close to each other) with the calibrated water levels
obtained from the aquifer model for well IFP-1. The estimation error bar
helps in addition and suggests what percentage of various aquifer parameters
should be increased or decreased in the aquifer model accordingly and also
by keeping in mind the well condition in the field and its influence in the
model. Similarly, Fig. 6 depicts that the estimated water levels are matched
with the calibrated one but at one time step they are deviating. There could
be many reasons for this type of situation.

Figure 4c. Observed and estimated water level with standard
deviation for well IFP-9.



Reconstruction of Water Level Time Series in an Aquifer 199

Figure 5. Calibrated, observed and estimated water levels with
estimation error bar for well IFP-1.

CONCLUSIONS

Reconstructing of the time series of water levels in all the control wells has
added value to the existing data sets. These estimated water levels value are
plotted along with the variance of the estimation error (in the form of
±2�, � being the standard deviation of the estimated value) both in the form
of upper and lower bound and with the observed water levels without error
bar in the series as hydrographs. This study also helped or justified in an
unbiased model calibration as the simulated hydraulic head obtained from

Figure 6. Calibrated, observed and estimated water levels with
estimation error bar for well IFP-9.
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aquifer model could be verified against the value or a range that was absent
otherwise. The plot of the error permits to check that the simulated heads are
within the permissible limits. The water levels being non-stationary in nature,
in general, are complicated applying geostatistical estimation in space.
However, this problem is avoided in 1-D time domain as the same parameter
shows recurring nature and until and unless extensive recharge or pumping
conditions occur, the water level time series are stationary and provide a
bounded variogram. Also the aquifer modelling provides water level as output
at any time intervals often very close and theoretically the time interval
should be kept close. However, in practice it is just not possible to monitor
water levels at close intervals in the field and thus the present study provides
a solution to match the two conditions.
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INTRODUCTION

Groundwater, the term used for water occurring below the ground surface,
is an important constituent of hydrological cycle and is the major source of
water supply in various sectors. Due to over exploitation, mainly because of
high population growth rates and extensive agricultural uses, there has been
a growing concern about the water resources. For groundwater assessment
and management it is essential to have a thorough understanding of complex
processes viz., physical, chemical and/or biological occurring in the system.
To understand these complexities groundwater model plays an important
role. Groundwater models are simplified, conceptual representations of a
part of the hydrologic cycle. They are primarily used for hydrologic prediction
and for understanding hydrologic processes. During the last few decades
there has been continuous improvement in the development of groundwater
models. In the beginning groundwater models concentrated mainly on the
flow behaviour in groudwater system while recent attempts are made to have
full check on the water quality problem and to simulate the contaminant
migration in groundwater. Now-a-days models range from simple two-
dimensional analytical groundwater flow models to complex three-dimensional
numerical groundwater flow and solute transport models.

DARCY’S LAW

More than a century ago, French Engineer Henry Darcy investigated the
flow of water through a horizontal bed of sand to be used for filtration. In

Governing Equations of
Groundwater Flow and Aquifer
Modelling Using Finite
Difference Method
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1856 he published the mathematical law that is the basis for understanding
all groundwater flow, and later named after him as Darcy’s Law. Darcy’s
results were published consisting of 647 pages as a report titled “Les Fontaines
Publiques de la Ville de Dijon”. His experiment resulted in the formulation
of a mathematical law that describes fluid motion in porous media. Darcy’s
law is the fundamental relationship that we use to understand the movement
of fluids in the Earth’s crust. He states, “The saturated flow of water through
a column of soil is directly proportional to the head difference and inversely
proportional to the length of the column”.

 Figure 1. Experimental set-up for demonstrating Darcy’s Law.

In mathematical form we can write as

Q2�h
Q2 1/l
Q2 A

So we can say, Q2 A �h/l
Now for 1-D flow

Q = –K (A �h/l) (1)

where Q = volumetric flow rate (m3/s), A = flow area perpendicular to l
(m2), K = hydraulic conductivity (m/s), l = flow path length (m), h = hydraulic
head (m), and � = denotes the change in h over the path l.

In differential form we can rewrite it as Q = –K A (dh/dl) (2)

The minus sign on the right-hand term reflects that the hydraulic head
always decreases in the direction of flow. In other words, fluid moves downhill
from regions of high potential energy to regions of low potential energy.

Darcy’s Velocity

The velocity v is known as Darcy velocity because it assumes that flow
occurs through the entire cross section of the material without regard to
solids and pores.

So v = Q/A
or v = (–KA dh/dl)/A
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So v = –k dh/dl (3)

Here the flow is limited to the pore space only so the average interstitial
velocity

v = Q/�A
where � is porosity.

Limits of Darcy’s Law

Darcy’s law has both upper and lower limits of applicability; it does not hold
at very high fluid velocities. The nature of flow is quantified by the Reynolds
Number. It is expressed as,

(Re) = �vd/� (4)

(It is a dimensionless ratio)

where, v is the velocity (m/s), � is the fluid density (kg/m3), � is the fluid
viscosity (kg/m/s), and d is the diameter of pipe (m).

Experimental evidence indicates that Darcy’s Law is valid as long as Re
does not exceed a critical value (between 1 and 10). The law holds for low
velocity and high gradient.

EQUATIONS OF GROUNDWATER FLOW

Groundwater moves from areas of higher elevation or higher pressure/
hydraulic head (recharge areas) to areas of lower pressure or elevation/
hydraulic head. Permeable material contains interconnected cracks or spaces
that are both numerous enough and large enough to allow water to move
freely. In some permeable materials groundwater may move several metres
a day; in other places, it moves only a few centimetres in a century. The
direction of groundwater flow normally follows the general topography of
the land surface. The groundwater movement is governed by established
hydraulic principles.

Derivation of Groundwater Flow Equation

The groundwater flow equation is often derived for a small representative
elemental volume (REV)—a cube, where the properties of the medium are
assumed to be effectively constant. A mass balance is calculated on the
water flowing in and out of this small volume, the flux terms in the relationship
being expressed in terms of head by using the Darcy’s law.

The volume of REV (V) = �X�Y�Z (5)

Let q be the specific discharge, so the rate of flow of water through this
REV can be expressed in terms of three components viz., qx, qy, qz. According
to the Mass Balance equation outflow minus inflow is equal to the change
in storage, i.e.,
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(qout – qin) = Change in storage

Now let us consider the flow along y-axis of the REV.

Influx to the elemental volume through the face, �X�Z = (qy)in

Flux out = (qy)out

Volumetric outflow rate – Volumetric inflow rate

= [(qy)out – (qy)in] × �X�Z

Or = 
y out y in[( ) ( ) ]q q X Y Z

Y
� . � � �

�

So change in flow rate along y-axis is given as

= 
yq
y

-
-

'× �X�Y�Z (6)

Similarly change in flow rate along x-axis and z-axis is given as:

= xq
x

-
-

'× �X�Y�Z (7)

and = zq
z

-
-

'× �X�Y�Z (8)

Now the total change in flow rate = change in storage
We can allow the possibility of source or sink of water within an elemental

volume. The volumetric elemental volume is expressed as R��X�Y�Z, i.e.,

Figure 2. Mass Balance Diagram.
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yx z

qq q X Y Z
x y z

-� �- -
� � � � � �� 	- - -
 �

R��X�Y�Z = Change in storage (9)

The specific change in storage (Ss) is defined as the volume of water
released from storage per unit change in head (h) per unit volume of aquifer.

i.e., Ss = –
V

h X Y Z
�

� � � �
(10)

Now the rate of change of storage is given by,

Ss
t�

=
V

t h X Y Z
��

� � � � �

Or,
V
t

�
� = 

hSs X Y Z
t

�� � � �
�

So
V
t

�
� = 

hSs X Y Z
t

-� � � �
-

(11)

where �V/�t is rate of change in storage.
Now putting eq. (11) in eq. (9) we get;

   
yx z

qq q X Y Z
x y z

-� �- -
� � � � � �� 	- - -
 �

R��X�Y�Z = 
hSs X Y Z
t

-� � � �
-

Or,  
yx z

qq q R
x y z

-� �- -
� � � �� 	- - -
 �

= 
hSs
t

-�
-

Or,  
yx z

qq q
x y z

-� �- -
� �� 	- - -
 �

= 
hSs
t

-�
-

+ R� (12)

R� is expressed as source or sink to aquifer.

Now from Darcy’s Law we know that qx = –Kx
h
x

-
-

Similarly qy = –Ky
h
y

-
-

and qz = –Kz
h
y

-
-

Substituting for qx, qy, qz in eq. (12) we get

 x y z
h h hK K K

x x y y z z
� �- - - - - -� � � �� � � � �� 	 � 	� 	
 � 
 �- - - 
 - � - -  = 

hSs
t

-�
-

+ R�

On solving L.H.S. of above equation we get,
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/ 0 / 0

/ 0 / 0
/ 0 / 0

x
x

y
y

z
z

Kh hK
x x x x

Kh hK
y y y y

Kh hK
z z z z

� �- �- - -� �. � ��  � 	
 �- - - -! "
� �- � � �- - -�  � . � � � 	- - - 
 - ��  ! "
� �- �- - -� �� . � ��  � 	
 �- - - -! "

Since Kx, Ky, Kz are very very small, their values can be neglected;
therefore,

2 2 2

x y z2 2 2

h h hK K K
x y z

� �- - -� � �� 	- - -
 �  =
hSs R
t

-� � �
-

 or        
2 2 2

x y z2 2 2

h h hK K K
x y z

� �- - -� �� 	- - -
 �  = 
hSs R
t

-
� �

- (13)

Equation (13) is the governing equation of the groundwater flow.

Partial Differential Equation of 2nd Order for
Groundwater Flow

 x y z
h h hK h K h K h

x x y y z z
� �- - - - - -� � � �� �� 	 � 	� 	
 � 
 �- - - 
 - � - -  = 

hR Ss
t

-G ��
- (14)

where s = storage coefficient; h = hydraulic head; and ±R = Input/Output.

For Confined Aquifer

The Groundwater flow equation for confined aquifer is

2 2

x y2 2

h hT T
x y

- -�
- -

= 
hR s
t

-G ��
-

(15)

where, Tx and Ty is transmissivity in x and y direction and is equal to

T = K*b = (m/day)(m) = m2/day

where b is the saturated thickness of the aquifer.

For Unconfined Aquifer

If the aquifer becomes unconfined, b = h, so T=K*h and then the above
equation reduces to:
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2 2

x y2 2

h hK h K h
x y

- -�
- -

= 
hR Ss
t

-G ��
- (16)

where h is the water level function of x, y.

Boundary Conditions

Boundary conditions specify how an aquifer interacts with the environment
outside the model domain. To ensure a unique solution to a problem at least
one unique boundary condition is specified. There are four basic types of
boundary conditions:

No Flow Boundaries
There are physical or hydrological barriers that prevent water from flowing
into or out of the model domain. No flow boundaries are specified either
when defining the boundary of the model grid or by setting grid blocks as
inactive (i.e. hydraulic conductivity = 0). This is a very special type of the
prescribed flux boundary and is also referred to as no-flux, zero flux,
impermeable, reflective or barrier boundary. In the analysis of model results,
no flow boundaries are identical to streamlines. The natural groundwater
divides or streamlines act as no flow boundaries.

Constant Head Boundary
A source of water has an invariant water level at the model boundary. This
condition is used to model an aquifer in good communication with a lake,
large river, or another external aquifer. This is also known as first type
boundary condition, which is mathematically referred as Dirichlet boundary.
The constant head boundary or prescribed boundaries can occur when surface
water bodies such as rivers, lakes, canals, seacoast, impoundments and drains
interact freely with the aquifer.

Mathematically, the constant head boundary condition is stated as
h(x) = h0(x), x @H�1 Dirichlet

where h0 is the specified head along the boundary segment H�1 of the
modelled domain �I

Constant Flux Boundary
Entering or leaving the aquifer is constant/prescribed flux. This boundary
condition is used to simulate rainfall or distributed discharge such as
evaporation. It is also useful for specifying known recharge to the aquifer
due to induced recharge or reticulation. This boundary condition is also
referred to as second type boundaries, Neumann’s condition or recharge
boundaries.
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/ 0 / 0h x h x
K

n n
H H

� �
H H

, x @ H�2 Neumann

where Hh(x)/Hn is the specified outward normal gradient to the boundary
segment H�2.

Stream or River Head Dependent Boundary
The rate of flow into or out of the aquifer is a function of the aquifer head,
elevation of stream bed, and the leakage between the aquifer and the stream
or river. This condition is used to model streams or small rivers in poor
connection with the aquifer, upward leakage in artesian aquifers, drains and
overlying aquitards. This is also known as third type boundary condition,
mixed or Induced flux or mathematically Cauchi Condition/Robbins
Condition.

�h(x) + �'Hh(x)/Hn = C0,   x @H�3       Cauchi/Robbins
where C0 is specified function value along the boundary segment H� and �
and � are specified functions.

GROUNDWATER MODELLING

Models are the tools or device that represents an approximation of a field
situation or real system or natural phenomena. These models are applied to
a variety of environmental problems especially for understanding and the
interpretation of the issues having complex interaction of many variables in
the system.

Groundwater flow models are used to calculate the rate and direction of
movement of groundwater through aquifers and confining units in the
subsurface. These calculations are referred to as simulations. The simulation
of groundwater flow requires a thorough understanding of the hydrogeologic
characteristics of the site. The hydrogeologic investigation should include a
complete characterization of the following:

� Subsurface extent and thickness of aquifers and confining units
(hydrogeologic framework),

� Hydrologic boundaries (also referred to as boundary conditions), which
control the rate and direction of movement of groundwater,

� Hydraulic properties of the aquifers and confining units,
� A description of the horizontal and vertical distribution of hydraulic head

throughout the modelled area for both beginning (initial conditions),
equilibrium (steady-state conditions) and transitional conditions when
hydraulic head may vary with time (transient conditions), and

� Distribution and magnitude of groundwater recharge, pumping or injection
of groundwater, leakage to or from surface-water bodies, etc. (sources or
sinks, also referred to as stresses). These stresses may be constant
(unvarying with time) or may change with time (transient).
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Groundwater modelling involves simulation of aquifer and its response to
various input/output systems. Groundwater models have been applied to
investigate a wide variety of hydrogeologic conditions. More recently,
groundwater models are being applied to predict the fate and transport of
contaminants for risk evaluation. Groundwater models represent or
approximate a real system and are tools that help in the organization and
understanding of hydrogeologic data or the prediction of future hydrogeologic
events. Models are not substitute for field investigations, but should be used
as supplementary tools.

Model Classification

Groundwater modelling helps in the analysis of many groundwater problems.
In general, models are classified as Predictive, Interpretive and Generic
types. Predictive model is used to understand the future availability of
resources as well as aquifer responses under varied scenario and stress
situation. Interpretive models are used to understand a system under different
existing domain element such as how a system responds to different fracture
densities and how a system would respond to recharge from a flood event?
Generic type model helps in hypothesizing the situation. No calibration is
required in case of such models.

Figure 3. Types of groundwater models and typical applications

Further, on the basis of applications, four general types of groundwater
models are identified (Fig. 3). The problem of water supply is normally
described by one equation, usually in terms of hydraulic head. The resulting
model providing a solution for this equation is referred to as groundwater
flow model. If the problem involves water quality, then an additional equation
to the groundwater flow equation must be solved for concentration of the
chemical species. Such model is referred to as a solute transport model.
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Problems involving heat also require an equation, similar to the solute transport
equation, but now in terms of temperature. This model is referred to as a
heat transport model. Finally, a deformation model combines a groundwater
flow model with a set of equations that describe aquifer deformation. All of
the models start with the basic equations of groundwater flow.

Models may be subdivided into those describing porous media and those
describing fractured media. Large number of models have come up to resolve
diverse type of hydrogeological problems. Some most widely used models
are:

Physical Scale Model: is made from the same material as those of the
natural system. Sand Models have been used for different types of
hydrogeological studies such as dispersion, artificial recharge and seawater
intrusion etc.

Analog Model: may be developed using electric circuits or viscous fluid
flow as the governing equations of groundwater flow through porous media
is similar to electricity through conductor. Two-dimensional groundwater
flow can be analogous to the flow of a viscous fluid between two very
closely spaced parallel plates. The model is known as Hele-Shaw model.
Fate and Transport Models: simulate the movement and chemical alteration
of contaminants as they move with groundwater through the subsurface.
These models require the development of a calibrated groundwater flow
model or, at a minimum, an accurate determination of the velocity and
direction of groundwater flow, which has been based on field data. Fate and
transport models are used to simulate the following processes:

� Movement of contaminants by advection and diffusion,
� Spread and dilution of contaminants by dispersion,
� Removal or release of contaminants by sorption, or desorption, of

contaminants onto, or from, subsurface sediment or rock, or
� Chemical alteration of the contaminant by chemical reactions, which may

be controlled by biological processes, or physical chemical reactions.

In addition to a thorough hydrogeological investigation, the simulation of
fate and transport processes requires a complete characterization of the
following:

� Horizontal and vertical distribution of average linear groundwater velocity
(direction and magnitude) determined by a calibrated groundwater flow
model or through accurate determination of direction and rate of
groundwater flow from field data,

� Boundary conditions for the solute,
� Initial distribution of solute (initial conditions),
� Location, history and mass loading rate of chemical sources or sinks,
� Effective porosity,
� Soil bulk density,
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� Fraction of organic carbon in soils,
� Density of fluid,
� Viscosity of fluid,
� Longitudinal and transverse dispersivity,
� Diffusion coefficient,
� Chemical decay rate or degradation constant,
� Equations describing chemical transformation processes, if applicable,

and
� Initial distribution of electron acceptors, if applicable.

Mathematical Models: are used to simulate the components of the conceptual
model and include a single equation or set of governing equations that
presents the processes occurring (e.g. groundwater flow, solute transport,
etc.). The mathematical models rely upon the solution of the basic equations
of groundwater flow, heat flow and mass transport. The simplest mathematical
model of groundwater flow is Darcy’s law. Darcy’s law is an example of an
Analytical Model.

Analytical Models: Analytical models are an exact solution of a specific,
greatly simplified, groundwater flow or transport equation. The equation is
a simplification of more complex three-dimensional groundwater flow or
solute transport equations. Prior to the development and widespread use of
computers, there was a need to simplify the three-dimensional equations
because it was not possible to easily solve these equations. Specifically,
these simplifications resulted in reducing the groundwater flow to one
dimension and the solute transport equation to one or two dimensions. This
resulted in changes to the model equations that include one-dimensional
uniform groundwater flow, simple uniform aquifer geometry, homogeneous
and isotropic aquifers, uniform hydraulic and chemical reaction properties,
and simple flow or chemical reaction boundaries. Analytical models are
typically steady state and one-dimensional, although selected groundwater
flow models are two dimensional (e.g. analytical element models), and some
contaminant transport models assume one-dimensional groundwater flow
conditions and one-, two- or three-dimensional transport conditions. Well
hydraulics models, such as the Theis or Neumann methods, are examples of
analytical one-dimensional groundwater flow models. Because of the
simplifications inherent with analytical models, it is not possible to account
for field conditions that change with time or space. This includes variations
in groundwater flow rate or direction, variations in hydraulic or chemical
reaction properties, changing hydraulic stresses, or complex hydrogeologic
or chemical boundary conditions.

Numerical Models: Numerical models are capable of solving the more
complex equations that describe groundwater flow and solute transport. These
equations generally describe multi-dimensional groundwater flow, solute
transport and chemical reactions, although there are one-dimensional
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numerical models. Numerical models use approximations (e.g. finite
differences, or finite elements) to solve the differential equations describing
groundwater flow or solute transport. The approximations require that the
model domain and time be discretized. In this discretization process, a network
of grid cells or elements represents the model domain, and time steps represent
the time of the simulation.

The accuracy of numerical models depends upon the accuracy of the
model input data, the size of the space and time discretization (the greater
the size of the discretization steps, the greater the possible error), and the
numerical method used to solve the model equations.

In addition to complex three-dimensional groundwater flow and solute
transport problems, numerical models may be used to simulate very simple
flow and transport conditions, which may just as easily be simulated using
an analytical model. However, numerical models are generally used to simulate
problems, which cannot be accurately described using analytical models.

Depending upon the numerical techniques employed in solving the
mathematical model, there exists several types of numerical models such as
Finite Difference Models, Finite Element Models, Boundary Element Models,
Particle tracking models, Method of characteristic models, Random walk
models and Integrated Finite Difference Models.

The main features of the various numerical models are:

� The solution is sought for the numerical values of state variables only at
specified points in the space and time domains defined for the problems.

� The partial differential equations that represent balances of considered
extensive quantities are replaced by a set of algebraic equation.

� The solution is obtained for a specified set of numerical values of the
various model coefficients.

Because of the large number of equations that must be solved simultaneously,
a computer programme is prepared.

Although a number of numerical techniques exist, only finite difference
and finite element techniques have been widely used.

Finite Difference Method: L.F. Richardson, in his classic 1910 paper,
introduced finite difference as a method to calculate approximately the solution
of partial differential equations. A vast body of knowledge has been built up
over the years concerning both the theoretical and applied aspects of these
methods.

Fundamental to both the finite element and finite difference approaches
to solving partial differential equations is the concept of discretization wherein
a continuous domain is represented as a number of sub areas.

The basic idea of these finite difference methods is to replace derivatives
at a point by ratios of the changes in appropriate variables over a small but
finite interval.
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Finite difference solution for partial differential equation: Anything moving
on earth is governed by partial differential equation. To solve this partial
differential equation we discretize the area into equal length area. There are
two methods for solving this partial differential equations: the Explicit method
and the Implicit method.

Here we will take the case of 1-D unsteady groundwater flow equation.
It could be written as,

2

2

u u
t x

- -�
- -

(17)

3 $ 0 x $'1, t � 0

 

Figure 4. A grid for a finite difference solution.

Initial condition u(x, 0) = u0

1st Boundary condition u(0, t) = u0, 3 t > 0

2nd Boundary condition u(1, t) = u1, 3 t > 0

Now we consider a function f(a), which is smooth. Then, f may be expanded
into Taylor series about a in the positive direction

f(a + h) = f(a) + hf �(a) + � �
2

2!

h f a�� + ----------- � (18)

( ) ( )f a h f a
h
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2
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h f a�� + --------- �

if h << 0 then,
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f �(a) =
( ) ( )f a h f a

h
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+ O(h) (19)

This is forward difference approximation with terms of order of h (O(h)).
This term is known as truncation error having expressions (h2) and higher
power.

Similarly if we move to the negative direction then

f(a – h) = f(a) – hf �(a) + � �
2

2!

h f a�� – -----------� (20)
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or, f �(a) = 
( ) ( )f a f a h

h

 


+ O(h) (21)

This is backward difference approximation.

Figure 5. Notation for forward and backward simulation of the time
derivative (modified after Bear, 1979).

Now by adding eqs. (18) and (20) we get

f(a + h) + f (a – h) = � � � �
22

2
2!

hf a f a��� �O(h4)

or 2

( ) ( ) 2 ( )f a h f a h f a
h

� � 
 

 = � �f a�� � O(h2)

� �f a�� = 2

( ) ( ) 2 ( )f a h f a h f a
h

� � 
 

+ O(h2) (22)

And if we subtract eqs. (18) and (20) we will get
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f(a + h) – f(a – h) = 2hf �(a) + � �
3

3!

h f a�� + ----------- �

So f �(a) =
( ) ( )

2

f a h f a
h

� 

+ O (h2) (23)

This is the central difference approximation.
Now we have four equations with us:

f �(a) = 
( ) ( )f a h f a

h
� 


 + O(h)    forward difference approximation

f �(a) = 
( ) ( )f a f a h

h

 


+ O (h)    backward difference approximation

f �(a) = 
( ) ( )

2

f a h f a h
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+ O (h2)  central difference approximation

f �(a) = 
2
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+ O (h2)

So finite difference formulas for the first- and second-order derivatives at
(i, j) is,

f �(a) =
i 1, j i, jf f

h
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+ O (h) (24)
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 �
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+ O (h2) (27)

Method of Solution

The first step in obtaining a finite difference solution to eq.(17) is to superpose
a grid on the region of interest in the x-t plain. Each intersection is called
a ‘node’ or a mesh point.

An Explicit Approximation: Let us take a nodal point (ui
n) anywhere on

the grid, where ‘n’ is the time interval and ‘i’ is the space interval. Now
using forward difference approximation method we have
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Now, ui
n + 1 = ui
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where r = � t /(�x)2

ui
n + 1 = rui+1

n  + (1 – 2r) ui
n + r un

i –1 (30)

This r will depend on interval levels which we assign for �x and �t. This
is the Explicit method where the values unknown can be calculated from the
known values of previous levels.

Stability Criterion: The Explicit method is stable if

� �2

t
x
�
�

 = 1/2

or, 0 < r < 0.5

One can see from the above conditions that � t must be very small since
� t $'1/2(�x)2, and the number of computations required to reach a time level
‘tm’ are extremely large.

An Implicit Approximation: Here instead of forward difference approximation
we use backward difference approximation. So we will have

n

i

u
t

�� �
� ��� 	

= 
n2

2

i

u
x

� ��
� ��� 	

where, ‘n’ is the time interval and ‘i’ is the space interval.
Now writing the equation of backward difference approximation at t =

(n + 1)�t, we obtain for constant �x
n 1 n
i iu u

t
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�

= 
� �

n 1 n 1 n 1
i 1 i i 1

2

2u u u
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� � �
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 �

�
O (�t +' �x2) (31)

Here only one value is associated with previous time level and the three
are associated with the present time level unlike Explicit method. Now
assuming that the values un

i are known at all nodes at time n�t, eq. (31) is

a single equation containing three unknowns n +1
iu , n +1

i 1u � , and n +1
i 1u 
 . We can,

however, write equations for each node in the flow domain like eq. (31).
Then since there is one unknown value of head, for time (n+1)� t, at each
node, we shall have a system of equations in which the total number of
equation is equal to the total number of unknowns. Therefore now we can
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be able to solve the entire set of equations, obtaining the new value n +1
iu at

each node i, therefore it is called Implicit method.
It has been deduced by comparing these two methods of solution, that

though implicit method requires much more work in solving the set of
simultaneous equations, it is unconditionally stable, regardless of the size of
the time step �t.

Crank-Nicolson Method

In an Implicit method, �t can be chosen independent of �x. Another
refinement is possible. Generally the smaller the truncation error, the faster
is the convergence of the finite difference equations to the differential equation.
In Explicit and Implicit methods for the time derivative -u/-t the truncation
error was of the order of 0(�t). If -u/-t is replaced by the central difference,
the truncation error associated with the time term would be reduced from
O(�t) to O{(�t)2}. This was done by Crank-Nicolson and later on known as
Crank-Nicolson method.

The Crank-Nicolson method is obtained by averaging the approximations
-2u/-x2 at n and n+1 time levels. Sometimes a weight  (0<<1) is used
here. We then obtain value for -u/-t evaluated at (n+1/2)

So  
n 1 n
i iu u

t
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�

=
� � � �� �

� �

n 1 n 1 n 1 n n n
i 1 i i 1 i 1 i i 1

2

2 1 2u u u u u u
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� � �

 � 
 �� 
 � � 
 � 
 �

�
(32)

The Explicit approximation is obtained by setting  = 0 in eq. (12) and
 = 1 gives the Implicit scheme.

The Crank-Nicolson approximation is given by setting eq. (12 ) with
 = ½

n 1 n
i iu u

t
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n 1 n 1 n 1 n n n
i 1 i i 1 i 1 i i 1

2

1/ 2 2 1/ 2 2u u u u u u

x

� � �

 � 
 �
 � � 
 �

�
(33)

This equation can be modified to treat the problems of unsaturated flow
as well as saturated flow. Extension to more than one space dimension
causes no difficulty.

CONCLUSION

The groundwater modelling is an efficient tool for the assessment and
management of groundwater potential as well as pollution due to
anthropogenic and/or natural causes. Model may be used to predict some
future groundwater flow or contaminant transport condition. The model may
also be used to evaluate different remediation alternatives, such as hydraulic
containment, pump-and-treat or natural attenuation, and to assist with risk
evaluation. In order to perform these tasks, the model, whether it is a
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groundwater flow or solute transport model, must be reasonably accurate, as
demonstrated during the model calibration process. However, because even
a well-calibrated model is based on insufficient data or oversimplifications,
there are errors and uncertainties in a groundwater-flow analysis or solute
transport analysis that make any model prediction no better than an
approximation. For this reason, all model predictions should be expressed as
a range of possible outcomes, which reflect the uncertainty in model parameter
values.
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INTRODUCTION

The granites in and around Hyderabad, India, form part of the largest of all
granite bodies recorded in Peninsular India. Alcaline intrusions, aplite,
pegmatite, epidote, quartz veins and dolerite dykes traverse the granite. There
are three types of fracture patterns (Fig. 1) in the area, viz. (i) mineralised
or weathering fractures, (ii) fractures traversed by dykes, and (iii) late-stage
fractures represented by joints. The vertical fracture pattern is partly
responsible for the development of the weathered zone and the horizontal
fractures are the result of the weathering. Hydrogeologically, the aquifer
occurs both in the weathered zone and in the underlying weathered-fractured
zone. The Maheshwaram watershed of about 53 km² in the Ranga Reddy
district (Fig. 2) of Andhra Pradesh, India, is underlain by granitic rocks. This
watershed is a representative Southern India catchment in terms of over-
exploitation of its weathered hard rock aquifer, its cropping pattern, rural
socio-economy, agricultural practices and semi-arid climate. The objective
of this study is to develop and test well-suited modelling approaches to
simulate the flow in the existing aquifer system that consist of two layers
with any separating strata.

However, due to deep drilling and heavy groundwater withdrawal, the
weathered zone has now become dry. About 150 dug-wells were examined
and the nature of the weathering was studied. The weathered-zone profiles
range in thickness from 1 to 5 m below ground level (bgl). They are followed
by semi-weathered and fractured zones that reach down to 20 m bgl. Joints

Simulation of Flow in
Weathered-Fractured Aquifer
in a Semi-Arid and
Over-Exploited Region

17
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are well developed in the main directions: N 0°–15°E, NE-SW, and NW-SE
that vary slightly from place to place. The groundwater flow system is local,
i.e. with its recharge area at a topographic high and its discharge area at a
topographic low adjacent to each other. Intermediate and regional groundwater
flow systems also exist since there is significant hydraulic conductivity at
depth. Aquifers occur in the permeable saprolite (weathered) layer, as well
as in the weathered-fractured zone of the bedrock and the quartz pegmatite
intrusive veins when they are jointed and fractured. Thus only the development

Figure 1. Cross-section of the typical substratum in a dug-well.

Figure 2. Maheshwaram hard rock watershed in Ranga Reddy
Dist., Andhra Pradesh.
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of the saprolite zone and the fracturing and interconnectivity between the
various fractures allow a potential aquifer.

Mean annual rainfall is about 750 mm, the mean annual temperature is
about 26 °C, although in summer, the maximum temperature can reach
45 °C. The resulting potential evaporation transpiration is 1,800 mm/year.
The annual rainfall is around 750 mm and the recharge around 10-15 %.

NUMERICAL MODELLING OF AQUIFER FLOW
IN MAHESHWARAM WATERSHED

The Maheshwaram watershed was modelled with the MARTHE software
developed at the BRGM (French Geological Survey, Thiery, 1993). MARTHE
is a transient hydrodynamic modelling code, representing three-dimensional
and/or multi-layer flow in aquifers. The solution method uses finite differences
with a rectangular grid and offers the possibility of having a free surface in
a mesh of any layer.

Model Fabrication

The studied aquifer was represented by a two-layer aquifer flow system. The
upper layer for the weathered zone, the lower one in the weathered-fractured
granite represented as an equivalent porous medium. Each layer was divided
into 5,272 square meshes with a 100-m side (Fig. 3). Layer 1 is unconfined
and layer 2 is confined but may become unconfined when layer 1 becomes
dry. The MARTHE code is used with its coupled climatic-balance model
(GARDENIA: Thiéry and Boisson, 1991). The groundwater flow in the
Maheshwaram watershed is simulated in transient regime in order to represent
the piezometric variations observed in the wells in the studied area from
January 2001 to July 2003.

The thickness of the weathered layer was estimated by kriging from the
measurements made in the 25 existing lithologs and the Vertical Electrical
Sounding (VES) interpretations (Krishnamurthy et al., 2000). The geometry
of the weathered-fractured granite layer was deduced jointly from the total
depth of the 900 inventoried wells in the watershed after removing the wells
with a total depth of more than 70 m and from the result of the VES.
Figure 4 shows the aquifer geometry with bottom of each layer above mean
sea level.

Boundary Conditions

The topographical limits of the watershed were taken as the groundwater
divides (no-flow boundaries), except at the northern limit where a non-
perennial stream at the outlet of the watershed can evacuate the surface
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water. At this location, the hydraulic heads were prescribed and set the
average of the 2000-2002 measured field values.

The streams flow only during heavy rainfall for a few hours in a year due
to very rare runoff. That is why, as a first approximation, the role of the
hydrographic network in recharging the aquifer is assumed to be negligible.
The hydrographic network in the study area includes a few low order
ephemeral streams connected to a surface storage tank. The assumption of
a negligible recharge is justified in this study as the flow in the streams are
rare and fast as well as the vertical hydraulic conductivity of the tank beds
are almost zero due to thick silting.

Figure 3. Grid of the watershed, layer 1 is similar to layer 2.

Aquifer Characteristics

No hydraulic tests could be carried out in the first layer because, during the
project period (1999 to 2003), the water table was constantly deeper than the
bottom of the weathered zone. Thus the hydraulic parameters for that layer
were estimated from the literature. The hydraulic conductivities chosen for
the weathered layer were selected according to two assumptions:

� The hydraulic conductivity values must be in the range of the ones found
in the literature for the same type of geology;

� The variability in hydraulic conductivity is based on the conceptual model
of the hydrogeological functioning of weathered-rock/hard rock aquifers
in Africa proposed by Chilton and Foster (1995).
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Figure 4. Aquifer bottom of layers 1 and 2 (asl, in m).
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Figure 5. Hydraulic conductivities in the weathered
layer, after calibration.

Figure 5 shows the distribution of the calibrated hydraulic conductivities
for the weathered layer. They range between 8.10-7 m.s-1 and 5.10-6 m.s-1.
The transmissivities were calculated from the results of 34 aquifer tests in
the weathered-fissured granite layer. But the high variability observed in the
field and the difficulties of matching the simulated heads with the measured
ones led to additional manual calibration of the hydraulic conductivities in
the model.

Average hydraulic conductivity obtained by calibration was compared
with the equivalent horizontal hydraulic conductivity calculated by the
FRACAS model (Bruel et al., 2002), a “discrete fracture network” model,
which was used to interpret 25 slug tests. The hydraulic conductivities in the
weathered-fissured granite layer are shown in Figure 6. They exhibit large
variability (1.10-7 to 3.10-5 m.s-1) from one place to another because of the
heterogeneity of the rocks.

In the weathered-fissured granite layer, linear heterogeneities (impervious
vertical barriers) had to be introduced into the model because this was the
only way to take into account the observed piezometric data. These
heterogeneities were attributed to the dykes that crop out in the studied area,
to a South-North quartz reef crossing the watershed and to some assumed
extensions of dykes (Fig. 6).

The specific yield was taken to be 2.4% in the weathered rocks. This
value is an average of the specific yields observed in the weathered rocks
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of similar watersheds (Rangarajan and Prasada Rao, 2001). The specific
yield of the weathered rocks was also used for the calculation of preferential
recharge. This value lies within the orders of magnitude given by the Proton
Magnetic Resonance (PMR) measurements carried out in the watershed
(Legchenko and Baltassat, 1999). In the fissured granite, this specific yield
is assumed constant at a value of 1%, which is close to the value deduced
from the discrete-fracture network interpretation (0.8%, Bruel et al., 2002),
from pumping test interpretations (0.63%; Maréchal et al., 2004) and water-
table fluctuation interpretations (1.4%; Maréchal et al., 2006). Some sensitivity
tests were made by decreasing the specific yield in layer 2 by one order of
magnitude. This led to a lowering of the simulated water levels due to the
effect of pumping.

Storativity of the weathered layer (as a confined aquifer) plays a role in
the flow calculations only when this layer becomes saturated (Engerrand,
2002). Its value was taken as 8.10-5. For layer 2, the storativity value was
set at 1.10-5.

Aquifer Flows: Recharge, Discharge and Irrigation Return

Total recharge can be divided into three main components (Lerner et al.,
1990): direct recharge (by direct vertical percolation through the vadose
zone - saprolite), indirect recharge (percolation to the water table through the
beds of surface-water courses, almost nil in the study area due to absence of

Figure 6. Hydraulic conductivities in the weathered-fissured
granite layer, after calibration.
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water in surface streams) and local recharge (various scale pathways such as
those due to cracks, roots and trenches, dug-wells, brick factories and major
landscape features) as preferred path.

The direct recharge was calculated on the basis of tritium injection tests
that were carried out in 1999 and 2000. The interpretation by piston flow of
the tests indicated that between the end of July 1999 and November 1999,
the direct recharge was 22.2 mm (Rangarajan and Prasada Rao, 2001) and
that during the 2000 monsoon, the direct recharge was 42 mm. The
GARDENIA code was used at a daily time-step to calculate the balance
between:

� Rainfall (daily data from a rain gauge located in Maheshwaram village).
� Potential evapotranspiration, calculated from the evaporation in a Pan A

and multiplied by a factor of 0.9 (Monteith et al., 1989). The data are
daily when collected at Maheshwaram village and weekly, from an average
of six years of monitoring at the CRIDA farm (CRIDA, 1991-2000),
when they are not available at Maheshwaram.

� Run-off. For the Musi basin, the Central Water Commission calculated a
run-off/rainfall ratio of 11.2 % for the period 1989-1994.

� Available water capacity of the soil. The most common soils in the area
have an available water capacity ranging from 75 to 110 mm (CRIDA,
1990).

The parameters of the GARDENIA code (run-off and available water
capacity) were calibrated for 1999 and 2000 to obtain the measured 22.2 mm
and 42 mm of recharge, respectively, for these periods, as obtained by tritium
injection. The same parameters were then used in the code to estimate the
recharge for the years 2001 and 2002.

Indirect and local recharge was calculated from the groundwater level rise
in the weathered rocks during the tritium experiments of 1999. In 2000, most
of the dug-wells located near the tritium injection points were dry, preventing
us from estimating the preferential recharge. It was thus calculated only for
1999 with the specific yield value of the weathered layer that was known for
similar watersheds (Rangarajan and Prasada Rao, 2001) and the groundwater
level fluctuations measured in the dug-wells within this layer.

Table 1 shows the calculated direct, indirect and local recharge for the
years 1999, 2000 and 2001.

Table 1: Direct, indirect and local recharge for years 1990-2001

Year Direct recharge Indirect and local Total recharge
(mm) recharge (mm) (mm)

1999 22.2 13.8 36
2000 42 25 67
2001 83 35 118
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The major part of the groundwater withdrawal from the system is due to
pumping from the wells. Various means were used to cross-check the
estimates; two quite independent methodologies, viz. a direct one based
upon the well inventory including the location of the wells, their discharge
and pumping duration etc., and an indirect one based upon the demand using
data on irrigated areas, cropping pattern and crop water requirements were
applied.

Evaluation of the discharge rates due to pumping from the well inventory
survey is a direct method of estimation and also provides the grid-wise
information as the wells pumping the groundwater can be plotted on the
grids. For the years 2000, 2001 and 2002, all the wells drilled up to 2000,
2001 and 2002 respectively were taken into account. The total yearly amount
of groundwater withdrawal from the aquifer is given in Table 2. The
groundwater pumping is mainly from the 2nd layer due to water level declines
but the return flow from the irrigated fields occurs in the 1st layer. It was
deduced from the pumping according to:

� Andhra Pradesh Groundwater Department (APGWD) (personal
communication, 2000) report on Maheshwaram land use, and

� APGWD (1977) report on hydrologic parameters of groundwater recharge
in Andhra Pradesh.

that 86% of the pumped water is used for the rice and 14% for other crops.

In the APGWD report (1977), experiments on the return flow from the
rice in a nearby watershed showed that 55 to 88% of the irrigation water
returned to the aquifer. After calibration, 60% of return flows from the rice
and 20 % from the other crops were assumed. In the model, we do not
distinguish between the locations of the rice and the other crops, because
they are not known. The average return flow of one crop (rice/other) is then
taken as:

0.86 × 60 + 0.14 × 20 = 54.4 or D55% of return flow from the
withdrawals.

Simulation and Calibration of the Model

The time-steps of the hydrodynamic calculation in transient flow are 14 days
during the dry season and one week in the rainy season (they are daily when
it rains). The MARTHE code uses GARDENIA to calculate the hydroclimatic
balance; this balance is calculated with a weekly time-step during the dry
season and a daily one during rainy days throughout the year.

The fitting of the model was carried out by calibrating the following
parameters:

� the hydraulic conductivities of the two layers; and
� the return flow from withdrawals.
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The fitting criteria were based on:

� probable orders of magnitude of the fitting parameters; and
� the similarity between the hydraulic heads observed in the project wells

in the field and the simulated ones.

Groundwater Balance

In 2000, the balance (storage variation) is negative (Table 2). The withdrawals
are greater than the recharge and the storage decreases. The pumping wells
are in operation at 99.9% of normal capacity. The discharge from the
prescribed head-boundaries is 1.3% of the recharge, which is negligible. The
overflows are nil.

For 2001, the balance is positive. The recharge is greater than the
withdrawals and the stock increases. The pumping wells are in operation at
99.7%. The discharge from the prescribed heads is 1.8% of the recharge,
which again is negligible. The overflows are 0.2% of the recharge, which is
also negligible. The aquifer overflows are located near the draining meshes,
which seems logical.

In 2002, the balance is strongly negative. The recharge is weaker compared
to the other years and the withdrawals have increased. The pumping wells
are in operation at 97.6%. But the return flow is calculated on the basis of
the maximum demand and not on the basis of the actual withdrawals; in this
case, because the quantity of water that cannot be pumped is not negligible
compared to the demand for water, the prescribed return flow is slightly
over-estimated and the balance is optimistic. In fact, the return flows range
between 6,720,000 m3 and 6,560,000 m3. The discharge from fixed heads is
3.1% of the recharge. The overflows are 0.2% of the recharge, which is
negligible and also located near the draining meshes.

Table 2. Annual water balance in Maheshwaram watershed

1/1/–31/12/2000 1/1/–31/12/2001 1/1/–31/12/2002

Recharge (m3.y–1) 3,521,000 6,213,000 2,372,000
Return flow (m3.y–1) 5,214,000 6,228,000 6,720,000
Outlet from fixed heads (m3.y–1) –46,000 –110,000 –74,000
Withdrawals (m3.y–1) –9,469,000 –11,293,000 –11,927,000
Groundwater overflows (m3.y–1) 0 –13,000 –5,000
Storage variation (m3.y–1) –780,000 1,026,000 –2,912,000
Balance deviation (%) –0.02 –0.02 0.42

Analyses of the Simulation/Calibration and Prediction

A comparison between the simulated heads and the measured ones for January
2001 under steady state conditions shows that most of the water levels are
well simulated and are falling on the 450 line. The comparison between the



Simulation of Flow in Weathered-Fractured Aquifer 229

simulated groundwater levels in the transient condition shows a satisfactory
calibration as the differences (Fig. 8) are more or less in the tolerance limit.

Figure 7. Comparison between simulated and calculated heads for
January 2001 in Steady State Simulation.

Figure 8. Comparison of the simulated groundwater levels
(continuous line) and observed ones (stars).
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Figure 9. Simulated water levels for layers 1 and 2.

Figure 9 presents some simulated water-level maps for both layers. There
is not much difference in the water levels between layer 1 and layer 2 except
in the zone of large groundwater withdrawals where layer 2 shows lower
hydraulic heads than layer 1.

Some predictive scenarios were tested until the year 2023 assuming:

� that the recharge was set at a constant value equivalent to the average of
the recharge calculated between 1986 and 2002; and
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� that the recharge varied as it had done between 1986 and 2002.

In both scenarios, the water demand was set constant and equal to the one
in 2002.

If the water demand increases, the scheme is different. Figure 10 shows
an extrapolation of the water demand over the next 20 years. This figure is
only an example. It proposes a logarithmic increase in the water demand
justified by the assumption that the yearly increase of the number of wells
will decrease due to a saturation of the land use. With this figure, the number
of wells located in the watershed will have increased from 709 to 1004 in
January 2023.

Figure 10. Anticipated water demand for the next 20 years.

Predictions were made with this new scenario. The groundwater level
decreases rapidly (Figure 11). In the longer term (a few more years), the

Figure 11. Groundwater status in 2023.
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groundwater storage will be directly equivalent to the recharge. The monsoon
will allow the aquifer to recharge but the irrigation will, within one year or
less, empty the aquifer until the next monsoon season. In these conditions,
the farmers will be more vulnerable to dry years than at present and may not
be able to grow two or even one crop in these years. This will lead to
economic instability and hardship for the farmers.

CONCLUSION

The flow in a weathered-fractured coupled system of aquifers was simulated
using two layers model. Such situation is quite representative of the aquifers
in granitic terrains. The special condition in this particular case has been that
in most of the simulation period the aquifer in the weathered layer has been
dry. In the two-layer aquifer model the upper layer being the weathered
rocks was simulated as porous medium with comparatively low variability
in hydraulic property but in the lower layer the weathered-fractured rocks
was simulated as equivalent porous medium with highly variable hydraulic
properties and contrast. The special case is also due to the fact that no
separating layer exists nor is simulated between the weathered and fractured
layers. For a majority of wells, hydraulic head simulations are in accordance
with the water levels observed in the project wells for the years 2001 and
2002. Hydraulic heads that are not in accordance with the field observations
are located in areas where the withdrawals have been intensive and are to
be verified. The average hydraulic conductivity and the specific yield of the
weathered-fissured layer are in accordance with those found with the “Discrete
Fracture Network” model used to interpret the pumping tests in the aquifer
(Bruel et al., 2002). The model has to be further improved and calibrated for
the heterogeneities in the hydraulic properties by accurately estimating other
input parameters. The return flow from the irrigation water is very difficult
to validate. It is an approximate parameter that can also be calibrated with
the model. Although the model was calibrated only for two years for which
the data existed, some predictive scenarios were tested for further 20 years.

The results of the predictive model with the anticipated scenario show
that if the water demand increases, the water levels in the watershed will
decrease drastically everywhere. More and more wells will become dry and
the groundwater storage at the beginning of a given year will be entirely
dependent on the recharge of that year. In other words, there will not be any
more reserves in the aquifer (Custodio, 2002) to even out the temporal
variability of recharge from year to year. This will lead to difficulties for the
farmers and economic instability.
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INTRODUCTION

Increasing demand for groundwater due to ever increasing population has
initiated the need for effective management of available groundwater
resources. During the past two decades, the water level in several parts of
India has been falling rapidly due to increase in pumping of ground waters.
Proper management of aquifer systems is necessary as groundwater is the
major source for domestic and industrial purposes, especially in urban and
semi urban areas. Groundwater modelling is a powerful management tool
which can serve multiple purposes such as providing a framework for
organising hydrologic data, quantifying the properties and behaviour of the
systems and allowing quantitative prediction of the responses of those systems
to externally applied stresses. A number of groundwater modelling studies
have been carried out around the world for effective groundwater management
(Corbet and Bethke, 1992; Storm and Mallory, 1995; Gnanasundar and Elango,
2000; Senthil Kumar and Elango, 2004). Such a study was carried out in the
coastal aquifer located south of the city of Chennai, India. In addition to this,
local residents also pump water from this aquifer. This aquifer is under stress
due to pumping of groundwater to meet the ever increasing water needs of
the city. The present study was carried out with the objective of developing
a numerical model for this area in order to understand the behaviour of the
system with the changes in hydrological stresses. The finite difference
computer code MODFLOW (Modular 3-d finite difference flow) with
Groundwater Modelling System (GMS) as pre- and post-processor was used
to simulate the groundwater flow in this study.

Regional Simulation of a
Groundwater Flow in Coastal
Aquifer, Tamil Nadu, India
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DESCRIPTION OF THE STUDY AREA

The study area lies just south of Chennai city and extends from Adyar river
in the north to Muttukkadu estuary in the south. It covers an area of 20 km
in length and 3 km in width. The eastern side of this area is bounded by the
Bay of Bengal as shown in Fig. 1. Climate of this area is characterised by
an oppressive hot summer, dampness in atmosphere nearly throughout the
year and good seasonal rainfall. The summer season is from April to June
which is followed by the southwest monsoon season from June to September.
October to December constitutes the northeast monsoon season with the
associated rains being confined to November and December. Average total
rainfall is about 1260 mm/year.

Figure 1. Study area with location of monitoring wells.
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Geology and Hydrogeology

The study area exhibits varied physiographic features with elevation ranging
from 1.0 to 11.5 m above MSL. The ground surface slopes towards the east
and west from the central elevated portion. The region which lies towards
the west of the Buckingham Canal has topographic elevation varying between
1.0 and 8.0 m above MSL. Western boundary of the study area has the
highest elevation of 8.0 m above MSL. Geologically, the area comprises
unconsolidated sandy formation of different depositional environments
belonging to Quaternary age. The alluvial deposits are comprised of
interlayered clay, silt, sand, gravel and pebble beds. These formations overlie
the charnockites of Archean age. Charnockites occuring below this sandy
formation function as impermeable strata or bed rock. The total depth of the
aquifer system ranges between 3 and 23 m (Gnanasundar and Elango, 2000).
The hydraulic conductivity of the aquifer lying west of the Buckingham
Canal has values between 25 and 35 m/day, while the sub basin along the
east of the canal has high hydraulic conductivity with values ranging between
45 and 75 m/day. The specific yield of the aquifer ranges from 0.17 to 0.23.

GROUNDWATER MODELLING

The computer software programme MODFLOW, Groundwater Modelling
System (GMS), (McDonald and Harbaugh, 1998) developed by the United
States Geological Survey was used for the present study to give input data
and process the model output. This equation describes the groundwater flow
under non-equilibrium and anisotropic medium, provided the principal axes
of hydraulic conductivity are aligned with x-y Cartesian coordinates axes.
The computer programme uses finite-difference technique and block-centered
formulation to solve the groundwater flow equation for the three dimensional
steady and transient flow in heterogeneous media of the South Chennai
aquifer.

Model Formulation

The conceptual model of the hydrogeologic system was derived from a
detailed study of the geology, borehole lithology and water level fluctuations
in wells. Groundwater of the study area was found to occur in both alluvial
formations and in the underlying weathered rocks. The measured groundwater
head in monitoring wells, screened in the alluvial and weathered formation,
is about the same. Based upon this information, the alluvial and the weathered
fractured rocks can be considered as a single, unconfined layered system.

Grid Design and Boundary Conditions

The scanned map of the study area was imported in the MAP module of
GMS with proper geographical registration. Boundaries and canal of this
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map were digitised as polygons in the MAP module. This digitised map
automatically generated grid pattern for use in the MODFLOW.

The gird pattern was developed by assigning a constant spacing 400 ×
600 m. This spacing resulted in dividing the area into 40 rows and 30
columns (Fig. 2). A part of the area was discretised into a relatively finer
mesh size as they comprised numerous pumping wells. Vertically this region
was divided into a single layer of varying thickness. The Bay of Bengal,
Muttukadu Estuary and the Adyar River were taken as constant head
boundaries as the water levels in these water bodies are generally at mean
sea level throughout the year. The Buckingham Canal was taken as internal
constant head boundary with the constant head at mean sea level. The western
boundary of the area was considered as a no flow boundary as shown in
Fig. 2.

Figure 2. Model grid pattern and boundary conditions.
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INPUT PARAMETERS

Aquifer Characteristics

Horizontal hydraulic conductivity of the sandy aquifer ranges between 25
and 75 m/day. Aquifer lying west of the Buckingham Canal has values
between 45 and 75 m/day. The low K value along west of the canal is
attributed to the presence of sandy clay and clay. The specific yield of the
alluvial aquifer ranges from 0.17 to 0.23. The specific yield of the aquifer
existing between the coast and the canal ranges between 0.21 and 0.23,
while the other portion has values ranging between 0.17 and 0.19.

Groundwater Abstraction

The groundwater of the study area is abstracted for domestic, industrial and
irrigational purposes. The average annual pumping is about 4.25 MGD. This
has been obtained from the government agencies such as the Public Works
Department and Metro Water. Pumping rate by private agencies was estimated
through field visits. The pumping rate of wells that exist within the housing
complexes in the northern part of the study area was also taken into account
and pumping rates from these wells were estimated from well inventory
survey by collecting data on pumping duration in a day. About 90% of the
total pumping occurs within the regions lying between the Buckingham
Canal and the coast. The pumping activity on western side of the canal is
limited only to domestic purposes mainly for drinking and other household
purposes due to poor groundwater quality.

Groundwater Recharge

The rate of rainfall recharge varies within the study area. Two recharge
zones, A and B, have been demarcated based on the soil types, geomorphic
pattern, land use and topography. The rainfall recharge rate in zone A is
around 40-48% and in zone B it is around 25-35% as shown in Table 1. High
recharge occurs in Zone A where sand and sand dunes occur. Recharge rate
in the areas of zone B is quite less due to the presence of sandy clay/clayey
soil.

Table 1. Recharge value incorporated in the model

Zone Recharge %
Zone A (Sand) 40-48%
Zone B (Sandy clay/Clayey soil) 25-35%
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Model Calibration

The calibration strategy was initially to vary the best known parameters as
little as possible, and vary the poorly known or unknown values the most to
achieve the best overall agreement between simulated and observed datasets.
Transient state model calibration was carried out to minimize the difference
between the computed and field water level conditions with the water level
data of January 2000 in 28 wells distributed over the study area. Out of all
the input parameters, the hydraulic conductivity and specific yield are the
poorly known. Based on the data, it was decided to vary hydraulic
conductivity, specific yield values up to 10% to get a good match of the
computed and observed heads (Fig. 3). Table 2 shows the initial and calibrated
hydraulic conductivity values of the simulated head. The root mean square
error and mean error were minimised through numerous trial runs. Transient-
state simulation was carried out for a period of six years from January 2000
to January 2006, with monthly stress periods and 24 hr time steps. The trial
and error process by which calibration of the transient model was achieved
included several trials until a good match was achieved between computed
and observed heads over space and time.

Figure 3. Computed and observed head in transient state calibration.

Table 2. Initial and calibrated hydraulic conductivity and
specific yield of the simulated head

Geology of Hydraulic conductivity (m/day) Specific yield
the area Initial Calibrated Initial Calibrated

Sand 75 81 0.22 0.31
Clayey sand 25 21 0.17 0.23
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SIMULATION RESULTS

The model was simulated with the regional groundwater head and it was
compared with the observed data of 28 wells. The predicted regional head
generally follows the observed regional groundwater head. The regional
groundwater head for the months of January 2000 and January 2006 is
shown in Figs 4 and 5 respectively. In general, the simulated results indicate
that this aquifer system is stable under the present pumping rate, excepting
for a few locations along the coast where groundwater level has gone up to
1 m above sea level. The regional groundwater flow direction is towards
east. There is fairly good agreement between the computed and observed
heads. A comparison between the observed and computed head values for
the observation well no. 8 is shown in Fig. 8. The computed head values
mimic the observed head values.

Figure 5. Computed regional ground-
water head (Jan 2006).

Figure 4. Computed regional ground-
water head (Jan 2000).

Increase in Pumping

As groundwater is the major source of water for the cities from this region,
there has been increase in pumping over the years. Hence, it is essential to
know the behaviour of the system under increased hydrological stress. The
model was simulated for the increase in pumping of 10% along the coastal
region. The regional groundwater heads for the months of January 2000 and
January 2006 are shown in Figs 6 and 7, respectively. A comparison between
the observed and computed head values for the observation well no. 8 is
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shown in Fig. 9. In well No. 8, the groundwater head is lowered by 0.5 to
1.5 m. The result clearly indicates that the aquifer is not stable and increase
in 10% pumping in the coastal region does affect this aquifer system.

Figure 7. Computed regional
groundwater head after
10% increase in pumping
(Jan 2006).

Figure 6. Computed regional ground-
water head after 10% increase
in pumping (Jan 2000).

Figure 8. Computed and observed water heads at normal
pumping in well no. 8.
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CONCLUSION

Simulation of groundwater flow by three-dimensional mathematical model
indicates that this aquifer system is stable under the present pumping rate.
The computed groundwater head over space and time matches reasonably
with the observed groundwater head with a difference of 0.4 m. Sensitivity
analysis revealed that the developed model is very sensitive to recharge and,
to some extent, hydraulic conductivity and specific yield. Increase in 10%
pumping rate will lead to lowering of the groundwater head by 0.5 to 1.5 m.
This will result in seawater intrusion in coastal regions of this aquifer system.
The study indicates that the total abstraction from this aquifer has to be
restricted to 4.25 mgd to prevent seawater intrusion.
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INTRODUCTION

Groundwater occurs in varied geological formations. Its occurrence in
geological system is controlled mainly by the lithology (porosity and
permeability) and structure (fractures, faults, dykes). The unconsolidated
sediments referred to as continuous media, although vulnerable to
contamination under shallow conditions, always form important source of
water due to appreciable porosity and permeability. However, the water
supply from these aquifers is dwindling worldwide due to overexploitation,
global warming, easy exploitation, poor management etc. As the demand of
freshwater exceeds rapidly than its renewal, the groundwater levels have
gone down rendering a good number of wells dry. Hard rocks can also be
good aquifers only if the secondary porosity is developed in the form of
fractures or solution cavities and/or weathering. Fortunately all consolidated
subsurface rocks are fractured to some degree with a scale ranging from
microcracks to crustal rifts (Bonnet et al., 2001). The fractures generally
increase the hydraulic conductivity of the rocks if the discontinuities are
more permeable than the parent rock. Sometimes fractures may form barriers
to flow if the contained material is less permeable than the host rock.
Geological formations with fractures, solution cavities and large openings
are referred to as discontinuous media. The occurrence, exploration and
exploitation of groundwater in these media continue to intrigue and challenge
hydrogeologists (Narasimhan, 2005) due to very high heterogeneity and
anisotropy. Karst is commonly considered as the result of the solution process
of carbonate rocks, viz., limestone and dolomite (Bakalowicz, 2005).
Generally, fractured media do not constitute highly productive aquifers due
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to limited fracture dimensions. However, most carbonate rocks are karstified
during geological time, with the development of poljes, sinkholes, dolines,
caves etc. thereby forming highly productive aquifers. Generally less than 50
ky are required for development of an integrated karst network (Atkinson et
al., 1978; Dreybrodt, 1998).

Figure 1. Geological map of Kashmir (modified after GSI, 1977)

Kashmir Valley (Jhelum basin), one of the many NW-SE oriented
depressions of regional dimensions of Himalayan mountain system is an
intermontane valley bounded by four major ranges; Pir Panjal Range towards
SW, Saribal Range SE, Great Himalayan Range towards NE and Qazinag
Range towards NW. The valley is about 135 km long and 40 km wide with
a floor which in the Jhelum floodplain is only 1585 m above sea level,
covering an area of about 12,757 km2. It lies between the longitudes 33°25�N
and 34°32�N and latitudes 74°0�E and 75°30�E. The Valley has been described
as a great synclinal (de Terra and Paterson, 1939; Wadia, 1975), seated on
the back of a vast nappe, Kashmir nappe (Wadia 1931). Spate and Learmonth
(1976) described the complexity of physiographic features of Kashmir Valley
as “predominance of majestic mountain ranges with snow clad peaks, large
longitudinal valleys of subsequent streams occupying deep gorges, transverse
gorges cut across the ranges by antecedent streams, strategic mountain passes
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alluvial plains, preponderance of glaciers and patches of snow fields, plateau
like features developed in thick accumulations of the Pleistocene glacial
moraines (Karewas) and numerous glacial lakes”. Geomorphologically the
area is represented by a valley, high structural hills, small mounds of Karewa
in the valley portion and colluvial fans below the hill slopes (Singh and
Sharma, 1999). This complexity of physiographic units with numerous faults
gives rise to complex aquifer system. However, in this article an attempt is
made to describe the possibility of occurrence of groundwater in geological
formations on a broader scale.

Diversified geological formations, lithological variations, tectonic
complexity and geomorphological dissimilarities of Kashmir give rise to a
variety of groundwater situations. The Valley is filled with soft rocks,
unconsolidated sediments of Quaternary and Recent age, garlanded by and
rested on hard rocks mostly volcanics and limestones (Fig. 1). Being part of
the Himalayas, it has a complex tectonic history, consisting of diversified
rocks that are folded, faulted and jointed. Groundwater occurs in both soft
as well as hard rocks.

SOFT ROCK AQUIFERS

The Quaternary to Recent rocks comprising the alluvium and Karewa deposits
are the important continuous media or unconsolidated formations. These
sediments are comprised of clays, silts, sands, gravels etc. and may be good
aquifers.

1. Karewas

The Karewas preserve a record of sediment deposition in a lake formed
during the Late Neogene to Quaternary period (Bhatt, 1975, 1976; Singh,
1982; Burbank and Johnson, 1983) covering an area of about 5000 km2.
These unconsolidated fluvio-lacustrine deposits are exposed in the river valleys
and the plateau margins of the Kashmir Valley, comprising alternations of
clays, silts, sands with occasional boulder beds. The gravity surveys supported
by refraction surveys, carried out in the Valley, indicate their maximum
thickness as 2000 m resting on Triassic Limestone or Panjal Traps (Datta,
1983). Exploratory drilling carried out by ONGC in search of hydrocarbon;
at Chattargam (very close to Yachigam, Pulwama) where the Karewa
sediments encountered up to the depth of only 515 m below which 600 m
of Triassic Limestone have been drilled and at Narbal where Karewa sediments
directly overlie Panjal Traps at a depth of only 550 m. This indicates the
narrowing of the Karewas towards the peripheral areas. Isolated exposures
of Karewas form minor hillocks in the Valley. The frequent alternations of
clay with sand and boulders, sub-horizontal disposition, almost gradational
character and undulating nature of the Karewa deposits minimizes the
possibility of occurrence of potential aquifers in these deposits. Groundwater
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in the Karewa aquifers are mostly Mg(Ca)-HCO3 type and have characters
of interaction with volcanics indicating their reservoir in Panjal Traps (Jeelani
2004, 2005).

2. Alluvium

The central part of the Valley, which mostly covers the flood plains of the
river Jhelum and adjoining streams, is filled with Recent alluvium. These
deposits include alluvial tracts, flood plains, river terraces and talus and
scree fans. The deposits are mostly water logged. The groundwater at some
places along Jhelum River has evolved to chloride type and the total dissolved
solids have increased to ~1500 mg/L. Besides, the groundwater is mostly
associated with methane gas. The wells sunk in these deposits were abandoned
by the people. However, towards the periphery the quality of groundwater
is excellent of Ca-HCO3 type. The groundwater in these areas has signatures
of interaction with carbonates reflecting Triassic Limestone as the reservoir.

The exploratory drilling operations carried out by ONGC, CGWB and
Directorate of Geology and Mining, Jammu & Kashmir, suggest that the
aquifers are highly erratic, mostly lenticular with lesser aerial and vertical
extent.

HARD ROCK AQUIFERS

The soft rocks are surrounded and underlaid by hard rocks. Broadly hard
rocks of Kashmir can be divided on the basis of their distribution and
dimensions into two broad divisions; Panjal Traps and Triassic Limestones.
These rocks have been subjected to tectonic disturbances through geological
time with the evolution of Himalayas, resulting into the deformation in the
form of fractures. The fractures in the Triassic Limestone have progressively
developed to karst due to solution action.

1. Panjal Traps

The Panjal Traps are upper Middle Carboniferous to Permian basic volcanic
rocks of Kashmir. These are fine grain, generally light coloured, massive and
hard block lavas with columnar and conjugate joints (Middlemiss, 1910;
Bhat et al., 1881). The Panjal Traps are extensively developed with estimated
thickness of about 2500 m. Active tectonics have developed the secondary
porosity in the Formation, making it a productive aquifer. A number of
perennial springs with a discharge of not exceeding 20 L/s emanate through
it. The perennial and less fluctuating discharge of the springs reflects the
productivity of the aquifer. The famous Chashma-Shahi spring emanate
through this aquifer. The water is sweet and digestive, and was used by
people from time immemorial. Pandit Jawahar Lal Nehru used to get this
water to Delhi. The groundwater of this formation is really a mineral water
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of Ca(Mg)-HCO3 type. Presence of a number of trace elements, Fe, Cr, Cu,
Mn, Zn, Co, Ni, F etc., although within the drinking water quality standards
prescribed by World Health Organisation (WHO) and Indian Standards
Organisation (ISO) has categorized the groundwater within this aquifer into
the excellent quality.

2. Triassic Limestones

Of the three epochs of the Mesozoic era, only Triassic is well developed and
lies conformably over Paleozoic. Triassic limestone consists of a thick series
of compact blue limestone, argillaceous limestone and dolomitic limestone
and covers a large area of Kashmir, with a thickness of about 850 m
(Middlemiss, 1910; Wadia, 1975). The groundwater effluence takes place as
natural springs through Triassic limestone with fairly high rate of discharge
ranging from a few L/s to 1800 L/s (Jeelani, 2005). The perennial nature and
high and fluctuating discharges of these springs are indicative of the extent
of development of karstification and productivity of the formation. Historical
famous springs beautified by Mughals include Verinag, Kokernag, Achabal,
Andernag, Martandnag, etc. The groundwater of this formation is of
Ca-HCO3 type.

Groundwater Development

Although groundwater development in Kashmir Valley is at its first stage,
the demand for groundwater is increasing due to unreliable and/or inadequate
surface water or supplied water. The people started groundwater exploitation
to meet their demands but abandoned the wells due to poor quality and/or
association of clay and silt particles and/or drying within a small period in
alluvium and/or Karewas as the wells were drilled on non-scientific basis.
Due to scanty precipitation, mostly in winter, the Valley has witnessed drought
from 1999 to 2004. Some springs and wells totally dried up. There was a
drastic reduction (about one-third) of discharges of all perennial springs.
Most of the areas were without water for drinking and other domestic
purposes. The agriculture was the main to suffer. Because of increased water
demand, the abstraction of the scarce groundwater resources from shallow
aquifers, that are generally lenticular with less aerial and vertical extent, has
led to the drying up of wells in many parts of the area, and the farmers could
not sustain their agricultural activities.

REFERENCES

Atkinson, T.C., Harmon, R.S., Smart, P.L., Waltham, A.C., 1978. Paleoclimatic and
geomorphic implications of 230Th/234U dates on speleothems from Britain. Nature
272: 24-28.



248 G. Jeelani

Bakalowicz, M., 2005. Karst groundwater: A challenge for new resources. Hydrogeol,
J., 13: 148-160.

Bonnet, E., Bour, O., Odling, N.E., Davy, P., Main, I., Cowie, P., Berkowitz, B.,
2001. Scaling of fracture systems in geologic media. Rev Geophys, 39(3): 347-
383.

Bhat, M.I., Zinuddin, S.M., Rais, A., 1981. Panjal Trap chemistry and the birth of
Tethys. Geol Mag, 118(4): 367-375.

de Terra, H. and Paterson, T., 1939. Studies on the ice age in India and associated
human culture. Carnegie Inst of Washington, DC p 354.

Dreybrodt, W., 1998. Limestone dissolution rates in karst environments. Bulletin
d’Hydrogeologie, Centre d’Hydrog^eologie, Universite de Neuchâtel, 16: 167-
183.

GSI, 1977. Geology and mineral resources of the states of India, part X Jammu and
Kashmir state. Geol Sur Ind, 30: 1-71.

Jeelani, G., 2004. Effect of subsurface lithology on springs of a part of Kashmir
Himalaya. Himal Geol, 25(2): 145-151.

Jeelani, G., 2005. Chemical quality of Anantnag springs, Kashmir, India. J. Geol Soc
of Ind, 66(4): 453-462.

Middlemiss, C.S., 1910. Revision of Silurian-Trias sequence of Kashmir. Rec Geol
Surv India, 40(3): 206-260.

Narasimhan, T.N., 2005. Hydrogeology in North America: Past and future. Hydrogeol
J, 13: 7-24.

Singh, R. and Sharma, V.K., 1999. Geoenvironmental appraisal of Kashmir region.
Rec Geol Sur Ind, 131(8).

Spate, O.H.K. and Learmonth, A.T.A., 1967. India and Pakistan: A general and
regional geography. Methuen Co, London. 439p

Wadia, D.N., 1931. The syntaxis of north west Himalayas: Its rocks, tectonics and
orogeny. Rec Geol Sur Ind, 65: 189-220.

Wadia, D.N., 1975. Geology of India. Tata McGraw Hill Co, New Delhi. 344pp.



Index

Abstraction 94, 238
Abstraction Rate 140
Alluvium 11, 13, 246
Analytical Models 211
Anisotropy 48, 50, 52, 57, 102,

103, 105
Apparent Resistivity 66
Aquifer Parameter Estimation 31
Aquifer Performance Test (APT) 93
Artesian Aquifers 7
Artificial Recharge 15, 16, 17, 57, 144

Backward Difference
Approximation 215

Barker Theory 101, 108
Bessel Function 69
Best Linear Unbiased Estimator

(BLUE) 176
Boundary Conditions 207, 221

Calibration 224, 227, 228
Cauchi Condition 208
Central Difference Approximation 215
Coefficient of Skewness 153
Cokriging 179
Compressive Stress 22
Conductive Fissure Zones (CFZ) 48,

51
Conduits 33, 194
Consolidated Formations 8, 9
Consolidated Sandstones 8, 9
Constant Flux Boundary 207
Constant Head Boundary 207
Continuous Stratiform Aquifer 42
Covariance 174
Crank-Nicolson Method 217
Cross-Validation Test 179
Cubic Law 21, 25, 126
Cubic Model 159

Dar Zarrouk Curves 70
Darcy Law 24, 201
Darcy Velocity 202
Dead Water 115
Decision Support Tool (DST) 58, 143
Deltaic Tracts 8
Depletion Effect 119
Digital Elevation Model (DEM) 51, 54
Dirichlet Boundary 207
Discharge 4, 40, 105, 118, 225, 227
Discontinuous Aquifer 7, 40, 41
Discrete Fracture Network 26, 28, 125
Dispersion 13
Double Porosity Model 26, 106
Double Water Table Fluctuation 142
Drainage Linearities 90
Drift 177
Drift Coefficients 177
Dupuit Formula 120

Electrical Profiling 67
Electrical Resistivity Tomography

(ERT) 73
Electromotive Force 74
Equivalent Porous Medium (EPM)

Model 26, 28
Evaporation 4, 16, 221, 226
Evaporation Flux 138
Evapotranspiration 2, 226
Evapotranspiration Component 147
Expectation 156
Explicit Approximation 215
Exponential Model 159

Finite Difference Method 212
Fisher Von Mises Distribution 125
Fissured Aquifer 41
Fissured Layer 44, 45, 47, 232
Foliation 21, 22, 33
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Forward Difference
Approximation 214

Fracas Software 125
Fracture Aperture 22, 28, 129
Fracture Skin 24, 26
Fractured Zone 219, 220

Gamma Ray Log 80
Gardenia 227
Gaussian Model 159
Geostatistical Optimization 172
Geothermal Gradients 21
Global Composite Aquifer 43, 44, 54
Granite 9, 13, 16, 29, 31, 33, 40, 43,

44, 48, 100, 221
Gringarten Method 104
Groundwater Balance 228
Groundwater Budget 57, 60, 143, 144
Groundwater Flow Equations 203
Groundwater Modelling 32, 208, 236
Groundwater Potential 4, 5, 13, 17, 41
Gyromagnetic Ratio 76

Hard Rock Aquifers 20, 32, 36, 57,
61, 123, 245

Homogeneity 21
Horizontal In- and Out-Flows 135
Horizontal Permeability 104, 132, 194
Hydraulic Characteristics 31, 36
Hydraulic Conductivity 9, 10, 28, 32,

41, 52, 108, 112, 114, 117, 119,
126, 222, 224, 232, 236, 238

Hydrodynamic Properties 41, 47, 57
Hydrogeology of Hard Rocks 21
Hydrogeomorphology 88, 89

Implicit Approximation 217
Injection Pulse 116
Intermontane Valley 8, 244
Intracratonic Basins 7
Intrinsic Hypothesis 156
Intrinsic Random Function 157
Intrusive Lineaments 72
Irrigation Return 57, 225
Isape Software 119
Isotropy 21

Jacob’s Straight-Line Method 98

Karstified Rocks 244
Kriging Variance 195

Kriging with an External Drift 179

Lagrange Multiplier 173, 195
Larmor Frequency 76
Lenticular 246
Lineaments 8, 21, 22, 34, 49, 90
Linear Model 159
Log-Normal Distribution 125

Magnetic Resonance Sounding 75
Magnetic Susceptibility 74
Magnetometer 74
Marthe 221, 227
Mathematical Models 211
Mise-à-La-Masse Method 82
Modflow 234
Molecular Diffusion 13
Moving Neighbourhood 175
Multicriterion Decision Making

(MCDM) 180
Multielectrode Resistivity 71

Neuman Method 102
Neumann Boundary 208
No Flow Boundaries 207
Non-Parallelism 22
Non-Stationary 200
Numerical Modelling 23, 61, 221
Numerical Models 26, 211

Ordinary Kriging 177, 183

Palaeowaters 14
Paleo-Landscape 54
Paleoweathering 54
Panjal Traps 246
Pediments 8, 89
Percolation 4, 16
Percolation Flow 134
Permeability 8, 22, 24, 25, 29, 43, 48,

53, 94, 105, 120, 129, 243
Photolineaments 90
Phreatic Aquifer 16
Pleistocene Glacial Moraines

(Karewas) 245
Plutonic Rock 42, 43
Point Resistance (PR) Logging 79
Poisson Distribution 125
Porosity 8, 9, 10, 43, 53, 94, 129, 243
Precipitation 4, 13, 30
Prediction 228
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Primary Porosity 9
Probability Distribution Function

(PDF) 152
Pumping Pulse 116
Pumping Test 28, 31, 32, 48, 50, 93,

225, 232

Radon Methodology 58
Rainfall Recharge 13, 238
Recharge 4, 7, 13, 15, 21, 35, 36, 57,

220, 225, 226
Regionalized Variables 150
Resistivity Logging 80
Return Flow 14, 57, 135
Rock Discontinuities 21
Rose Diagram 128

Saprolite 43, 57
Schlumberger Array 67
Seawater Intrusion 14, 242
Secondary Porosity 8
Self-Potential Logging 79
Semi-consolidated Formations 10
Semivariogram (see also

Variogram) 189
Sheeting Joints 29
Simulation 227, 228
Slug Test 31, 49, 50, 113, 124, 127,

224
Soft Rock Aquifers 245
Sounding Curve 69
Specific Yield 48, 57, 103, 224, 225,

236, 238, 239, 242
Spherical Model 159
Stability Criterion 216
Standard Deviation 187
Stefanesco Kernel Function 69
Step-Draw Down Test (SDT) 93
Storage Coefficients 93, 97, 119

Storativity 27, 44, 131, 132
Stream or River Head Dependent

Boundary 208
Streaming Potential 82

Theis Method 32, 98
Theory of Regionalized Variables 183,

191
Transient State Model 239
Transmissivity 24, 27, 50, 93, 97, 106,

119, 126, 131, 132
Triassic Limestones 247
Tritium Injection Method 13, 36

Unconsolidated Fluvio-Lacustrine
Deposits 245

Unconsolidated Formations 12
Unique Neighbourhood 175
Universal Kriging 177
Unsaturated Zone 13, 37
Unsteady State Radial Flow 118
Upscaling 131

Valley Fills 11, 89
Van Genuchten 126
Variogram 156, 194
Variography 178, 179
Vertical Electrical Sounding 69
Vertical Permeability 194
Vesicular Horizons 7
Volumetric Flux 126

Warren and Root Method 106
Water-Table Fluctuation Method 139
Weathered Zone 23, 46, 123, 219,

220, 221, 222
Weathered-Fissured Granite 224, 225
Weighted Index Overlay Analysis 90
Wenner Array 67

Zeta Potential 82
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