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Foreword

Groundwater resources in arid and semiarid regions
with limited renewable potential have to be man-
aged judiciously in order to ensure adequate supplies
of dependable-quality water now and in the future.
Groundwater is a limited natural resource with eco-
nomic, strategic, and environmental value, and is under
stress due to climate change and anthropogenic influ-
ences. Therefore, management strategies ought to be
aimed at the sustenance of this limited resource. In
India, and also elsewhere in the world, major parts of
the semiarid regions are characterized by hard rocks
and it is of vital importance to understand the nature
of the aquifer systems in these regions and their current
stress conditions.

The ever-increasing demand for water resources has
resulted in abstracting more water from the subsurface
stratum than is being replenished, which, in turn, has
forced the groundwater level to decline continuously.
In the last four decades, both in India and elsewhere,
there has been an uninterrupted decline of water level
that has induced farmers to deepen their wells with-
out knowing where the groundwater is and how much
there is if it is there, and as a result they have fallen into
a debt trap. Or they have been pumping groundwater
indiscriminately, assuming that it will be there forever,
regardless of pumping. The result has been that many
areas in India are witnessing groundwater levels fall-
ing by as much as 20-50 m. This level of groundwa-
ter extraction is completely unacceptable and must be
checked or else there is the potential risk of running
out of groundwater and threatening the very existence
of the people who solely depend on it. Therefore, poli-
cies for optimal management of water resources must
be developed, which, in turn, would entail exploration,
assessment, modeling, development, and management.
Such policies, unfortunately, are not prevalent in India.

Exploration of groundwater by locating potential bore-
hole sites in soft and hard rock regions is the first most
important task, which can be tackled through electrical
imaging techniques as well as through remote sensing
and geographical information systems techniques. In
order to understand the behavior of groundwater flow,
the next step is to develop the knowledge of mechanisms
as well as aquifer parameters that govern the movement
of subsurface flow and its storage. In hard rock aquifers,

it is often noticed that the failure of boreholes is due to
either the blocking of fracture through which the water
moves or the fracture flow being interrupted by some-
one else. This can be rectified by applying hydraulic
fracturing techniques to enhance fracture flow.

Recharge estimation through isotope techniques is
very useful to quantify groundwater resources. As it is,
groundwater is becoming increasingly limited, and its
unchecked pollution is threatening its use. Once pol-
luted, it is very difficult to clean groundwater or the
cost of remediation and cleaning would be prohibitive.
Therefore, appropriate mechanisms should be adopted
either to prevent or mitigate pollution to start with or to
clean the polluted aquifers.

The impact of climate change on the quantity and
quality of water resources will be a constraint in evolv-
ing a water management program and that would
impact crops and their patterns. Groundwater flow and
transport models have become potential tools for sim-
ulating flow and contaminant movement in saturated
and unsaturated media and hence for studying aquifer
response for various input/output stresses. With the use
of these models, one can evolve optimal management
policies as well as predevelopment schemes.

The migration of people from one region to another
has a great impact on the availability of water resources
and the distribution thereof. The water manager must
consider all of these issues and aspects in implementing
management schemes. Further, one should integrate all
of these issues for developing an effective understand-
ing of groundwater systems and managing groundwa-
ter resources.

The book Groundwater Assessment, Modeling, and
Management, edited by Dr. M. Thangarajan, retired sci-
entist-G, NGRI, Hyderabad, India, and Professor Vijay
P. Singh, Department of Biological and Agricultural
Engineering and Zachry Department of Civil
Engineering, Texas A&M University, USA, addresses
many of the above aspects of groundwater. I am con-
fident that this book will be very informative for those
who are engaged in groundwater studies not only in
India but also in other parts of the world. I wish to con-
gratulate both the editors for bringing out this book.

M.S. Swaminathan
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Preface

Water resources (surface and groundwater) are limited
in arid and semi-arid regions and must be managed
judiciously in order to ensure dependable supplies.
Groundwater is a natural resource with economic, stra-
tegic, and environmental value, which is under stress
due to changing climatic and anthropogenic factors.
Therefore, management strategies need to be aimed at
sustaining this limited resource. In the Indian subcon-
tinent, and elsewhere in the world, major parts of the
semi-arid regions are characterized by hard rocks and
alluvial aquifers and it is of vital importance to under-
stand the nature of the aquifer systems and their cur-
rent stress conditions.

Extensive water level monitoring over the last few
decades in many parts of the world has provided
clear evidence of a long-term water-level decline, as a
result of increased groundwater abstraction as well as
reduced recharge. This has resulted in the deteriora-
tion of water quality and the widespread drying-up of
wells. Deepening of wells does not usually provide a
new source of water. Consequently, various research
investigations have been carried out for prospect-
ing, assessment, and management of groundwater
resources and pollution. The development of electrical
resistivity and electromagnetic devices, such as tran-
sient electromagnetic (TEM), very low frequency (VLF)
magnetic techniques, to identify potential bore holes
in hard rock regions as well as to delineate contami-
nant zones by making use of the electrical tomography
is one of the advances in groundwater prospecting. At
the same time, applications of remote sensing (RS) and
geographical information systems (GIS) have started
to play a vital role in the assessment of groundwater
resources and water quality. Numerical simulation of
groundwater flow and mass transport has become a very
handy research tool for studying the aquifer response
to various input/output stresses, which, in turn, is
used to evaluate management options of groundwater
resources and pollution. Pioneering research work is
underway in the quantification of soil moisture move-
ment and nutrient migration in the vadoze zone and sea
water intrusion studies for coastal aquifer development.
There is a renewed attempt to use nuclear magnetic
resonance (NMR) magnetometers to directly identify
groundwater zones.

The achievements of the past 50 years through sci-
entific developments in exploration, assessment, mod-
eling, and management are commendable; this can be
considered a golden age of groundwater development
and management. These achievements have prompted

the preparation of this book containing invited papers
from various international experts belonging to devel-
oped and developing countries.

Though a good number of books have been published
in the last few decades dealing with groundwater
resource evaluation, modeling, and management, they
are focused either on theory or theory with some case
studies of specific geographical areas. It was therefore
decided to bring out a textbook with chapters from vari-
ous scientists of the past decades and young dynamic
academicians/scientists of the present from well-known
academic and research institutions from all over the

world.
We have taken advice from Professor M. S.
Swaminathan, founder, Swaminathan Research

Foundation, Chennai, India, Dr. Jim Mercer and Dr.
L. F. Konikow, retired hydrologists, USGS, Reston,
Virginia, and Professor Ghislain de Marsily, retired
professor, School of Mines, Paris, France, while final-
izing the various topics for the book. There are con-
tributors from the United Kingdom, the United States,
France, Sweden, Australia, Japan, South Korea, Brazil
(South America), South Africa, and India. The book
contains 32 chapters of various topics from groundwa-
ter scientists of developed and developing countries.
There are about 30 case studies (real-life field prob-
lems) and 6 hypothetical studies from various coun-
tries on various themes (India—8, Africa—6, United
States—4, Caribbean Islands—3, UK—1, South Korea—
1, Egypt—1, Bangladesh—1, Japan—1, Indonesia—I1,
and Brazil—60 basins under three tectonic regions).
The topics have been divided under six themes as given
below:

Section I  Groundwater Resources and Assessment

Section II ~ Groundwater Exploration
Section Il Flow Modeling

Section IV Transport Modeling
Section V' Pollution and Remediation

Section VI Management of Water Resources and the
Impact of Climate Change on Groundwater

There are three chapters in Section I. The first chapter
brings out the salient aspects of groundwater resources
development and management in coastal aquifers in
Korea, Egypt, and Bangladesh. The second chapter con-
siders the deep Gangetic alluvial aquifer sequences and
developments in India. In the third chapter, the current
status of water resources development and management
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in 60 major basins, which fall in four major plate tec-
tonic regions of various rock types that cut across Brazil
(South America) have been brought out.

In Groundwater Exploration (Section II), there are
three chapters of which the first two chapters con-
sider the identification of potential bore holes in the
hard rock regions through the electrical resistivity
method and also delineation of fresh and salt water
transition zone in a coastal aquifer using electrical
imaging (tomography) technique. The third chapter
describes how one can identify groundwater poten-
tial and contaminant zones by applying RS and GIS
methods.

There are seven chapters in Section III (Groundwater
Flow Modeling). The first two chapters provide meth-
odologies to identify aquifer parameters, estimate
stream conductance, and characterize the aquifer sys-
tem. Chapter 10 provides details of data requirement
and the procedure to conceptualize the groundwater
flow system with a number of special case studies, pro-
viding caution on how to provide initial and boundary
conditions effectively to model the groundwater flow
system. Chapter 11 mainly focuses on the application
of simulation optimization models for various ground-
water management problems. A new approach for
groundwater modeling based on connections (network
theory) is presented in Chapter 12. It is an innovative
technique without making use of meshes or nodes in
solving groundwater management problems. A real-
life simulation in Boro River Valley (Okavango Delta,
Botswana, Southern Africa) to evolve optimal well field
locations and pumping rates is included in Chapter 13.
Parameter uncertainties in hard rock aquifers using
the theory of regionalized variables (geostatistical
modeling) are explored in Chapter 14, wherein both
forward linear (kriging) and inverse modeling (pilot-
points method) techniques have been applied in the
Uppar-Awash Volcanic aquifer (hard rock) in Ethiopia
(Eastern Rift). This study indicates how the parameter
uncertainty can be minimized by applying geostatisti-
cal modeling.

In Transport Modeling (Section1V), there are five chap-
ters that focus mainly on modeling aspects of various
solution techniques of mass transport except in Chapter
18, which considers modeling of radionuclide migra-
tion. Transform techniques in solving mass transport
equations are outlined in Chapter 15. Chapter 16 throws
light on the methodology of precise hydrogeological
facies modeling for vertical 2-D and 3-D groundwater
flow, mass transport and heat transport (simulations
in Vietnam and Japan). An extensive theory and prac-
tical approach for solving mass transport equations
for practitioners are given in Chapter 17. Radionuclide
migration studies through mass transport modeling are

Preface

presented in Chapter 18, with a case study in India to
identify a site for disposing the nuclear wastes.

Pollution and remediation aspects are covered in
Section V, which contains six chapters. The first chapter
describes the quantification of ionic exchange process in
a sandstone aquifer in the UK, while Chapters 21 and 22
provide the theory of evolution of arsenic and fluoride
contamination process and mobilization in the Gangetic
plains of India and Bangladesh. Skimming of freshwa-
ter from a saline-fresh aquifer zone by using compound
wells is given in Chapter 23 and the desalination of the
contaminated water by the application of an electro-
chemical process is in Chapter 24. Chapter 25 describes
fashionable techniques for the assessment of ground-
water potential, pollution, prevention, and remedial
measures.

Section VI of this book mainly deals with the manage-
ment of water resources and the impact of climate change
on groundwater potential, pollution, and agro-products.
There are seven chapters in this group. The first one
covers the management of groundwater resources in
a complex environment: challenges and opportunities
in Kenya. The second highlights water availability and
food security—the impact on people’s movement and
migration in (Somalia and Ethopia) Sub-Saharan Africa
(SSA). Utilization of groundwater for agriculture with
respect to an Indian scenario is presented in Chapter
28. Chapter 29 describes the application of GIS tools for
effective groundwater management. The estimation of
recharge through natural and artificial isotopes is given
in Chapter 30. Chapters 31 and 32 focus on the impact
of climate change on groundwater resources with a case
study in Cauvery River basin in Tamil Nadu, India.

The uniqueness of the book is the thoughtful selection
of chapters covering all aspects of groundwater resource
assessment, modeling, and management with modern
theory and its practical application. Contributors have
been selected based on their expertise, affiliation, and
connectivity with the editors.

The editors believe that the present volume will
cater to the needs of water engineers, geohydrologists,
geoscientists, environmental scientists, and agricul-
tural scientists to enhance their knowledge of both
theory and application of the theory to real-life prob-
lems covering various types of rocks, namely, hard
(crystalline, basaltic and lime stone) and soft (alluvial
and sandstone) rocks and aquifers, such as confined,
unconfined, multilayer with leaky condition, artesian,
and coastal aquifers, and thereby evolve appropri-
ate management policies through assessment and
modeling.

Professor Ken Rushton, Retired Professor, Department
of Civil Engineering (Birmingham and Cranfield
Universities), United Kingdom, is thanked for his
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valuable inputs during the finalization of the themes for We thank all contributors who helped in bringing out
this book as well as providing valuable suggestions to  this book and also thank CRC Press (a unit of Taylor &
improve the quality of the book. Francis Group) for publishing this book.

M. Thangarajan
Vijay P. Singh
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Coastal Groundwater Development: Challenges and Opportunities
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1.1 Introduction

Climate variability in the form of climate change is a
phenomenon that is expected to make an impact on
the hydrologic cycle through modified evapotranspi-
ration, precipitation, and soil moisture patterns. The
continuance of this event can significantly change both
global and local climate characteristics, especially the
temperature and the precipitation, whereby additional
precipitation will be unevenly appropriated around the
world. While some parts of the world will experience
significantly more precipitation, other parts will expe-
rience significant reduction in precipitation, along with
an altered season. Altered seasons mean a change in the

timing of the wet and dry seasons. These alterations as
documented by other studies will change the ground-
water flow to coastal regions. Depletion of water levels
will enhance the stress on the availability of groundwa-
ter and its usage in the coastal regions.

The coastal region areas are known to be home to a
sizable and increasing proportion of the world’s popu-
lation. Many coastal zones, especially low-lying deltaic
areas, accommodate a high density of populations. Two
third of the world’s population—4 billion people—are
living within 400 km of the ocean shoreline; and just
over half the world’s population—around 3.2 billion
people—occupy a coastal strip of 200 km. This was
narrowed down even more, through the definition of
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a coastal zone being the area within 100 km from the
coastline, when it was estimated that 41% of the global
population inhabited this region. To emphasize further
the population density in the coastal zone, highlights
from various studies were that nine of the world’s
10 most densely populated cities are located in the
global coastal zone, seven of which are in developing
countries.

The high population densities in the respective
coastal zones have brought about many economic bene-
fits, for example, income from tourism and food produc-
tion and industrial and urban development. For ages,
human race has been attracted to these areas because of
the availability of an abundance of food (e.g., fisheries
and agriculture) and the presence of economic activities
(e.g., trade, harbors, ports, and infrastructure). However,
this has its drawbacks because rapid population growth
coupled with urban development threatens the coastal
ecosystem. The most vulnerable is freshwater. A major-
ity of these coastal regions rely on groundwater as their
main source of freshwater for industrial, agricultural,
and domestic purposes.

1.2 Challenges

1.2.1 Threats to Coastal Groundwater
(Past, Present, and Future)

Several factors threaten coastal aquifers and in turn
coastal groundwater resources. Some of these factors
have existed for decades and with the expected con-
tinuous population growth due to economic opportu-
nities in these coastal regions, the problems of these
coastal aquifers will be further exacerbated. As shown
in Figure 1.1, one can see how the various factors are
affecting the coastal aquifer system (Essink, 2001), which
would ultimately result in either salt-water intrusion,
increased seepage, decreasing groundwater resources,
salt-damaged crops, and ecosystem degradation, if left
unchecked. Recently (not to say they did not garner
attention before), two of these processes are of concern.
These processes are the relative sea-level rise (SLR) and
human activities.

1.2.2 Sea-Level Rise

The reference point in this case is the mean sea level
(amsl), which is defined as the height of the sea with
respect to a local benchmark, over a period of time, such
as a month or a year, long enough for the fluctuations
caused by waves and tides to be largely removed. While
the relative sea-level change or rise is the combination
of global SLR and local effects, which observe changes
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in amsl as measured by coastal tide gauges, they can
be caused either by the movement of the land on which
the tide gauge is situated or by the changes in height
of the adjacent sea surface. Therefore, SLR looks at an
increased sea-level height at the coastal shoreline. It has
been reported that since the late nineteenth century,
the global sea level has risen by about 1.6 mm/year,
whereas its rate did not exceed 0.6 mm/year during the
two previous millennia.

Results from several studies have revealed that a large
proportion of the population, especially in developing
countries, will be displaced because of SLR within this
century and accompanying economic and ecological
damage will be severe if not devastating for many. They
noted that at the country level results are extremely mis-
interpreted, considering that diverse coastal conditions
are not taken into consideration during the assessment,
and thus resulting in severe impacts being determined
for a relatively limited number of countries. For some
of these countries, for example, Egypt, Bangladesh,
Vietnam, the Bahamas, and countries within the
Caribbean region, however, the repercussions of SLR are
probably disastrous.

1.2.2.1 Case Study 1: Egypt

The Nile Delta is considered one of the river deltas most
vulnerable to SLR in the world. Like other assessments,
they also concluded that SLR is expected to impact large
agricultural areas through either inundation or higher
levels of salinity of groundwater. It was discussed that
SLR is one of the direct impacts of climate change and it
can have a wide range of ramifications on health, tour-
ism, agriculture, and other fields. It was furthermore
emphasized that it may generally affect agriculture
located in coastal areas in four different ways, namely
increased frequency and magnitude of extreme weather
events, higher salinity of groundwater, and higher lev-
els of the groundwater table.

Another study attempted to estimate the economic
value of potential impacts of higher levels of ground-
water table due to salt-water intrusion associated with
expected SLR on agricultural productivity in Damietta
Governorate. Based on the projections within the study,
agricultural activities within the study area—of which
76,266 acres are classified as agricultural lands—are
expected to be considerably affected by higher lev-
els of groundwater table induced by SLR. From the
standpoint of economics, several billions of dollars are
expected to be lost; this is a direct effect. The indirect
effect deals with food security; a decline in crop yield
would undoubtedly reduce the income generated by
farmers, which would more than likely prompt them
to diversify and plant crops that might not be vital for
Egypt’s overall food security.
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FIGURE 1.1
Features affecting the coastal aquifers.

1.2.2.2 Case Study 2: Bangladesh

Bangladesh’s exposure to the growing hazard of SLR in
the twenty-first century needs to be seen in the perspec-
tive of its current environmental hazards and its grow-
ing development needs. SLR has various impacts on
Bangladesh, a coastal country facing a 710-km-long coast
to the Bay of Bengal. Currently, SLR has already had a toll
on Bangladesh by the loss of biodiversity, land erosion,
and salinity intrusion. Climate change and other fac-
tors that are contributing to SLR are not subsiding and
thus the threat to the coastal ecosystem of Bangladesh
will increase as well. Like other regions, there are some
similar resultant effects of SLR in Bangladesh, which
include riverbank erosion, salinity intrusion of coastal
aquifers, flood damage to infrastructures, crop fail-
ure, and, as previously mentioned, loss of biodiversity.
In 2005, 28% of the country’s population lived along the
coast—a number that is currently obviously higher with
their main economic activity being agriculture, shrimp
farming, salt farming, and tourism.

It was mentioned that the main impacts of SLR on
water resources are freshwater availability reduction
by salinity intrusion, which would cause both water
and soil salinity along the coast to increase because of
destroying normal characteristics of coastal soil and

Physical barriers
Increase natural recharge

water. Like the previous case, sea salinity intrusion
due to SLR will decrease agricultural production by
unavailability of freshwater and soil degradation, a case
of which was investigated in a village in the Satkhira
district in Bangladesh. The results showed that because
of SLR for 6 years, there was a loss of 64% in rice produc-
tion in 2003. The SLR affects coastal agriculture espe-
cially rice in two ways: salinity degrades the soil quality
which decreases or inhibits rice production, and taking
advantage of the saline intrusion and converting rice
fields into ponds decreases the cropped area. The situa-
tion is applicable for other crops but with rice being the
staple food of the Bangladeshi people, it is food security.

1.2.2.3 Case Study 3: Indonesia

A recent study looked at the coastal area of part of
the Java province. This is a rapidly developing region
of Indonesia with respect to economics, trading and
industrial development, agricultural activities, and
tourism and settlement areas. Coastal inundation,
because of SLR, would impact it. However, this is
not the only environmental problem, as there is also
increased coastal storm flooding as well as increased
salinity of estuaries and aquifers. Output from this
assessment revealed that the water level in coastal



areas could be disturbed by tidal behavior. Naturally,
the flood tide will influence groundwater manner, par-
ticularly in the correlation of the salt-water component
in the said flood tide. Furthermore, preliminary analy-
sis evaluating the electroconductivity at the three wells
all at varying distance from the baseline revealed that
the well that was in the closest proximity to the coast-
line was already saline during the first testing phase
and one well that had a distance of 4.16 km from the
coastline was not. However, when the said well was
tested after 5 years, it was determined to be saline. This
result will inadvertently change the dynamics not only
on the agricultural front but also on the traditional and
developmental aspects.

1.2.2.4 Case Study 4: South Korea

Seawater intrusion-monitoring wells were established
in Korea in 1999, results of which determined that
groundwater levels were caused mainly by pumping
for agricultural irrigation; at the same time, conduc-
tivity increases were detected in 45 of the 97 seawater-
intrusive monitoring wells. Equally important from
their findings was that groundwater levels at some of
the monitoring wells were affected by sea-level varia-
tion. These findings were examined further by assess-
ing the vulnerability of groundwater systems caused
by SLR. Their assessment was based on the data col-
lected from the monitoring wells, which were not influ-
enced by anthropogenic activities and seven associated
sea-level gauging stations. These monitoring wells
were strategically located either on the mainland or at
reclaimed land areas. Results illustrated that the verti-
cal profiles or conductivity with depth show that the
groundwater systems will reclaim land that is more
susceptible than the wells on the mainland especially
during the dry season.

The cases above are examples of the potential impacts
of SLR on coastal zones and aquifers. From a regional
view, areas that exhibit the greatest relative impact are
East Asia and Middle East and North America; like-
wise, there are the regions that show minimal impacts
due to SLR.

1.2.3 Overexploitation

Humans’ actions or inactions may impede ground-
water flow and in turn cause complicated changes in
the salt water and freshwater relationship in coastal
aquifers. Both effects, positive or negative, are caused
by our direct or indirect impact on groundwater flow.
Overexploitation of water from coastal aquifers that are
adjacent or in contact with the sea may cause the decline
of water quality of the coastal aquifer. However, this
is not the only cause of a threat to the water quality of
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the aquifer; other risks may include contamination by
urban use, industry, and agriculture. However, we first
focus on the proximity of coastal aquifers to salt water,
which creates a unique dilemma with respect to the
sustainable development of groundwater in the coastal
regions. Owing to increasing concentration of human
settlements, agricultural development, and economic
activities, shortages of fresh groundwater for munici-
pal, agricultural, and industrial purposes become more
striking in these zones.

In principle, we see that a delicate balance must be
maintained between freshwater and salt water, to attain
sustainability of fresh groundwater in coastal aquifers.
However, it is not uncommon that the water table falls
below the level of the sea during usage because develop-
ment is planned. When continuous withdrawal occurs
over a prolonged time period or at an excessive rate
due to overexploitation, a permanent condition might
be created as seawater propagates inland rendering the
groundwater worthless for domestic or agricultural
purposes. This is the first significant threat, and the
second most-common significant threat to groundwa-
ter resources in the coastal zone is infiltration of pollut-
ants from the landside, whereby groundwater of lesser
quality is in the same vicinity as the aquifer, which is
being exploited. If not properly managed and regulated,
the lesser-quality water would readily invade the aqui-
fer in question because of overexploitation. The battery
of wells would then need to be abandoned if it cannot
meet the desired standard for usage through treatment.
Recurring use of lesser-quality water may damage agri-
cultural soil, vegetation, animals, and biodiversity and
may even cause human health problems. A condition
is compounded during water-scarce conditions as it
results in a steeper hydraulic gradient toward the wells.

1.2.4 Seawater Intrusion

Seawater intrusion is a natural process that occurs in
virtually all coastal aquifers and is limited to coastal
zones. It is also a slow process that occurs because of
reversal of hydraulic gradients. The inflow pattern,
which shows an imaginary line between the seawater
and freshwater, is known as the interface. It is due to the
density difference between freshwater (1.0 g/m3) and
salt water (1.025 g/m?), which will show the seawater
below the freshwater on the landside of the coast.

The first and the oldest formulations for salt and
freshwater interface in a coastal unconfined aquifer
under hydrostatic conditions were made and given by
the following equation:

=T 1

e 1.1)
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where
hs = distance below amsl at the freshwater/salt-water
interface
hf = distance from the groundwater table to amsl
ds = density of salt water (1.025 g/m?)
df = density of freshwater (1.0 g/m?)

When the groundwater table is lowered by 1 m, then
the relationship between hs and hf is
1

hs=— L hf = 40K
S=1oos_1/f =40

(1.2

This relationship indicates that the salt-water inter-
face will move upward to 40 m. It can be explained that
for each unit of groundwater above sea level there are
40 units of freshwater below sea level. Therefore, the salt
water and freshwater relationship is extremely sensitive
to groundwater withdrawal.

1.2.4.1 Cases of Salt-Water Intrusion

1.2.4.1.1 Salt-Water Intrusion in the Caribbean
(Trinidad and Tobago)

Owing to a high withdrawal of water at the rate of
30,000 m3/d, the wells of El Soccoro located on the
islands of Trinidad and Tobago were affected by salt-
water intrusion. This occurred from the early 1960s until
the late 1970s when the abstraction rate was reduced
allowing the water level to recover (1979-1983). It was
cited that on average, during the 1980s, the chloride con-
centration was above 600 mg/L, but after a reduction
of the daily capacity, there has been a reduction in the
chloride concentration as well. At the time of the report,
the chloride concentration was recorded at 400 mg/L.
This concentration value was still far from the original
chloride concentration in 1959, which was 40 mg/L. This
was not an isolated occurrence in Trinidad and Tobago,
for salt-water intrusion has occurred at other locations
on the islands (Valsayn aquifer and Mayaro Sandstone)
due to the similar practice of overexploitation, which
resulted in the abandonment of several wells.

1.2.4.1.2 Recommendations Made to Prevent
Salt-Water Intrusion

“The pumping of aquifers within their safe yield values,
drilling well further inland from the coastline and fre-
quent monitoring of coastal observation wells for water
level fluctuations and quality (chlorides) are measures
in place to prevent salt water intrusion” (Water Resource
Agency, Trinidad and Tobago, 2001, p. 26).

1.2.4.2 Salt-Water Intrusion in the Caribbean (Jamaica)

The freshwater resource in Jamaica comes from surface
sources, for example, rivers and streams, underground

sources, and from the harvesting of rainwater. In Jamaica,
about 80% of the country’s water demand, which rep-
resents 84% of the country’s exploitable water, is from
groundwater supplies. The aquifers that provide this
freshwater are vulnerable like most aquifers to contami-
nation. In Jamaica, there are some general considerations
that increase the vulnerability of these coastal aquifers.
Some of these considerations include an increase in pop-
ulation, agriculture and industry competing with domes-
tic demands for groundwater, proximity of the aquifer to
the sea, and the karstic nature of the limestone aquifers.
All of these pose a threat to the groundwater in limestone
and alluvial aquifers of Jamaica. According to a report
by Jamaica’s Water Resource Authority, one of the main
sources of water pollution is saline intrusion caused from
overpumping of the coastal karstic limestone aquifers.
As illustrated in Figure 1.2a, which shows a satellite
image of Jamaica’s exploited wells, a large number of
the wells being exploited are concentrated in areas that
are experiencing salt-water intrusion. This results in the
abandonment of many of the production wells and sug-
arcane fields in the southern part of Jamaica. In particu-
lar, at the Rio Minho and Rio Cobre areas, an increase in
salinity was observed at a distance more than 10 km from
the coast. This occurred prior to the 1961 period when
the control of licensing was introduced into the island.
With respect to salt-water intrusion, the Water Resource
Authority of Jamaica has calculated that the degradation
of water quality has resulted in the loss of some 100 MCM
annually, which is about 10% of all currently used ground-
water, primarily because of overabstraction, which led to
seawater intrusion in the areas observed (Figure 1.2b).

1.2.4.3 Salt-Water Intrusion in North America

Salt water has intruded into many coastal aquifers of
the United States, Mexico, and Canada, but the extent
of which the salt-water intrudes vary widely among the
localities and hydrogeologic settings. According to the
research, the extent of which salt water intrudes into
the respective aquifers is dependent on several factors.
These factors included the total rate of groundwater
that is withdrawn from an aquifer compared to the total
freshwater recharge to the aquifer, the distance between
the groundwater discharge such as pumping from wells
and drainage canals and the source or sources of salt
water, the geology structure of the aquifer system, the
hydraulic properties of an aquifer, and the presence of a
confining unit that may prevent salt water from moving
vertically or with the aquifer. Their research first looked
at the United States where it was determined based
on literature that was surveyed; the scale of salt-water
intrusion varied greatly with several cases of intrusion
being isolated in specific locations within the aquifer
and had a negligible effect on the groundwater supplies.
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Well locations (a) and contaminated areas (b) on the island of Jamaica. (Adapted from Karanjac, J. 2005. Vulnerability of ground water in
the Karst of Jamaica. Water Resources and Environmental Problems in Karst, Beograd and Kotor, Serbia and Montenegro, September 14-19; and

Jamaica’s Water Resource Authority.)

On the other hand, there were areas that were signifi-
cantly affected by salt-water intrusion. Areas included
Cape May County; New Jersey; southeastern Florida;
and Monterrey, Ventura, Orange, and Los Angeles
Counties in California, as shown in Figure 1.3.

In the case of Mexico, the most significant impact of
salt-water intrusion was in the western states of Sonora,
Baja California Norte, and Baja California Sur. Sonora
region has been subjected to more salt-water intrusion
due to overabstraction of groundwater for agricultural
purposes. The last case that they observed was that of
the coastal aquifers in Canada where only two cases
(Prince Edward Island and Magdalen Islands) saw salt-
water intrusion due to anthropogenic factors with other
cases being due to natural intrusion.

1.2.4.3.1 Recommendations Made to Prevent
Salt-Water Intrusion

“Sustainable management responses to salt-water intru-
sion will require multicomponent strategies that con-
sider intrusion in the broader context of basin wide,
integrated groundwater and surface water management.
New engineering approaches will need to be considered

(for example, utilizing physical barriers) and there will
likely be increased use of recycled water for recharge
and direct delivery to users. In addition, sophisticated
decision-support systems will likely be developed that
can link monitoring data with simulation and optimiza-
tion models, and that provide for improved communica-
tion of simulation results to water-resource managers.
Desalination is expected to become more widespread
as the treatment methods become more energy efficient
and the challenges of environmentally sound brine dis-
posal are addressed. Finally, water managers will need
to consider how saltwater intrusion may be affected
by potential rises in sea level due to climate change”
(Barlow and Reichard, 2010, p. 250).

1.3 Mitigating Approaches to
Combat Salt-Water Intrusion

There are several guidelines to follow to prevent sea-
water intrusion. First, the annual abstraction from the
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North American study areas for saltwater intrusion. (Adapted from Barlow, P. M. and E. G. Reichard. 2010. Journal of Hydrogeology 18:247-260.)

coastal aquifer should be less than the accumulated
recharge and it is not recommended that a cluster of
production wells be installed near the coastline, unless,
of course, through testing it was determined that the
combined abstraction rate would not result in seawa-
ter intrusion. Proper well placement is required espe-
cially in aquifers where the freshwater floats atop the
saline water. The withdrawals from these wells must
be properly gauged and the drawdown must be kept
at a minimum. It is not only the well construction and
site selection aspect that must be considered as a factor
when trying to prevent seawater intrusion, but also the
aquifer recharge sources need to be protected.
Although naturally there is a fluctuation in recharge,
this phenomenon should not be magnified, as when
coupled with the exploitation of a coastal aquifer, it can
quite easily lead to salt-water intrusion. If, however,
salt-water intrusion occurs within the aquifer, counter
measures need to be adopted to rectify this condition.
The rectification of seawater encroachment within a
coastal aquifer is a tedious task that requires not only
that the intruded water be removed and replaced with

freshwater but also that the salt residue within the aqui-
fer medium be flushed out as well.

Seen in Figure 14 are several countermeasures that
can be considered to prevent or retard the saliniza-
tion process. The first seen are the freshwater injection
hydraulic barriers, which, as was stated, are formed
through the injection or (deep-well) infiltration of fresh-
water near the shoreline. Owing to the injection pres-
sure, freshwater is forced to flow seaward; thus, seawater
intrusion is impeded. The extraction of saline/brackish
water commonly known as pumping hydraulic barri-
ers can help to intercept the flow of salt water inland.
The simplest method as seen in Figure 1.4 is coastal well
screens in the lower part of the aquifer, which abstracts
salt water and is then returned to the sea. Like the previ-
ous case with the injection hydraulic barriers, this strat-
egy utilizes a battery of wells whose proximity to each
other must be close enough as not to allow salt-water
penetration to occur between them. The next counter-
measure was previously mentioned in the Trinidad and
Tobago case study whereby to counteract the effect of
salt-water intrusion, they modified the pumping rate
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Counter measures to control saltwater intrusion. (Adapted from Essink, G. H. P. O. 2001. Ocean and Coastal Management 44:429-449.)

and suggested that extraction wells be relocated far-
ther inland. The latter may be more easily accomplished
from a sectoral point of view, as it is difficult to justify
reduction in groundwater abstraction. Therefore, reduc-
tion in groundwater abstraction should be comple-
mented with a new water source. The next procedure
that can be used is land reclamation, which creates a
foreland where a freshwater body may develop, which
could delay the inflow of saline groundwater. Aquifer
recharge or artificial recharge is also a viable counter-
measure to control salt-water intrusion. The concept of
which describe the use of water of a given quality that
is introduced at a point (upland areas) that is intended
to allow water to flow into well field production zones
(to enlarge outflow of fresh groundwater through the

coastal aquifer) resulting in a reduced length of the salt-
water wedge. The last-seen examples are physical barri-
ers (clay trenches, sheet piles, and chemical injections),
which are only applicable for shallow aquifers.

1.3.1 There Is However Another Concept
Known as the Salinity Barrier

“The salinity barrier concept may also be applied to
address the potential upconing problem in source
aquifers. Upconing is the upward (vertical) movement
of saltwater underneath the production well that is
withdrawing groundwater. Because the aquifer head
is lowered in the production zone, decreased freshwa-
ter head allows the salt water to rise from the lower
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zones. The concept of aquifer reclamation applied to
upconing includes the installation of injection wells at
depths below that of the production wells; this would
cause the injection of higher quality water to displace
poorer-quality water upconing into the production
zone” (Bloestcher et al., 2004, p. 104).

To conclude this section on challenges facing coastal
groundwater water development, the conceptual model
used in the previous study is seen in Figure 1.5, which
best summarizes the two main factors to affect coastal
aquifers, namely, SLR and overexploitation, both of
which would result in salt-water intrusion.

1.4 Opportunities

Various ways to protect and exploit coastal freshwater
have been explained but there is an opportunity to use
brackish or saline groundwater. Brackish groundwa-
ter is defined as distastefully salty and it differs from
seawater in that seawater contains a higher salt content
of about 35,000 ppm and brackish water has a range of
1000-10,000 ppm in total dissolved solids (TDSs).

There are two ways in which to use brackish ground-
water; it either can undergo direct use or treated use. For
direct usage, brackish groundwater is utilized in the oil
and gas industry for tasks such as drilling, enhancing
recovery and hydraulic fracturing, and cooling water
for power generation and aquaculture. For treated use,

it is used to combat a decreasing supply of fresh ground-
water and surface water, increased cost of water rights,
and increased competition for surface water resources.
Brackish water can be treated through reverse osmosis
or other desalination processes to lower dissolved sol-
ids content. Low dissolved solids content is important
especially for brackish water being treated for drinking
water purposes.

1.4.1 Cooling Water for Power Generation

There are several cases that can be observed and
assessed but here two cases are looked at—one in
which brackish water was used for a power plant-
cooling tower operation and the second case where the
brackish water is recommended to be used as a source
of cooling water for a nuclear power plant in Israel.
The motivation behind the first case was an attempt to
deal with both current and forecasted constraints on
a new power plant to be put up for short- and long-
term operation. Therefore, it was recommended that if
the electric industry wanted to boost its abilities, new
technology would be required to expand the industry’s
water resources. It was acknowledged that due to an
ever-increasing competing demand, water resources
must be prioritized. To expand the current sources of
water used for power plant cooling, degraded and non-
traditional water resources were used, one of which
was brackish water.

The second case where brackish water was recom-
mended for usage was in Israel’s Negev Desert as an
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alternative source of cooling water for a nuclear power
plant. Since the Negev Desert does not have a source of
surface water, the cooling water options for any future
nuclear power plant project would be either water piped
in from the Mediterranean or the local brackish ground-
water. Preliminary results were that the brackish
groundwater would be a viable alternative as it would
be able to supply the capacity required by the nuclear
power plant without any large changes to the regional
water table.

1.4.2 Treated Use of Brackish Groundwater

To achieve drinking water standards, salts need to be
removed from the freshwater. There are two commonly
used methods to accomplish this. The distillation
method is replicated artificially but often seen in nature
whereby the sun causes water to evaporate from a body
of water and when it eventually comes into contact with
cooler air it condenses. The second method is known as
the reverse osmosis approach, which utilizes a semiper-
meability membrane and pressure to separate the salt
from the water.

1.4.3 Desalination

Desalination (also called desalinization) is the process
of removing dissolved salts from water, thus produc-
ing freshwater from either brackish or seawater. Of the
many applications for which it can be used, the most
common use is to produce potable water for domestic
use by removing salt from saline or brackish water.
International Development Association (IDA) reported
that as of 2013, there were over 17000 desalination
plants worldwide spread across 150 countries with a
global capacity of 80 million m3/d, which is equivalent
to 66.5 million m3/d. This desalinated water is relied on
by 300 million people for some if not all of their daily
needs. Out of approximately 17,346 contracted and
online desalination plants across the globe, the Gulf
Cooperation Council (GCC), which comprises Qatar,
The Kingdom of Saudi Arabia, Bahrain, Oman, Kuwait,
and the United Arab Emirates, holds 7499, which is 43%
the total number of online desalination plants. The
GCC also accounts for 62,340,000 m3/d of the 94,500,000
online capacity.

Although the majority of the desalination plants are
concentrated in one region, the technology is becom-
ing more prominent in other parts of the world as its
importance grows as a mechanism of supplying the
population especially those who reside in areas where
this resource is scarce. As improvements to the technol-
ogy are made, popularity will increase among the vari-
ous sectors (domestic, agricultural, and industrial) as an
alternative source of water supply.
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1.4.4 Brackish Water for Agricultural Production

Water scarcity severely affects the agricultural sector of
most countries in the Middle East and North America and
many other areas around the world. There is agricultural
water management practices that could enhance water
use efficiency and prevent wastage; for example, irriga-
tion practices that would mitigate the problem of water
scarcity agriculturists are encountering. However, these
strategies to combat water scarcity are slow to implement
and in some areas not applicable, given the fact that non-
traditional water sources, for example, marginal-quality
groundwater aquifers, desalination, and rainwater har-
vesting, are being exploited to satisfy the demand.

Irrigation has always been an important factor in
agricultural development and irrigation with brackish
water from coastal aquifers has been growing in popu-
larity especially in India and Middle Eastern countries.
This method has its shortcomings, however, the first
of which is the level of salinity. A high level of salin-
ity would result in an osmotic imbalance. This osmotic
imbalance would reduce the water uptake and transpi-
ration by the crop, which would lower the crop yield.
Second, there is only a narrow selection of crops that are
salt tolerant and care must still be taken as these crops
have their respective salinity threshold. Finally, there is
the accumulation near the roots of the plant. This can
be corrected but an unsustainable volume of irrigation
water would be needed to leach the soil. It is vital when
applying saline/brackish irrigation water to crops that
the salinity of the soil be constantly monitored because
although the salinity of the irrigation water will remain
constant, the soil salinity will vary depending on drain-
age characteristics of the soil, the type and management
of crops, prevailing weather conditions, and the method
and frequency of irrigation.

Therefore, it is recommended that irrigation be done
with desalinated water, as it is more water efficient and
economical than brackish water irrigation. However,
the desalination process needs to use nanofiltration, as
it is more cost-effective due to its lower energy require-
ment. In addition, unlike desalination by reverse osmo-
sis, it is able to retain a majority of the ions required
for plant growth. Reverse osmosis and distillation not
only separate the undesirable from the water, but also
remove ions that are essential for plant growth. In addi-
tion, desalinized water typically replaces irrigated
water that previously provided basic nutrients such as
calcium, magnesium, and sulfate at levels sufficient to
preclude additional fertilization. This was the case with
the Ashkelon plant in Israel, in which the water does not
have any magnesium. The farmers needed to apply fer-
tilizer to their crops after irrigation with the desalinated
water because their crops started to exhibit magnesium
deficiency.



Coastal Groundwater Development

1.4.5 Aquaculture Using Brackish or Saline Water

The management of groundwater salinity problems
often results in large amounts of unwanted saline or
brackish water, which is generally free of other pollution
and which fulfills the basic requirement for most aqua-
culture systems. Where qualities of seawater and saline
groundwater are somewhat the same, the usage of the
saline groundwater for aquaculture production would
only require matching the system with the saline water
as well as the specie. The specie need to be matched
based on the known tolerance range. The optimum con-
ditions as well as the prevailing conditions of the specie’s
original or designed environment are required to attain
the desired production levels. As in the case of desert
aquaculture in Egypt, it was mentioned that brackish
water and brine would play an important role in the sus-
tainable development of the aquaculture industry.

The use of saline groundwater for aquaculture can
also be expanded to the agricultural sector, as seen
in from a previous study conducted by researchers in
China. In their experiment, they irrigated Jerusalem
artichoke and sunflower using saline aquaculture
wastewater mixed with brackish groundwater at vari-
ous ratios. Their results demonstrated that when saline
aquaculture wastewater is applied to the artichoke at
the proper ratio, the crop could grow properly without
any adverse effects.

1.4.6 Subsurface Water Storage in Coastal Aquifers

Coastal aquifers may also be used as a reservoir in
which water can be stored. The manner in which the
water reaches the target zone is usually done using
the technology known as aquifer storage and recovery
(ASR) or aquifer storage transfer and recovery (ASTR).
To compare and contrast ASR and ASTR, the explicit def-
inition found in literature must be utilized where ASR
is the recharge of an aquifer via a well for subsequent
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recovery from the same well and ASTR is the recharge
of an aquifer through injection into a well and then
recovery from another well. It has several applications:
seasonal storage, long-term storage, emergency storage
and supply, reclaimed water storage for reuse, preven-
tion of salt-water intrusion, etc., all of which can be con-
ducted in a coastal aquifer.

1.5 Developing Coastal Groundwater

It has been established that groundwater aquifers are an
integral part of the coastal ecosystem and are currently
facing numerous threats, both natural and manufac-
tured. For the optimal exploitation of water (freshwater/
brackish/saline) from a coastal aquifer to occur, efficient
management strategies are needed. Whereby the devel-
opment of any worthwhile management strategy would
require the development of management models that can
not only simulate the respective processes—for example,
salt-water intrusion and SLR—but also be able to pos-
sibly optimize. One of the best methods of determining
the sustainable management strategy for a groundwater
system may be the combined use of simulation/optimi-
zation (S/O) models. While simulation models provide
solutions for the governing equations of groundwater
flow, optimization models identify an optimal manage-
ment and planning strategy from a set of feasible alter-
native strategies. Through the utilization of linear and
nonlinear formulations, it helps to find the answer that
yields the best results for minimizing or maximizing an
objective function subjected to various constraints.

The conventional development of a coastal aqui-
fer focuses on freshwater development subjected to
salt-water intrusion. However, within this chapter,
the opportunities were discussed which observed
that brackish or saline water can also be regarded as

TABLE 1.1
Types of Coastal Groundwater Management Problem
Type of Well Application Example Objective Penalty Constraints
Pumping FW  FW development Maximize FW pumping rate ~ SW intrusion at FW pumping wells ~ Maximum FW pumping
rates
Pumping SW  SW intrusion control =~ Minimize SW pumping rate FW and SW intrusion at SW and Minimum SW pumping
FW pumping wells, respectively rates
SW fish farm Maximize SW pumping rate ~ FW intrusion at SW pumping well Target SW concentration
Pumping BW  R/O desalination Minimize SW contents SW concentration at intake Minimum BW pumping
rates
BW fish farm Maximize BW pumping rate ~ FW intrusion at SW pumping well Target BW concentration
Injecting FW SW intrusion control ~ Minimize FW injection rate SW contents at FW pumping well Minimum FW injection rate

FW augmentation Objectives and penalties

differ widely

Varied Varied
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beneficial. Table 1.1 reviews and summarizes the types
of coastal groundwater problems. The summary table
indicates that there are diverse applications in coastal
groundwater apart from freshwater development, all of
which have the potential to yield an optimal manage-
ment strategy when treated separately as documented
in previous studies, where the optimization approach
has been used for freshwater development, salt-water
intrusion control, operation of desalination plants, and
freshwater augmentation.

1.6 Summary

The present and future need for water to support an
ever-increasing coastal population along with their eco-
nomic endeavors shows no indication of subsiding. This
situation will prompt both water resource managers and
decision makers to be more cautious and aware when
developing coastal groundwater. As discussed and
illustrated from the case studies there are challenges
and opportunities with regard to coastal groundwa-
ter. Great strides have been taken to better understand
the complex system that is the coastal aquifer. Through
this understanding, it was realized that what was once
considered a problem—Iike in the case of brackish
groundwater—could also be an opportunity.

In an age where there is and will be an increase in
competition for this resource, it is only fitting that
optimal management strategies be considered, which
clearly identify a comprehensive groundwater manage-
ment solution.
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2.1 Introduction

The Ganga River Basin of India is an active foreland basin
having an east-west elongated shape. The basin has been
formed in response to the uplift of the Himalayas after
the collision of Indian and Asian plates. The Ganga Basin
forms one of the largest underground reservoirs in the
world and came into existence as the result of sedimen-
tation in the foredeep in front of the Himalayas. The sed-
imentation period belongs to the upper tertiary period
and it continued all through the Pleistocene up to the
present time. The various geophysical and exploratory-
drilling investigations have indicated that the depth of
the alluvial is variable from about 1000 m to over 2000 m
and encompasses a number of aquifer zones, both fresh
and saline. On the basis of various studies, depth to
basement rock is shown in Figure 2.1.

2.2 Food Security

Intergovernmental Panel on Climate Change (IPCC) has
indicated the adverse impact of climate change due to
rising temperatures and extreme weather events such as
tropical cyclones, associated storm surges, and extreme
rainfall events on food production. Low-lying regions,
including small islands, will face the highest expo-
sure to rising sea levels, which will increase the risk of
floods bringing more cultivable areas under submer-
gence and degradation. The vulnerability of India in the
event of climate change is more pronounced due to its
ever-increasing dependency on agriculture, excessive
pressure on natural resources, and poor coping mecha-
nisms. The likely change in temperature and frequency
and intensity of rainfall will impact yield decline as
follows:
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FIGURE 2.1

Basement depth contour map of Gangetic alluvial plains.

* A 1°C rise in mean temperature is likely to
affect wheat yield in the heartland of green rev-
olution. There is already an evidence of nega-
tive impacts on the yield of wheat and paddy
in parts of India due to increased temperatures,
increased water stress, and reduction in the
number of rainy days.

® Crop-specific simulation studies, though not
conclusive due to inherent limitations, project a
significant decrease in cereal production by the
end of this century.

e Irrigation requirements in arid and semiarid
regions are estimated to increase by 10% for
every 10°C rise in temperature. Rise in sea level
is likely to have adverse effects on the liveli-
hoods of fisher and coastal communities.

In India, the population is projected to increase to
about 1.6 billion thereby increasing the food demand
from the current production of 225 million ton (Mt) to
377 Mt by 2050. The increase in food production will
evidently require more surface storages and develop-
ment of deep aquifers to meet the stipulated irrigation

water demand to the extent of 807 billion cubic meters
(BCM) (minimum) in 2050; surface water is stipulated to
contribute about 463 BCM and 344 BCM of groundwa-
ter. The Ganga River Basin constitutes the main depend-
able area for food security and therefore, dependence of
developing groundwater resources will enhance in case
the surface water resources are not available to increase
the intensity of irrigation.

2.3 Groundwater Resource Potential

The estimation of groundwater resources is prepared
separately as (1) dynamic resource (annual replen-
ishment) potential and (2) in-storage (referred to as
static) potential, that is, below the level of groundwater
fluctuation.

2.3.1 Dynamic Groundwater Potential

The dynamic groundwater resource potential of Uttar
Pradesh, which covers almost the entire Ganga Basin,
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shows that the annual recharge potential from various
components of recharge to groundwater is estimated
as 71.66 BCM and the groundwater draft for agricul-
ture, domestic, and industrial uses is about 52.78 BCM.
This indicates that the stage of groundwater develop-
ment has already reached 74% of the annual recharge.
The groundwater development being a continuous
process, the groundwater draft will increase further
and the groundwater development will exceed 100%
of the recharge. Currently, the estimation of a dynamic
resource potential and the groundwater draft, thereof
for all the 75 districts of Uttar Pradesh, indicates that 11
of the districts have already fully utilized the dynamic
recharge potential and are using in-storage potential by
constructing deep tubewells.

2.3.2 In-Storage Groundwater Resources

In addition to the estimation of a dynamic resource
potential, the in-storage potential below the dynamic
resource potential has been estimated up to the depth
of 400 m based on the cumulative thickness of aquifer
zones as revealed by exploratory drilling. The in-storage
potential of the alluvial aquifers of the Ganga Basin is
estimated as 7769.1 BCM, out of which the in-storage
potential of the alluvial aquifers of Uttar Pradesh has
3470 BCM. The estimated potential of the hard-rock
aquifer of the Ganga Basin as a whole is estimated as 65
BCM and for Uttar Pradesh, part of the hard-rock aqui-
fers of Ganga Basin has been computed as 30 BCM.

The in-storage potential of Ganga Basin and of Uttar
Pradesh, both for the hard rock and the alluvial aquifers
is shown in Table 2.1.

2.4 Disposition of Deep-Aquifer
System (Freshwater)
The Ganga River Basin has been extensively explored

mostly up to the depth of 400 m to identify the aquifer
zones and their disposition. A number of exploratory

TABLE 2.1

The In-Storage Groundwater Resources of Uttar Pradesh and
Ganga Basin

Static Fresh Groundwater Resource

Alluvium/
Unconsolidated Hard Rocks Total
States Rocks (BCM) (BCM) (BCM)
Uttar Pradesh 3470 30 3500
Ganga Basin 7769.1 65 7834.1
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boreholes have been drilled to understand the configu-
ration of the different aquifer zones and the basement
rock, wherever it is encountered, up to a depth of 400 m.
The exploratory-drilling data were also supplemented
with the drilling data of exploration undertaken by the
oil sector to have a comprehensive understanding of the
lateral and vertical extension of the different litho units.

The subsurface lithological section between
Kadmaha-Ghur Khauli, indicating different aquifer
zones, is shown in Figure 2.2.

The above section covers a total distance of about
275km, and it shows that the basement rock (i.e.,
Vindhayan) is encountered at a very shallow depth
toward the south. At the northern end, the Vindhyan
basement rock is encountered at a depth of 4679-m bgl
(Oil and Natural Gas Corporation [ONGC]).

The northern and southern parts of the section are
represented by arenaceous sediments, while the central
part is mostly represented by clayey (argillaceous) sedi-
ments. There are a number of granular zones recorded
in the central part, which are formed by the river chan-
nels and their shifting in time and space. However, the
granular zones are not extensive. The granular zones
are mostly dominant in the northern part where four to
five such zones can be demarcated up to 750 m.

The subsurface cross section along Haldwani-
Pachomi is shown in Figure 2.3.

Another subsurface lithological section has been pre-
pared to understand the change in the disposition of the
aquifer system. The subsurface lithological section from
Haldwani to Pachomi in the Bareilly district is over a
distance of about 130 km across the Bhabhar and the
Terai belts. It is observed that there are thick granular
horizons in the north comprising coarse-grained sands,
gravels, and boulders within the Bhabhar zone. The
thickness diminishes toward the south and there is an
increase in the content of argillaceous (clay) sediments.

The above two sections indicate that the deep aqui-
fer zones are very thick and remain more or less unex-
ploited. The future water requirement to enhance
the food production and intensity of irrigation can
be ensured if only 5% (i.e., 175 BCM) of the in-storage
potential is exploited.

2.5 Climate Change

In India, CO, emissions have increased from 560 Mt in
1990 to 668 Mt in 1994 to 1069 Mt in 2000. Emission pro-
jections of CO, only due to fossil fuel burning indicate
that the emission is going to increase to 1670 Mt in 2010
and 2934 Mt in 2020. India’s initial national communica-
tion to the United Nations Framework Convention on



20 Groundwater Assessment, Modeling, and Management

North east

o~

South east

Kadmal
(ONGC
Bhuri Gandak River

Gandak
(ONGC)
Padralna
Kosia

Sirsiopalli Huson
Lohra
Rochhapar
Rapti River
Bangli Pinjra

Dharour
Kumharia
Movakilpur
Gomti River
Samath
Nali Imli
B.H.U
Garga River
Chunar
Chur khauli

160
120
00
40
MSL
40
60
120
160
200

240
300
320
340
360
GL-45 m—Alluvium Sand (medium to fine) 380

457800 m—U Siwalik Sand (coarse with gravel)
2 800-1810 m—M.Siwalik g 400
DD: 5314 m 1810-3620 m—LSiwalik
DD: 5372 3620-4076 m—Dharmashala Claystone
Fo2/em 4076-4797 m—Vindhyan Borehole

1 GL-45 m—Alluvium . Silt .
45-1445 m—U.Siwalik Scale DD: Drilled depth location
Sandstone }

Depth in meters

Index
Keymap of U.P

Clay and kankar

Kalmur-

1445-3423 m—M.Siwalik
Vindhyan

3423-4679 m—L.Siwalik 0 5 10 15 20 25km Shale
4679-5371 m—Vindhyan

FIGURE 2.2
Subsurface cross section along Kadmaha-Ghur Khauli, Uttar Pradesh.

Scale

(=}

10 15 20 35 km

N
w

Ramdaiansingh
o
o

Haldwani
Gora Parav

400
360

South 320

Lalkua

Nagla Dairy

Darau
Baheri
Bareilly Cantonment

Panderi Maluwa ,,

Deo Raina
Rithora
Pachomi

[\

=

(=)

TS
¢
w1
I

Depth in mete
—_
[\~}
S

Keymap
of UP 360

FIGURE 2.3
Subsurface cross section along Haldwani-Pachomi, Uttar Pradesh.



Gangetic Alluvial Plains

Climate Change (Ministry of Environment and Forest,
2004) has shown that the total CO, emitted in 1994 from
all the sectors was 817,023 gigagrams (Gg) and removal
by sinks was 23,533 Gg, resulting in a net emission of
793,490 Gg of CO,, which was mainly contributed by
activities in the energy sector, industrial processes, land
use change, and forestry.

2.6 Methods of Mitigation

It is important to conduct scientific studies to identify
the possible geological sinks near the emitting sources
to capture and sequestrate them.

Capture of CO, from the major stationary sources and
its storage into deep geological formations is considered
a potential mitigation option to combat global warming.
Geological storage of CO, can be undertaken in a variety
of geological settings in sedimentary basins. Geological
storage options for CO, are

¢ Depleted oil and gas reservoirs

e Deep unmineable coal seams/enhanced coal
bed methane recovery

® Oceans
e Other geological media (basalt, shale, and cavities)

® Deep unused saline water-saturated formations

The deep-saline aquifers are present in the different
sedimentary basins near the power plants, which makes
it easy to capture and sequestrate in the saline aquifers
that is technically feasible and very cost-effective.

Moreover, the saline aquifers provide a significant
advantage because of the following reasons:

* They are deep seated and not exploited for any
surface water use by irrigation, industry, or
domestic purposes.

e Owing to high salinity, it is not economical to
exploit them but they have now been recog-
nized for their usefulness in injection of waste-
water, radioactive waste, and carbon dioxide
sequestration.

* These aquifers being present inland can help in
achieving near-zero emissions for the existing
power plant and industrial units located above
the deep-saline aquifers.

e Negative impact and unintended damages are
limited being deep seated.

¢ India is one of the few countries having totally
unutilized saline aquifers of sufficient thick-
ness and are regionally extensive.
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TABLE 2.2
Storage Capacity for Geological Storage Options
Global Capacity
Reservoir-Type Upper Estimate
Lower Estimate of of Storage

Geological Storage Storage Capacity  Capacity of CO,
Option of CO, (in Gt) (in Gt)
Depleted oil and gas fields 675 900
Unmineable coal seams 3-15 200
Deep-saline reservoirs 1000 Uncertain, but

possibly 104

e The options to capture and sequestrate the car-
bon dioxide lie in the location of different geo-
logical sinks such as abundant coalmines, oil
exploratory wells, and offshore or deep-saline
aquifers as discussed. The recent studies that
have estimated the storage capacity for different
geological storage options is shown in Table 2.2.

2.7 Emission of Greenhouse Gases

The state of Uttar Pradesh has a number of coal-based
power plants that emit huge quantities of greenhouse
gases. The distribution of power plants is shown in
Figure 2.4.

The capacity of power plants and the estimated emis-
sion thereof is shown in Table 2.3. It is estimated that
the emission from the power plant is about 71.89 Mt.
It is apparent that the reduction in the emission of car-
bon dioxide is of great importance under the differ-
ent international agreements to mitigate the emission
of carbon dioxide to prevent further global warming.
In this context, it may be noted that the geological sinks
such as an ocean, deep coalmines, and depleted oil and
coal reservoirs are far off from the emitting sources. It is
thus required to map the deep-saline aquifers, in part of
the Ganga Basin, below 700-m depth to meet part of the
screening criteria established for carbon dioxide seques-
tration in deep-saline aquifers.

2.8 Saline Aquifers of Ganga River Basin
2.8.1 Disposition of Shallow-Saline Aquifers

A number of studies have been conducted through geo-
physical and hydrogeological survey identifying the
disposition of saline aquifers in unconfined aquifers.
The areal extent of brackish (saline) groundwater in
Uttar Pradesh is shown in Figure 2.5.
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TABLE 2.3
Power Station in Uttar Pradesh with Installed Capacity and CO, Emission
Installed Power Generation CO, Emissions Storage Capacity of
Power Station Capacity (mw) in 2009 (mw) in 2009 (Mt) Ganga Basin (Mt)
Obra Tps 1322 511.18 5.49
Anpara Tps 1630 1252.62 10.58
Panki Tps 210 122.37 1.54
Parichha Tps 640 371.11 4.18
Harduaganj Tps 220 141.98 1.58
Singrauli Super Tps 2000 1723.51 14.75 483
Rihand Tpp 2000 1785.73 14.94
Nctpp 1820 824.77 7.07
Feroz Gandhi Unchahar Tpp 1050 940.18 8.09
Tanda Tpp 440 359.81 3.67

TOTAL 11,332 8033.26 71.89
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Area extent of brackish/saline groundwater zone in Uttar Pradesh
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Areal extent of brackish/saline groundwater zone in Uttar Pradesh, Ganga Basin.

The recent mapping of the shallow-saline aquifers
shows that the saline aquifers occurred at varying
depths all along the area from Meerut to Ghazipur. The
distribution of saline aquifers has been divided into
three groups (Trivedi, 2012).

¢ The groundwater salinity commencing from a
very shallow level and extending up to the bed-
rock with the localized pockets of fresh ground-
water, namely:

e Salinity occurring at a depth overlain and
underlain by freshwater aquifers and

e Salinity occurring at two depth zones—the
shallow and deeper one separated by fresh
water aquifers.

The distribution of saline aquifers based on geophysi-
cal survey and monitoring of the water quality is shown
in Figure 2.6.

2.8.2 Disposition of Deep-Saline Aquifers

The understanding of the disposition of deep-saline
aquifers is of great significance under a climate change
scenario as in one of the potential geological sinks, a
deep vertical electrical sounding (VES) survey was
carried out at 12 selected locations where the shallow
aquifers are also saline in nature. The depth of the
saline aquifers was probed up to a depth of 1100 m to
satisfy the screening criteria to identify the deep-saline
aquifers more than 750-m bgl. As the carbon dioxide
increases in density with depth and becomes a super
critical fluid below 750-m bgl therefore it diffuses bet-
ter than either gases or liquids.

It was thus important to map the deep-saline aqui-
fers in the part of the Ganga Basin where some primary
information was available of the possible presence of
deep-saline aquifers. To identify the deep-saline aqui-
fers, a deep-resistivity survey was carried out at 12 loca-
tions with depth ranging from 850 to 1100 m. The basic
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Extent of inland groundwater salinity in Ganga Basin (UP).

data and the interpreted result for VES 1 of the Ganga
Basin are shown in Figure 2.7 as a representation of the
12 such curves with interpreted results. The summa-
rized results are shown in Table 2.4.

Subsurface lithological sections and the saline fresh
interface have been prepared using different software.
As shown in Figures 2.8 and 2.9, it revealed the definite
presence of thick-saline aquifers below the freshwater
aquifers but at varying depths. The saline aquifers over-
lie the Shivalik rocks and other rock formations but the
continuity of the deep-saline aquifers in the basement
rocks has not been deciphered. The exploratory drilling
by ONGC has also indicated the presence of deep-saline
aquifers overlying the bedrock as shown in Figure 2.10.

Figure 2.8 shows the fresh—saline groundwater inter-
face based on deep-resistivity measurement, in the
Budaun and Bareilly districts, Uttar Pradesh.

In Figure 2.9, a subsurface lithological cross section
shows groundwater-quality variation with depth based

on Schlumberger deep-resistivity-sounding results, in
the Bareilly and Budaun districts, Uttar Pradesh.

2.9 First Approximation of Carbon
Dioxide Storage Potential

Koide et al. (1992) studied the carbon dioxide capacity
estimated for deep-saline aquifers and made several
assumptions in the calculation of storage capacity based
on the idea that the carbon dioxide will be stored by being
dissolved in water. On the underground disposal of car-
bon dioxide, the calculation of storage capacity assumed
that 3% of the aquifer volume would be trapped.

The methodology adopted for the purpose of a first
approximation of the storage capacity involves the con-
sideration of the water held in the formation and that
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Composite VES data processing for the recommended site VES 01, Ganga Basin.

the water can be displaced to incorporate the carbon
dioxide in the aquifer. Equation 2.1 used for computing
the first approximation of the storage potential in a part
of the Ganga Basin is given below:

Ff = VSA x % fluid 2.1)

where
Ff = fluid fraction
VSA = volume of the saline aquifer
% fluid = percentage of the fluid fraction

On the basis of the present mapping of the deep-saline
aquifers, the potential area in the part of the area of the
Ganga Basin investigated for deep-saline aquifers is esti-
mated as 75 km? and the thickness of saline aquifers is
about 200 m, that is, the total saturated volume is 15 km?.

Therefore, the carbon dioxide storage capacity with
fluid fraction is shown in Table 2.5.

2.10 Conclusions

The dynamic groundwater resources will be fully
exploited to meet the immediate water demand but the
deep aquifers that have an area fairly well established
having an in-storage potential of 3500 BCM can be
exploited to the extent of 5%, that is, 175 BCM for food
security.

The deep-saline aquifers are now recognized world-
wide as the best option for CO, sequestration as they
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FIGURE 2.8

Recommended location

Sub-surface-layered feature showing a variation in depth to a saline groundwater zone.
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FIGURE 2.9
Panel diagram showing a variation in depth to a saline groundwater

have a great promise for being regionally extensive
and not utilized for any purpose. The present geologi-
cal and geophysical mapping of the deep-saline aqui-
fers in parts of the Ganga Basin has revealed that it
has deep-saline aquifers in the quaternary alluvial
formation.

zone.

The total storage capacity for carbon dioxide seques-
tration is about 48.3 Mt; therefore, more areas are
required to be investigated for deep-saline aquifers so
that the present emission from the power plants can be
mitigated in saline aquifers without requiring the need
to transfer the gases to other geological sinks.
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Deep-saline aquifers. (Adapted from Oil and Natural Gas Corporation Limited (ONGC). 1994-1998. Unpublished drilling report.)

TABLE 2.5
Carbon Dioxide Storage Capacity with Fluid Fraction

Volume of the Saline Reservoir Storage Density
S1. No. Name of the Basin Aquifer (cu. km) Porosity Efficiency (km/cu. m) Mt CO,
1 Uttar Pradesh—a part of Ganga Basin 15 0.23 0.02 700 48.3

Notes: 1. CO, storage efficiency is estimated as 2% and all the aquifers are assumed closed.
II. CO, density in the offshore sites is assumed to be 700 kg/m?.
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3.1 Geological Framework and
Tectonic Scenario

The South American continent hosts three large tec-
tonic domains: the Andes, the Patagonic platform,
and the South American platform. Exception should
be made to a small part of Venezuela that belongs to
the Caribbean plate. The South American plate, where
Brazilian territory is situated, corresponds to the con-
tinental portion of the homonymous plate, which has
remained stable as a foreland against the Andean
and Caribbean mobile belt and continental drifting
during the Meso-Cenozoic period. It has undergone
multiple tectonic cycles between the Paleoarchean up
to the Ordovician resulting in a complex framework.
Phanerozoic covers have developed since then, set-
ting the beginning of its stabilization phase (CPRM,
2003). The Brazilian orogenic cycle activities lasted
up to the Upper Ordovician/Lower Silurian whereby
the actual tectonic framework of the Brazilian terri-
tory has been built. Microcontinents and continental
blocks were transformed giving rise to the actual cra-
tonic areas (Amazonico, Sao Francisco, Sdo Luis, and
Parana) allowing ocean development (Borborema, Sao
Francisco, Goiano, and Adamastor), where a whole set
of sedimentary rocks, insular and juvenile continental
arc portion shad has undergone metamorphism, defor-
mation, and emplacement of granitic intrusions across
multiple events. During its stabilization period, large
synecleses have been developed, such as Amazonas
(500,000 km?), Solimdes (600,000 km?), Parnaiba
(700,000 km?), and Chaco-Parana (1,700,000 km?).
Besides the large basins, many other small ones were
originated (Parecis/Alto Xingu, Alto Tapajos, Tacutu,
Reconcavo/Tucano/Jatobd, Araripe, Iguatu, Rio do
Peixe, and Bacia Sanfranciscana). Across its continen-
tal margin, a great number of mesozoic basins have
been developed (Pelotas, Santos, Campos, Espirito
Santo/Mucuri, Cumuruxatiba, Jequitinhonha/Camumu/
Almada/Jacuipe, Sergipe/Alagoas, Pernambuco/Paraiba,
Potiguar, Cearda, Barreirinhas, Para/Maranhao, Foz do
Amazonas, Cassiporé, Marajo, Braganca/Sao Luis, Barra
de Sao Joao, and Taubaté). Widespread Cenozoic depos-
its with heterogeneous thickness cover large portions
of the territory. The main units are formation Solimédes,
Ica, Boa Vista, Pantanal, Araguaia, and Barreiras.
The continental area occupied by sedimentary basins
is 4,898,050 km?, from which 4,513,450 km? (70%) are
intracratonic and the remaining 384,600 km? (30%) are
lying on the continental margin. Figure 3.1 presents the
main basins and sedimentary cover within Brazil. The
cratonic areas are composed of plutonic rocks, gneisses,
migmatites TTG, and greenstone belts sequences
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while in the orogenic belts there is a predominance of
metasedimentary sequences and intrusive bodies. Some
neo-proterozoic and cambri-ordovician basins such as
AltoParaguai, Bambui, Chapada Diamantina, Paranoa,
Santo Onofre, Estancia, Rio Pardo, and Jaibaras, among
others contain sedimentary sequences bearing primary
structures and low metamorphic grades behaving
mostly as fractured aquifers.

3.2 The Hydrogeological Map of Brazil

The hydrogeological map of Brazil, launched by the
Brazilian Geological Survey—CPRM/SGB at the end
of 2014, represents a synthesis of the hydrogeological
information data sets available in the country. It aims at
offering an overview of the water well location, aquifer
use, and groundwater potential nationwide. It consti-
tutes five main thematic layers.

3.2.1 Planialtimetry Base Map

The planialtimetry base map was obtained from the vec-
tor base—1:1.000.000 BCIM/IBGE (Brazilian Institute for
Geography and Statistics 2010)—generated throughout
the integration of the World International Chart (CIM)
with the following information categories: hydrogra-
phy, landform, political boundaries, transport system,
economical structure, energy, communication, reference
points, and vegetation.

3.2.2 Geological Database

The geological database was obtained from the GIS
Brazil from the CPRM (2003) and based on a simplifica-
tion of unit attributes and conversion into hydrogeology
characteristics, such as groundwater transmissivity and
storage.

3.2.3 Tubular Well Database

Data on tubular wells were taken from the SIAGAS—
Groundwater Information System, operated and kept by
the CPRM/SGB, which is equipped with query modules
and report preparation modules. Regarding the hydro-
geological map development, a set of 241,692 tubular
wells was available for analysis.

3.2.4 Water-Level Database

Water level contour lines based on groundwater level data
were developed for the following regional aquifers: Boa
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Vista, Itapecuru, Parecis, Guarani, Cabecas, and Urucuia.
These outputs were transformed into potentiometric sur-
faces using topographical data gathered in the field with
GPS. When such data were missing, groundwater level
was determined after a digital terrain model (DTM).

3.3 Hydrological Database

The concept of “hydrographic regions” defined by
the Water Resources National Council—CNRH has
been adopted. The country was divided into 12 main
hydrographic regions: Amazonica, Tocantins-Araguaia,
Atlantico Nordeste Ocidental, Parnaiba, Atlantico
Nordeste Oriental, Sdo Francisco, Atlantico Leste, Atlantico
Sudeste, Parand, Paraguai, Uruguai, and Atlantico Sul.

The hydrogeological potential of each one of the
mapped units has been classified according to the con-
tribution of Struckmeier and Margat (1995), who defined
six classes (Table 3.1):

1. Very high

2. High

3. Moderate

4. Generally low but locally moderate
5. Generally low but locally very low

6. Nonproductive or nonaquifer

According to this methodology, there are 18 hydro-
stratigraphic mapping units that have similar storage
and transmissibility properties with production classes
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at the same magnitude order, whose attributes need to
be described. The map has also used the International
Legend for Hydrogeological Maps developed by
UNESCO (1970). Rebougas et al. (1969) and SADC (2009)
were also used as important references in this chapter.
The hydrogeological map of Brazil (Figure 3.2) pres-
ents an innovative feature dealing with a simplification
of the geological background information together with
complementary representations of outcropping and
nonoutcropping aquifers within its thematic layout. It
has been developed within a GIS under a 1:1000.00 scale.

3.4 Paleozoic Sedimentary Basins
3.4.1 Amazonas Sedimentary Basin (1, 2, 3, 7)

The Amazonas Province sedimentary basins (Acre,
Solimdes, and Amazonas) start at the Andean region
where they spread over into the Atlantic coast assuming
a fan layout. Their greatest occurrence area corresponds
to the flood plains of the Solimdes River.

The Acre Basin is situated at the Brazilian territory
of the Marafion-Ucayali-Acre Basin, whose total area
comprises 905,000 km? (CPRM, 2003), being the most
distal part of the sedimentary edge dated between the
Cretaceous and the Pliocene. The Iquitos arc acts as its
eastern border toward the Solimodes Basin. It presents
thicknesses up to 6000 m distributed into four super-
sequences: (i) Permian—Carboniferous, (ii) Jurassic, (iii)
Cretaceous, and (iv) Tertiary.

The Permian-Carboniferous supersequence com-
prises the Apui Formation, made up of a clastic edge of

TABLE 3.1

Productivity Classes

Q/s (m3/h/m) T (m?/s) K (m/s) Q (m3/h) Productivity Classes

>4.0 >10-2 >10* >100 Very high—Regional relevance (supply source for 1
urban and irrigation demands). Aquifers with
national importance.

20<Q/s<4.0 103<T <1072 10°<K<10* 50<Q <100 High—Same relevance of class 1 in terms of supply 2)
demands, but less-productive aquifers.

1.0<Q/s<2.0 10%<T<103 10°<K<10° 25<Q<50 Moderate—Source of water supply for small (3)
communities, factories, and small irrigation
scheme demands.

04<Q/s<1.0 10°5<T<10* 107<K<10° 10<Q<25 Generally low, but locally moderate—Source of (4)
water supply for local private demands.

0.04<Q/s<04 10°<T<10° 108<K <107 1<Q<10 Generally low but locally very low—Source of )
intermittent water supply for local private demands.

<0.04 <10-° <108 <1 Nonproductive or nonaquifer—Insignificant water 6)

supply. Extraction restricted to manual devices.

Source: Modified from Struckmeier, W. F. and J. Margat. 1995. Hydrogeological Maps: A Guide and a Standard Legend. International Association of
Hydrogeologists—Hannover (International Contributions to Hydrogeology; Vol. 17).
Q/s = specific yield; Q = flow rate; T = transmissivity; K = hydraulic conductivity.
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conglomerates, Cruzeiro do Sul, containing carbonates,
evaporites, and sandstones (Rio do Moura). The Jurassic
supersequence is entirely made up of the JurudMirim
formation bearing sandstones and red beds intercalated
with evaporites and basalt flows, deposited at conti-
nental environment. Several formations belong to the
Cretaceous supersequence: Moa, Rio Azul, Divisor, and
Ramén, which are constituted by sandstones, shales,
and calcarenites from fluviatile-lacustrine environ-
ments. The Tertiary supersequence is represented by
the Solimdes formation with onlap deposition against
the basement. Together, they both (the Cretaceous and
Tertiary sequences) sum up to 3000 m of thickness
(Milani and Zalan, 1998). The Pliocene sandy-clayish
sediments of the Solimdes formation and the Pleistocene
deposits of the I¢a formation cover the entire basin.

The Solimoes Basin has an area of about 500,000 km?
and a total sediment fill of 3800 m, divided by clear
marked discordances building up six supersequences
(Eiras et al., 1994).

The ordovician and silurian—devonian superse-
quences comprising, respectively, Benjamim Constant
formation (neritic clastic) and Jutai formation (clastic
and neritic limestone) are restricted to the Jandiatuba
subbasin (Eiras et al., 1994a). The devonian—carbonifer-
ous supersequence encompasses the marine sedimen-
tary rocks and glacial-marine rocks from the Marimari
group (Ueré and Jandiatuba formation), which outreach
the Caruari arc, extending up to the Jurud subbasin.

The carboniferous—-permian supersequence is made
up of clastic sediments, limestones, marine evaporites,
and continental evaporites from the Tefé group (Jurua,
Carauari, and Fonte Boa formations). The Cretaceous
sequence corresponds to the fluviatile deposits of the
Alter do Chéao formation, which are preserved due to
the subsidence effects related to the Andean orogeny.
Finally, the pelites and the Pliocene sandstones from
the Solimdes formation constitute the Tertiary super-
sequence, while the I¢a formation is a Pleistocene sedi-
mentation product. The I¢d formation is covered by
eolic deposits that originate in the Aracd, Anaud, and
Catrimani dune fields. The sedimentary rocks of the
Amazon Basin are in onlap form disposition covering
basement rocks from the Guianas and the Brasil Central
shields, limited by the Solimdesbasin (Purus arc) on the
western side and by the Marajémesozoic rift through
the Gurupa arc on the eastern side. Total rock thickness
reaches 5000 m. Sedimentation begins at the rift phase,
with the cambrian—ordovician rocks of the Prosperanca
formation, basically on analluvial-fluviatile fan envi-
ronments. The syneclese phase started with the deposi-
tion of marine clastic sediments from the Autds-Mirim,
Nhamund4, Pitinga, and Manacapuru, arranged in the
Trombetas group, belonging to the ordovician-devo-
nian supersequence. The devonian—carboniferous
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supersequence is composed of the Maecuru, Ereré,
Curiri, Oriximind, and Faro formations, which repre-
sent the fluviatile-deltaic and neritic sediments from
the Urupadi and Curua groups. This last one has been
followed by a glacial sedimentation period and a poste-
rior depositional gap.

The Tapajés group, constituted by the Monte Alegre,
Ttaituba, Nova Olinda, and Andird formations, has
a wide variety of sedimentation environments such
as clastic, continental, and marine, building up the
Permian—Carboniferous supersequence. This super-
sequence is followed by the Sanrafaélica orogeny (ca.
260 Ma.) and by the Jurud diastrophism. At the very
beginning of the Jurassic, an expressive basalt-type
magmatism occurred placing Penatecaua dikes and
flows between the Nova Olinda and Alter do Chao
formations. The sedimentation of the Amazonas Basin
ceased after the deposition of the continental sequences,
one from the upper Cretaceous (Alter do Chao forma-
tion) and another Cenozoic (Solimoes and I¢d forma-
tions), generated by a fluviatile and fluviatile-lacustrine
systems. The groundwater research in this region is still
incipient and deals mainly with the Alter do Chao for-
mation aquifer. There is overall information about the
Solimdes and I¢a formations as well (Figure 3.3).

The geologic framework described before and the
assessment of the water well logs and oil soundings sug-
gest that the Alter do Chao formation is the main regional
aquifer functioning under an unconfined regime. Based
on existing data, the Alter do Chao aquifer covers an
area of about 410,000 km? Considering a mean thick-
ness of 400 m and an effective porosity of 20%, the satu-
ration volume reaches more than 30,000 km?®. According
to Souza et al. (2013), even though there are not sufficient
data for the estimation of the pressure component, it is
clear that this pressure volume is by far much less than
saturation volumes, since the parameter S, in confined
aquifers, does have magnitudes less than 10~. Therefore,
in terms of a regional estimation, the saturation volume
may be a reasonable magnitude for the aquifer perma-
nent reserve.

Regarding hydrodynamic parameters, the available
data that have been taken as references were estimated
by Tancredi (1996) for the region of Santarém, at Pard
State. According to the author, T ranges from a mini-
mum value of 1.5x10°m?/s and a maximum value
of 9.1 x 10 m?/s. The storage coefficient, S, has values
varying from 4.1 x 10~ to 3.3 x 10* and finally the K
values fall in between 2.1 x 10~ and 5.0 x 10 m/s. The
hydrodynamic parameters for the Icd-Solimdes aquifers
are T=3x102m?2/s, S=5x10% and K=1x10* m/s,
whose magnitudes are similar to the minimum values
that were determined for the Alter do Chaosystem, in
Santarém. Regarding the Iga-Solimdes system, cover-
ing an area of 948,600 km?, the estimated reserves reach
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Main aquifers in the Amazonic Basin.

7200 km?, less expressive and 22% than the ones found
for the Alter do Chaoaquifer system. The water qual-
ity in almost all aquifers from the Amazonic Basin
show generally low contents of cations and anions, with
sodium-bicarbonate waters, bearing values for Na* and
HCOj; lower than 7 and 30 mg/L and expressive for K+
(maximum concentration reaching 5.5 mg/L). The lower
ionic concentrations determine lower values for the
electric conductivity, which ranges between 1212 and
100 uS/cm. The groundwater is generally acid and has
pH values between 4 and 5.

3.4.2 Parecis Sedimentary Basin (15, 16)

The Parecis sedimentary basin is one of the largest
intracratonic basins from Brazil, which is situated at the
southwest border of the Amazon craton, assuming an
elongated W-E form with 1250-km width. It occupies an
area of about 500,000 km? between the latitudes 10° and
15° S and longitudes of 64° and 54° W covering the states
of Rondénia and Mato Grosso with almost 6000 m of
siliclastic paleozoic, mesozoic, and cenozoic sediments
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(Figure 3.4). The paleozoic sequence is constituted by
the Cacoal, Furnas, Ponta Grossa, Pimenta Bueno, and
Fazenda da Casa Branca formation, outcropping on the
west, southwestern, and southeastern border of the basin.
The mesozoic sequence, on the other hand, formed by
the Anari/Tapirapua and Rio Avila units and the Parecis
group (Salto das Nuvens and Utiariti formations) occurs
in the central and western portion of the basin. Finally,
the Cenozoic sequence, represented by the detrital-lat-
erite covers belonging to the Ronuro formation and by
the quaternary sediments from the Guaporé river, is con-
centrated in the Alto-Xingu region. The Furnas aquifer
constituted by sandstones, conglomerates, and siltstones
show productivity classes between 3 and 4 (according
to Table 3.1), with low-to-medium productivity, showing
specific yields between 04 and 2.0 m3*/h/m and mean
discharge of about 10 and 50 m®/h. The Ponta Grossa for-
mation, composed mainly by pelites (shales, fine sand-
stones, siltstones, and claystones) belong to class 6 (less
productive or nonaquifer). The Pimenta Bueno forma-
tion (sandstones, conglomerate, shales, and siltstones),
Fazenda Casa Branca formation (conglomerate, arcosean
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sandstones, and shales), and Anari/Tapirapua formation
(basalts and diabases) vary according to the productivity
classification (Table 3.1) from classes 4 and 6. The Parecis
group (sandstones, siltstones, and conglomerate) is con-
sidered to be the most important aquifer of the Parecis
basin. It is classified as class 1 (very high productivity)
showing high values for specific yield, reaching more
than 4 m®/h/m and discharges higher than 100 m3/h.
Finally, the Ronuro formation and the undifferentiated
quaternary deposits constituted by sand, clay, and gravel
were classified as class 4; nevertheless, due to the fact
that they are easily tapped, a great part of the population
tends to use them.

3.4.3 Parnaiba Sedimentary Basin

The Parnaiba sedimentary basin occupies an area
of about 600,000 km?, embracing almost the entire
area of the states of Piaui and Maranhao and expres-
sive areas of the Pard and Tocantins States. The Sao
Vicente Ferrer-Urbano Santos-Guama Arc acts as
its northern border, whereas the Taua fault zone, the
Senador Pompeu fault zone, the Tocantins-Araguaia
fault zone, and the Tocantins arc are their borders on
the eastern, southeastern, western, and northwestern
portions. According to Goés and Feij6 (1994) the basin
hosts four depositional sites: Parnaiba basin, Alpercata
basin, Grajau basin, and Espigdo Mestre basin (Figure
3.5). The depositional site called Parnaiba basin covers

approximately half of the total area of the entire basin
and is situated mainly in the center and southern area
(Figure 3.5). It comprises the Silurian supersequences
(Serra Grande group), devonian (Canindé group),
and triassic-carboniferous (Balsas group). The Serra
Grande group is composed of the Ipu, Tiangud, and
Jaicés formation whereas the Canindé group is com-
posed of the Itaim, Pimenteiras, Cabecas, Longa, and
Poti formations. The Piaui, Pedra-de-Fogo, Motuca,
and Sambaiba formations constitute the Balsas group
(Figure 3.5). The Alpercatas basin covers 70,000 km?
(Figure 3.5) and is composed of the Jurassic superse-
quence (Mearim group), which is constituted of the
Pastos Bons and Corda formations sealed, respectively,
at the bottom and the top, by the igneous formations
Mosquito (Jurassic) and Sardinha (lower Cretaceous).
The Grajat basin is situated at the northern side of the
Alpercatas basin and gets isolated from the Sdo Luis
basin by the Ferrer-Urbano Santos arc, which does not
exert any influence on the sedimentation continuity
between both basins. It is filled by the Grajati, Cod6
formations and the Itapecuru Grup belonging to the
Cretaceous supersequence (Figure 3.5). The Espigao
Mestre basin is covered by eolic sandstones and lies
discordantly above the Parnaiba basin. It corresponds
to the northern part of the Urucuia basin, which is the
setentrional part of the Sanfranciscana basin.

The Parnaiba sedimentary basin has the largest
groundwater potential in the northeast region of Brazil.
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The multilayered permeable geological strata gives rise
to regional aquifer systems in heterogeneous hydrau-
lic regimes, varying from unconfined to confined and
sometimes artesian conditions (Figure 3.6). The most
important aquifer units are the Serra Grande group
followed by the Cabecas and Sambaiba formations
and the Poti/Piaui system. The Corda and Itapecuru
aquifers show slightly lower potential but a wide geo-
graphical distribution within the basin. On the upper
part of the sedimentary sequence, one may find the
Grajat aquifer, the Barreira/Pirabas group, and the
quaternary cover with low potential for groundwater
production. The Serra Grande aquifer represents an
extensive and important aquifer unity, which lies dis-
cordantly over the crystalline basement. It is constituted
by an essentially clastic sequence, with conglomerates
and consolidated kaolinite conglomerate sandstones
(Ipu formation) followed by arcosean, fine to middle

size grained sandstones (Tiangud formation) with con-
glomerate layers. The sequence ends with clastic pelites,
which are situated predominantly in the southern part
of the basin. This aquifer extends over 38,000 km? in
the eastern, southeastern, and southern border of the
Parnaiba basin exhibiting lower potential at its recharge
area, a narrow 2-15-km-width fringe. The region under
confined conditions shows excellent hydrogeological
properties with expressive artesianism regime in some
areas. Its thickness varies from 400 to 1000 m. According
to the classification adopted by the hydrogeological map
of Brazil, the aquifer is classified as class 1, even though
its outcropping areas have lower productivity, being
classified as classes 5 and 6. The mean hydrodynamic
coefficients are T=3.0x103m?/s; K=1.0x10®°m/s,
and S=4.3 x 10

The Cabecas aquifer is constituted by sandstones with
clay material, outcropping over 42,000 km? of the middle
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Hydrogeological potential for the geological formations of the Parnaiba basin, according to the classification of Table 3.1.

part of the basin reaching a mean thickness of 300 m.
It is classified as class 1, similar to the Serra Grande
aquifer. Due to the topographical context of their out-
cropping areas, productivity in those areas is situated
between classes 3 and 5; hydrodynamic parameters are
T=13x102m?/s, K=54x10°m/s, and S=3.7x10*
(Feitosa and Demetrio, 2009). The Sambaiba aquifer
occurs at the southeastern parts of the Maranhao and
northeastern part of Tocantins states, both as an uncon-
fined aquifer and as a confined aquifer as well. It is com-
posed mainly by well-sorted sandstones bearing high
permeability and therefore high to very high potential
(classes 1 and 2). Its inflow is fed by direct infiltration
from rainfall in recharge areas at plain areas covered
by unconsolidated sands and by the drainage network.
Its principal outlets are the natural drainage and river
beds which keep basin discharges over the year, evapo-
transpiration, when clay-rich sequences hinder vertical
infiltration, vertical bottom drainage, and artificial dis-
charge as an effect of the well operation. It shows yields
of more than 200 m3/h in some cases. The Poti and Piaui
aquifer units constitute an important aquifer system

covering an area of about 92,250 km?. In the largest part
of its extension, mainly close to the Parnaiba River, it
behaves as an unconfined aquifer whereas toward the
middle of the basin it changes to a confined condition.
It presents a lithological constitution based on mas-
sive sandstones with few intercalations of shale at the
inferior part of the sequence. Their recharge originates
directly from the rain vertical infiltration, drainage
throughout-confining units, and the superficial drain-
age network. The main aquifer outlets are the drainage
system and evapotranspiration at some aquifer portions
richer in clay content.

3.4.4 Parana Sedimentary Basin

The Parand sedimentary basin is an intracratonica
phanerozoic basin established over the Archean
and Proterozoic continental crust that is situated in
the southern part of the South American platform
(Almeida et al., 2000). The stratigraphic register of
the basin comprehends a succession of approximately
7000-m thickness of sedimentary and volcanic rocks
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developed during the neo-Ordovician and the neo-
Cretaceous, under marine to continental sedimenta-
tion environments (Milani, 2004; Milani et al., 2007).
The Parana basin occupies an area of about 1.1 mil-
lion km? in Brazil, distributed in eight Brazilian
states, complemented by more than 400,000 km? in
Argentina, Paraguay, and Uruguay. Within its geologi-
cal framework, the Parana basin contains a diversity
of sedimentary aquifers with intergranular poros-
ity that has been generated in different depositional
environments, such as fluviatile, marine, glacial, and
desert. The predominant sedimentary processes and
the postdiagenetical modifications ended up defining
distinct hydraulic characteristics, resulting in differ-
ent groundwater potential. Among these aquifers, the
most important ones are the Tubardo aquifer (SAT),
the Guarani aquifer (SAG), and the Bauru aquifer
(SAB), whose storage and transmission conditions
allow their wide exploitation for fulfilling of domes-
tic, industrial, and agricultural demands. Emphasis
should be given to the fractured aquifer developed
by the volcanic rocks called the Serra Geral aquifer
(SASG). Besides the main aquifers, there are also some
aquifers with low permeability, such as the Passa Dois
aquiclude, which is composed by a thicker permian
elite sequence disrupting the hydraulic continuity
between the SAT and SAG aquifers (Figure 3.7).

3.4.4.1 Tubarao Aquifer System (SAT)

The Tubarao aquifer system has its outcropping areas of
about 99,000 km? in a narrow fringe close to the north-
western, eastern, and southwestern borders of the basin.
At the subsurface, it spreads over almost the entire
basin reaching 750,000 km?. It is considered a granular
porous aquifer constituted by the Tatui, Palermo, Rio
Bonito, Aquidauana, and Itararé stratigraphic units. Its
lithological composition varies a lot, from diacmetites,
siltstones, pelites, shales, ritmites, sandstones, and con-
glomerate sandstones deposited by marine, glacier,
coastal, and fluviatile processes. It may reach 800 m of
thickness in the outcropping areas (DAEE, 2005) and
sometimes more than 1000 m in the remaining areas
as shown by well drilling logs. The hydraulic conduc-
tivities range from 2.31 x 10-® to 8.10 x 10 m/s (Diogo
et al, 1981) whereas transmissivities vary between
3.5x10° and 4.63 x 10~* m?/s. Locally, transmissivity
values may reach 150 m?/day (DAEE, 1981, 1982). These
values allow this aquifer to be classified as classes 3 and
4. The porosities are generally low in clay sandstones,
but may reach up to 30% in sandstones with lower clay
content (Franca and Potter, 1989). The porosity and the
permeability of this reservoir are controlled mainly by
grain size, grain selection and, secondarily, by the pres-
ence of carbonate cementation (Vidal, 2002). The high
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subsidence rates of this basin during deposition of the
SAT unities has also affected the permo-porosity char-
acteristics of the aquifer due to the chemical compac-
tion effect, followed by an increase of the pressure and
temperature conditions (Bocardi et al., 2008). Frequent
intercalations between coarser and fine sediments, with
distinct thicknesses set up a very heterogeneous frame-
work that affects the groundwater storage and flow
within aquifer media. (DAEE, 1981; Diogo et al., 1981).
The pelite lithologies interlayered to the sandstones
hinder the groundwater flow downward increasing its
heterogeneity where vertical permeability is lower than
horizontal permeability (DAEE, 1981; Diogo et al., 1981).
The same happens with the frequent diabase sills, with
variable thickness, which may affect badly the regional
or local flow continuity (DAEE, 1981). At small depths,
the SAT behaves generally as an unconfined aquifer
(DAEE, 1981). At the outcropping areas, the perme-
able sediments receive direct recharge from rainfall
and they do discharge expressive amounts of water
into the fluvial network. Besides its expressive thick-
ness, the SAT is being exploited by tubular wells not
deeper than 300 m, extracting moderate yields between
10 and 20 m?*/h (Diogo et al., 1981). The groundwater
tends to be slightly saline, with total dissolved solids
content between 100 and 200 mg/L and being classified
as sodium bicarbonate or calcium bicarbonate (DAEE,
1984). Under extreme confined conditions, in depths
more than 400 m, the groundwater may present ele-
vated saline concentrations, above potable thresholds.
This is why it is not being intensively exploited thus far.

3.4.4.2 Guarani Aquifer System (SAG)

The SAG is the most important hydroestratigraphic unit
from the southern part of the South American continent
and is considered to be one of the world’s largest trans-
boundary aquifers, extending across wide territories of
Brazil, Argentina, Paraguay, and Uruguay. The largest
part of the aquifer is situated in Brazilian territory com-
prising 736,000 km?. The outcropping areas reach only
88,000 km? and are situated along the basin border as
a narrow belt whereas the confined areas, covered by
volcanic sequences, sum up 648,000 km? (OEA, 2009).
The SAG is constituted by a sequence of mesozoic con-
tinental clastic rocks within the Parand basin, being
delimited by a regional permo-triassic discordancy (250
million) at the base and by volcanic flows from the Serra
Geral formation (145-130 million) at the top. In almost all
compartments of the basin, the stratigraphic units that
constitute the SAG are, exclusively, the Piarambdia and
Botucatu formations. Nevertheless at the southern parts
of the basin, the SAG is also locally represented by the
Santa Maria, Caturrita, and Guara formations (Machado
and Faccini, 2004). The SAG framework comprehends



44

S MATO GROSSO

GOIAS

Bolivia

20°S
MATO GROSSO DO SUL

SAO PAULO

Paraguai PARANA

25°S

Argentina

Groundwater Assessment, Modeling, and Management

BAHIA
Hydrostratigraphic
units of parana basin

DISTRITO FEDERAL .
-Brazil-

Location in South America

N
\\4 E

MINAS GERAIS S

10°N

Brazil

10°S

South America
Parana
Basin

30°S
50°S

80°W 60°W
0 2.000

40°W

4.000
km

Legend

SANTA CATARINA

Argentina

RIO GRANDE DO SUL
30°S

Uruguai

0

55°W

FIGURE 3.7
Main hydrostratigraphic units of Parana basin.

predominant eolic continental deposits represented by
fine-to-medium-size sandstones exhibiting large-size
cross-stratification and secondarily fluviatile lacustrine
sandstones and sandy pelites (Caetano-Chang, 1997). At
the southern compartment of the basin, there is a basal
succession composed of sandstones and pelites depos-
ited by a fluviatile lacustrine system (Machado, 2005;
Soares et al., 2008). In almost the entire basin extension,
the SAG sequences are layered on top of thick permian
units of low permeability, which integrate the Passa Dois
aquiclude. At the western part of the basin, the SAG cov-
ers carbo-permian sediments of the Aquidauana forma-
tion (LEBAC, 2008). The thickness of the SAG increases
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gradually from outcropping areas, where they are only
partially preserved, to the main axis of the basin. At the
northern region, there is an elongated depocenter paral-
lel to the main basin axis that accumulates a sediment
thickness of 600 m (LEBAC, 2008). Close to the internal
tectonic arcs (Ponta Grossa arc and Rio Grande arc) and
to the Torres sinclinal, the thicknesses get drastically
smaller until they are less than 100 m (LEBAC, 2008).
At the eastern compartment of the basin, where there
is an intensive groundwater exploitation, SAG thickness
varies from 100 m at outcropping areas to 400 m toward
the basin major axis (DAEE, 2005). Generally, the mean
thickness of the SAG ranges between 200 and 250 m. At
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its largest part, SAG is covered by about 1700 m of volca-
nic rocks (LEBAC, 2008). The SAG eolic sandstones have
mean porosities of 20% up to 30%, but fluvial ones may
show lower values (OEA, 2009). The conductivity of the
aquifer has been estimated at 2.6 m/day for the confined
areas and 3.0 m/day at the unconfined areas (DAEE,
2005); transmissivity has been estimated at 3 x 10 m?/s
for the outcropping areas and more than 1.4 x 10> m?/s
for the confined areas (DAEE, 2005). The storage coef-
ficient varies between 10~ and 10-° (DAEE, 1974). Due to
the faciological features of the main hydroestratigraphic
units of the SAG (Botucatu and Pirambéia formation)
and the shallow burying history, the diagenetical modi-
fications were not efficient enough to change original
permo-porosity of these rocks (Gesicki, 2007). On the
other hand, diluted water inflows, acting in depths up
to 250 m within SAG layers, have removed carbonate
cement and have leached feldspatic grains giving rise
to a secondary porosity (Franga et al., 2003). The uncon-
fined aquifer potentiometry reveals local and regional
flows, being ruled by the topography within the hydro-
graphic basin in the first case and from outcropping
areas dipping toward the interior parts of the basin
under confined flow regime. From there on, the aqui-
fer remains mostly confined where in regional terms,
flow tends to be from north to south, following the main
basin axis (LEBAC, 2008). In some specific areas, water
levels go far beyond surface levels building artesian-
ism. The SAG presents excellent potentials, turning it
into a strategic reservoir for satisfying water demands
at small- and medium-sized cities. At the outcropping
areas, well discharges are about 80-100 m®/h whereas
in the confined areas, they yield more than 200 m3/h
with specific capacity varying from 2 to 15 m3/h. The
recharge rates of the SAG, from 1 to 3 km3/annual, are
very small considering its extension (OEA, 2009) and
extraction volumes for a variety of uses. In both situa-
tions, it is considered to be class 1 in terms of produc-
tivity. The hydrochemistry of the SAG shows different
patterns depending on the aquifer flow regime. At the
outcropping areas with unconfined regime, the water
tends to be calcium bicarbonate with low electric con-
ductivity. At the confined areas, in the other side, waters
are sodium bicarbonate with higher mineralization
degree. At the main basin axis, the groundwater tends
to be sulfate, sodium chlorinated highly mineralized,
however, and presenting great possibility of mixture
with water originated in underlying formations.

3.4.4.3 Serra Geral Aquifer System (SASG)

The Serra Geral Aquifer System spreads over an area of
about 735,000 km? within the Paranéa basin, from which
409,000 km? constitutes outcropping areas of the Serra
Geral formation. These volcanic sequences are partially
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covered by the sediments of the Bauru group and they
may reach almost 1700 m of thickness at the main basin
axis. Due to their wide spatial distribution, this system
is considered to be an important groundwater reservoir
with capacity to fulfill small-to-medium-size demands
and work as a complementary water source. The stor-
age and flow of the water occur through physical dis-
continuities such as fractures, faults, and interflow
surfaces, which constitute a heterogeneous, anisotro-
pic, and discontinuous media (Rebougas, 1978). The
fracture systems are related to tectonic stresses and
also to cooling processes generating subvertical and
subhorizontal fractures, respectively (Campos, 2004;
Lastoria et al., 2006). Water extraction is done through
wells with 100-200-m depth, which allow yields vary-
ing from 100 m3/h (when intercepting productive frac-
ture systems) to null, a situation that may happen very
often. The relationship between water yield and linea-
ment density proved to be weak according to studies
carried out by DAEE (2005). The explanation given is
that subhorizontal surfaces such as lava spill contacts
do have an important influence controlling water flow,
but are not detectable by remote-sensing techniques.
The water from the SASG is mainly calcium bicarbon-
ate and secondarily calcium-magnesium bicarbonate
and sodium bicarbonate with saline contents less than
250 mg/L (Campos, 2004). According to the classifica-
tion scheme adopted, these aquifers fall between class
2, in clearly confined scenarios, and 6 due to their topo-
graphic setting.

3.4.4.4 Bauru Aquifer System (SAB)

The Bauru Aquifer System comprehends a succession
of Cretaceous sedimentary rocks that were deposited
over 370,000 km? of the center-setentrional part of the
Parana basin covering the basalt floods of the Serra
Geral formation. Its mean thickness is 100 m, but it
may reach 300 m in certain sectors of the basin. Due
to the fact that it is a superficial aquifer, well drill-
ing gets easier and exploitation costs are low. On the
other hand, it shows high vulnerability toward inor-
ganic and organic contaminant leakages (DAEE, 1976,
1979). The SAB is a multilayered hydroestratigraphic
system composed of the Marilia, Adamantina, Birigui,
Santo Anastacio, and Caiué aquifers and the aquita-
rds Aracatuba and Pirapozinho (Paula and Silva,
2003, 2005). The sedimentation environments of these
aquifers are mainly fluviatile with eolic interactions.
The aquitards relate to pelites developed at lacustrine
environment (Paula and Silva, 2005). Their hydrody-
namic behavior is heterogeneous according to their
lithological framework in which sediments with dif-
ferent porosities and permeabilities share lateral
and vertical contact relationships. Consequently, the
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registered yields in these aquitards are variable (Paula
and Silva, 2003). The SAB is considered to have moder-
ate permeability according to its clay and silt contents
and to the presence of less permeable and impervious
layers along the profile (DAEE, 1976). The conductivi-
ties in the SAB range from 2.31 x 108 to 4.24 x 10> m/s
whereas the transmissivities vary from 1.62 x 107¢ to
3.8 x 10 m?/s. Values lower than 50 m?/day are very
often the case (DAEE, 2005). In areas where sedi-
mentation is predominantly eolic, clearly sandy, the
transmissivities reach far beyond 200 m?/day (Iritani
et al.,, 2000). The effective porosities are about 5% in
clayish sandstones and between 10% and 20% in sand-
stones with less clay (DAEE, 1979). These hydraulic
characteristics set up exploitable yields that start at
10 m3/h and reach up to 120 m3/h. Discharges more
than 80 m3/h, however, are not recommended (DAEE,
2005). Multilayered aquifer systems or single confined
aquifer units, such as the SAB, may exhibit more than
one potentiometric surface, which reflects the equilib-
rium among different aquifer unit hydraulic charges.
So, at one single place, one can recognize an uncon-
fined potentiomentric surface, at shallow depths, and
a deeper confined one (Paula and Silva, 2005). The
aquifer unconfined potentiometric surface is ruled
by the groundwater flow within the watershed. The
water from the SAB is calcium to calcium-magne-
sium bicarbonate and more rarely sodium bicarbon-
ates (Coelho, 1996; Celligoi and Duarte, 2002; Barison,
2003). Stradioto (2007a,b) has also found the presence
of calcium chloride—sulfate and sodium chloride-sul-
fate water. Generally, the SAB presents lower saline
concentration with dry residue showing values rarely
higher than 300 mg/L (DAEE, 2005).

3.5 Mesozoic and Meso-Cenozoic
Sedimentary Basin

In respect to their strategic importance for the semi-
arid region in Brazil, among all the Mesozoic and
Meso-Cenozoic basins, only the ones situated in the
northeast area of the country are going to be empha-
sized (Figure 3.1).

3.5.1 Potiguar Basin

This basin is located in the north coast of the state of
Rio Grande do Norte and southeast of Ceara state.
Its entire extension comprises an area that can vary
between 41,000 and 60,000 km?, including its outcrop-
ping and subsurface portions. The main aquifers are
represented by the Jandaira and Agu formations. The
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aquifer Acu, whose thickness varies between 400 and
700 m, corresponds to the inferior portion of the Agu
formation and is constituted by sandstones and con-
glomerate at the lower portion of the sequence evolv-
ing gradually to fine sandstones at the upper part of
the sequence. It is perceived as the most important
groundwater storage system within the Potiguar
Basin.

The outcropping areas are situated along a marginal
belt whose widths vary from 5 km at the eastern side to
20 km at the western corner. The first deep well drilled
in this aquifer was in 1967 and has revealed artesian-
ism conditions, discharging about 80 m3/h of excellent
water quality. This favorable scenario was followed by
an intense economic development of the region and
increase of the water demand due to agro-industrial
plants based on irrigation schemes. The Acu aqui-
fer exploitation has been accelerated since the 1970s,
reaching overall discharge rates of about 42 hm3/year
generating expressive drawdowns of more than 160 m
in the most critical areas. Despite the fact that there is
a vertical drainage from the limestone above, studies
are still not conclusive thus far. The incontestable fact
is that the discharge increase has triggered the deep-
ening of the groundwater levels depleting the storage
capacity of the aquifer. Meanwhile admitting that the
CAERN (Water and Sewage Company of the State of
Rio Grande do Norte) has slowed down the use of this
aquifer for domestic purposes and that irrigation plants
have started to use water from the Jandaira Aquifer, the
potentiometric depression tends to recover. However,
the Agu aquifer will always play an important and stra-
tegic role in providing low cost solutions. It normally
shows high magnitudes of yield allowing it to be clas-
sified as productivity class 1. Mean hydrodynamic
parameters are T=23x10%*m?/s, K=75x10°m/s,
and S =1 x 10 The Jandaira aquifer must be addressed
in the limestone.

3.5.2 Araripe Basin

The Araripe basin is situated in the states of Ceara,
Pernambuco, and Piaui and covers an area of about
11,000 km?2. It can be divided into two different sec-
tors: Araripe Highlands and Cariri Valley. Almost
the entire groundwater exploitation takes place inside
the valleys with few water wells on the highlands.
The most important aquifers are the Mauriti and the
Batateira/Abaiara/MissaoVelha system. The Mauriti
aquifer is constituted by a uniform sequence of coarse-
grained sandstones, generally silicified, contribut-
ing to significant losses of primary porosity. In this
case, groundwater flow is controlled by the secondary
porosity (fractures and faults). In general, they show
only a moderate potential with thickness about 100 m.
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Discharge from wells is low (<5 m?/h), excepting fault
zones, where yields tend to be much higher. The Rio da
Batateira/Abaiara/MissaoVelha system is constituted
by course to fine size sandstones with siltstones, clay-
stones, and shales, at the intermediate to upper part of
the sequence reaching 500 m of thickness. Actually, it
is the most used aquifer in the region with wells yield-
ing up to 300 m3/h. Recent studies carried out by the
CPRM and the Federal University of Ceara had pro-
posed for the Cariri valley (including the both aquifers)
the following estimates: 360 million/m? of renewable
resources, 14 billion/m?® of permanent resources, 450
million/m?/year of exploitable resources, and avail-
ability of 54 million/m?/year.

3.5.3 Interior Basins

3.5.3.1 Iguatu/Malhada Vermelha/
Lima/Campos Ico Basins

At the southeast of the Ceara state, there is a group
of small basins situated between the Iguatu and Icé
cities, occupying an area of approximately 1000 km?2.
The sedimentation within these basins is mainly
clastic with pelite intercalations composing the fol-
lowing aquifer unities: Ic6, Malhada Vermelha,
and Lima Campos. On top of them, there are some
unconsolidated clastic formations that may exhibit
groundwater storing capacity. Well drilling is done
intercepting all these aquifers at depths lower than
100 m. However, the exploitation in this region is still
small due to the large hydric availability imposed by
the Ords Lake. There is no well deeper than 100 m
and underground information has been generated by
geophysical assessments. The aquifers show a small
hydrogeological potential delivering yields of about
3 m3/h. The greatest potential remains in the banks of
the Jaguaribe River where reservoirs may have 25 m
of thickness and 500 m of width. The high conduc-
tivities shown by these alluvial bars allow expressive
groundwater extraction fulfilling water demands of
Iguatu City.

3.5.3.2 lavras da Mangabeira Basin

This represents a group of small basins situated in the
southeast region of the Ceara state covering an area of
about 60 km?2. The Serrote, Limoeira, and Iborepi for-
mations show groundwater potential. Assessments
carried out by the CPRM and the Federal University of
Ceara (CPRM/UFC, 2008b) indicates 4.6 million/m3/
year of potential and an installed availability of 1 mil-
lion/m3/year. The greatest part of this volume is used
by the state-owned water company CAGECE for public
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3.5.3.3 Coronel Joao Pessoa/Marrecas
and Pau dos Ferros Basins

These small basins with total area of 16, 27, and 65 km?2,
respectively, are situated in the west side of the state of
Rio Grande do Norte. They are constituted by fine-to-
coarse-grained sandstones, siltstones, and claystones
from the Antenor Navarro formation. Despite the inex-
istence of data, through an analogy with other similar
sequences, one may estimate that they bear reasonable
groundwater potential at their sand-rich zones.

3.5.3.4 Rio do Peixe Basin

This basin is located at the far northwest side of the
Paraiba State covering an area of 1300 km?. Sedimentary
filling comprises the coarse-to-fine sandstones of the
Antenor formation, the siltstones, shale, and calciferous
sandstones of the Souza formation, and the fine sand-
stones and conglomerates of the Rio Piranhas forma-
tion. This stratigraphic profile conditions the existence
of two major aquifers, namely, the Rio Piranhas and
the Antenor Navarro, separated by the Souza aquitard.
Recent studies developed by the Brazilian Geological
Survey in partnership with the Federal University of
Campina Grande (CPRM/UFCG, 2008) led to signifi-
cant advances in the understanding of the groundwater
flow network within the basin. The reserves estimates
had not been calculated because there are still some
incongruences concerning aquifer geometry. Both
aquifers show a small potential with yields of about
10 m3/h.

3.5.3.5 Cedro Basin

This basin is situated at the northwest corner of the state of
Pernambuco and has an area of 168 km?. The most impor-
tant aquifer is represented by the Mauriti formation,
whose hydrogeological behavior was already described.
Detailed information is still missing but expectations
converge to moderate groundwater potential.

3.5.3.6 Sao José do Belmonte Basin

It is situated at the center—north of the Pernambuco state
and has an area of 755 km? The predominant aquifer
is the Tacaratu formation composed of heterogeneous
medium-size-to-coarse sandstones with kaolinite levels
and strong diagenesis. It shows a very heterogeneous
hydrodynamic behavior, where secondary porosity pre-
vails over the primary one. As a consequence of that,
a wide discharge magnitude variation occurs (starting
at 1 m3/h to more than 50 m3/h). Besides the existence
of more than 1000 wells registered by the CPRM, the
knowledge on the aquifer is still very incipient.
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3.5.3.7 Mirandiba/Carnaubeira/Betania
and Fitima Basins

These basins are located in the center portion of the state
of Pernambuco and present the following dimensions:
143, 136, 280, and 270 km?, respectively. Their hydro-
geological potential is given by the Tacaratu formation,
which is constituted by medium-to-coarse heteroge-
neous sandstones with kaolinite levels and strong dia-
genesis as well. In the outcropping areas, groundwater
behavior is similar to the Mauriti aquifer. The knowl-
edge is still very incipient, but potential is expected to
be moderate to low. Tubular wells completed by the
Brazilian Geological Survey in the Fatima basin with
depths starting at 300-420 m delivered yields of 30 and
100 m3/h, respectively.

3.5.3.8 Recéncavo/Tucano/Jatobd Basins

The sedimentary basins of the Reconcavo and Tucano
cover an area of about 50,000 km?2 across the coastal areas
of the Bahia State and Pernambuco. In these two basins
there are three major aquifer systems: (i) the upper
aquifer represented by the Marizal and Sao Sebastido
formations; (ii) the intermediate aquifer represented by
the Ilhas Group and Candeias formation; and (iii) the
lower aquifer represented by the Sergi and Alianga for-
mation. The upper aquifer system is the most exploited
one and the Sao Sebastido formation is the most produc-
tive unit with wells reaching up to 100 m3/h and thick-
ness of 3000 m. This aquifer is responsible for the water
supply of the Camagari petrochemical plant, where a
strict water-quality monitoring control is taking place.
There is no consistent data on stored volumes, mainly
in the intermediate and lower aquifers. In general, one
can assume a moderate to high hydrogeological poten-
tial with wells having a specific capacity of 3 m3/h/m.
Until 800 m the water is considered to be of good qual-
ity. The Jatoba basin is situated in the central region
of the Pernambuco and northeast of the Alagoas state,
covering 5941 km?. It shows an excellent hydrogeologi-
cal potential represented by the Inaja/Tacaratu aqui-
fer system. This system is constituted by a sequence
of coarse-grained sandstones with pelite intercalations
at the base (Tacaratu formation) and fine, ferruginous
sandstones with siltstones intercalations at the upper
part (Inaja formation). Thickness estimates reach about
500 m for the entire sedimentary sequence, whereas
350 m refers to the Tacaratu formation and 150 m to the
Inaja formation. Studies carried out by the Brazilian
Geological Survey together with the Pernambuco
Federal University revealed reserves of about 6.192 hm?
(only for the areas under unconfined behavior regime),
renewable resources in order of 3.1 hm?/year, potential
about 12.4 hm?/year, installed availability of 0.7 hm3/
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year, and exploitable resources of about 9.3 hm?/year for
the next 50 years (CPRM/UFPE, 2008). The groundwater
resources are being used for the supply of the surround-
ing cities (Sertadnia and Arcoverde in Pernambuco state).

3.5.3.9 Sanfranciscana Basin/Urucuia Aquifer

The Urucuia Aquifer, in the context of the Sanfranciscana
basin, covers territories of six different states of Brazil
(Bahia, Tocantins, Minas Gerais, Piaui, Maranhao, and
Goias) and occupies an area estimated as 120,000 km?.
The greatest area, 90,000 km? occurs in the western side
of the Bahia State. For a long time, due to the lack of
information, the Urucuia Aquifer has been considered
a low hydrogeological potential unit. However, recent
studies have shown that wells with 250-300-m depths
delivering up to 500 m3/h and bearing specific capacity
higher than 10 m3®/h/m are frequent. From a lithologi-
cal point of view, they are represented by a succession
of friable fine-to-coarse-size kaolinite sandstones with
conglomerate levels reaching thickness of 600 m. It acts
as the watershed boundaries between the Sdo Francisco
river at the east, the Tocantins river at the west, and the
head of the Parnaiba river at the north. Under such con-
ditions, it is expected that the aquifer exerts an impor-
tant role keeping basal flow in those rivers, a scenario
where the integrated water resources management con-
cepts are crucial. In the last few years, the aquifer exploi-
tation has risen vertiginously following the accentuated
expansion of irrigated agriculture. Aquifer knowledge is
still insufficient and restricted to pilot areas after stud-
ies carried out by the Brazilian Geological Survey, the
Water Resources Secretary of the Bahia State, and uni-
versities. The unconfined characteristics of the Urucuia
Aquifer make it the largest groundwater reservoir in
the Bahia State and one of the largest within the entire
country. Gaspar (2006) has estimated permanent and
renewable reserves in 3 x 10! m?® and 3 x 10! m?/year,
respectively. The exploitable reserves were estimated to
be 4 x 10! m3.

3.6 Limestone

Karstic limestone formations are always or nearly always
present in all Brazilian sedimentary basins with vary-
ing degrees of economic interest both as groundwater
reservoirs and as raw material for the cement industry.
The most extensive water-bearing limestone formations
occur, nevertheless, in Neo-Proterozoic terrains, in the
states of Bahia and Minas Gerais, within the drainage
basin of the Sdo Francisco River. Overall, four major
hydrogeologic karstic provinces may be recognized in
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Brazil, at the current stage of knowledge. These are (1)
Jandaira Aquifer, in the Cretaceous Potiguar Basin, state
of Rio Grande do Norte, northeast Brazil; (2) Pirabas
Aquifer of Tertiary age, in the sedimentary coast basin
of the state of Para, north Brazil; (3) the Una Group of
Neoproterozoic age, in the north of the state of Bahia;
and (4) the Bambui Group of Neoproterozoic age, in the
west of the states of Bahia and Minas Gerais.

3.6.1 Jandaira Aquifer

The Jandaira Formation is a sedimentary marine
deposit made mostly of carbonate rocks whose thick-
ness may attain 600 m in some places of the Potiguar
Basin, such as the valley of the Mossoré River. The for-
mation traces back the widespread marine transgres-
sion which closed the Cretaceous sedimentary history
of the Potiguar Basin in the north coast of the state of
Rio Grande do Norte (Figure 3.8). Karst structures such
as solution channels, caves, and sinkholes developed
in the upper 80 m of the formation, giving place to the
so-called Jandaira Aquifer. Although occurring all
over the Potiguar Basin, this aquifer shows its upper-
most expression in the region west of the Apodi River
known geologically as Platform of Aracati. There, since
the early decade of 1990, the Jandaira Aquifer has been
giving extensive support to fruit crops such as melon,
pineapple, papaya, and others, mainly for exportation
to Europe and the United States. Recent studies car-
ried out by the Brazilian government counted about
2000 wells in the Platform of Aracati, with depths in

Jandaira formation
Acu formation

Crystalline basement
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the range of 60-120 m, and discharges commonly vary
from 10 to 70 m3/h. Discharges from 70 to 250 m3/h
also occur although less frequently. The groundwater
storage, namely, the water table, is very sensitive to
the recurring droughts that affect the region, which
may cause serious water crises, when a great number
of wells can go dry. In the year 2002, the fruit crops,
which are the basis of the economy of the region, were
impacted strongly by such a crisis. Nevertheless, the
typical karstic landscape with sinkholes densely scat-
tered all over the surface area greatly improves the
response of the water table to infiltration in years
when precipitation is above the annual mean value of
700 mm. On occasion, one or two very generous rainy
seasons may provide the replenishment of the res-
ervoir to what its reserves were prior to the draught
period. In this way, the water table of the Jandaira
Aquifer, as well as its reserves, seems to undergo a
long-term fluctuation whose behavior is to be better
understood for the sake of groundwater management
in the region. In the year 2010, 244 hm?/year were
being extracted, which represented 41% of the renew-
able resources, estimated as 591 hm?/year with a 50%
chance (Oliveira et al., 2012).

3.6.2 Pirabas Aquifer

Although present all over the coastal region of the
Para State, the main area of occurrence of the Pirabas
Formation is the region west of Belém City. This area
measures about 24,000 km? and is known geologically

Main fault
Secondary fault

Doubtful fault
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(km)

The Potiguar Basin and the Platform of Aracati. (Modified from Feitosa, E. C. and ]. G. Melo. 1998. Estudos de Base—Caracterizacao
Hidrogeoldgica dos Aquiferos do Rio Grande do Norte. In: Hidroservice, Plano estadual de recursoshidricos do Rio Grande do Norte.)
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as the Bragantina Platform (Figure 3.9). The Pirabas
Formation, of Tertiary age, shows two distinct sections.
The upper section is made up of limestone and marls
with intercalations of black and greenish-gray shale and
carbonate sandstones. Light-gray sandstones dominate
in the lower section.

The Upper Pirabas Aquifer developed in the upper
section of Pirabas Formation, in depths between 70
and 180 m. Wells can yield up to 200 m3/h being, nev-
ertheless, very expensive, which makes drilling acces-
sible only to government or big industries (Matta, 2002).
Quite preliminary studies suggest groundwater storage
of about 400,000 hm?. The discharge being recovered
is something around 100 hm?3/year corresponding to
0.03% of the groundwater storage. No data are available
yet on renewable resources. The Lower Pirabas Aquifer
developed in the lower section of Pirabas Formation, in
depths within the range of 180-280 m. Wells may pro-
duce as much as 600 m3/h of excellent potable water
(Matta, 2002). Due to excessive costs of drilling, though,
this aquifer is little exploited.

3.6.3 Salitre Aquifer

The Salitre Formation, of the Neo-Proterozoic age, is the
most important formation in the Una Group, in the state
of Bahia. It spreads itself over an area of about 38,000 km?
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forming four separate bodies. The most important
of them is the so-called Basin of Irecé. The dominant
lithology is black-to-gray limestone exhibiting a certain
degree of metamorphism. Tectonic style goes from near-
horizontal layers, in the region along the rims of the
basin, to folded layers striking E-W and dipping near
vertically in the central regions. The Una Group is physi-
cally separated from the Bambui Group by high ridges
sculptured in Proterozoic quartzites. The Salitre Aquifer
corresponds to karst structures which are widely devel-
oped in the Salitre Formation to depths up to 80 m.
About 20,000 wells this deep are reported to exist in the
Irecé Basin giving support both to agriculture and pub-
lic supply. As with the Jandaira Aquifer, climate hazards
affect seriously on occasion the economy of the region.
Nowadays the Brazilian Water Agency is undertaking
hydrogeologic studies in the karst provinces of the Sao
Francisco Basin, aiming at the knowledge of the amount
of water being withdrawn from the aquifer and being
recharged to it. The main goal of the studies is to estab-
lish a groundwater budget in order to assess the sustain-
ability of groundwater exploitation in the near future.

3.6.4 Bambui Aquifer

The Bambui Group, of Proterozoic age, is composed
of five geological formations (Trés Marias Formation,
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Serra da Saudade Formation, Lagoa do Jacaré
Formation, Santa Helena Formation, and Sete Lagoas
Formation), which occur in the states of Bahia, Minas
Gerais, Goiés, and Tocantins, spreading itself over an
area of about 120,000,00 km? (Figure 3.10). Excepting
the uppermost Trés Marias Formation, all the other
formations of the Bambui Group include carbonate
rocks in greater or lesser amounts. The term Bambui
Aquifer, therefore, applies to the water-bearing karst
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structures developed in the various formations of the
Bambui Group. The formations Sete Lagoas and Lagoa
do Jacaré, particularly, are the ones mostly made up of
limestone. In this way, these formations are the most
susceptible to development of karst structures. Due to
the variation in the carbonate content of the formations
of the Bambui Group, groundwater storage and avail-
ability in the Bambui Aquifer varies widely through-
out its domain of occurrence. The Bambui Aquifer has
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become of utmost importance in providing support to
irrigation and public supply in the states of Bahia and
Minas Gerais, mainly in times of droughts. Prolonged
droughts, however, such as the one the region is under-
going, impact the economy and public supply in exactly
the same way as with the Jandaira Aquifer. The lack
of knowledge concerning withdrawals and recharge
brings about incertitude as to sustainability of ground-
water exploitation in the future. The Brazilian Water
Agency is carrying out extensive studies to provide bet-
ter knowledge on the matter.

3.7 Pre-Cambrian Crystalline Basement

In the crystalline region of the Brazilian semiarid,
where there is practically no weathering cover, the
groundwater flows through interconnected rock frac-
ture and discontinuity systems, building up reservoirs
with limited extension. Considering a certain control
volume of rock, which is representative of the whole
rock mass of the basement region, there are “n” discon-
tinuity systems, independent among themselves, but
with the ability to store and transmit water. Manoel
Filho (1996) introduced the concept of hydraulic con-
ductor (HC), in order to define the interconnected frac-
ture systems that are associated with a certain well
and that represent the water storage and production at
crystalline rocks. Therefore, the fissured aquifer would
be the sum of all existing HCs within an area, being
represented as

i CH;i(X,Y,Z)

i=1

where X and Y are location coordinates and Z is the
depth of the well.

At crystalline rock terrains, the water prospection
approaches still miss deeper technical affirmation. A
great number of unsuccessful drillings or wells bear-
ing saline water are still taking place. There are no
conceptual models strong enough to fully sustain well
location and exploitation and the variables condition-
ing groundwater quality and quantity. The utilization
of these water sources is always associated with risk
components to the extent that the groundwater-sustain-
able yields and overall reserves cannot be safely esti-
mated still. Despite this, since the early 20th century,
in the entire northeast region, there is a great number
of water wells discharging uninterruptedly. In many
cases, unconfined aquifer characteristics and the high
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hydraulic conductivities associated with fracture sys-
tems allow a direct and prompt recharge that keeps per-
manent exploitation conditions which, in turn, are only
disturbed under long periods of drought. The major
restrictive factor, for instance, for the use of ground-
water resources within this region, is the quality. In
general, waters are sodium chlorinated and show total
dissolved solids above potable limits. The issue regard-
ing the high heterogeneity and anisotropy of the frac-
tured media depends directly on the assessment scale.
At a punctual scale, practically, every single well may
represent a single aquifer, which may differ from other
ones. The differences in quantity and quality between
neighboring wells, which intercept distinct HCs, are
surprising. Regionalization approaches, dealing with
fractured aquifer data sets, therefore, are not consis-
tent. However, for smaller scales (=1:1,000,000) it may
be possible to establish some zones showing similar
tendencies regarding determined variables. Figure 3.11
shows 18,600 determinations of electrical conductiv-
ity of the groundwater found in fractured aquifers in
the states of Ceard, Rio Grande do Norte, Paraiba, and
Pernambuco. Each source is classified according to con-
ductivity values, chosen for expressing water quality in
terms of salinity: freshwater (CE < 500 uS/cm), brackish
water (1000 uS/cm < CE <2500 uS/cm), and salt water
(CE > 2500 uS/cm).

It can be clearly seen that there are zones with differ-
ent water qualities.

Water classified as brackish appears in the form of
contour belts between fresh and salt water. A generic
assessment suggests that there are four large zones:
Zone 1—predominantly freshwater (southeast coastal
area); Zone 2—predominantly salt water (a northeast-
southwest range); Zone 3—predominantly freshwa-
ter (midwest); and Zone 4—predominantly salt water
(north-northwest). Regarding quantity issues, every
attempt at reserve evaluation would be mere specu-
lation. However, it is believed that the quantities that
can be extracted from fractured aquifers are enough
to supply great parts of the diffuse-located population
within the semiarid region of Brazil. The occurrence
area of the basement rocks in the northeast region is
about 750,000 km? and alone in the region called the
drought polygon, the area would be 600,000 km?.
Considering the hypothesis of the existence of one
single working tubular well in each 5-km? cell, there
would be a total number of 120,000 wells exploit-
ing groundwater resources within this region. The
average depths of the wells are 60 m and the mean
yields are situated between 1 and 3 m3/h. Statistically,
yield distribution assumes a lognormal model, with
median oscillating around 1 and 2 m®/h. Mébus et al.
(1998) found the value of 1.7 m3/h for the yield of
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tubular wells at crystalline regions of the state of Ceara.
Adopting the lower value found for the median, that
is, 1 m3/h, and admitting a pumping regime of 6/24 h
(considered low), the daily quantity of water deliv-
ered would be 720 million L/day, supplying 3.6-mil-
lion inhabitants at a daily consumption rate of 200 L/
inhabitant/day. However, according to the assessment
done by the Brazilian Geological Service, the percent-
age of freshwater within this region is about 20%-30%,
reducing the production of freshwater drastically. The
most important factor that hinders groundwater use
within this region is given by quality constraints. At
the southeast area, the existing water boreholes tend to
have depths between 100 and 150 m due to the occur-
rence of thick-weathering covers. The yields are higher
than in the northeast, averaging about 5-10 m3*/h and
delivering water of good physical and chemical quality
(Feitosa and Feitosa, 2011).

3.8 Use of Groundwater in Brazil

The urban and rural population growth together with
an expressive expansion of agriculture and indus-
trial activities experienced by the nation have led to a
remarkable increase in the use of groundwater. There is
a close spatial connection between population growth
and quality and quantity availability. Groundwater
potability can be analyzed after electrical conductivi-
ties values because that directly reproduces the dis-
solved salt content of samples for the whole country, as
it was represented in the hydrogeological map of Brazil
(Diniz et al,, 2014). A great part of the Brazilian terri-
tory shows water of excellent quality (electrical conduc-
tivity <150 uS/cm), mainly at the north and midwest.
Similar to this one, other regions, such as the south and
the southeast and the northeast states of Maranhao and
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Piaui, do have good water quality (electrical conductiv-
ities between 150 and 500 uS/cm) suitable for all kinds
of uses. These low saline content zones coincide with
the major Paleozoic basins (Amazonas, Parecis, Parana,
and Parnaiba). Besides them, low electrical conductivity
values are also found within the Urucuia Aquifer at the
borders with the states of Bahia and Goids, Tocantins
and Maranhdo, and Piaui. Areas with high saline con-
tents are found at crystalline areas in the northeast
region of the country. Waters bearing intermediate
quality are found at the Recdncavo—Tucano-Jatoba
Basin and Potiguar and Araripe Basin as well. Figure
3.12 illustrates the spatial distribution of the electrical
conductivity values for the entire country. Analyzing
Table 3.2 it is clear that in many areas of the northern
and midwestern regions, despite the good groundwa-
ter quality, well density is very small due to the low
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urban density development and enormous superficial
water availability. The northeast region of semiarid
climate conditions, which encompasses large regional
capitals such as Recife, Fortaleza, Natal, Joao Pessoa,
and Macei6, some of them partially supplied with
groundwater, present the greatest well density of the
country—more than 50% of registered wells consum-
ing 41% of the total volume of extracted groundwater in
the entire country.

Although these waters are frequently saline, they
still represent the only available water source. From a
general overview, the largest groundwater exploitation
takes place at the coastal areas, increasing toward the
east and south, coherent with the main urbanization
and industrialization axis of the country. The overall
volumes according to each region in the country are
found in Table 3.2.
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Distribution of the electrical conductivity in Brazil. (Modified from Diniz, J. A. O. et al. 2014. de, Mapa hidrogeolégico do Brasil ao milion-
ésimo: Nota técnica. Recife: CPRM—Servigo Geoldgico do Brasil, Recife.)
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TABLE 3.2
The Use of the Groundwater in Brazil
Annual
Geographic ’ Number Wells/10 Volume
Region State Area (km?) of Wells 0 km? Brazil (%) Exploited (m?) Brazil (%)
Norte Acre 164.123,04 647 0.39 0.27 15.742.165 0.17
Amazonas 1.559.159,15 7134 0.46 2.96 617.083.709 6.59
Amapd 142.828,52 105 0.07 0.04 11.400.410 0.12
Para 1.247.954,67 6809 0.55 2.82 456.689.795 4.88
Rondonia 237.590,55 1794 0.76 0.74 96.057.123 1.03
Roraima 224.300,51 906 0.4 0.38 55.572.734 0.59
Tocantins 277.720,52 1211 0.44 0.5 68.539.787 0.73
Total Norte 3.853.676,96 18606 0.48 7.72 1.321.085.723 14.11
Ne Alagoas 27.778,51 1211 4.36 0.5 33.149.230 0.35
Bahia 564.733,18 21943 3.89 9.1 833.999.175 8.91
Ceara 148.920,47 21098 14.17 8.75 345.643.058 3.69
Maranhéo 331.937,45 11332 3.41 47 658.216.578 7.03
Paraiba 56.469,78 17781 31.49 7.37 207.294.650 2.21
Pernambuco 98.148,32 25416 25.9 10.54 536.515.417 5.73
Piaui 251.577,74 27721 11.02 11.5 776.444.593 8.3
R.G. Do Norte 52.811,05 9557 18.1 3.96 385.816.506 412
Sergipe 21.915,12 4956 22.61 2.06 67.658.849 0.72
Total Nordeste 1.554.291,62 141015 9.07 58.43 3.844.738.056 41.08
Centro Oeste Distrito Federal 5.780,00 198 3.43 0.08 8.219.712 0.09
Goias 340.111,78 3181 0.94 1.32 100.760.244 1.08
Mato Grosso 903.366,19 3535 0.39 1.47 183.807.837 1.96
Mato G. Do Sul 357.145,53 1377 0.39 0.57 185.152.320 1.98
Total C. Oeste 1.606.403,50 8291 0.52 3.44 477.940.113 5.11
Sudeste Espirito Santo 46.095,58 1010 2.19 0.42 23.703.519 0.25
Minas Gerais 586.522,12 19316 3.29 8.01 712.075.045 7.61
Rio De Janeiro 43.780,17 488 1.11 0.2 13.054.442 0.14
Sao Paulo 248.222,80 18607 7.5 7.72 1.498.161.956 16.01
Total Sudeste 924.620,67 39421 4.26 16.35 2.246.994.962 24.01
Sul Parana 199.307,92 12429 6.24 5.15 683.350.782 7.3
R.G. Do Sul 281.731,44 14670 5.21 6.08 581.358.666 6.21
Santa Catarina 95.737,00 7260 7.58 3.01 204.217.799 2.18
Total Sul 576.776,36 34359 5.96 14.24 1.468.927.247 15.69
Total Brazil 8.515.767,05 241.692 2.84 — 9.359.686.101

Source: Based on SIAGAS—Groundwater Information System—www.cprm.gov.br.
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4.1 Introduction (the Preresistivity Era
in Groundwater Exploration)

Well digging to obtain water for drinking purposes
and for irrigation has been practiced in India for thou-
sands of years. Exploration for locating suitable sites
to get groundwater is also an old technique from the
fifth century starting from Varahmihir’s “Drukggargal
Shastra” in which anthills, certain species of trees, and
certain types of strata have been mentioned as indica-
tors for groundwater. These indications are still widely
believed and “water diviners” in Indian villages still
use them. Even in tribal areas, the local diviners know
where to look for water in the summer season when
streams go dry. Historically, although the kings were
mainly responsible for sponsoring dug wells and pro-
viding drinking water supply to the population, their
administration was not officially involved in the explo-
ration of groundwater. This was the domain of private
diviners. However, around the 1920s, the geologists,
agriculturists, and civil engineers became involved in
groundwater exploration, based on the study of strata
met within existing wells, topography, rock exposures
in streams or rivers, and their own experience.

D.G. Limaye, the father of the author and one of the
pioneering hydrogeologists in India, started working
in 1933 in Pune, as a private consultant for farmers for
selecting locations for dug wells for irrigation, mainly
in the Deccan traps or basaltic terrain in western India
and the pre-Cambrians in south India. He had a bach-
elor’s degree in agriculture and basic knowledge of

geology. As the words “hydrogeologist” and “geo-
hydrologist” were born much later, in those days, he
was called an “underground water geologist.” Farmers
even mocked him as an “educated water-diviner.”
However, in a letter dated September 30, 1941, writ-
ten to the political agent for the erstwhile Kathiawar
States at Rajkot, in the preindependence British-ruled
India (now Saurashtra region of Gujarat State), he men-
tioned the “science of hydro-geology” as a useful tool
for groundwater exploration in the basaltic region of
Kathiawar. This letter is kept in the National Archives
of Government of India in New Delhi. His first tech-
nical paper on groundwater exploration appeared in
1940 in the Journal of Geological, Mining and Metallurgical
Society of India (Limaye, 1940).

The farmers expected him to select a good spot for
well digging in their farms and advise them on the
depth and expected yield. They also sought his guid-
ance on revitalization of existing wells by deepening
or by drilling horizontal or vertical bores in the well
bottom by using long crowbars. The farmers paid him
5 rupees (about 8 cents in the current rate of exchange
of the rupee to U.S. dollar) as a consultation fee. Some
farmers even paid in kind, such as a few kilos of
wheat, millet, or rice. During the 4 months of Monsoon
rains, the exploration work for farmers almost came
to a standstill, unless the year was a drought year.
However, he used the Monsoon time to work on data
collection, making notes on the occurrence of intertrap-
pean beds in the Deccan trap or basalts and carrying
out laboratory experiments on the porosity and specific
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yields. He had observed that intertrappean beds or
the red boles in the basaltic terrain were important for
the success of a well or a bore because the upper and
lower junctions of these beds with adjoining lava flows
were often permeable. Apart from publishing techni-
cal papers on the geological exploration of groundwa-
ter in the basaltic terrain, he started writing articles in
newspapers. Later on, his clientele expanded to indus-
tries and departments of the erstwhile government of
Bombay. The industries were in favor of drilling bores
rather than digging large-diameter wells where gun-
powder had to be used for blasting the hard rock. In
those days, drilling a bore of 100 mm or 150 mm diam-
eter up to about 25-30-m depth in basalts used to take
anywhere between 1 and 2 months with hammer per-
cussion rig or calyx rotary rig, depending on the hard-
ness of strata and thickness of overburden. “Piston
and cylinder”-type reciprocating pumps were used for
pumping water from such bores. Water from dug wells
was pumped by diesel engine pump sets as in those
days rural electrification was minimal. The mode of
transportation for a hydrogeologist for exploration in
rural areas was bullock cart, bicycle, or simply on foot.

Government departments related to rural develop-
ment in the old-Bombay Province, which were thus
far taking advice from “water diviners” invited from
England by the erstwhile British Government of India,
took note of this young agriculture graduate working as
an “underground water geologist.” In their rural drink-
ing water programs, D.G. Limaye was given a contract
every year for surveying the area around a village and
locating a suitable spot for the construction of a “drink-
ing water dug-well.” A typical well in this program was
2.5-3.0m in diameter and about 8 m in depth. With
such contracts of surveying 60-80 villages per year for
about 10 years, my father had an opportunity to move
all over the basaltic terrain of western India and also in
some adjoining portions of the basement complex and
alluvial terrains.

After about 23 years of work in groundwater explo-
ration, D.G. Limaye gradually realized the limitations
of a purely hydrogeological method of groundwater
exploration comprising the study of topography, stra-
tigraphy, weathering pattern, occurrence of hard rock
or sand in stream or river beds, stream curvatures
and shifting of streams with a possibility of occur-
rence of old stream beds, role of dikes, if any, and the
inventory of existing wells. The book Groundwater by
C.E. Tolman (1937) was the Bible for all hydrogeolo-
gists at that time. Additional equipment used in those
days was a “water-finding machine,” which had a box
with east-west coils and a long “specialized” mag-
netic needle. Government departments had imported
these “patented” machines in the 1930s from Mansfield
and Schmidt Companies in England. However, the
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success of these machines depended on the degree of
accuracy of the data obtained using purely geological
investigations.

4.2 Early Resistivity Work in India

Around 1955-1956, news came to India about the use of
geophysical equipment for exploration for groundwater.
In 1956, the first symposium on groundwater was orga-
nized in New Delhi by the Ministry of Natural Resources
and Scientific Research and the volume of proceedings
was published by Central Board of Geophysics. During
this symposium, experts discussed some new small-
sized equipment from UK and German manufacturers
for groundwater exploration similar to the ones used in
the western world for hydrocarbon or oil exploration.
The geophysical instruments for seismic and resistiv-
ity surveys used in oil exploration were bulky but had
a good depth of investigation. The depth of investiga-
tion for groundwater with the new small-sized instru-
ment was only up to 100 m or so but it was adequate for
most applications. This new-resistivity equipment was
lightweight and provided an additional tool for shallow
groundwater exploration in the hands of hydrogeolo-
gists and engineers.

The first available literature was from a German com-
pany named “Gesellschaft fur Angewandt Geophysik”
(Company for Applied Geophysics) but the price of their
resistivity meter was far beyond the means of any pri-
vate consultant from India. Information brochures for
DC resistivity meters were later available from compa-
nies such as H. Tinsley from the United Kingdom, but
again the price was high. However, for learning the the-
ory of resistivity exploration and being acquainted with
Wenner and Schlumberger systems of resistivity survey
using four electrodes, imported books such as those
written by Nettleton, Dobrin, Heiland, or Jakowsky
were available in the Indian market. The first resistiv-
ity meter in India was purchased around 1956-1957 by
the Central Water and Power Research Station (CWPRS)
at Khadakwasla near Pune. This was a DC resistivity
meter from H. Tinsley of the United Kingdom, employ-
ing dry batteries to introduce electric current (measured
in mA, i.e, milli amperes) into the ground between two
outer electrodes C1 and C2. The DC potential difference
(measured in mV, i.e.,, milli volts) caused by this elec-
tric current between the two “nonpolarizing Cu-CuSO,
electrodes” P1 and P2 was balanced on a standard
potentiometer. The apparent resistivity (AR) for Wenner
configuration with an electrode separation of “a” meters
was then calculated using the formula (AR)=2 & a
mV/mA. This instrument had another potentiometer
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to balance the stray potential difference between elec-
trodes P1 and P2, when no current was introduced in
the ground. The potentiometers were calibrated using
an “in-built, standard galvanic” cell.

After calculation of the resistivity in Schlumberger or
Wenner configuration, graphs were drawn with elec-
trode separation on the X-axis and AR on the Y-axis.
Local electronic workshops in India were capable of
repairing or even copying the H. Tinsley resistivity
meter. D.G. Limaye purchased one DC resistivity meter
for groundwater exploration. This was probably the
first resistivity meter purchased in the private sector
in India in April 1958. Dr. S. L. Banerjee, the chief geo-
physicist with CWPRS in 1958, was very happy that the
resistivity method would now also be used in the pri-
vate sector. The first fieldwork carried out by the author
and his father was in May 1958, in metamorphic base-
ment complex rocks for The Sandur Manganese and
Iron Ore Company in Karnataka State. A paper on this
new method was presented in a symposium in the city
of Baroda, India—now known as the city of Vadodara
(Limaye, 1959).

The DC instrument worked satisfactorily in rural
areas. But in urban areas, the stray (spontaneous) poten-
tial difference between P1 and P2 kept changing and it
was difficult to balance it on the potentiometer. These
stray potentials were often much larger than the signal
potential difference generated between P1 and P2, when
the current was switched on. To get a satisfactory read-
ing, the average of two measurements had to be taken—
one when the current was going from C1 to C2 and
another when it was going from C2 to C1. Sometimes,
it was impossible to get reliable, consistent readings
especially in Mumbai, where DC traction was employed
for local trains. Getting durable porous ceramic pots for
nonpolarizing electrodes was also a problem. After each
survey, the remaining concentrated CuSO, solution
from P1 and P2 electrodes had to be stored in a plastic
bottle for reuse.

The only way to get rid of the menace of stray poten-
tials was to use a commutator, such as a “dual split
ring—hand-driven” commutator. One split ring with
four carbon brushes converted the DC from batteries
into low-frequency, square-wave AC to be fed to C1-C2
electrodes. The other split ring mounted on the same
shaft converted the square-wave potential difference
received from electrodes P1-P2 back into DC for mea-
suring on the potentiometer. The use of a commutator
considerably improved the performance of the DC resis-
tivity meter. An electronic vibrator with four pairs of
contacts was also tried in those days, but somehow, it
was not as successful as the hand-driven commutator.

With the advent of transistor circuitry, AC resistivity
meters were introduced in the market. The use of DC
instruments virtually stopped. In the drought year of

1972, “Terrameter” from the Swedish company ABEM
was probably used for the first time in the states of
Maharashtra, Andhra Pradesh, and Karnataka in
India, mainly by the Christian mission personnel
engaged in drought relief work and rural develop-
ment. Terrameter had two boxes; one G-box for gen-
erating low-frequency, square-wave AC to be fed to
C1-C2 electrodes and the other V-box for measuring
potential differences between P1 and P2 electrodes. In
the same year (1972), Maharashtra State Government’s
Ground Water Survey and Development Agency
(GSDA) was established. However, its activity in
geophysical exploration using AC resistivity meters
started much later.

4.3 Data Acquisition and Interpretation

The introduction of integrated circuits, microprocessors,
band-pass and band-stop filters, operational amplifiers
for signal boosting, etc., improved the performance of
ACresistivity meters to a great extent. The Schlumberger
system became more popular for sounding while the
Wenner system was popular for both sounding and pro-
filing. Indian companies from Mumbai and Hyderabad
started manufacturing AC resistivity meters so that
their prices became affordable. However, one side effect
of the low prices was that many “spurious experts”
without much knowledge of geology or geophysics pur-
chased resistivity meters and started giving advice to
farmers, using any convenient electrode arrays of their
own design. Their failures earned a bad name for the
resistivity method in rural areas.

Data acquisition became easier but interpretation
with the help of standard two-layer and three-layer
master curves was too theoretical especially in hard-
rock terrain. It took some years for the fact to sink in
that the interpretation of results must be consistent
with field geology and local observations. In the field,
a clayey bed in riverside alluvium would indicate low
resistivity and may be interpreted as a water-bearing
horizon while a saturated coarse sand bed would be
neglected because of its higher resistivity. Later on,
programs for computerized interpretation of resistiv-
ity curves also became available but their correlation
with the field conditions was still lacking. Even today,
interpretation of field data and recommendations
for good sites for obtaining groundwater are often
made without testing the “ground-truth” by drilling
at least one bore at a recommended site. This is prob-
ably because many groundwater research projects
are being carried out by universities that do not have
funds for drilling.
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The practical question is, “Does the assumption of a
horizontally layered, isotropic, semi-infinite ground
hold good in practice, especially in hard-rock ter-
rain?” Wenner electrode separation of about 150-200 m
between C1 and C2 for groundwater exploration often
includes several variations of surface resistivity along
the line on which the electrodes move for sounding,
even if one tries to avoid any hard-rock exposures on
such a line. Erratic variation of near-surface resistiv-
ity near P1 or P2 gives erratic readings. Furthermore,
in a typical three-layer case comprising a dry soil-sub-
soil and weathered rock at the surface (thickness hl),
underlain by a saturated weathered rock (thickness h2),
followed by hard rock of very large thickness at the bot-
tom, the three-layer H-type curve obtained by vertical
electrical sounding (VES) would only give a fair idea of
occurrence of shallow water only above the top surface
of the hard rock. But would a water-bearing flow junc-
tion of an intertrappean bed in basalt or a water-bearing
fracture in granite, which is just a few centimeters thick
and is located at about 60-m depth within the hard rock,
give its signature in resistivity measurements of a VES?
Probably not.

Instead of using the two-layer and three-layer standard
master curves, a better method of interpretation of VES
data was given by Sankar Narayan and Ramanujachary
(1967). The inverse slope vertical electrical resistivity
(VES) method as suggested by these two authors works
very well in engineering geology and also in groundwa-
ter exploration for a 3-5-layered ground. This method
assumes considerable importance in the field of ground-
water exploration because of its ease of operation, low
cost, and its capability to distinguish between the saline
and freshwater zone. This method is being widely used
in India in different geological situations. It was found
to give good results correlating well with borehole data.
This method is simple and gives resistivities and depths
directly from the plot of the field data on a linear graph
(Sankar Narayan and Ramanujachary, 1967). The author
tested it in India and in Canadian glacial till with good
results.

Wenner profiling with electrode separations of 10, 20,
and 30 m is also helpful in groundwater exploration,
especially in hard-rock terrain. Here, it is possible to dis-
tinguish between a hard-rock area devoid of groundwa-
ter and a weathered zone in which groundwater would
occur and would be available in a well. Assuming that
even the deeper flow junctions or fractures would be
recharged from phreatic groundwater, bore wells could
also be located in such weathered zones confirmed by
profiling carried out 2 or 3 times on the same profiling
line with different electrode spacings. In field practice,
once the profile line is selected, it is advisable to dig pits
at specific distances and water these pits before starting
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profiling from one end. Even if the electrode separation
is 20 or 30 m, the “jump” after each reading could be
restricted to 10 m if the pits are spaced at 10-m distances
along the line. If the site has a productive bore and a
failed bore, it is a good idea to do profiling along the line
joining these two bores and repeat the profile with dif-
ferent electrode spacings to see the difference between
the resistivity values obtained near the two bores. The
difference in resistivity near a good bore and a failed
bore in an area is a good guide for interpretation of pro-
filing data in the area.

A typical “resistivity survey party” in the private
sector comprises one expert to take the readings of the
resistivity meter, two to three assistants to ensure cor-
rect placing of the electrodes, and 10 helpers (prefera-
bly 2-4 women among these helpers). Two women hold
umbrellas; one umbrella over the instrument and the
other over the expert’s head. Two women are necessary
to bring water from a nearby well/bore in buckets for
watering the electrodes. The cost of a resistivity sur-
vey is affordable only to industries, large commercial
complexes, residential developments such as satellite
townships, and cooperative factories of farmers. The
scope of consultation work is thus limited and that too
only for about 8-9 months of the summer and winter
seasons. The private sector, therefore, has not grown
appreciably over the last few decades. Some nongov-
ernmental organizations (NGOs) are active in this
field. Staff members of government organizations,
institutions, and university departments conduct resis-
tivity surveys in their projects and research work. For
them, the cost and time is not much of a problem and
they do a lot of survey work over a small-project area.
These days, funds to purchase resistivity meters from
Indian manufacturers and conduct fieldwork are avail-
able to various university departments. However, their
services are either not available to farmers or are very
expensive. Recently, some private consultants have
purchased resistivity meters but they take just two or
three readings with short spreads of their own design
to cut the cost. This quasi-scientific procedure is often
unsuccessful, earning a bad name for the resistivity
method. Therefore, most of the farmers still depend
on local diviners or hydrogeologists using only the
hydrogeological method comprising geological obser-
vations, topography, well inventory, and sometimes
bioindicators.

Recently, the GSDA has started using ABEM’s electro-
magnetic instrument “Wadi” using very-low-frequency
(VLF) signals in the range of 15-20 kHz for groundwater
exploration. However, the cost of Wadi is prohibitive for
private hydrogeologists, who still prefer to depend on
AC resistivity meters. Even the GSDA of Maharashtra
has the Wadi instruments but uses them sparingly.
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4.4 Conclusions

In the past 56 years or so, resistivity methods for ground-
water exploration have come a long way, especially in
instrumentation and interpretation techniques. Data
collection has been easier and more reliable. However,
while interpreting the data and modeling, especially
in hard-rock terrain, it is necessary to keep in mind the
limitations because the ground itself does not comply
with all the assumptions made while deriving the the-
oretical formulae. The interpretation has to be consis-
tent with the local field conditions. Although based on
sound geophysical principles, the resistivity method has
not achieved more than 90% success in exploration for
shallow phreatic groundwater and is still out of reach
for a common farmer due its high cost. Drilling trial
bores based on a low-cost hydrogeological survey or on
advice from water diviners is still the method of choice
by farmers because taking trial bores is cheap. With
the advent of modern drilling technology, farmers are
now drilling trial bores up to 150-m depth in hard rock
in search of groundwater in fracture networks or lava
flow junctions—which are not likely to register their
signatures in VES graphs obtained using the resistivity
method.

Such deep bores, if successful, give a good amount of
water (sometimes as high as 20 m3/h). Farmers pump
them continuously, as they are the absolute owners of
groundwater. The rise in exploration and exploitation
of deeper groundwater resources in the past 30 years

has resulted in an appreciable depletion of the water
table and drying of many old dug wells (Limaye, 2012).
The depletion in water level is resulting in higher con-
sumption of electricity for pumping water. It is the duty
of geoscientists to motivate the farmers for rainwater
harvesting and watershed management with foresta-
tion of degraded watersheds for augmenting recharge
to groundwater and for ensuring sustainability of the
supply. Such geoethical activities need to be promoted
by NGOs at the village level through decisions taken in
“Village Meetings” under the guidance of elected mem-
bers of the “Village Council.”
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5.1 Introduction

The coastal zones are subject to rapid development with
growing and conflicting demands on natural resources,
and often they are subject to irreversible degradation.
The critical phenomena that mainly affect these areas
are coastal erosion, flooding due to river floods, tidal
waves, or rising sea level, and contamination of the
aquifers (e.g., salt-wedge intrusion of seawater). Along
the coast, there are many sites of community interest
(SCI) subjected to a strong incidence of human activities
mainly linked to agriculture and tourism. According
to the Recommendation on Integrated Coastal Zone
Management (ICZM) of the European Commission,
coastal areas are of great environmental, economic,
social, and cultural relevance. Therefore, the implemen-
tation of suitable monitoring and protection actions is
fundamental for their preservation and for assuring
the future use of this resource. Such actions have to
be based on an ecosystem perspective for preserving
coastal environment integrity and functioning and for
planning sustainable resource management of both the
marine and terrestrial components for the promotion of
economic and social welfare of coastal zones.

Of all nonintrusive surface geophysical techniques,
the electrical resistivity profiling and vertical electri-
cal sounding (VES) methods have been applied most
widely to detect and monitor saline water/freshwater

transitions in different coastal areas in the last several
years with proven efficiency (Barker, 1996; Sherif et al.,
2006; Song et al., 2007; Omosuyi et al., 2008; Adeoti et al.,
2010; Hermans et al., 2012; Maiti et al.,, 2012; Mondal
et al.,, 2013; Gupta et al., 2014). Mondal et al. (2009) have
envisaged the fact that contaminants play a vital role
in both inland and coastal aquifers. These authors
further suggest that the electrical resistivity of the aqui-
fer is reduced due to contaminants, which reflect as an
anomaly. Sankaran et al. (2012) systematically studied
the hydrogeological, geophysical, and hydrochemical
properties in SIPCOT area in southern India to dis-
tinguish between groundwater pollution and saline
water intrusion through the Uppanar River. Integrated
geophysical investigation and geochemical analy-
sis were employed to assess the subsurface geologic
formations, aquifer geometry, and seawater intrusion
in Godavari Delta Basin (Gurunadha Rao et al., 2011).
These authors suggested that the lowering of resistiv-
ity was due to the encroachment of seawater into the
freshwater zones and also infiltration of seawater from
the high tides. These studies also indicated thick marine
clays, which possess the palaeosalinity due to recession
of sea level. Systematic collection and analysis of hydro-
logical, geophysical, and hydrochemical data from vul-
nerable parts of Andrott Island, Lakshadweep (Singh
et al, 2009) divulge that fresh groundwater is only
available between 2.5 and 5.0-m depths and provide
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an indication of deterioration in groundwater quality
in the peripheral parts of eastern and western coasts of
this island. Barker et al. (2002) have successfully used
the resistivity-imaging technique for borehole sitting in
hard-rock regions of India.

Groundwater chemistry plays a vital role for the study
of its quality in coastal aquifers (Mondal et al.,, 2008;
Maiti et al.,, 2013) and thus assessing seawater incursion
through an aquifer in coastal belts is a periodic analysis
of groundwater chemistry (Sukhija et al.,, 1996; Saxena
et al, 2003). Several researchers have used hydro-
chemical parameters to evaluate the seawater incursion
process, which can be helpful to control the water quality
in coastal areas. Sukhija et al. (1996) studied the coastal
groundwater of Karaikal and Tanjavur, Tamil Nadu and
differentiated the palaeomarine and modern salinities
using inorganic chemistry, organic biomarker finger-
prints, and tritium and radiocarbon measurements.
Mondal et al. (2010a) successfully tested the relation-
ship between total dissolved solids (TDS) with chloride
(CI), sodium, magnesium, and sulfate concentrations of
groundwater for pre- and postmonsoon seasons from a
watershed along the southeastern coast of India.

Mondal et al. (2010b) examined trace element content
in the groundwater of a coastal island (Pesarlanka) of the
eastern coast of India. These authors concluded that the
concentration of most trace elements in the groundwa-
ter exceeded the WHO (1984) limits. The main source of
most elements has been attributed to marine sediments.
Studies have been carried out in the Krishna delta to
observe the influence of strontium and boron on the
groundwater of coastal regions as well as their correla-
tion with the chemical parameters, which are commonly
used for seawater ingression studies (Saxena et al., 2004).

Hydrochemical characteristics of coastal aquifers in
Tuticorin, Tamil Nadu (Mondal et al., 2011) seem to be
influenced by various processes together with saline
water mixing, anthropogenic contamination, and
water-rock interaction, which is reflected by very wide
ranges and high standard deviations of most hydro-
chemical parameters, such as TDS, CL, SO, Mg?*, and
Na* exceeding the limit of drinking water standards
(WHO, 1984). Nonetheless, there are some serious
limitations in such investigations as they fall short to
differentiate between formations of similar resistivities
such as saline clay and saline sand, and the causes of
low resistivity due to water quality (fresh or saline).

Water resources in coastal regions of Maharashtra,
India assume a special significance because of rapid
strides in developmental activities thereby depleting
the available groundwater. Not much information is
available on the role of lineaments in the hydrogeo-
logical setup as well as their role in the occurrence
and movement of groundwater in the coastal region of
Maharashtra. The ingress of saline water through inland
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drains due to tidal influence also makes the potable water
unfit for consumption (Gurunadha Rao et al., 2011). In
such areas, exploration and differentiation of freshwater
aquifers from saline water aquifers become the primary
objectives (Bear et al., 1999). An attempt is made here to
carry out geoelectrical studies along the coastal tract of
western Maharashtra to analyze the effects of seawater
intrusion and in locating fresh groundwater pockets to
meet the water demands of society.

Little is understood of the dynamics and complex mix-
ing relationships between fresh surface waters and saline
groundwater in the western coastal region of Maharashtra.
Conventional methods of characterization utilizing point
measurements offer limited information about processes
occurring at depth. The high levels of salinity here have
provided a unique opportunity with which to utilize
geoelectrical characterization methods such as electrical
resistivity imaging (ERI). Contrasts in resistivity values
between saline groundwater and fresh surface waters
have allowed current researchers to view images of the
deep subsurface; thus, distinct zones of saline groundwa-
ter migrating from depth can be tracked in the resistiv-
ity images collected and subsurface processes serving to
control salinity can be inferred. Additionally, ERI offers
the potential for a greater understanding of this system
through its use as a temporal monitoring tool; prelimi-
nary results have revealed that continued efforts in this
manner will aid in developing a better understanding of
the various processes occurring within the saline wet-
lands, which serve to make each site unique.

In this chapter, we show the first results of a study
based on ERI for the characterization of a coastal area of
Maharashtra in southwest India. This region is in con-
tact with the Arabian Sea and groundwater level fluctu-
ates in response to tidal variations (Song et al., 2007). We
are confronted with two major problems in this region.
The first one is contamination of fresh groundwater
by seawater occurring in locations where saline water
displaces or mixes with freshwater (Todd, 1979), which
leads to the infiltration of saline fluids into the fresh
aquifer thereby changing the near-surface distribution
pattern of electrical properties. Second, the Sindhudurg
district of Maharashtra is covered by Deccan volcanic
rocks and most of the soils are derived from lateritic
rocks. Groundwater flows preferentially through a net-
work of voids, conduits, joints, and fractures (CGWB,
2009). Hence, monitoring the shallow distribution of the
true resistivity patterns in the area is vital for mapping
faults, fractures, joints, preferential groundwater con-
duits, and lineaments affecting groundwater circula-
tion patterns. Modeling and interpretation of resistivity
imaging in this region is therefore of special interest to
help understand inhomogeneous infiltrations of fluids
through pores and geologically weak zones as well as
fluid percolation patterns at the subsurface.
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5.2 Theoretical Background

The resistivity method is one of the oldest geophysical
survey techniques to determine the subsurface resistiv-
ity distribution by making measurements on the ground
surface. From these measurements, the true resistivity
of the subsurface can be estimated. The ground resistiv-
ity is related to various geological parameters such as
the mineral and fluid content, porosity, and degree of
water saturation in the rock. Electrical resistivity sur-
veys have been used for many decades in hydrogeo-
logical, mining, geotechnical, environmental, and even
hydrocarbon exploration (Keller and Frischknecht, 1966;
Bhattacharya and Patra, 1968; Loke, 2011). The funda-
mental physical law used in resistivity surveys is Ohm’s
Law, which governs the flow of current in the ground.
Here, a known current (I) is passed into the ground with
two current electrodes (C1 and C2) and the potential dif-
ference (AV, i.e, potential drop) between two potential
electrodes (P1 and P2) is measured (Figure 5.1) (Koefoed,
1979). The ratio (AV/I) gives the resistance (R), which is
multiplied by the geometrical factor (K) of electrode
separation to get apparent resistivity of the ground

pa=kAV /1

Figure 5.2 shows the common arrays used in resistiv-
ity surveys together with their geometric factors. In a
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C1 P1 P2 C2
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k=xn(n+l)a

k = Geometric factor

FIGURE 5.2

C1 P1 P2 C2
FIGURE 5.1

General electrode array used in resistivity surveys. C1 and C2 are
the two current electrodes while, P1 and P2 are the two potential
electrodes.

later section, we will discuss the advantages and dis-
advantages of some of these arrays. Resistivity meters
normally give a resistance value, R=V/I; so, in practice,
the apparent resistivity value is calculated by

P = kR

The calculated resistivity value is not the true resis-
tivity of the subsurface, but an “apparent” value,
which is the resistivity of a homogeneous ground
that will give the same resistance value for the same
electrode arrangement. The relationship between the
“apparent” resistivity and the “true” resistivity is a
complex relationship. To determine the true subsur-
face resistivity, an inversion of the measured appar-
ent resistivity values using a computer program must
be carried out. However, in the field, such conditions
are rarely observed as in most cases the ground is het-
erogeneous, inhomogeneous, and anisotropic; hence,
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Common arrays used in resistivity surveys and their geometric factors. Note that the dipole-dipole, pole-dipole, and Wenner-Schlumberger
arrays have two parameters, the dipole length “a” and the dipole separation factor “n.” While the “n” factor is commonly an integer value,

noninteger values can also be used.
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the resistivity values vary with the relative position
of the electrodes on the ground. Resistivity obtained
under such conditions is termed apparent resistivity.
In homogeneous ground, the depth of current pene-
tration increases as the separation of the current elec-
trodes is increased.

The measured apparent resistivity values are normally
plotted on double-log graph paper. To interpret the data
from such a survey, it is normally assumed that the
subsurface consists of horizontal layers. In this case,
the subsurface resistivity changes only with depth, but
does not change in the horizontal direction. Despite
this limitation, the method has given useful results for
geological situations, such as water table, where the one-
dimensional (1-D) model is approximately true. Another
classical survey technique is the profiling method.
In this case, the spacing between the electrodes remains
fixed, but the entire array is moved along a straight line.
This gives some information about lateral changes in
the subsurface resistivity, but it cannot detect vertical
changes in the resistivity. Interpretation of data from
profiling surveys is mainly qualitative.

The most severe drawback of the resistivity-sounding
method is that horizontal (or lateral) changes in the
subsurface resistivity are commonly found. Lateral
changes in the subsurface resistivity will cause changes
in the apparent resistivity values, which might be mis-
interpreted as changes with depth in the subsurface
resistivity. In many engineering and environmental
studies, the subsurface geology is very complex where
the resistivity can change rapidly over short distances.
The resistivity-sounding method might not be sufficiently
accurate for such circumstances.

5.2.1 Two-Dimensional ERI Technique

ERI has proven to be a useful methodology in ground-
water exploration, civil engineering, and environmental
and mining applications because of the wide range of
variations in electrical resistivity. Electrical resistivity
is the inverse of electrical conductivity (EC), and thus,
it is a measure of how much an earth material resists
the flow of electricity. When earth materials or fluids
are highly conductive, their resulting electrical resistiv-
ity values are low. Values of resistivity for most earth
materials are well established. As with most geophysi-
cal methods, a degree of nonuniqueness exists for all
earth materials, and thus, most materials have a range
of values that tend to overlap. Ranges for a single mate-
rial can result from minor differences in the composi-
tion of a given rock type; however, ranges are largely
attributed to differences in the size and/or availabil-
ity of pore space as the interstitial pore fluid strongly
influences the resistivity signature of a given material
(Telford et al., 1976; Loke, 2011).
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There are several advantages of using a multielectrode
ERI system over the conventional vertical electrical tech-
nique (Dahlin, 1996). This is because the multielectrode
scheme is a fast computer-aided data-acquisition system
and simultaneously studies both lateral and vertical
changes of resistivity below the entire profile length.
There are, therefore, an increasing number of users for
the ERI technique in India and abroad for mapping the
accurate location of subsurface geological formations
and structures such as faults, fractures, joints for delin-
eation of water-bearing zones, geothermal, etc. (Griffiths
and Barker, 1993; Loke and Barker, 1996; Singh et al,,
2006; Francese et al., 2009; Kumar et al., 2010; Zarroca
et al.,, 2012). This technique has also been found to be a
powerful tool to delineate a sub-surface-contaminated
zone over the Kodaganar Basin in Dindigul District,
Tamil Nadu, when there is sufficient resistivity contrast
(Barker et al., 2001).

5.3 Instrumentation and Survey Design

ERI surveys are usually carried out using a large num-
ber of electrodes, 25 or more, connected to a multicore
cable (Loke, 2011). A laptop microcomputer together
with an electronic switching unit is used to auto-
matically select the relevant four electrodes for each
measurement (Figure 5.3). Currently, field techniques
and equipment to carry out two-dimensional (2-D)
resistivity surveys are fairly well developed. The neces-
sary field equipment is commercially available from a
number of international companies.

Figure 5.3 shows the typical setup for a 2-D sur-
vey with a number of electrodes along a straight line
attached to a multicore cable. Normally, a constant spac-
ing between adjacent electrodes is used. The multicore
cable is attached to an electronic switching unit, which
is connected to a laptop computer. The sequence of mea-
surements to take, the type of array to use, and other sur-
vey parameters (such as the current to use) are normally
entered into a text file that can be read by a computer
program in a laptop computer. After reading the control
file, the computer program then automatically selects
the appropriate electrodes for each measurement. In a
typical survey, most of the fieldwork is in laying out the
cable and electrodes. After that, the measurements are
taken automatically and stored in the computer. Most of
the survey time is spent waiting for the resistivity meter
to complete the set of measurements.

To obtain a good 2-D picture of the subsurface, the
coverage of the measurements must be 2-D as well.
As an example, Figure 5.3 shows a possible sequence
of measurements for the Wenner electrode array for a
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FIGURE 5.3

Schematic illustrating how a pseudosection is developed from acquisition of data from a large number of electrodes. Varying the unit spacing
“a” of the current and potential electrodes allows for a greater depth of influence but also decreases the number of measurements that can be
made. (Adapted from Loke, M.H. 2000. Topographic modelling in resistivity imaging inversion, 62nd EAGE Conference and Technical Exhibition

Extended Abstracts, D-2.)

system with 20 electrodes (Loke, 2011). Here, the spac-
ing between adjacent electrodes is “a.” The first step is
to make all the possible measurements with the Wenner
array with electrode spacing of “la.” For the first mea-
surement, electrodes number 1, 2, 3, and 4 are used.
It may be noted that electrode 1 is used as the first
current electrode C1, electrode 2 as the first potential
electrode P1, electrode 3 as the second potential elec-
trode P2, and electrode 4 as the second current electrode
C2. For the second measurement, electrodes number 2,
3,4, and 5 are used for C1, P1, P2, and C2, respectively.
This is repeated down the line of electrodes until elec-
trodes 17, 18, 19, and 20 are used for the last measure-
ment with “la” spacing. For a system with 20 electrodes,
there are 17 (20—3) possible measurements with “la”
spacing for the Wenner array. After completing the
sequence of measurements with “la” spacing, the next
sequence of measurements with “2a” electrode spacing
is made. First, electrodes 1, 3, 5, and 7 are used for the
first measurement. The electrodes are chosen so that
the spacing between adjacent electrodes is “2a.” For the
second measurement, electrodes 2, 4, 6, and 8 are used.
This process is repeated until electrodes 14, 16, 18, and
20 are used for the last measurement with spacing “2a.”
For a system with 20 electrodes, note that there are 14
(20—2x3) possible measurements with “2a” spacing.
The same process is repeated for measurements with
“3a,” “4a,” “5a,” and “6a” spacings. To get the best results,
the measurements in a field survey should be carried

out in a systematic manner so that, as far as possible,
all the possible measurements are made. This will affect
the quality of the interpretation model obtained from
the inversion of the apparent resistivity measurements
(Dahlin and Loke, 1998).

As the electrode spacing increases, the number of
measurements decreases. The number of measure-
ments that can be obtained for each electrode spacing
for a given number of electrodes along the survey line
depends on the type of array used. The Wenner array
gives the smallest number of possible measurements
compared to the other common arrays that are used in
2-D surveys. The survey procedure with the pole—pole
array is similar to that used for the Wenner array. For a
system with 20 electrodes, first 19 measurements with
a spacing of “la” are made, followed by 18 measure-
ments with “2a” spacing, followed by 17 measurements
with “3a” spacing, and so on. For the dipole-dipole,
Wenner-Schlumberger, and pole-dipole arrays, the
survey procedure is slightly different. As an example,
for the dipole-dipole array, the measurement usually
starts with a spacing of “la” between the C1 and C2
(and the P1-P2) electrodes. The first sequence of mea-
surements is made with a value of 1 for the “n” factor
(which is the ratio of the distance between the C1 and P1
electrodes to the C1-C2 dipole spacing), followed by “n”
equals 2 while keeping the C1-C2 dipole pair spacing
fixed at “la.” When “n” is equal to 2, the distance of the
C1 electrode from the P1 electrode is twice the C1-C2
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dipole pair spacing. For subsequent measurements, the
“n”-spacing factor is usually increased to a maximum
value of about 6, after which accurate measurements
of the potential are difficult due to very low potential
values. To increase the depth of investigation, the spac-
ing between the C1 and C2 dipole pair is increased to
“2a,” and another series of measurements with different
values of “n” is made. If necessary, this can be repeated
with larger values of the spacing of the C1-C2 (and P1-
P2) dipole pairs. A similar survey technique can be used
for the Wenner-Schlumberger and pole-dipole arrays
where different combinations of the “a” spacing and “n”
factor can be used.

One technique used to horizontally extend the area
covered by the survey, particularly for a system with a
limited number of electrodes, is the roll-along method
(Loke, 2011). After completing the sequence of measure-
ments, the cable is moved past one end of the line by
several unit electrode spacings. All the measurements
that involve the electrodes on a part of the cable that
do not overlap the original end of the survey line are
repeated (Figure 5.4).

A number of different array types can be utilized
so that acquisition of the most optimal vertical and/or
lateral distributions can be achieved. Each array type
differs in the geometric arrangement of electrode stake
pairs and also in the coverage it is best able to provide.
For example, a Wenner array is set up such that the spac-
ing between each current and potential electrode is con-
stant for the entire survey. The Wenner array gives an
excellent depth resolution, but is not the optimal array
type for acquiring high-resolution data in the near sub-
surface (Loke et al.,, 2010). Conversely, the dipole—dipole
array type, in which the current-to-current electrodes
and potential-to-potential electrodes maintain the same
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spacing for a survey but the distance between the two
pairs may change, boasts good lateral resolution but is
not the optimal array type for achieving high-resolution
data at depth.

In addition to the variety of array types available
for collecting the most optimal data for a given field
site, advances in technology have also allowed for the
development of systems capable of collecting data at
relatively unlimited horizontal distances. Survey lines
are no longer limited in the length by the available
cable-stake setup due to the advent of roll-along sur-
veys. Roll-along surveys begin like a regular survey in
that stakes are inserted at constant spacing and con-
nected to cables, which send and receive information to
and from an earth resistivity meter. However, after the
first survey is completed, a portion of the cable setup
can be advanced in front of the survey line and data col-
lection can continue. The configuration can be advanced
as many times as a given field site will allow such that
data can be collected along a continuous line with rela-
tively few limits to the distance achieved. Figure 5.4 is a
schematic of a roll-along survey illustrating the general
procedure employed during field data collection. Once
data are collected along the first line, then some portion
of the configuration is advanced to the end of the line
and data collection continues. Although this procedure
has made collection of electrical resistivity data more
streamlined and less labor intensive, it is not without
limitations. While great distances can be achieved with
a roll-along survey, limitations in the depth of penetra-
tion associated with spacing are such that a gap will
remain between each of the respective roll-along sec-
tions. For the most optimal data resolution, the small-
est section of cable should be advanced during a single
roll along so that the subsurface gap will occupy the
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FIGURE 5.4

The use of the roll-along method to extend the area covered by a survey.
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smallest possible area. While this configuration allows
excellent lateral coverage, greater depth of penetration
cannot be achieved with this method, as the depth
achieved through a given survey is always determined
in a single deployment (AGI, 2006).

5.4 Data Processing and Inversion

Data inversion is the procedure whereby the apparent
resistivity measurements obtained by an earth resis-
tivity meter are processed into a cross section that
provides a model of the true spatial distribution of
resistivity beneath an ERI array. The set of data initially
acquired from a resistivity meter produces apparent
resistivity data, which can be plotted as an apparent
resistivity pseudosection, representing averages of all
of the material encountered on a given electrical field
path before it arrives at the potential electrodes where
the potential difference (in volts) is measured. In an
inversion process, a model domain is fragmented into a
grid (i.e., rows and columns) where each column in the
grid is striped of the weighted average of that column,
and each square of the grid is assigned its own resistiv-
ity value (a “true” or “model” resistivity) (Loke, 2011).
The inversion process results in a model cross section
of true resistivity that most closely approximates the
subsurface distribution required to generate the appar-
ent resistivity values obtained with the resistivity
meter at the surface. A number of different software
packages, including freeware that can be downloaded
online, are available for processing of electrical resis-
tivity data (Loke and Barker, 1996; Binley, 2003). Each
software package contains a number of different tools
and algorithms for processing data so that each user
can choose the most appropriate method based on his
or her knowledge of the field site with which he or
she is working. A process of least-squares inversion is
one of the most common algorithms used in resistiv-
ity data processing. Least-squares inversion works to
replicate the measured values in the model by reduc-
ing the square of the difference between measured and
calculated apparent resistivity values (Loke, 2011).

A radically different approach is a boundary-based
inversion method (Loke, 2011). This method subdivides
the subsurface into different regions. The resistivity is
assumed homogenous within each region. The resistiv-
ity is allowed to change in an arbitrary manner across
the boundaries, and thus, it is useful in areas with
abrupt transitions in the geology. The resistivity of each
region and the depths to the boundaries are changed by
the least-squares optimization method so that the cal-
culated apparent resistivity values match the observed

values. While this method works well for synthetic data
from numerical models, for many field data sets, it can
lead to unstable results with highly oscillating boundar-
ies (Olayinka and Yaramanci, 2000). Its greatest limita-
tion is probably the assumption of a constant resistivity
within each region. In particular, lateral changes in the
resistivity near the surface have a very large effect on the
measured apparent resistivity values. Since this model
does not take into account such lateral changes, they are
often mistakenly modeled as changes in the depths of
the boundaries.

The choice of the best array for a field survey depends
on the type of structure to be mapped, the sensitivity
of the resistivity meter, and the background noise level.
In practice, the arrays that are most commonly used
for 2-D-imaging surveys are the (a) Wenner, (b) dipole—
dipole, (c) Wenner-Schlumberger, (d) pole-pole, and
(d) pole-dipole. Among the characteristics of an array
that should be considered are the (i) depth of investiga-
tion, (ii) sensitivity of the array to vertical and horizon-
tal changes in the subsurface resistivity, (iii) horizontal
data coverage, and (iv) signal strength.

In the present case, data acquisition was performed
using a Wenner—Schlumberger configuration, a hybrid
between the Wenner and Schlumberger arrays (Pazdirek
and Blaha, 1996) with a constant interelectrode spacing
of 5 m. This array is moderately sensitive to both hori-
zontal and vertical geological structures. The average
investigation depth is greater than the Wenner array
and the intensity of the signal is weaker than that of the
Wenner array but greater than that of the dipole-dipole
array and twice that of the pole-dipole array, result-
ing in a higher signal-to-noise ratio (Dahlin and Zhou,
2004). The horizontal data coverage is somewhat wider
than the Wenner arrangement, but narrower than that
achieved using the dipole-dipole array (Loke, 2011). An
ERI survey was carried out at 12 stations using SYSCAL
Rlplus switch 48 system (Iris Instruments, Orléans,
France) with 5-m interelectrode separation. The maxi-
mum length of the profile was 240 m, which resulted in
a depth of investigation of about 50 m. The length of the
profiles surveyed depends on the availability of free-
stretch land. The contact resistance was checked before
data acquisition and was kept below 2kQ (Zarroca
et al,, 2014).

The acquired apparent resistivity datasets were tomo-
graphically inverted to obtain the true electrical resistiv-
ity distribution of the study area using the “RES2DINV”
finite-difference software, based on the smoothness-
constrained least-squares inversion by a quasi-Newton
optimization method (Loke and Barker, 1996). An initial
2-D electrical resistivity model is generated, from which
a response is calculated and compared to the measured
apparent resistivity values of the field data. The opti-
mization method then attunes the resistivity value of



74

the model block iteratively until the calculated apparent
resistivity values of the model are in close agreement
with the measured values of the field data. The abso-
lute error provides a measure of the differences between
the model response and the measured data, which is an
indication of the quality of the model obtained. Using
this scheme, 2-D-inverted models of true resistivity
variation of subsurface geological formations for all the
12 sites have been computed.

The RES2DINV software offers two inversion
options—robust inversion (Loke et al, 2003) and
smoothness-constrained least-squares inversion (Loke
and Dahlin, 2002). It has been reported by Dahlin and
Zhou (2004) that the robust inversion is better than the
smoothness-constrained least-squares inversion. In
situations where the subsurface geology comprises a
number of almost-homogeneous regions but with sharp
boundaries between different regions, the robust inver-
sion scheme attempts to find a model that minimizes
absolute changes in the model resistivity values (also
known as L1 norm or blocky inversion method) thereby
giving appreciably superior results. The smoothness-
constrained optimization method (also known as L2
norm) on the other hand tries to minimize the squares
of the spatial changes (or roughness) of the model resis-
tivity values and tends to construct a model with a
smooth variation of resistivity values. This approach is
used only if the subsurface resistivity varies in a smooth
or gradational manner.

5.5 Case Study from Coastal
Maharashtra, India

The study area lies between latitude 15.7°-16.2°N and
longitude 73.4°-73.8°E in the Sindhudurg district, west-
ern Maharashtra, India (Figure 5.5). Kudal, Malvan,
and Vengurla are some of the important townships in
the district. Geologically, the study area exposes rocks
ranging in age from Archaean to Quaternary period.
The Archaeans are represented by granite gneiss and
is seen in the southern part of the Sindhudurg dis-
trict near Vengurla and Sawantwadi. The Palaeo- to
Meso-Proterozoic represented by Dharwar supergroup
overlie the Archaeans and occupy a major part of the
area comprising psammatic metasediments consisting
of metagabbro, quartz chromites, amphibolites schist,
and ferruginous phyllite. The general geologic succes-
sion encountered in the Sindhudurg district is given in
Table 5.1.

The Archaean granite and gneisses are medium-
to-coarse grained and consist of quartz, microcline,
orthoclase biotite, and hornblende (CGWB, 2009; Maiti
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Geological map of the study area.

et al, 2013). Dharwarian metasediments (Archaean),
Kaladgi formation (pre-Cambrian), Deccan Trap lava
flows (upper Cretaceous to lower Eocene), laterites
(Pleistocene), and alluvial deposits (recent to subrecent)
are the water-bearing formation observed in Sindhudurg
district. However, the Kaladgi formation occurs only

TABLE 5.1

General Geological Succession in Sindhudurg District,
Western Maharashtra, India

Geological Time Formation

Recent to subrecent Alluvium beach sand

Pleistocene Laterite and lateritic spread
Miocene Shale with peat and pyrite nodules
Cretaceous to Eocene  Deccan Trap basalt lava flows
Upper pre-Cambrian  Kaladgi series, quartzite, sandstone,
shale, and associated limestone

Dharwar super group  Phyllite, conglomerate, and quartzite

Source:  CGWB. 2009. Groundwater information, Sindhudurg
district, Maharashtra. Technical Report, 1625/DB/2009.
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in very-limited patches and does not form a potential
aquifer in the district. The alluviums also have a limited
areal extent found mainly along the coast (CGWB, 2009;
Maiti et al., 2013). Dharwarian gneiss/schists are devoid
of primary porosity and permeability. Kaladgi rocks are
mainly represented by orthoquartzite, limestone, sand-
stone, and shales. They are jointed in diverse directions
and the weathered portion actually controls their water-
bearing properties (CGWB, 2009; Maiti et al., 2013).
Since primary porosity is negligent in the Deccan Trap
basalts, secondary porosity due to jointing and fractur-
ing plays an important role in groundwater circulation.
Laterite has more porosity than the Deccan Trap basalt,
thereby forming many potential aquifers in the area.
Groundwater level in the study area varies from 2 to
20 m (Maiti et al., 2013).

Geophysical information was obtained earlier (Maiti
etal,, 2013) by inverting 85 of the VES data from the study
area (latitude 15.7°-16.2°N and longitude 73.4°-73.8°E)
(Figure 5.6). Geochemical information was also obtained
by analyzing 36 water samples collected from represen-
tative dug wells and bore wells distributed through-
out the area. The location of the geochemical sample
collection points has been marked in Figure 5.6.

True resistivity and layer thickness of each geologic
layer is deduced by the inversion of VES apparent resis-
tivity data. Inversion results suggest that there are three
to four geologic layers in the study area (Maiti et al.,
2013). The true resistivity contour map reflects the distri-
bution pattern of true resistivity at a depth of 20 m. The
contour map of p at a depth of 20 m (Figure 5.7) suggests
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Location map of the geochemical sampling point (well), VES point,
and the ERI profile.

that the true resistivity found at Kelus is the minimum
(p~1 Qm). The true resistivity found at Shiroda and
Malvan is of the order of 0.95 and 2 Qm, respectively.
The low resistivity of these places is attributed to the
saline water intrusion from the Arabian Sea. The coastal
parts are conductive possibly due to the effect of saline
water intrusion whereas the northeast and southeast
parts of the study area are highly resistive. The relatively
low resistivity at Nerur may be attributed to leaching of
normal salt.

Geochemical analysis of groundwater in the study area
(Figure 5.8a—e) (Maiti et al., 2013) reported that the EC
ranged between 70 and 4450 uS/cm (mean = 421.47 uS/

m). The EC values recorded at Shiroda and Kelus fall
beyond the acceptable level for drinking prescribed
by World Health Organization (WHO, 1984), and were
attributed to the intrusion of saline water from the
Arabian Sea. The total dissolved salts (TDS) value at
Kelus (2845 mg/L) also exceeds the acceptable limit
prescribed by WHO (1984). Nutrient enrichment due
to fertilizers and saline water intrusion could enhance
TDS and, in turn, increase the EC in the study area, a
fact that can be observed in other parts of the study
area also reflecting high S values (VES points 7-11, 19)
(Gupta et al., 2014). The ranges of Na* and CI- ions were
from 3.78 to 276.1 mg/L (mean = 33.90 mg/L), and 13.19
to 832 mg/L (mean = 54.50 mg/L), respectively. Cl- con-
centration recorded at Kelus and Shiroda falls beyond
the permissible limit (200 mg/L). The high concentra-
tion of CI- at these places is primarily due to the saline
water intrusion and secondarily due to the influence
of discharged agricultural, industrial, and domestic
wastewaters.

True resistivity map
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Concentration map of true resistivity. Units are expressed in log 10.
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Concentration map of (a) pH, (b) EC, (c) TDS, (d) bicarbonate (HCO3), and (e) Cl-. Units are expressed in log 10.

Note that the mismatches between EC and p maps
are likely because the EC map is based on the direct
groundwater sample analysis whereas the true resistiv-
ity map is derived from gross resistivity values of a geo-
logic layer saturated with or without water.

Motivated by the prior field results suggesting the pos-
sible movement of saline water and thus contaminating

the freshwater aquifer zones, it was decided to carry our
ERI over selected profiles for coastal characterization,
which has the potential to provide an insight into the
complexity of a shallow coastal aquifer system.

In this chapter, the 2-D inversion of the field data
along the 12 Wenner-Schlumberger profiles was car-
ried out using the robust (L1 norm) inversion approach.
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As the survey area was anticipated to be infested with
urban noise, the robust inversion scheme was applied
to the model resistivity values as well. The noisy data
at a few sites were automatically filtered by remov-
ing the resistivity records having negative resistivity
values or with a standard variation coefficient over
2%. The convergence between the measured and cal-
culated data was achieved after 5-10 iterations. The
absolute error in the inverted models was below 5%
at all the stations, except at Shiroda where the abso-
lute error was 5.2%. To reduce the distortion caused
by the large-resistivity variations near the ground sur-
face and to obtain significantly better results, an inver-
sion model with a cell width of half the unit electrode
spacing was used for all the 12 imaging profiles (Loke,
2011). All the stations are oriented perpendicular to
the coast. The resistivity profile locations are shown
in Figure 5.6.

The interpretation of the 2-D resistivity models of 12
ERI profiles has been carried out to ascertain ground-
water potential zones and the extent of saline water
intrusion in the Konkan coastal region in view of the
hydrogeological scenario. A generalized resistivity
range for different litho units vis-a-vis water-bearing
zones in the Deccan basalts (after Rai et al., 2013) is given
in Table 5.2.

The inverted resistivity models obtained are dis-
cussed from the southernmost station (Aronda) to the
northernmost station (Malvan) below.

An inverted resistivity model at Aronda (Figure 5.9a)
suggests that the western part is highly conductive hav-
ing resistivities of the order of 1-3 Qm up to lateral dis-
tances of 50 m. Further east, the top layer is 3-10-m thick
consisting of alluvium/weathered formation saturated
with water having a resistivity of about 3-40 Qm. On
the eastern part between lateral distances of 160-240 m,
a high resistive (>70 Qm) shallow layer is revealed
indicating hard rock. Beneath 10 m, the entire profile
exhibits very low resistivity (<1 m). The inverse resis-
tivity section converged after seven iterations with an
absolute error of 1.51%. It has been reported by Maiti
et al. (2013) that the spatial distribution of Ca?" at Aronda
is 804 mg/L and falls beyond the permissible limit

TABLE 5.2

Resistivity Values for Different Litho Units in Deccan Traps

Resistivity Range

Litho Units (Qm)
Alluvial, black cotton soil, and bole beds 5-10
Weathered / fractured vesicular basalt 20-40

saturated with water
Moderately weathered /fractured vesicular 40-70

basalt saturated with water
Massive basalt >70

(75 mg/L). It may be noted that the crystalline limestone
and prolonged agricultural activities could influence
directly or indirectly to augment the mineral dissolu-
tion in groundwater, thus enhancing the conductivity of
groundwater. The low resistivity observed here is pos-
sibly due to the high calcium value and thus the water
may not be fit for domestic use. This station is also near
the Arabian Sea and thus it is presumed that the low
resistivity is also influenced by the saline water ingress
from the coastal side.

The resistivity model at Shiroda (Figure 5.9b) indi-
cated that the entire profile is infested with saline
water intrusion, wherein the resistivity values range
from 0.1 to 7 Qm. The inverse resistivity section con-
verged after five iterations with absolute error as high
as 5.2%. The true resistivity model obtained at Shiroda
(Maiti et al., 2013) indicates a resistivity of 0.95 Qm at
a depth of 20 m. The imaging results reveal that the
western part of the profile up to lateral distances of 100
m is more conductive up to depths of 41 m than the
eastern part, where only the top 5-10 m is affected by
saline intrusion. The EC value at Shiroda is reported
to be 1240.00 uS/cm (Maiti et al., 2013), which falls
beyond the acceptable level for drinking prescribed
by WHO (1984). The high EC value at Shiroda is due
to the intrusion of saline aerosol from the Arabian
Sea. These authors also reported a high TDS value at
Shiroda (TDS value 792.00 mg/L), which exceeds the
acceptable limit prescribed by WHO (1984). Probably
nutrient enrichment due to fertilizers and saline water
intrusion could enhance TDS and, in turn, increase the
EC in the study area. CI- is the dominant ion of sea-
water (Song et al.,, 2007). Cl-concentration recorded at
Shiroda (ClI- value 255.2 mg/L) falls beyond the permis-
sible limit (200 mg/L). The high concentration of Cl- at
these places is primarily due to the saline water intru-
sion and secondarily due to the influence of discharged
agricultural, industrial, and domestic wastewaters
(Maiti et al., 2013). Both calcium and sodium values are
104.2 and 136.8 mg/L, respectively, and fall beyond per-
missible limits. Thus, it is seen that this station is very
vulnerable to saline water intrusion and thus the water
here is not fit for domestic use.

The inverted resistivity model at Mochemar
(Figure 59¢) indicates that the top 10-15m is highly
conductive (resistivity values <1 Qm). Underlying this
layer, a relatively resistive layer with resistivity values
ranging from 1 to 10 Qm is revealed up to depths of
about 25 m. The last layer in the model having resistiv-
ity values >10 Qm is delineated up to depths of inves-
tigation. The low resistive top layer is presumably due
to the effect of saltwater intrusion. The second layer in
the model with resistivities of the order of 1-10 Qm is
perhaps the contact between the saline water—fresh-
water zone. The inverse resistivity section converged
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(@) Showing Wenner-Schlumberger 2-D-inverted resistivity section at Aronda. (b) Showing Wenner—Schlumberger 2-D-inverted resistivity
section at Shiroda. (c) Showing Wenner-Schlumberger 2-D-inverted resistivity section at Mochemar. The zone of contact between saline and
freshwater is also marked. (d) Showing Wenner-Schlumberger 2-D-inverted resistivity section at Ubhadanda.

after seven iterations with an absolute error of 2.1%.
Geochemical studies (Maiti et al., 2013) observed that
the hydrogen ion concentration (pH) value at Mochemar
is 592 indicating the fact that the water is acidic in
nature. In such a scenario, the acidic nature of ground-
water can also hasten the corrosion rate of metallic

substances in water, which in turn causes the rise of
metallic substances in groundwater, thus contaminat-
ing it. These authors also revealed that the calcium con-
tent at Mochemar is 96.19 mg/L (which is higher than
the permissible limit of 75 mg/L), signifying that crys-
talline limestone and extended agricultural activities
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could impact directly or indirectly to enhance the min-
eral dissolution in groundwater.

The resistivity model for the profile Ubhadanda is
depicted in Figure 59d. Here, the inverse resistivity
section converged after seven iterations with an abso-
lute error of 1.12%. The top 5-10 m is conductive with
resistivity varying from 27 to 70 Qm up to a lateral dis-
tance of 190 m from the west. At 200-m distance and
beyond, the top layer is resistive (>200 Qm). This is a
lateritic terrain and hence the high resistivity is due
to top layer lateritic formation. Beneath this layer, the
entire profile exhibits high resistivity (about 147 Qm)
representing hard-rock formation. However, potential
aquifer zones are not revealed over the entire profile.

The station Vengurla is at a higher altitude, although it
is near the coast. However, both stations Ubhadanda and
Vengurla exhibit similar subsurface resistivity features.
The inverted resistivity section converged after seven
iterations with an absolute error of 1.13%. Figure 5.10a
suggests that the top 7 m is conductive (resistivity val-
ues of 30-50 Qm). Beneath this layer, a very thin layer is
delineated with resistivity ranging from 80 to 377 Qm.
Underlying this layer, the entire profile exhibits high
resistivity greater than 377 Qm. The top layer is possibly
due to reasonably weathered/fractured basalt saturated
with water. The second and third layers are character-
ized by massive basalts. It can be noted that the top part
of the profile can be explored for shallow wells at least
up to 15 m.

The inverted resistivity section at station Dhaboli
(Figure 5.10b) reveals a potential aquifer zone at 160-m
lateral distance, which is characterized by resistivities
of the order of about 50 Qm extending from shallow
levels up to the depth of investigation. The low-resistive
feature shows downward extension of resistivity
decreasing with depth, which appears to be linked with
a fault zone extended to deeper levels beyond the depth
of probing. It has been reported by Zhu et al. (2009) that
if a low-resistivity zone extends to a near-surface terrain
from the deep, only then can it be interpreted that the
low-resistivity zone can be an indication of the location
of a fault zone. This is a potential zone for groundwa-
ter exploration. Beneath a lateral distance of 120 m, an
anticlinal-shaped high-resistivity (579 Qm) feature is
delineated. The rest of the profile exhibits resistivities of
the order of about 100 Qm. It is pertinent to mention here
that the inverted model converged after eight iterations
with an absolute error of 1.11%.

Figure 5.10c depicts the inverted resistivity model of
Kelus, which converged after 10 iterations giving an
absolute error of 1.05%. The top 10-13 m on the western
part up to a lateral distance of 120 m is highly conductive
(resistivity of 1-10 Qm). The eastern part beyond 120-m
distance is relatively resistive (28-82 Qm). A thin high-
resistive (about 200 Qm) layer is delineated at depths of

13 m. Underlying this layer, the entire profile reveals
very-high-resistivity values greater than 234 Qm. The
geophysical and geochemical studies carried out here
earlier by Maiti et al. (2013) suggest that the EC, TDS,
and CI~ values obtained at Kelus are very high and are
beyond permissible limits. In addition, the calcium,
magnesium, and sodium concentrations are high and
beyond permissible limits. The true resistivity at a
depth of 20 m is found to be about 1 Qm at Kelus (Maiti
et al., 2013). It can be thus surmised that station Kelus
is severely affected by intrusion of saline aerosols from
the Arabian Sea. The groundwater quality is also found
to be unsuitable at Kelus. Thus, it can be advocated from
the inverted resistivity model that the top 10-13 m are
intruded by saline water thus giving rise to such low-
resistivity values.

The station at Nivti is barely 500 m away from the
coast. The inverted resistivity model of this profile is
shown in Figure 5.10d. The model converged after nine
iterations with an absolute error of 4.3%. The image
suggests that the entire stretch from shallow levels
to deeper levels is infested by saline water intrusion
characterized by very low resistivities (<1 Qm). At a lat-
eral distance of 80-120, a 20-Qm subhorizontal patch is
seen. This region might be the zone of contact between
the saline and freshwater. Maiti et al. (2013) reported
that the calcium and bicarbonate concentration at Nivti
is high and is beyond permissible limits. These high
values could be due to prolonged agricultural activity
in the region. In addition, the primary source of bicar-
bonate ions in groundwater is attributed to the dissolu-
tion of carbonate minerals (e.g., calcite). The secondary
source of bicarbonate is due to the reaction of water with
the carbon dioxide gas.

Another profile was surveyed in the Nivti region,
which was about 4 km away from the coast. Figure 5.11a
shows the inverted resistivity model that converged
after nine iterations giving an absolute error of 1.39%.
The top 7 m toward the west is conductive (resistivities
of about 50 Qm) up to a lateral distance of 140 m. Further
east at distances of 160 m, the top layer is highly resis-
tive (>200 Qm) indicating hard rock/lateritic formation
at the top. A high-resistive block (>200 Qm) is revealed at
depths of 7 m and beneath at lateral distances of 40-100
m. This high-resistive feature is juxtaposed by a rela-
tively low-resistive (about 100 Qm) zone toward the east
continuing up to the depth of investigation. Beneath
a lateral distance of 110-120 m, a small aquifer zone
is seen up to a depth of 20 m. This feature is less than
50 Qm and is a potential groundwater precinct. There
is no indication of saline water invasion at this station,
thus suggesting that the extent of saline water ingress is
less than 4 km in this region. There were no open and
suitable sites in between the coastal and inland station
at Nivti for further work.
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FIGURE 5.10
(a) Showing Wenner-Schlumberger 2-D-inverted resistivity section

Groundwater Assessment, Modeling, and Management

Vengurla East

120.0 160.0 200.0 m.

Unit electrode spacing 2.50 m.
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Unit electrode spacing 2.50 m.

Kelus East
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Unit electrode spacing 2.50 m.

Nivti coast East

120.0 160.0 200.0 m.

Line of contact between saline water and freshwater

Unit electrode spacing 2.50 m.

at Vengurla. (b) Showing Wenner-Schlumberger 2-D-inverted resistiv-

ity section at Dabholi. Also shown are probable faults (F-F). (c) Showing Wenner—Schlumberger 2-D-inverted resistivity section at Kelus.

(d) Showing Wenner-Schlumberger 2-D-inverted resistivity section
freshwater.

The inverted resistivity model of station Pat is shown
in Figure 5.11b. The model converged after seven itera-
tions with an absolute error of 1.06%. The top 5m
reflects a resistivity ranging from 50 to 80 Qm through-
out the profile length. This zone is the weathered basalt

at Nivti coast. Also marked is the line of contact between saline and

saturated with water. Underlying this layer, a very-
high-resistive zone (>400 Qm) is revealed in the west-
ern part continuing up to the depth of study. A similar
structure is also seen toward the eastern part; how-
ever, the resistivity values are lower (about 200 Qm)
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FIGURE 5.11

Nivti land

East

120.0 160.0 200.0 m.

Unit electrode spacing 2.50 m.

Pat East

120.0 160.0 200.0 m.

Unit electrode spacing 2.50 m.

Karli
120.0

East

160.0 200.0 m.

Contact between saline water and freshwater

Unit electrode spacing 2.5 m.

Malvan East

120.0 160.0 200.0 m.

Contact between saline water and freshwater

Unit electrode spacing 2.50 m.

(a) Showing Wenner—Schlumberger 2-D-inverted resistivity section at Nivti land. (b) Showing Wenner—Schlumberger 2-D-inverted resistivity sec-
tion at Pat. (c) Showing Wenner—Schlumberger 2-D-inverted resistivity section at Karli. The contact between saline water and freshwater is marked.
(d) Showing Wenner—Schlumberger 2-D-inverted resistivity section at Malvan. Also marked is the line of contact between saline and freshwater.

compared to its western counterpart. This entire zone
is the signature of compact basalt underneath the
weathered basalt.

Figure 5.11c depicts the inverted resistivity model
of station Karli. This profile is situated near the Karli
River, which is essentially the backwater of the Arabian

Sea. The model converged after seven iterations with
an absolute error of 0.85%. The top layer up to 110 m
from the west is composed of weathered and fractured
basalt with resistivities around 40 Qm having a thick-
ness of about 7 m. Further east, at lateral distances of
120-240 m, the top layer is conductive (resistivity values
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of 1-6 Qm). This low-resistive zone continues up to a
lateral distance of 40 m to the west and up to the depth
of investigation at lateral distances of 160-240 m. This
is due to saline water incursion, presumably from the
saline backwater of the Arabian Sea. Beneath lateral dis-
tances of 50-120 m, a high-resistive zone (40-260 Qm)
is revealed at depths of about 15 m presumably due to
weathered/compact basalt. However, at lateral distances
of 120-150 m, a low-resistivity (15—40 £2m) zone is delin-
eated, which represents a freshwater body. A clear
demarcation of saline and freshwater is observed as
shown in Figure 5.11c.

The inverted resistivity model of the northernmost
station Malvan is shown in Figure 5.11d. The model con-
verged after eight iterations with an absolute error of 3%.
The top couple of meters beneath 0-40 and 110-135-m lat-
eral distance reflect high-resistive (about 70 2m) forma-
tion probably due to laterites. A low resistive (2-8 {m)
is underlying the top layer throughout the spread of the
profile up to depths of about 25 m. Such low-resistivity
values could be attributed to saline water intrusion
from the Arabian Sea. Maiti et al. (2013) reported a value
of 2 Qm at 20-m depth from VES studies. These authors
further reported that sulfate and calcium concentrations
are beyond permissible limits. Thus, the plausible cause
of this low-resistivity zone is due to both saline water
intrusion and anthropogenic activities. The last layer
in this section is in the resistivity range of 17-35 Qm
and continues up to the depth of investigation. Again,
a conspicuous demarcation of saline and freshwater
boundary is revealed (Figure 5.11d).

5.6 Conclusion

The resistivity models obtained after inversion of
measured apparent resistivity data at 12 profiles sug-
gests that the subsurface structure is fragmented into
multiple units due to weathering, fracturing, and fault-
ing. The massive basaltic units are covered by a thin
veneer of alluvium and weathered and jointed rocks
formed by erosion and subsequent deposition, which
form unconfined aquifer zones that are the main
sources of groundwater to the dug wells in Deccan
volcanic province (DVP). The VES and water sample
analysis results available in the study region reveal
that the top layer is composed of alluvium/laterites,
weathered/fractured basalts, and compact basalts as
bedrock. The low-resistive feature shows downward
extension of resistivity decreasing with depth, which
appears to be linked with a fault zone extended to
deeper levels beyond 47 m. At imaging the profiles
of Aronda, Shiroda, Mochemar, Kelus, Nivti coast,
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Karli, and Malvan, widespread saline water intrusion
is evident. The present results are in good agreement
with the VES and geochemical studies carried out ear-
lier here.

The study demonstrates the efficacy of using electri-
cal resistivity in imaging the subsurface from which the
underlying structures and extent of saline water incur-
sion, fractures, and faults that influence the occurrence
of groundwater in basaltic rocks can be evaluated, thus
enhancing the accuracy of interpretation with mini-
mum error. Resistivity models produced by inverse
modeling of measured apparent resistivity data indi-
cate prospective groundwater zones at several sites in
the top layer, which can be explored for groundwater.
Likewise, resistivity models have further deciphered
saline water-affected zones within and below traps.
In general, L1-based resistivity inversion results are
stable and well correlated with the available geological
information. Moreover, 2-D resistivity models based
on robust inversion appear to be appropriate to infer
sharp lateral resistivity variation caused by multiple
episodes of lava flows and genesis of hard-rock terrain
of DVP. It is worthwhile to note that an L1-based inver-
sion scheme is more robust than that of an L2-based
inversion scheme to take care of the uncontrolled
error/outliers in the data, and hence provide some
confidence to apply the algorithm for modeling the
resistivity data. The reliability of the resistivity models
of the subsurface formations is also validated by the
litho log of the available dug wells in the study area.
In addition to sharply mapping the detail of the geo-
logical features such as faults, lineaments, fractures,
etc., in the hard-rock terrain, the present analysis also
defines the extent of saline water ingress and potential
groundwater-prospecting zones, which is of consider-
able significance for groundwater exploration. Further,
these results are useful to gain better insights of the
hydrogeological system of the study area.
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6.1 Introduction

The stark reality in the beginning of the twenty-first
century is that freshwater has already become a limit-
ing resource for increasing human population, sus-
taining healthy ecosystems, and poverty alleviation in
many parts of the globe (WWAP, 2009). Bearing in mind
the mounting water scarcity and accelerating environ-
mental degradation in several regions of the world, the
twenty-first century is actually facing four grand socio-
environmental challenges, namely, water security, food
security, energy security, and environmental security, which
are becoming increasingly daunting due to looming
climate change (Jha, 2010). Sustainable management of

freshwater resources is the key to effectively addressing
these great and interrelated challenges. Groundwater
is a treasured earth’s resource and today, it constitutes
a major and more dependable source of water supply
across the world. It is the largest available source of
freshwater on the earth, which supports human health
and hygiene, socioeconomic development, and sustains
ecosystems and biodiversity. However, the growing
overuse and pollution of groundwater are threatening
the existence of present generations as well as the life
of subsequent generations. How to maintain a sustain-
able water supply from existing aquifers for meeting
both human and ecosystem needs is one of the most
important environmental concerns now and in coming
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decades (Vorosmarty et al., 2000; Mooney et al., 2005;
Biswas et al, 2009; Grayman et al, 2012; Jha, 2013).
Therefore, there is a pressing need in both developing
and developed nations for the efficient management of
our dwindling freshwater resources to ensure their long-
term sustainability. The complexities of the processes
governing the occurrence and movement of groundwa-
ter make the problem of groundwater assessment some-
what difficult because not only enormous field data are
to be obtained at adequate spatial and temporal reso-
lutions, but also a multidisciplinary scientific approach
is to be adopted. Certainly, the appraisal of groundwa-
ter resources is often vital but no single comprehensive
technique is yet identified that is capable of estimating
accurate groundwater resources in a basin (Lowry et al.,
2007; Vrba and Lipponen, 2007). This calls for wide-
spread use of a set of emerging tools/techniques for the
estimation of hidden groundwater resources at a basin/
subbasin scale. In this context, mapping of groundwater
potential using geospatial techniques can play a vital
role in the identification of zones depicting spatial varia-
tion of probable groundwater occurrence in a catchment
or basin (Jha and Peiffer, 2006; Jha et al., 2007).

The application of geospatial techniques such as remote
sensing (RS) and geographic information system (GIS)
to the identification of groundwater potential zones has
been reported by numerous researchers from different
parts of the world, mostly from developing countries (e.g.,
Krishnamurthy et al.,, 1996; Sander et al., 1996; Saraf and
Choudhury, 1998; Jaiswal et al., 2003; Sener et al., 2005;
Solomon and Quiel, 2006; Srivastava and Bhattacharya,
2006; Tweed et al., 2007; Madrucci et al., 2008; Chowdhury
et al., 2009; Jha et al., 2010; Machiwal et al., 2011; Jasrotia
et al,, 2013). However, the studies on groundwater poten-
tial mapping using GIS and probabilistic models are
highly limited. Although the frequency ratio (FR) and
weight-of-evidence (WOE) probabilistic models have
been applied for landslide susceptibility mapping (e.g.,
Lee and Choi, 2004; Oh et al., 2009) and ground subsid-
ence hazard mapping (e.g., Kim et al., 2006), only a couple
of studies are reported to date that deal with probabilistic
modeling for mapping groundwater potential (Oh et al.,
2011; Ozdemir, 2011; Lee et al., 2012).

This chapter demonstrates the efficacy of two GIS-
based probabilistic models—FR and WOE—for the spa-
tial prediction of groundwater potential in a river basin.

|
6.2 Applications of RS and GIS in
Groundwater Studies: An Overview

In the past, remotely sensed data have been more fre-
quently used for the assessment of surface resources
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such as land use/cover and vegetation structure/den-
sity mapping (e.g., Franklin, 1986; Engman and Gurney,
1991; Kite et al,, 1997, Chen et al.,, 2004) or for general
studies on water resources management (e.g., Sharma
and Anjaneyulu, 1994). The use of satellite data in the
field of groundwater hydrology started with the avail-
ability of Landsat MSS and then TM data. These data
were later complemented by SPOT multispectral (XS),
IRS (LISS sensors), panchromatic and stereo pairs, and
then by the merging of radar and visible data. Engman
and Gurney (1991) suggested that the satellite imag-
ery can be most effectively used for regional ground-
water exploration, and emphasized that the analysis
of satellite imagery is a rapid and inexpensive means
of obtaining reconnaissance groundwater informa-
tion. Initially, visual interpretation was the main tool
for the evaluation of groundwater potential zones for
over two decades. Aerial photographs have been used
to eliminate the areas of potential low-water-bearing
state (Engman and Gurney, 1991), to assess abandoned
flowing artesian wells, and to estimate artesian well
flow rates (Jordan and Shih, 1988, 1991; Shih and Jordan,
1990). Subsequently, digital enhancement techniques
such as linear stretching, band combination, filtering,
and edge enhancement techniques have been employed
for deriving geological, structural, and geomorphologi-
cal details from RS data (e.g., Colwell, 1983; Lillesand
and Kiefer, 2000). The current trend is toward a better
distribution of technical tasks and a better adaptation
of available tools to find appropriate solutions to real-
world problems.

Compared with the information acquired by tradi-
tional methods, RS data in general offer a number of
advantages: (i) less need for field work and slower, more
expensive exploration methods; (ii) identification of
promising areas for a more detailed study and ground
exploration; (iii) new or better geologic and hydro-
logic information; (iv) information can be acquired for
the same area at a high rate of repetition (2-3 times
a month or even faster) thus permitting selection of
the most appropriate seasonal data; (v) satellite imag-
ery is recorded in various wavelengths (visible and
non-visible), which provide accurate information on
ground conditions; (vi) special capability of synthetic
aperture radar (SAR) systems to acquire information
even in the presence of clouds is a great advantage in
many countries; (vii) the data can be obtained for any
part of the world without encountering administrative
restrictions; (viii) the perspective of large areal cov-
erage available from satellite imagery, which may be
unavailable from other means of exploration; and (ix)
the availability of data archives with historical data,
which in most cases is the only means to conduct long-
term historical studies and analysis of the evolution of
natural resources.



GIS-Based Probabilistic Models as Spatial Prediction Tools

Satellite data provide quick and useful baseline infor-
mation about the factors controlling the occurrence
and movement of groundwater such as geology, geo-
morphology, soil types, land use/land cover, topog-
raphy, drainage pattern, lineaments, etc. (e.g, Waters
et al,, 1990; Engman and Gurney, 1991; Meijerink, 2000).
Satellite imagery enables hydrologists/hydrogeologists
to infer aquifer location from surface features, and to
find regions with a high potential for containing well
sites (Jordan and Shih, 1991). However, all the control-
ling factors have rarely been studied together because
of the unavailability of data, integrating tools, and/or
modeling techniques. Structural features such as faults,
fracture traces, and other such linear or curvilinear fea-
tures can indicate the possible presence of groundwa-
ter (Todd, 1980; Engman and Gurney, 1991). Similarly,
other features such as sedimentary strata or certain rock
outcrops may indicate potential aquifers. The presence
of oxbow lakes and old river channels are good indica-
tors of alluvial deposits. Geomorphic units have been
found to provide direct links to potential near-surface
groundwater both in terms of feature morphology and
sediment content in Botswana and Australia (Shaw and
de Vries, 1988; McFarlane et al,, 1994; Ringrose et al,,
1998). Shallow groundwater could also be inferred by
soil moisture measurements and by changes in vegeta-
tion types and pattern. Cultural features such as farm-
ing practices can also be used to infer aquifers. In arid
regions, vegetation characteristics may indicate ground-
water depth and quality. The recharge and discharge
areas in drainage basins can be detected from soils, veg-
etation, and shallow/perched groundwater (Meijerink,
2000). By measuring surface temperature, differences
evolved through RS have also been used to identify
alluvial deposits, shallow groundwater, and springs
or seeps (van de Griend et al., 1985). Thus, a variety of
earth’s surface features can be derived from satellite
imagery and/or aerial photographs (Table 6.1) and they
can be used for evaluating groundwater conditions (e.g.,
occurrence, depth, flow patterns, quantity, or quality)
under different hydrogeologic settings.

Moreover, airborne radar can be used to show surface
features even under dense-vegetation canopies, and is
particularly valuable for revealing topographic relief
and roughness. For example, side-looking airborne
radar (SLAR) mounted on aircraft or satellites has been
successfully used to map and identify structural fea-
tures in regions of the world which because of either
perpetual cloud cover or thick vegetation had not been
adequately mapped earlier (Engman and Gurney, 1991).
Also, the SAR, because of its penetrating capability and
the capability to provide the best soil moisture informa-
tion, has a great potential for groundwater exploration,
especially in arid and hyperarid regions (Jackson, 2002).
In the recent past, the mapping of land subsidence due
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to excessive groundwater pumping using interfero-
metric synthetic aperture radar (InSAR) has also been
reported by some researchers (e.g., Galloway et al., 1998;
Hoffmann et al., 2001). Ground-penetrating radar (GPR)
can be used to detect water table depth and character-
ize the nature of phreatic surface in coarse sediments.
Landsat MSS data have also been used in conjunction
with aerial photographs to assess perched water table.
It is worth mentioning that the RS data gain additional
value for groundwater hydrology or hydrogeology when
physical models are used to extrapolate/translate them
into the subsurface (Mejjerink, 2000; Hoffmann, 2005).
Excellent reviews on RS applications in groundwater
hydrology are presented in Waters et al. (1990), Engman
and Gurney (1991), Meijerink (2000), and Jha et al. (2007).
These reviews indicate that RS has been widely used
as a tool, mostly to complement standard geophysical
techniques. Meijerink (2000) recognizes the value of RS
in recharge-based groundwater studies wherein it can
aid conventional assessment or modeling techniques for
groundwater recharge.

As the use of RS technology involves a large amount
of spatial data management, it requires an efficient sys-
tem to handle such data. GIS provides a suitable plat-
form for the efficient management of large and complex
databases. Various thematic layers generated using
RS data such as geology, geomorphology (landforms),
land use/land cover, lineaments, etc., can be integrated
with slope, drainage density, and other collateral data
in a GIS framework and they can be analyzed using a
GIS-based spatial model developed with logical condi-
tions to identify potential groundwater zones, recharge/
discharge areas, and suitable sites for artificial recharge
and rainwater harvesting (e.g., Hinton, 1996; Jha and
Peiffer, 2006; Jha et al., 2007, 2010, 2014; Madrucci et al.,,
2008; Chowdhury et al., 2009, 2010; Machiwal et al., 2011).

The geographic location and attribute data of indi-
vidual wells have also been successfully stored in a GIS
database for the monitoring and management of aban-
doned wells. The monitoring of abandoned wells using
RS, GIS, and global positioning system (GPS) is a faster
alternative to the conventional methods. Furthermore,
the integrated use of RS and GIS is a valuable tool for
the analysis of voluminous hydrogeologic data from
different sources and for the simulation modeling
of complex subsurface flow and transport processes
under saturated and unsaturated conditions (e.g.,
Watkins et al., 1996; Loague and Corwin, 1998; Gogu
et al., 2001; Gossel et al., 2004). The current status of RS
and GIS applications in groundwater hydrology and
their future prospects are discussed in Jha and Peiffer
(2006) and Jha et al. (2007), whereas the challenges of
using RS and GIS in developing nations are discussed
in Jha and Chowdary (2007). Jha and Peiffer (2006)
and Jha et al. (2007) have reported that the current
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TABLE 6.1
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Relevant Physical Features of the Landscape Obtained from RS Technique for Evaluating Groundwater Condition

Landscape Feature

Interpretation for Groundwater Condition

1. Topography

The local and regional relief setting gives an idea about the general direction of

groundwater flow and its influence on groundwater recharge and discharge.

Low slope (0-5°)
Medium slope (5-20°)
High slope (>20°)

2. Natural vegetation

Presence of high groundwater potential.
Presence of moderate-to-low groundwater potential.
Presence of poor groundwater potential.

Dense vegetation indicates the availability of adequate water where groundwater

may be close to the land surface.

Phreatophytes
Xerophytes
Halophytes

3. Geologic landform

Modern alluvial terraces, alluvial plains, floodplains,
and glacial moraines

Sand dunes

Shallow groundwater under unconfined conditions.
Appreciably deep groundwater under confined or unconfined conditions.
Shallow brackish or saline groundwater under unconfined conditions.

Favorable sites for groundwater storage.

Gives an idea about the presence of underlying sandy glacio-fluvial sediments,

which indicate the presence of groundwater.

Rock outcrops
Thick-weathered rocks
Rocks with fractures/fissures
Rocks without fractures/fissures
Hillocks, mounds, and residual hills
4. Lakes and streams
Oxbow lakes and old river channels
Perennial rivers and small perennial rivers

Drainage density

Presence of a potential aquifer.

Moderate groundwater potential.

Very good or excellent potential of groundwater.
Unfavorable sites for groundwater occurrence.
Unfavorable sites for groundwater existence.

Favorable sites for groundwater extraction.
High-to-moderate potential of groundwater.
High-drainage density indicates an unfavorable site for groundwater existence,

moderate-drainage density indicates moderate groundwater potential, and less/
no-drainage density indicates high groundwater potential.

Drainage pattern

Gives an idea about the joints and faults in the bedrock, which in turn indicates the

presence or absence of groundwater.

5. Spring types (tentatively inferred from RS data)
Depression springs, contact springs, and artesian
springs
Moist depressions, seeps, and marshy environments

6. Lineaments (applicable only to rocky terrains)

Presence of a potential aquifer.

Presence of shallow groundwater under unconfined conditions.
Gives an idea about the underground faults and fractures, and thereby indicates

the occurrence of groundwater.

Source: Jha, M.K. et al., 2007. Water Resources Management, 21(2), 427-467.

applications of RS and GIS in groundwater hydrology
could be grouped into six major areas: (i) exploration
and assessment of groundwater resources, (ii) selection
of sites for artificial recharge and water harvesting,
(iii) GIS-based subsurface flow and transport model-
ing, (iv) groundwater-pollution hazard assessment and
protection planning, (v) estimation of natural recharge
distribution, and (vi) hydrogeologic data analysis and
process monitoring,.

Thus, the ability of RS technology for obtaining
systematic, synoptic, quick (within a short time), and
repetitive coverage in different windows of the electro-
magnetic spectrum, and covering large and inaccessible
areas from space, together with the expanding capabil-
ity of GIS have made these two geospatial techniques

unique and powerful in the era of information technol-
ogy. Consequently, the domain of their applications in
groundwater evaluation and management is gradually
expanding. In recent years, GRACE satellite data have
been used to estimate the extent of groundwater deple-
tion in some parts of the world, including India. In addi-
tion, in the recent past, the RS technology has proved to
be a major source for an increasing number of hydro-
climatic data, which have enhanced our capabilities to
reliably predict the variations in the global energy and
water cycle (Su et al.,, 2014). The availability of high-res-
olution satellite imagery and emerging hyperspectral
satellite imagery, and an increasing number of earth
observation (EO) missions in the near future will pro-
vide unprecedented opportunities as well as open up
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new and exciting avenues for hydrological sciences,
including groundwater hydrology.

6.3 Probabilistic Models for Spatial
Prediction: An Overview

6.3.1 FR Model

The FR is the probability of occurrence of a certain attri-
bute (Bonham-Carter, 1994). If we create an event E and
certain factors attributed to F, the probability—FR of F is
the ratio of the conditional probability. It is mathemati-
cally expressed as follows:

P(ENF)

P(E/F) = P(E)

©6.1)

A FR model can provide a simple geospatial assess-
ment tool to calculate the probabilistic relationship
between dependent and independent variables, includ-
ing multiclassified maps (Oh et al., 2011). The idea behind
FR is that the relationship between groundwater occur-
ring in an area and groundwater-related factors can be
distinguished from the relationship between ground-
water not occurring in an area and groundwater-related
factors. It can be expressed as an FR that represents the
quantitative relationship between groundwater occur-
rences and different causative parameters. Thus, FR
for a class of the groundwater-affecting factors can be
expressed as

_ A/B _E
~ C/D F 6.2)

where
A = area of a class for the factor
B = total area of the factor
C =number of pixels in the class area of the factor
D =number of total pixels in the study area
E = percentage for area with respect to a class for the
factor
F = percentage for the entire domain
FR = frequency ratio of a class for the factor

To obtain a groundwater potential index (GWPI), the
ratings of the factors are summed as

GWPI = E(FR),- (i=1,2,3...N) 6.3)

89

where
GWPI = groundwater occurrence potential index
FR = frequency ratio of a factor
N = total number of input factors

6.3.2 WOE Model

The WOE model calculates the weight for the presence
or absence of each groundwater predictive factor’s class
(F or F¥) based on the presence or absence of the ground-
water (S or §¥) within the area under study. Accordingly,
the WOE is calculated using the following equations:

W= 1o PES)

P(F/S’) €4
__ . P(F/9)
= In ool 75 6.5)

where
P = probability
F = presence of a dichotomous pattern
F* = absence of a dichotomous pattern
S = presence of event occurrence
5* = absence of event occurrence
W+ =WOE when a factor is present (i.e., relevant)
W-=WOE when a factor is absent (i.e., not relevant)

The weight contrast (C) is given as

C=W'-W" 6.6)

The weight contrast (C) reflects the overall spatial
association between a predictable variable and ground-
water occurrence. A contrast value equal to zero indi-
cates that the considered class of casual factors is not
significant for the analysis, while a positive contrast
indicates a positive spatial correlation, and vice versa
for a negative contrast (Corsini et al., 2009). The value
of posterior probability [P(S)] is given as (Barbieri and
Cambuli, 2009)

InP(S) :{2 Wi xIn PP(S>} 67)
P=exp{2 W+ In Pp(s)} 6.8

where Py, is prior probability that is given as
) = (groundwater cell number) 69)

(study area cell number)
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T — the Mahanadi Delta Stage-II region of Odisha, eastern
India (Figure 6.1). It lies between 19° 49’ 04” N and 20° 18’
45” N latitude and 85° 54’ 47” E to 86° 03’ 26” E longitude.

It has a geographical area of 620 km? and is formed by
the branching of the River Kuakhai into Kushabhadra
River and Bhargavi River, which form the eastern and
western boundaries of the study area, respectively. The
topography of the area is almost flat with the elevation

6.4 Application of Probabilistic
Models: A Case Study

6.4.1 Study Area

The Kushabhadra—Bhargavi groundwater basin of
Odisha is the study area for this case study because of
the availability of necessary field data. It is situated in

FIGURE 6.1

Location map of the study area.
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varying from 0 to 26-m MSL. The climate of the study
area is characterized as a tropical monsoon. The aver-
age annual rainfall in the study area is about 1416 mm,
with the majority of rainfall occurring during mid-
June to end of October. The mean monthly maximum
and minimum temperatures in the area are 42°C in the
month of May and 17°C in the month of December. The
mean monthly humidity varies from 41% in the month
of December to 86% during the months of July and
August. The study area is underlain by laterite and allu-
vium types of geologic formations, which offer impor-
tant sources of freshwater in the study area.

6.4.2 Acquisition of Spatial Data

The soil map, land use/land cover map, and geol-
ogy map of the study area at a scale of 1:250,000 were
collected from Odisha Space Applications Centre
(ORSAC), Department of Science and Technology (DST),
Government of Odisha. The DEM (digital elevation
model) of the study area was extracted from Shuttle
Radar Topography Mission (SRTM), which was used for
generating slope and drainage density thematic layers
of the study area.

6.4.3 Preparation of Thematic Layers

Five significant thematic layers, namely, slope, geology,
land use/land cover, soil, and drainage density, were
selected for this study. These layers were classified into
their features in the GIS environment, which helped
interpret their importance from the standpoint of
groundwater occurrence or storage. The important fea-
tures of these five thematic layers (i.e., thematic maps)
are succinctly described in the subsequent subsections.

6.4.3.1 Slope Map

The prevailing slope in the study area varies from 0 to
4%. The slope statistics of the study area reveal that a
major portion of the study area (nearly 79%) falls in the
0-1% slope category. This slope class can be considered
“very good” from the groundwater occurrence view-
point due to a nearly flat terrain, and hence relatively
high infiltration potential. The area having 1-2% slope
can be considered “good” for groundwater due to a
slightly undulating topography with some runoff. On
the other hand, the area having a slope of 2-4% is likely
to produce a relatively high runoff and low infiltration,
and hence it can be categorized as “moderate.”

6.4.3.2 Geology Map

The geology/lithology map of the study area indicates
two types of geology features, namely, alluvium and
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laterite. A major portion of the study area (434 km?) is
covered by the laterite formation, which encompasses
about 61% of the total area, and laterite is prevalent in the
middle and southern portions of the study area. Laterite
is a somewhat porous subsurface formation, which can
form potential aquifers along topographic lows and
moderate groundwater potential can be expected in
this area. On the other hand, about 39% of the study
area (186 km?) is occupied by the alluvium formation.
Alluvium constitutes a very good water-bearing for-
mation and is often considered an important source of
groundwater in the deltaic regions.

6.4.3.3 Land Use/Land Cover Map

Land use/land cover plays an important role in decid-
ing the extent of infiltration rate, which in turn gives an
idea about recharge potential. The study area comprises
six major land use/land cover categories, namely, agri-
cultural land, dense forest, degraded forest, wasteland,
settlements, and rivers and other water bodies.

6.4.3.4 Soil Map

The soil classes found in the study area are silty loam,
clayey loam, coarse sand, very fine sand, and sandy
loam. According to their hydraulic characteristics, these
soil classes can be considered “very good,” “good,”
“moderate,” and “poor” depending on their contribu-
tion to groundwater recharge.

6.4.3.5 Drainage Density Map

The density of surface drainage network has a relation
with surface runoff and soil permeability, and there-
fore it is considered one of the important hydrological
indicators of groundwater occurrence in the study area.
Based on the drainage density of microwatersheds in
the study area, the drainage density was grouped into
five classes. A major portion of the study area (nearly
88%) falls under 0-0.50 km/km? drainage density cat-
egory, which can be considered “very good” for ground-
water occurrence. Similarly, the remaining drainage
density classes such as 0.50-0.75 km/km? can be con-
sidered “good,” 0.75-1 km/km? “moderate,” and >1 km/
km? can be considered “poor” from the viewpoint of
groundwater storage.

6.4.4 Preparation of Groundwater Potential Map

As mentioned earlier, GIS-based probabilistic models
namely FR and WOE were used to predict groundwa-
ter potential zones over the study area. These models
require additional data on the location of pumping
wells over the study area, together with the thematic
layers having an influence on groundwater occurrence
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or storage. A well-location map of the study area was
also generated depicting all 77 existing pumping wells,
of which 55 pumping wells were used for training and
22 pumping wells for testing the FR and WOE proba-
bilistic models. Thereafter, the modeling results were
implemented over the entire study area. The testing
wells were used solely for the verification of FR and
WOE modeling results. The selected thematic layers
(factors) were overlaid with the well-location map. On
the basis of these intersections, the FRs and WOE prob-
ability (P) values were calculated for each of the five fac-
tors (thematic layers). The procedures for the application
of these probabilistic models to the spatial prediction of
groundwater potential are briefly described next.

6.4.4.1 GIS-Based FR Modeling

For computing the FR of groundwater potential, the
“area ratio” and “well occurrence ratio” were calculated

TABLE 6.2

Number of Pixels and Number of Pumping Wells in the
Features of the Factors

Number of
Features of the Pixels Number
Factor Factor (30 x30 m) of Wells
1. Geology Alluvium 203,858 23
Laterite 481,971 32
Total 685,829 55
2. Soil Coarse sand 50,881 2
Sandy loam 1361 0
Very fine sand 26,634 0
Silty loam 540,580 49
Clayey loam 66,373 4
Total 685,829 55
3. Land use/land Rivers and 9490 0
cover water bodies
Agricultural 559,421 40
land
Dense forest 19,699 0
Degraded forest 759 0
Wasteland 12,173 0
Settlements 84,287 15
Total 685,829 55
4. Drainage density ~ 0-0.25 168,801 8
(km/km?)
0.25-0.50 438,470 34
0.50-0.75 52,164 6
0.75-1 11,958
>1 14,436 1
Total 685,829 55
5. Slope (%) 0-1 540,707 39
1-2 142,240 16
2-4 2882 0
Total 685,829 55
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for different classes of each factor. Then, FR for differ-
ent classes of each factor was calculated by dividing the
“well occurrence ratio” with the “area ratio.” The FR values
thus obtained were used for generating a groundwater
potential map of the study area by using the overlay
function of GIS.

6.4.4.2 GIS-Based WOE Modeling

In this case, the selected groundwater-related thematic
layers (factors) were overlaid with the training well map
using the overlay function of GIS. Based on these inter-
sections, the weight and WOE probability values were
calculated for the individual classes of different factors.
Thereafter, a groundwater potential map of the study
area was prepared based on the range of WOE (P) prob-
ability values over the study area.

6.4.5 Validation of Groundwater Potential Map

Finally, a comparative evaluation of the probabilistic
models used for the spatial prediction of groundwater
potential was performed in terms of prediction accu-
racy. The prediction accuracy was calculated in the
GIS environment by overlaying the well-yield map on

TABLE 6.3
Values of FR for the Features of the Five Factors
Features of the Area Well
Factor Factor (%) (%) FR
1. Geology Alluvium 29.7 0.418 1.407
Laterite 70.3 0.582 0.827
2. Soil Coarse sand 7.40 3.63 0.490
Sandy loam 0.30 0 0
Very fine sand 3.80 0 0
Silty loam 78.80 89.10 1.130
Clayey loam 9.70 7.27 0.749
3. Land use/ Rivers and 1.38 0 0
land cover water bodies
Agricultural 81.57 72.73 0.89
land
Dense forest 2.87 0 0
Degraded forest 0.12 0 0
Wasteland 1.77 0 0
Settlements 12.29 27.27 2.21
4. Drainage 0-0.25 245 14.54 0.593
density
(km/km?)
0.25-0.50 63.7 61.82 0.970
0.50-0.75 7.6 10.91 1.435
0.75-1 2.1 10.91 5.455
>1 2.1 1.82 0.866
5. Slope (%) 0-1 7884 7091 0.899
1-2 20.74 29.09 1.403
2-4 0.42 0 0
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the groundwater potential maps predicted by the FR
and WOE models. Thus, the values of prediction accu-
racy were obtained for the two predicted groundwater
potential maps.

6.4.6 Spatial Prediction of Groundwater Potential

The results of groundwater potential prediction by FR
and WOE models are discussed in this section. The
number of pumping wells and the number of pixels
present in individual features of the five factors, as
obtained from GIS analysis/modeling, are summarized
in Table 6.2.

6.4.6.1 Groundwater Potential Prediction by FR Model

The values of FRs for each feature of the five factors are
presented in Table 6.3. The GWPI obtained from the FR
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values provided a basis for identifying groundwater
potential zones in the study area. A groundwater poten-
tial map of the study area was thus generated, which
indicated four groundwater potential zones in the study
area, namely, “poor,” “moderate,” “good,” and “very
good” as shown in Figure 6.2. A summary of ground-
water potential statistics of the study area based on FR
modeling is provided in Table 6.4.

It is apparent from Figure 6.2 that the groundwater
potential zones “very good” and “good” exist mainly
in the northern part and in some patches scattered over
the study area. The area under “very good” and “good”
groundwater potential zones is about 236 km? (38%),
while the “moderate” groundwater potential zone cov-
ers an area of 322 km? which is 52% of the total study
area (Table 6.4). The southern part and scattered small
patches in the central portion of the study area fall in
the “poor” groundwater potential zone that covers an
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FIGURE 6.2

Groundwater potential map of the study area obtained by FR modeling. (From Sahoo, S. et al., 2015. 74(3), 2223-2246. Environmental Earth

Sciences, DOI 10.1007/s12665-015-4213-1.)
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TABLE 6.4

Groundwater Potential Statistics of the Study Area Based on
FR Modeling

Groundwater

Potential Zone Zone Area (km?»  Percentage Coverage

Poor 63 10.2
Moderate 322 52
Good 192 31
Very good 44 7

area of 63 km? (10.2%). Thus, the results of FR model-
ing revealed that the “moderate” groundwater potential
zone is predominant in the study area.

6.4.6.2 Groundwater Potential Prediction
by WOE Model

The values of WOE (W*) and WOE probability (P) for
each feature of the five factors are presented in Table 6.5.
Based on the WOE probability values, a groundwater
potential map of the study area was generated using GIS
and four distinct zones of groundwater potential were
identified: “poor,” “moderate,” “good,” and “very good”
(Figure 6.3). Figure 6.3 depicts that the “good” ground-
water potential zone occurs in the northern portion and
some parts of the central portion of the study area, but

the “very good” groundwater potential zone occurs in a
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few patches in the northern, central, and southern parts
of the study area.

The area under “very good” and “good” groundwa-
ter potential zones is about 44.4% (Table 6.6). The central
portion, some parts of the southern portion, and some
patches in the northern portion of the study area have
“moderate” groundwater potential. The lower southern
part and a few small patches/strips in the central and
northern parts of the study area have “poor” ground-
water potential, which encompasses an area of 7.6%
(Table 6.6).

6.4.7 Evaluating Probabilistic Models

The verification of probabilistic models was performed
using measured well yields of 22 testing pumping wells
in the study area. The verification of the groundwater
potential map predicted by the FR model revealed that
five out of eight “high-discharge” pumping wells exist
in the “good” zone, two in the “moderate” zone, and one
in the “poor” zone. However, two out of 11 “medium-
discharge” wells exist in the “good” zone, eight in the
“moderate” zone, and one in the “poor” zone. Based on
these findings, the prediction accuracy of the FR model
is computed to be 68.18%.

On the other hand, the verification of the groundwater
potential map predicted by the WOE model indicated that
six out of eight “high-discharge” wells exist in the “good”
zone and two exist in the “moderate” zone. Further, two

TABLE 6.5

Values of WOE (W*) and WOE Probability (P) for the Features of the Five Factors

Factor Features of the Factor Area (%) Well (%) W+ P

1. Geology Alluvium 29.7 0.418 0.3414 0.0001128
Laterite 70.3 0.582 -1.8882 0.0000121

2. Soil Coarse sand 7.40 3.63 -0.7131 0.0000393
Sandy loam 0.30 0 0.0000 0.0000802
Very fine sand 3.80 0 0.0000 0.0000802
Silty loam 78.80 89.10 0.1226 0.0000906
Clayey loam 9.70 7.27 -0.1909 0.0000662

3. Land use/land cover Rivers and water bodies 1.38 0 0.0000 0.0000802
Agricultural land 81.57 72.73 -0.1146 0.0000715
Dense forest 2.87 0 0.0000 0.0000802
Degraded forest 0.12 0 0.0000 0.0000802
Wasteland 1.77 0 0.0000 0.0000802
Settlements 12.29 27.27 0.7978 0.0001780

4. Drainage density (km/km?) 0-0.25 24.5 14.54 —-0.5286 0.0000472
0.25-0.50 63.7 61.82 -0.0336 0.0000775
0.50-0.75 7.6 10.91 0.361 0.0001152
0.75-1 2.1 10.91 1.8357 0.0005027
>1 2.1 1.82 -0.1466 0.0000692

5. Slope (%) 0-1 78.84 70.91 -0.1104 0.0000718
1-2 20.74 29.09 0.3549 0.0001143
2-4 0.42 0 0.0000 0.0000802
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FIGURE 6.3

Groundwater potential map of the study area obtained by WOE modeling. (From Sahoo, S. et al., 2015. Environmental Earth Sciences, 74(3),

2223-2246. DOI 10.1007/512665-015-4213-1.)

out of 11 “medium-discharge” wells exist in the “good”
zone, eight in the “moderate” zone, and one in the “poor”
zone. Based on these findings, the prediction accuracy of
the WOE model is computed to be 72.72%.

It is obvious from the above verification results that
although the results of FR and WOE probabilistic mod-
els are satisfactory, the prediction accuracy of the WOE
model is higher than that of the FR model. Thus, the

TABLE 6.6

Groundwater Potential Statistics of the Study Area Based on
WOE Modeling

Groundwater

Potential Zone Zone Area (km?) Percentage Coverage

Poor 47 7.6
Moderate 297 48
Good 254 41
Very good 21 34

WOE model is recommended for the spatial prediction
of groundwater potential in the study area as well as
in the areas/regions having more or less-similar hydro-
geologic settings.

6.5 Conclusions

The case study discussed in this chapter employed two
GIS-based probabilistic models, namely, FR and WOE for
the spatial prediction of regional groundwater potential.
The groundwater potential map predicted by the WOE
model revealed that about 3% and 41% of the study area
fall in “very good” and “good” groundwater potential
zones, respectively, while 48% falls in the “moderate”
zone and 8% falls in the “poor” groundwater potential
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zone. In contrast, the groundwater potential map pre-
dicted by the FR model revealed that about 7% of the
study area falls in the “very good” groundwater poten-
tial zone, 31% in the “good” zone, 52% in the “moderate”
zone, and 10% in the “poor” zone. The validation results
of the two models indicated that the prediction accuracy
of the WOE model is about 73% and that of the FR model
is about 68%. That is, the performance of the WOE
model is better than the FR model in the spatial predic-
tion of groundwater potential in a river basin. However,
a major drawback of these models is that their applica-
tion requires a large number of well records that may
not be available in many basins or catchments. Also, if a
large number of pumping wells or springs are already
available in a basin or subbasin, the necessity of qualita-
tive spatial prediction of groundwater potential by FR
and WOE models is significantly undermined. Thus, the
practical application of these models is greatly limited.
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7.1 Hydraulic Fracturing for
Hydrocarbon Recovery

The extraction of shale gas from formations with lower
permeabilities compared to other rock formations has
became economical with the emergence of relatively
newer technologies such as hydraulic fracturing (com-
monly known as “fracking”) and precision drilling of
wells (Arthur et al,, 2008). The extraction of shale gas
using hydraulic fracturing has increased estimates of
natural gas resources enormously in many countries
(Table 7.1), with an overall worldwide increase from 18
to 118 trillion cubic meters (Tecm) (Howarth et al., 2011).
Currently, there are only four countries—the United
States (U.S), Canada, China, and Argentina—that

produce shale gas and shale oil commercially (U.S.
Energy Information Administration: http://www.eia.
gov/todayinenergy/detail.cfm?id=19991). China is esti-
mated to possess the world’s largest shale gas reserves
followed by the U.S.; however, the U.S. is the largest
producer of both shale gas and shale oil (Howarth et al.,
2011). Owing to the high abundance of U.S. shale hydro-
carbon resources, combined with its dominance in the
production of these resources, the U.S. will be the pri-
mary focus in this chapter.

The main classes of reservoirs where hydraulic frac-
turing has been used intensively in the U.S. include very-
low-permeability unconventional shale reservoirs and
tight-gas sand reservoirs, accounting for over 73% of the
hydraulic fracturing activity (Beckwith, 2010). Most of
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TABLE 7.1

Estimates of Proven and Technically Recoverable Shale Gas
Resources in Trillion Cubic Meters (Tcm)

Technically
Recoverable
Proven Gas Shale Gas Increase

Countries Reserves (Tcm) Resources (Tcm) (Times)
Mexico 0.3 19 63.33
France 0.006 5 833.33
Argentina 04 22 55.0
China 3 36 12.0
Venezuela 5 0.3 0.06
Canada 1.8 1 6.1
USA 7.7 24.4 3.17

Source: Compiled from Howarth, R.W., A. Ingraffea, and T. Engelder.
2011. Nature, 477(7364), 271-275, doi:10.1038 /47727 1a.

the unconventional shale reservoirs contain natural gas,
with the exceptions of the Eagle Ford, which produces oil
in the shallower portion of the formation, and the Bakken
and Niobrara plays, which mainly contain oil. Shale gas
resources are found in a variety of basins including the
Barnett Shale (Fort Worth Basin, Texas), Haynesville
Shale (East Texas and Louisiana), Antrim Shale
(Michigan), Fayetteville Shale (Arkansas), New Albany
Shale (Illinois Basin), Bakken Shale (North Dakota), and
Marcellus Shale (Pennsylvania). The Marcellus Shale
probably represents the most expansive shale gas play
in the U.S,, with recoverable reserves as large as 13.8 Tcm
(Kargbo et al,, 2010). According to a report submitted
to the U.S. Energy Information Administration (EIA),
technically recoverable shale oil resources amount to
239 billion barrels in the lower 48 states, with California
providing the largest reserve amounting to 15.4 billion
barrels (~64%) (U.S. Energy Information Administration:
http://www.eia.gov/analysis/studies/usshalegas/pdf/
usshaleplays.pdf). Currently, hydraulic fracturing is
used to produce a significant amount (~20%) of oil and
gas in California with most of the production occur-
ring in the San Joaquin Valley. It is important to note
that each shale formation has unique geologic, chemi-
cal, mineralogical, and physical properties (Arthur et al.,
2008; Kargbo et al., 2010) that need to be considered for
hydraulic fracturing operations.

7.2 Hydraulic Fracturing for Enhancing
Groundwater Yields
Although hydraulic fracturing is primarily used for

the extraction of hydrocarbons, this technique can
also be applied to enhance groundwater yields from

Groundwater Assessment, Modeling, and Management

sedimentary or crystalline-rock aquifers (Banks et al.,
1996). Crystalline-rock aquifers, in this context, refer to
fractured igneous and metamorphic rocks with neg-
ligible porosity and permeability. In these aquifers,
groundwater flows through fractured crystalline rocks.
Typically, one or two high-yielding fractures that are
interconnected through a wider fracture network sup-
ply the vast majority of water from a successful borehole
(Gustafson and Kréasny, 1994). In sedimentary aqui-
fers, water supply wells are frequently clogged due to
chemical (e.g., mineral precipitation), physical (e.g., sus-
pended solids), mechanical (e.g., gas entrapment), or bio-
logical (e.g., growth of algae) processes (Martin, 2013).
Hydraulic fracturing artificially enhances fractures or
cleans out non-water-producing veins that are clogged,
thereby providing a clear transport pathway for ground-
water flow into the well. Additionally, hydraulic fractur-
ing is also used for effectively increasing groundwater
recharge (Martin, 2013).

For these groundwater-related applications, hydraulic
fracturing is a two-step process that involves the set-
ting of packers, followed by high-pressure pumping
(Figure 7.1a). First, the inflation of packers is used to seal
the borehole hydraulically. Then, a high volume of water
(~5000 gal) is pumped into the borewell at high pressure
(~3000 psi) through a pipe connecting the packers. This
process induces new fractures, or opens and clears pre-
viously obstructed fracture paths (Figure 7.1b) (Banjoko,
2014).

For the remainder of this chapter, we will focus on
hydraulic fracturing in the context of enhanced hydro-
carbon recovery, and its implications on groundwater

(a) (b)

Bedrock Casing Bedrock

Water Water Water Water
Casing
Packer Fracture Fracture
Water Water Water Water
Obstruction
Obstruction
Fracture Fracture
Bedrock Bedrock Bedrock Bedrock
FIGURE 7.1

Hydraulic fracturing process for enhancing groundwater yields:
(a) packers and packer piping are used to open and clear clogged
fracture paths and (b) hydraulic fracturing results in enhanced
groundwater flow into the bore well. (Adapted from Banjoko, B.,
Handbook of Engineering Hydrology: Environmental Hydrology and Water
Management, CRC Press, Boca Raton, FL, 2014.)
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resources. However, we would like to emphasize that
hydraulic fracturing has tremendous potential to
increase groundwater yields from drinking water wells.
For this purpose, hydraulic fracturing has been used in
many countries, including the U.S., Australia, India, and
South Africa, given its low cost compared to drilling
additional boreholes (Less and Andersen, 1994).

7.3 Hydraulic Fracturing Operations
for Hydrocarbon Recovery

Hydrocarbon reservoirs that have insufficient natu-
ral permeability, which limits fluid flow for economic
hydrocarbon recovery, are called unconventional reser-
voirs (California Council on Science and Technology
[CCST] and Lawrence Berkeley National Laboratory
[LBNL], 2015a). The general permeability levels used to
distinguish between high- and low-permeability reser-
voirs cannot be precisely defined, but are generally in
the range of about 105 square meters (m? about 1 milli-
darcy, md) (e.g., King, 2012). Low-permeability reservoirs
are candidates for reservoir stimulation techniques such
as hydraulic fracturing, which opens permeable flow
paths between the undisturbed reservoir rock and the
well such that it can provide economic rates of hydro-
carbon production. Typically, unconventional shale
reservoirs are relatively simple geologic systems with
nearly horizontal deposition and layer boundaries, and
much longer dimensions along the horizontal directions
compared with the (usually) vertical dimension perpen-
dicular to the bedding. Horizontal drilling combined
with some form of hydraulic fracturing allows a well to
access the reservoir over a longer distance than could be
achieved with a traditional vertical well (McDaniel and
Rispler, 2009).

There are two hydraulic fracturing techniques:
hydraulic fracturing using proppant (traditional hydrau-
lic fracturing) or acid (also known as acid fracturing)
(Economides and Nolte, 2000). Traditional hydraulic frac-
turing is a stimulation technique that uses high-pressure
fluid injection to create fractures in the rock and then fill
the fractures with a granular material called proppant
to retain the fracture openings after the fluid pressure
is relieved. The large-permeability fractures then act as
pathways for a hydrocarbon to flow through to the well.
Acid fracturing is similar in that the fluid is injected
under pressure to create fractures, but then acid is used
to etch channels into the fracture walls to retain fracture
permeability instead of injecting proppant.

Traditional hydraulic fracturing induces fractures by
injecting fluid into the well until the pressure exceeds
the threshold for fracturing. The induced fractures
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emanate from the well into the reservoir and provide
a high-permeability pathway from the formation to the
well. One of the goals of the fracturing operation is to
only fracture rock within the target reservoir; if the
hydraulic fracturing strays out of the low-permeability
target zone, there will be a “short-circuiting” effect, as
more permeable units will contribute to production flu-
ids. During portions of a hydraulic fracture treatment,
“proppant” (natural sand or manufactured ceramic
grains) is generally pumped in the frac fluid to prop the
fracture(s) open, to maintain fracture conductivity after
the treatment is completed, and the well is put on pro-
duction. The effective stress imposed on a fracture plane
and the proppant within the fracture is the total stress
perpendicular to the fracture plane minus the pore pres-
sure within the fracture. The use of proppant becomes
particularly important for maintaining fracture perme-
ability as formation fluids, a load-supporting element
of formation strength, are removed by production. The
creation of a highly permeable fracture network allows
for the effective drainage of a much larger volume of
low-permeability rock, and thus increases the hydrocar-
bon flow rates and total recovery.

Another variation of hydraulic fracturing is called acid
fracturing, where acid is injected instead of proppant,
typically in strongly reactive carbonate reservoirs char-
acterized by a high number of natural fractures and rel-
atively high permeability (Economides et al., 2013). The
acid etches channels into the fracture surfaces, which
then prevent the natural overburden stress from closing
the fractures and allows fluid-flow pathways to remain
along the fractures even after the injection pressure is
removed. Industry comparisons of stability of propped
fractures to that of acid fractures indicate that propped
fractures are usually more stable over time, especially
in sandstones and soft carbonates (Abass et al., 2006).
Because these methods do not reduce viscosity, they are
primarily targeted at rock formations containing gas
or lower-viscosity oil, although they may be used with
thermal stimulation for heavy oil.

7.3.1 Typical Phases in Hydraulic
Fracturing Operations

The typical hydraulic fracture operation involves four
process steps to produce the fractures (Arthur et al,
2008; CCST and LBNL, 2015a). The long production
intervals present in most horizontal wells lead to a
staged approach to hydraulic fracturing. In this staged
approach, a portion of the well is hydraulically isolated
in order to concentrate the injected fracture fluid pres-
sure on an isolated interval, which is called a “stage.”
After isolating the stage, the first phase of the fracturing
process is the “pad,” in which fracture fluid is injected
without proppant to initiate and propagate the fracture
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from the well. The second phase adds proppant to
the injection fluid; the proppant is needed to keep the
fractures open after the fluid pressure dissipates. This
phase is also used to further open the hydraulic frac-
tures. The third phase, termed the “flush,” entails injec-
tion of fluid without proppant to push the remaining
proppant in the well into the fractures. The fourth phase
is the “flowback,” in which the hydraulic fracture flu-
ids are removed from the formation, and fluid pressure
dissipates. The term “flowback water/fluids” operation-
ally refers to fluids recovered at the surface after well
stimulation is completed, and before a well is placed
into production. The duration of flowback periods can
vary regionally as well as between operators within a
region ranging anywhere from 2 days to a few weeks
(e.g., Hayes, 2009; Stepan et al., 2010; Barbot et al., 2013;
Warner et al., 2013). Once the well is placed into produc-
tion, the water recovered from the operations is opera-
tionally defined as “produced water.”

7.3.2 Hydraulic Fracture Geomechanics
and Fracture Geometry

Fractures are formed when the pressure of the injection
fluid exceeds the existing minimum rock compressive
stress by an amount greater than the tensile strength of
the rock (Thiercelin and Roegiers, 2000). The orientation
of the hydraulic fractures cannot be controlled by the
operator, but is rather determined by stress conditions
in the rock. The hydraulic fracture will preferentially
push open against the least-compressive stress for a rock
with the same strength in all directions (Economides
et al., 2013). Therefore, the fracture plane develops in the
direction perpendicular to the minimum compressive
stress. Stress field orientation, however, can and does
vary with time in producing oilfields as a result of fluid
injections and withdrawals (Minner et al., 2002).

Natural fractures are generally present to some degree
in natural rock and affect the formation of hydraulic
fractures, for instance resulting in fracture lengths that
are greater than fracture heights (Weijers et al., 2005;
Fisher and Warpinski, 2012). Natural fracture features of
the rock are often the flow pathways from the reservoir
to the hydraulic fractures (Weijermars, 2011). The con-
tact area developed by opening natural fractures is con-
siderably larger than what can be achieved by planar
fractures. However, the filling of natural fractures with
secondary calcite or quartz may make them more or less
susceptible to reopening during fracturing operations
(Gale and Holder, 2010).

Typically, most rocks at depth experience greater ver-
tical than horizontal stress, which favors the formation
of hydraulic fractures that are vertical. Consequently,
the question of the vertical fracture height growth is
important when considering the potential migration
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of fracture fluid or other reservoir fluids out of the
typically very-low-permeability target oil reservoir (see
Section 7.6 for a detailed discussion). Overall, fracture
height is limited by a number of mechanisms, including
variability of in situ stress, material property contrasts
across layered interfaces, weak interfaces between lay-
ers, leakoff of fracturing fluid into formations, and the
volume of fracture fluid required to generate extremely
large fracture heights (Fisher and Warpinski, 2012).
Finally, at shallow depths (305-610 m or 1000-2000 ft),
the minimum stress is typically in the vertical and not
the horizontal direction, like at greater depths. The lat-
ter favors a horizontal fracture orientation, and gener-
ally prevents vertical fracture growth from deeper into
shallower depths (Fisher and Warpinski, 2012), but
exceptions are possible (Wright et al., 1997).

In addition, fracture height growth and hydraulic frac-
ture development may also be affected by the interac-
tion of hydraulic fracture fluids with faults (Flewelling
et al., 2013; Rutqvist et al., 2013), the presence of neigh-
boring wells (King, 2010), the magnitude of the stimula-
tion pressure, and the fracturing fluid viscosity, which
are discussed in further detail below.

7.4 Composition and Potential
Hazards of Injection Fluids

Understanding the composition, or formulations, of
hydraulic fracturing fluids is an important step in defin-
ing the upper limits of potential direct environmen-
tal impacts from hydraulic fracturing and other well
stimulation technologies. The amounts of chemicals
added to injection fluids define the maximum possible
mass and concentrations of chemical additives that can
be released to contaminate groundwater or otherwise
impact the environment. Chemical additives in hydrau-
lic fracturing fluids may also influence the release of
metals, salts, and other materials from rocks and sedi-
ments found naturally in oil- and gas-bearing geologi-
cal formations.

Recent studies, discussed next, have increased our
understanding of the types and numbers of chemical
additives used in hydraulic fracturing and are inform-
ing the development of groundwater monitoring plans
and other activities directed at protecting underground
sources of drinking water (e.g., Esser et al., 2015; U.S. EPA,
2015a). However, extensive knowledge gaps on the effects
of chemical mixtures and the environmental expo-
sures associated with hydraulic fracturing operations
still exist. In the past, chemical disclosures were largely
voluntary and, due to the economic value of individual
injection fluid formulations and the competition between
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companies, operators and service companies were often
reticent about releasing detailed information concern-
ing the types and amounts of chemicals used in specific
formulations. This lack of transparency has heightened
uncertainty and concerns not only about the chemicals
used in fracturing fluids, but also for the assessment of
hazards and risks to groundwater resources.

A primary source of public data regarding the composi-
tion of hydraulic fracturing fluids has been the FracFocus
Chemical Disclosure Registry (http://fracfocus.org/),
which is based on voluntary disclosures made by the oil
and gas industry. This database contains records of indi-
vidual hydraulic fracturing operations, typically listing
all chemicals used in the treatment. A complete treat-
ment record includes information about the volume of
water used as a “base fluid” and the concentration of each
chemical used in percent of total treatment fluid mass.
However, since these disclosure records are not required
to go through any form of independent review or con-
firmation process, the released information may often
be incomplete (e.g.,, Konschnik et al,, 2013). For instance,
in a recent review of hydraulic fracturing operations in
California, it was concluded that the information in vol-
untary disclosures that describe the purpose of a specific
additive in the hydraulic fracturing fluid was very fre-
quently inaccurate or misleading (Chapter 2 in CCST and
LBNL, 2015b). Furthermore, while a total of 5000-7000
hydraulic fracturing treatments has been estimated for
the state of California for the time frame between 2011
and 2014, voluntary disclosure records covered only
one-fifth to one-third of these treatments (Chapter 2 in
CCST and LBNL, 2015b). Nevertheless, chemical addi-
tives reported in voluntary disclosures were considered
consistent with additives described in industry literature,
patents, scientific publications, and other sources, such as
government reports (e.g., Gadberry et al., 1999; U.S. EPA,
2004; Baker Hughes Inc., 2011, 2013; Stringfellow et al.,
2014), and hence representative for the chemical use in
hydraulic fracturing operations in California (Chapter 2
in CCST and LBNL, 2015b).

In many regions of the US., new laws are now
requiring mandatory reporting of the composition of
the injection fluids. The objectives are to gain a better
understanding of the risks associated with hydraulic
fracturing and other well stimulation technologies, and
to provide a scientific basis for the development of regu-
latory frameworks for hydraulic fracturing operations
on the state level. For instance, driven by regulations
under the new California Senate Bill 4 (SB 4), operators
are required to apply for well stimulation permits (via
“Well Stimulation Notices”) and report on the comple-
tion of well stimulations (in “Well Stimulation Treatment
Disclosure Reports”) (DOGGR, 2014a,b,c).

Overall, the potential risks associated with any individ-
ual chemical are a function of the hazardous properties
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of the material, how the material is released into the
environment, how much material is released, the persis-
tence of the compound in the environment, and many
other properties and variables that allow a pathway to
human or environmental receptors. Therefore, a range of
information on hazards, toxicology, and other physical,
chemical, and biological properties of these chemicals is
needed in order to understand the potential environmen-
tal and health risks associated with hydraulic fracturing
operations in general, and for the handling of injection
fluids specifically. As described in detail next, the spe-
cific characteristics of geologic reservoirs, local geol-
ogy, and rock types govern the technologies involved in
hydraulic fracturing operations, and in turn, the selec-
tion of effective chemical additives in injection fluids.
Therefore, broad generalizing statements regarding the
composition, use, and associated hazards of hydraulic
fracturing fluids across the U.S. should be avoided.

7.4.1 Technical Considerations for the Selection
of Hydraulic Fracturing Fluids

The design of a hydraulic fracture requires a specifica-
tion of the hydraulic fracturing fluid composition (CCST
and LBNL, 2015a). While there are many additives used
in hydraulic fracture fluids, most of these are used to
mitigate adverse chemical and biological processes,
and are the same as those used in drilling. The viscos-
ity” of the fluid, however, is one of its most important
characteristics influencing (1) the mechanics of fracture
generation, and the resulting fracture length and frac-
ture-network complexity, and (2) the ability of the fluid
to emplace proppant efficiently.

The lowest-viscosity fracturing fluid is slickwater,
which contains a friction-reducing additive (commonly
polyacrylamide) and has a viscosity on the order of 4 cP
(about 4 times that of pure water) (Kostenuk and Browne,
2010). Gelled fracture fluids generally use guar gum or
cellulose polymers to increase the viscosity (King, 2012).
Further increases in viscosity in a guar-gelled fluid can
be achieved by adding a cross-linking agent to the gel
that is typically a metal ion, such as in boric acid or zir-
conium chelates (Lei and Clark, 2004). The cross-linking
binds the gel’s polymer molecules into larger molecules,
causing an increase in the solution viscosity. Linear gels
have viscosities about 10 times that of slickwater, and
cross-linked gels have viscosities that are on the order of
100-1000 times larger (Montgomery, 2013). Furthermore,
fracturing fluids can be “energized” with nitrogen and
surfactant to create foams, which leads to increased

* Viscosity is a fluid property that quantifies resistance to fluid flow. It
takes little effort to stir a cup of water (viscosity ~1 centipoise [cP]),
noticeably more effort to stir a cup of olive oil (viscosity ~100 cP), and
significantly more effort to stir a cup of honey (viscosity ~10,000 cP).
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viscosities of the energized fluids compared to the origi-
nal linear or cross-linked gels (Harris and Heath, 1996;
Ribeiro and Sharma, 2012).

Both laboratory and field data indicate that low-
viscosity fracture fluids tend to create complex frac-
tures with a large fracture-matrix area and narrow
fracture apertures—as compared to higher-viscosity
fracture fluids, which tend to create simpler planar-
style fractures with a low fracture-matrix area and
wide fracture apertures, as illustrated in Figure 7.2
(Rickman et al.,, 2008; Cipolla et al., 2010). Fracture
lengths increase with the volume of injected fracture
fluid, and are roughly proportional to fracture heights
with proportionality factors ranging from 0.5 to 1
(Flewelling et al., 2013), while stratigraphic limitations
on fracture height growth may also play a role (Weijers
et al.,, 2005; Fisher and Warpinski, 2012). Fracture aper-
tures (or widths) are typically on the order of a few
tenths of an inch (~8 mm) (Barree et al., 2005; Shapiro
et al.,, 2006; Bazan et al,, 2012) and tend to increase
with viscosity, rate, and volume of the fluid injected
(Economides et al., 2013).

With regard to transporting proppant, cross-linked
gels are generally more effective than slickwater
(Lebas et al., 2013), while the effective viscosity may
also be influenced by the proppant concentration itself
(Montgomery, 2013).

Simple fracture
Cross-linked gel

Complex fracture
Foam or linear gel

Complex fracture Complex fracture
with fissure opening network
Hybrid Slickwater
FIGURE 7.2

Effects of fracture fluid viscosity on fracture complexity. (Modified
from Warpinski et al., 2009. Journal of Canadian Petroleum Technology.
48(10): 39-51; California Council on Science and Technology (CCST),
and Lawrence Berkeley National Laboratory (LBNL). 2015a. An
Independent Scientific Assessment of Well Stimulation in California:
Volume 1, Well Stimulation Technologies and Their Past, Present, and
Potential Future Use in California. Sacramento, CA. Available from:
http://ccst.us/SB4.)
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The selection of fluid composition also depends on
the properties of the reservoir rock, specifically the
rock permeability and brittleness (Rickman et al., 2008;
Cipolla et al,, 2010). Formations with relatively higher
intrinsic permeability are generally stimulated using
a higher-viscosity fracture fluid to create a simpler and
wider fracture (Cipolla et al., 2010). The rationale for this
selection is that the fracture is needed both to increase
the contact area with the formation and to provide a
high conductivity flow path toward the wellbore. As
reservoir permeability decreases, the resistance to fluid
movement through the unfractured portion of the for-
mation increases. Therefore, a denser fracture pattern,
with narrower spacing between the fractures, is needed
to minimize the distance that reservoir fluids must flow
in the rock matrix to enter the hydraulically induced
fractures (Economides et al., 2013). This leads to the
application of lower-viscosity fracturing fluids to cre-
ate more dense (and complex) fracture networks. With
respect to rock brittleness, wider fracture apertures
are needed as rock brittleness decreases (or as ductil-
ity increases) because of the greater difficulty maintain-
ing fracture permeability after pressure is withdrawn
(Rickman et al., 2008).

The general trends in fracture fluid types, fluid vol-
umes used, and fracture complexity as a function of
rock properties are summarized in Figure 7.3. Overall,
a ductile, relatively higher permeability reservoir rock
with a low natural fracture density tends to receive a
hydraulic fracture treatment using low volumes of vis-
cous cross-linked gels, but with a large concentration
and total mass of proppant. This reservoir type responds
by producing a simple single fracture from the well into
the rock that has a relatively large aperture filled with
proppant. As rock brittleness and degree of natural frac-
turing increase, and as permeability decreases, hydrau-
lic fracturing treatments tend to use a higher-volume,
lower-viscosity fracture fluid that carries less proppant.
This results in more complex fracture networks, with
fractures of narrower apertures and a more asymmetric
cross section in the vertical direction as a result of prop-
pant settling. In short, ductile and more permeable rocks
usually receive gel fracture treatments, while more brit-
tle, lower-permeability rocks with existing fractures are
more amenable to slickwater fracturing.

In acid-fracturing treatments, HCI, formic acid, ace-
tic acid, or blends thereof are typically used to etch the
faces of the fracture surfaces (Kalfayan, 2008). The pres-
ence of the etched channels allows fractures to remain
permeable even after the fracture-fluid pressure is
removed and compressive rock stress causes the frac-
tures to close (Economides et al., 2013). However, acid
fracturing generally results in relatively short fractures
as compared with fractures secured with proppant
(Economides et al., 2013).
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Rock characteristics Fracture treatment Fracture response
Brittleness | Permeability Natural Frac fluid Frac fluid Proppant Fracture Fracture Fracture
fractures viscosity volume and | concentration complexity width width closure
flow rate and volume proﬁle
Brittle Low < 0.1 ud Highly Slickwater . Low Network Narrower | Asymmetric
fractured Low High
Hybrid
Linear gel
Foam
Cross-
linked
Ductile High ~>1md | Minimal High gel Low High Planar Wider Symmetric
FIGURE 7.3

General trends in rock characteristics, hydraulic fracture treatment applied, and hydraulic fracture response. (Modified from Rickman, R., M.
Mullen, E. Petre, B. Grieser, and D. Kundert. 2008. A practical use of shale petrophysics for stimulation design optimization: All shale plays are
not clones of the Barnett Shale. In: SPE 115258 Annual Technical Conference and Exposition, pp. 1-11, Society of Petroleum Engineers, Denver, CO;
California Council on Science and Technology (CCST), and Lawrence Berkeley National Laboratory (LBNL). 2015a. An Independent Scientific
Assessment of Well Stimulation in California: Volume 1, Well Stimulation Technologies and Their Past, Present, and Potential Future Use in California.

Sacramento, CA. Available from: http://ccst.us/SB4.)

7.4.2 Composition of Injection Fluids

Previous studies have evaluated and characterized
chemical additives to well stimulation fluids that are
in common use in the U.S. nationally (U.S. House of
Representatives Committee on Energy and Commerce,
2011; King, 2012; U.S. EPA, 2012, 2015b; Stringfellow et al.,
2014), or specifically in the state of California (Chapter 2
in CCST and LBNL, 2015b). As a whole, fracturing fluids
can contain hundreds of chemicals, which can be ini-
tially bewildering, even to experts. Hence, it is helpful
to understand the significance of individual chemicals
or chemicals in mixtures in the context of their purpose
and frequency of use, the amounts used, and their haz-
ardous properties, such as toxicity.

An overview of additives in fracturing fluids, catego-
rized based on their various functions during the fractur-
ing process, is provided in Table 7.2. As described above,
sand is typically used as a “proppant” that ensures that
the newly created fractures remain open. Other com-
pounds are added to facilitate the development of the
desired fracture geometry, to provide an efficient deliv-
ery of the proppant to the areas of interest underground,
to prevent the growth of bacteria, and to minimize the
scaling of the well. Classes of relevant chemicals include
gelling and foaming agents, friction reducers, cross-link-
ers, breakers, pH adjusters/buffers, biocides, corrosion
inhibitors, scale inhibitors, iron control chemicals, clay
stabilizers, and surfactants (NYSDEC, 2011; King, 2012;
Stringfellow et al., 2014). Over 80% of the treatments
use an identified biocide and many formulations also
include chemicals such as clay control additives.

While in sum a large number of different chemicals
may be used in hydraulic fracturing operations across
the U.S,, the actual number of additives used for each
single treatment may be much lower. For instance, over
300 unique chemicals were identified as being used in
hydraulic fracturing fluids in California; however, in
an individual treatment, a median of only 23 individ-
ual components—including base fluids (such as water),
proppants, and chemical additives—were applied
(Chapter 2 in CCST and LBNL, 2015b). Furthermore,
nationwide, only between 10 and 20 chemical addi-
tives were used per hydraulic fracturing treatment, not
including proppants and base fluids (U.S. EPA, 2015b).

7.4.3 Potential Hazards of Injection Fluids

Potential hazards of fracturing fluid constituents are
based on their characteristics in terms of corrosivity,
ignitability, and chemical reactivity, as well as on their
potential toxic effects on humans and the environment.
With regard to potential adverse effects on humans,
mammalian toxicity values are often considered a first
proxy in evaluations. Furthermore, given the hydraulic
link between groundwater and surface water, potential
toxic effects on aquatic species also need to be considered.

In two studies (Stringfellow et al., 2014; Chapter 2
in CCST and LBNL, 2015b), described in further detail
next, chemicals were ranked and classified with regard
to their toxic impacts on mammals and aquatic organ-
isms in the context of the UN. Globally Harmonized
System (GHS). In the GHS system, lower numbers
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Additives to Aqueous Fracturing Fluids

Additive Type Description of Purpose Examples of Chemicals

Proppant “Props” open fractures and improves gas/fluid flow to the =~ Sand (sintered bauxite; zirconium oxide;
well bore. and ceramic beads)

Acid Removes cement and drilling mud from casing Hydrochloric acid (3%-28%) or muriatic
perforations prior to fracturing fluid injection. acid

Breaker Reduces fluid viscosity to release proppant into fractures Peroxydisulfates
and enhance fracturing fluid recovery.

Bactericide/biocide/ Inhibits growth of organisms that could produce gases Gluteraldehyde;

antibacterial agent

Buffer/pH adjusting agent
Clay stabilizer/control/KCl
Corrosion inhibitor (including

oXygen scavengers)
Cross-linker

Friction reducer

Gelling agent
Iron control

Scale inhibitor

(e.g., hydrogen sulfide) and contaminate methane gas.
Prevents bacterial growth that can negatively affect
proppant delivery into fractures.

Adjusts and controls fluid pH to maximize the
effectiveness of other additives, such as cross-linkers.

Minimizes swelling and mobility of formation clays, which
could reduce permeability by blocking pore spaces.

Reduces rust formation on steel tubing, well casings, tools,
and tanks (used only in fluids containing acid).

Increases fluid viscosity using phosphate esters combined
with metals (referred to as cross-linking agents) to carry
more proppant into fractures.

Allows fracture fluids to be injected at optimum rates and
pressures by minimizing friction.

Increases fracturing fluid viscosity, to emplace proppant
efficiently.

Controls the precipitation of metal oxides, which could
plug off the formation.

Prevents the precipitation of carbonates and sulfates
(calcium carbonate, calcium /barium sulfate), which could
decrease permeability.

2,2-dibromo-3-nitrilopropionamide

Sodium or potassium carbonate; acetic acid

Salts (e.g., tetramethyl ammonium chloride,
potassium chloride [KCI])

Methanol; ammonium bisulfate for oxygen
scavengers

Potassium hydroxide; borate salts

Sodium acrylate—acrylamide copolymer;
polyacrylamide (PAM); and petroleum
distillates

Guar gum; petroleum distillates

Citric acid

Ammonium chloride; ethylene glycol

Solvent Additive, soluble in oil, water-, and acid-based fluids, that Various aromatic hydrocarbons
allow to control the wettability of contact surfaces, or to
prevent or break emulsions.

Surfactant Reduces fracturing fluid surface tension and improves Methanol; isopropanol; and ethoxylated
fluid recovery. alcohol

Source: Adapted from NYSDEC, 2011. Revised Draft Supplemental Generic Environmental Impact Statement on the Oil, Gas and Solution Mining

Regulatory Program—Well Permit Issuance for Horizontal Drilling and High-Volume Hydraulic Fracturing to Develop the Marcellus
Shale and Other Low-Permeability Gas Reservoirs. Albany, NY. Retrieved from http://www.dec.ny.gov/data/dmn/rdsgeisfull0911.pdf.

indicate greater toxicity, with “1” representing the most
toxic compounds.

For U.S.-wide applied constituents in fracturing fluids,
a recent, extensive review by Stringfellow et al. (2014)
provides a summary of mammalian toxicity values
(LDs, values) for additives predominantly used in the
US. A list of 81 chemicals was compiled after analyz-
ing the FracFocus Chemical Disclosure Registry website
(http://fracfocus.org), the SkyIruth database (http://
frack.skytruth.org), a relevant US. EPA report (U.S.
EPA, 2004), and textbook (Economides and Nolte, 2000),
as well as published literature from industry sources
(Nishihara et al., 2000; Gartiser and Urich, 2003; Miller,
2007; Arthur et al., 2008; Halliburton Energy Services,
2009). After evaluating inhalation and oral toxicity data
from the literature, the authors concluded that most of

the listed fracturing fluid constituents were of low tox-
icity; only four chemicals were classified as Category
2 oral toxins by U.N. standards. However, for 34 addi-
tives, specific toxicity information could not be located
(Stringfellow et al., 2014).

Furthermore, a recent report, with a specific focus on
hydraulic fracturing operations in the state of California
(Chapter 2 in CCST and LBNL, 2015b), provides a simi-
lar overview for acute aquatic toxicity data (Figure 7.4).
Thirty-three chemicals with reported use in hydraulic
fracturing treatments in California have a GHS ranking
of 1 or 2 for at least one aquatic species. This indicates
that these compounds are hazardous to aquatic species
and could potentially present a risk to the environment
if released. However, significant data gaps exist for these
test species with 65%, 76%, and 79% of chemical toxicity
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Acute aquatic toxicity

(Daphnia magna) (Fathead minnow)
Non-toxic Non-toxic
16% 12%
GHS 3
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6.8% 2%
GHS 1
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Acute aquatic toxicity Acute aquatic toxicity (Green algae)
(Trout) computational toxicity data only
Non-toxic
GHS 3 8.8%
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Non-toxic
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4.4% 6 0%
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2.4%

Insufficient data
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FIGURE 7.4

GHS 3
6%

GHS 2
8.5%

GHS 1
1.5%

Aquatic toxicity data for hydraulic fracturing and acid treatment chemicals in California (Chapter 2 in CCST and LBNL, 2015b), categorized
according to the U.N. GHS of classification and labeling of chemicals with a scale from 1 to 3 (1 representing the highest toxicity).

data missing for Daphnia magna, fathead minnows, and
trout, respectively. Furthermore, there is a large lack
of data for algal toxicity (60%) and even for simulated
data from toxicity models developed by the U.S. EPA
(Estimation Program Interface [EPI] Suite: http://www.
epa.gov/opptintr/exposure/pubs/episuite.htm.), which
are simulation-based predictions of toxic effects.

While the studies described above were focused on
acute lethality to aquatic organisms or mammals, sub-
lethal impacts from acute or chronic exposures—such
as impacts on reproduction and development, physi-
ological status, disease or debilitation, and avoidance
or migratory behavior—are also important to popu-
lation viability (U.S. EPA, 1998, 2003). For instance,
hazardous chemicals may include carcinogens (sub-
stances that can cause cancer), endocrine disrupting
compounds (chemicals that may interfere with the
body’s endocrine system and produce adverse devel-
opmental, reproductive, neurological, and immune
effects), and bioaccumable materials (chemicals that

increase in concentration in a biological organism
over time compared to their environmental concentra-
tions). At this point, there is a significant lack of data
on chronic and sublethal impacts of chemicals used in
hydraulic fracturing treatments. However, experimen-
tal results from a recent study focused on unconven-
tional gas operations in Colorado suggest that natural
gas drilling chemicals can have harmful effects on
reproductive organ development in fetuses exposed in
utero as well as their offspring (Kassotis et al., 2013).
Similarly, little is known about potential bioaccumu-
lation effects of hydraulic fracturing chemicals due to
a lack of basic physical and chemical characterization
data and results from standardized biodegradation
tests (Chapter 2 in CCST and LBNL, 2015b). Some addi-
tives, however, such as surfactants, related compounds
known as quaternary ammonium compounds (QACs),
and halogenated biocides, are expected to be fairly
persistent in the environment (Chapter 2 in CCST and
LBNL, 2015b). Additional relevant data gaps regarding
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the potential toxicological impacts of hydraulic fractur-
ing chemicals include (1) the response of organisms to
the mixture of chemicals in the fluid in contrast to the
response to a single chemical (which may be different
due to chemical interactions between compounds), and
(2) potential changes in fluid compositions due to dilu-
tion effects and interactions with rock formations in
the subsurface.

7.5 Composition of Flowback
and Produced Waters

Flowback fluids consist of (1) injection fluids pumped
into the well previously, which include water, prop-
pants, and additives as described above, (2) new com-
pounds that may have formed due to chemical reactions
between additives, (3) dissolved substances from waters
naturally present in the shale formation, (4) substances
that have become mobilized from the shale formation
due to the well stimulation treatment, and (5) oil and /or
gas (Stepan et al.,, 2010; NYSDEC, 2011). Thus, the water
chemistry of flowback waters is typically different from
that of the injection fluids.

Furthermore, the composition of flowback fluids often
changes over the course of the flowback time period,
and is expected to gradually evolve from being more
similar to the injection fluids to approaching the chemi-
cal characteristics of the formation waters. For example,
changes in fluid composition were observed in studies
conducted in the Marcellus Shale (Hayes, 2009; Barbot
et al.,, 2013) and the Bakken (Stepan et al., 2010), indicat-
ing concentration increases for constituents such as total
dissolved solids (TDS), chloride, and some cations/met-
als over time. In the Marcellus study, water hardness
and radioactivity levels were found to increase during
the flowback period, but sulfate and alkalinity levels
decreased with time.

Once the well is put on production, the waters recov-
ered from the operations are “operationally-defined” as
“produced waters.” A limited amount of data on com-
positions of produced water from hydraulic fracturing
operations is available in the literature (Table 7.3) and
from the USGS-Produced Water Database (Blondes
et al, 2014). Some constituents present in produced
waters from hydraulically fractured wells are similar to
those present in produced water from conventional oil
and gas wells (e.g., Benko and Drewes, 2008; Alley et al.,
2011). The most concentrated constituents measured in
produced water from both conventional and unconven-
tional wells are typically salts, that is, sodium and chlo-
ride (Blauch et al., 2009; Warner et al., 2012; Barbot et al.,
2013; Haluszczak et al., 2013; CCST and LBNL, 2015b).
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TABLE 7.3

Comparison of Constituent Concentrations between
Produced Waters from Hydraulic Fracturing and
Conventional Oil Operations

Conventional
Parameter Marcellus? BakkenP Oil*
pH 5.1-8.4 5.5-6.5 52-89
Conductivity (mS/ 205-221
cm)
Alkalinity (mg/L 8-580 300-380
as CaCQO,)
TSS (mg/L) 4-7600
TDS (mg/L) 680-350,000 150,000-219,000
Chloride (mg/L) 64-200,000  90,000-130,000 36-240,000
Sulfate (mg/L) 0-2000 300-1000
Bicarbonate (mg/L) 0-760 300-1000 8-14,000
Bromide (mg/L) 300-1000 1-2
Nitrate (mg/L) 5-800 0-92
Oil and grease— 195-37,000
HEM (mg/L)
COD (mg/L) 1-1500
TOC (mg/L) 15-3500
Aluminum (mg/L) ND 0.0-0.1
Arsenic (mg/L) 0.2-0.9
Barium (mg/L) 0-14,000 0-25 0.1-7.4
Boron (mg/L) 40-190
Calcium (mg/L) 38-41,000 7500-14,000 4-53,000
Cadmium (mg/L) 0.0-0.2
Chromium (mg/L) 0.1-1.0
Copper (mg/L) ND 0.3-27
Iron (mg/L) 3-320 ND 0.1-0.5
Potassium (mg/L) 0-5800 2-43
Magnesium 17-2600 630-1800 2-5100
(mg/L)
Manganese 4-10 1-8
(mg/L)
Sodium (mg/L) 69-120,000  47,000-75,000 400-127,000
Nickel (mg/L) 3-10
Strontium (mg/L) 1-8500 520-1000 0-2
Zinc (mg/L) 2-11 6-17
Ra-226 (pCi/L) 3-9300 0-10
Ra-228 (pCi/L) 0-1400
U-235 (pCi/L) 0-20
U-238 (pCi/L) 0-500
Gross alpha 37-9600
(pCi/L)
Gross beta (pCi/L) 75-600,000

Source: Modified after California Council on Science and Technology
(CCST), Lawrence Berkeley National Laboratory (LBNL), and
Pacific Institute. 2014. Advanced Well Stimulation Technologies
in California: An Independent Review of Scientific and Technical
Information. Sacramento, CA. Available from: http://ccst.us/
BLMreport.

Note: Numbers have been rounded to two significant digits.

2 Barbot et al. (2013).

b Stepan et al. (2010).

¢ Alley et al. (2011).
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Magnesium and calcium can also be present at high lev-
els and can contribute to increased water hardness.
Formation brines can also contain high concentrations
of trace elements, such as boron, barium, strontium, and
heavy metals, which may be brought up to the surface in
the produced water. For example, several studies report
measuring high levels of trace elements (e.g., barium,
strontium, iron, arsenic, and selenium) in waters recov-
ered from fracturing operations in the Marcellus Shale
(e.g, Hayes et al,, 2009; Balaba and Smart, 2012; Barbot
et al., 2013; Haluszczak et al,, 2013). Produced waters
from oil and gas operations also contain many organic
substances, for example, organic acids, polycyclic aro-
matic hydrocarbons (PAHs), phenols, benzene, toluene,
ethylbenzene, xylenes (BTEXs), and naphthalene (e.g,
Fisher and Boles, 1990; Higashi and Jones, 1997; Veil et al.,
2004). Wastewaters from some shale formations have
been found to contain high levels of naturally occur-
ring radioactive materials (NORMSs), which were several
hundred times above U.S. drinking water standards
(NYSDEC, 2009; Rowan et al., 2011; Barbot et al., 2013;
Haluszczak et al., 2013). Concentration ranges for these
constituents during hydraulic fracturing operations in
the Marcellus and Bakken Shales are listed in Table 7.3.

7.6 Potential Pathways for
Groundwater Contamination

Well stimulation and associated activities may result
in the release of contaminants into the environment,
including surface and groundwater resources. Releases
can occur during chemical transport, storage, mixing,
well stimulation, well operation and production, and
wastewater storage, treatment, and disposal (Figure 7.5).
A physical connection or “transport pathway,” either nat-
ural or induced, between the release location and the
impacted surface or groundwater body is required for
releases to occur, along with a driving force (e.g., pressure
difference, buoyancy) for contaminant migration. The
probability of contaminant migration is regulated by a
number of factors, including reservoir depth, the physi-
cal and hydrological properties of the formation, reser-
voir production strategies, drilling and casing practices,
plus the unique geologies of each oil and gas-producing
region.

Surface releases are typically easier to identify and
associate with a particular activity, while subsurface
releases are generally more difficult to detect, associ-
ate with a particular release mechanism, and miti-
gate. Reservoir and stimulation fluids can also migrate
through the subsurface if surface releases percolate into
groundwater, produced water is directly injected into
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protected groundwater, or transport pathways have
been created through stimulation operations, either
through direct fracturing into overlying aquifers or con-
nection to a preexisting pathway (e.g., a fault or some
other permeable feature). While transport through pre-
existing or induced subsurface pathways has been doc-
umented in conventional oil and gas operations, it is not
known whether stimulation is likely to exacerbate these
concerns. Data concerning such release mechanisms are
currently limited, and ongoing assessments by the U.S.
Environmental Protection Agency (U.S. EPA) have not
been conclusive (U.S. EPA, 2012, 2015a).

In 2015, the U.S. EPA released an external draft assess-
ment of the impact of hydraulic fracturing operations on
drinking water resources (U.S. EPA, 2015a). The scope
of this investigation included all aspects of hydraulic
fracturing operations, such as water use, off-site chemi-
cal handling, the injection process itself, the handling of
flowback and produced waters, and wastewater treat-
ment and disposal, but was limited to impacts on drink-
ing water resources only. According to the U.S. EPA,
hydraulic fracturing has occurred in at least 25 states,
with Texas, Colorado, Pennsylvania, and North Dakota
experiencing the highest activities. The study noted
that—between 2011 and 2014—25,000-30,000 wells had
been drilled in the U.S. annually. A total of 9.5 million
people and 6800 drinking water sources, serving a pop-
ulation of 8.6 million people, were located within one
mile of a fractured well.

According to this study (U.S. EPA, 2015a), both above-
and below-ground mechanisms exist, associated with
hydraulic fracturing operations, that have the potential
to impact drinking water resources. These mechanisms
include subsurface pathways (fracturing directly into
aquifers, subsurface migration), surface spills, inad-
equate treatment of wastewater, and increased use of
groundwater for fracturing operations. The importance
of deteriorating wells, improper surface casings, and
poor well construction were all implicated, in agree-
ment with the later, more detailed discussion included
in this chapter.

However, this U.S. EPA study did not provide evi-
dence of widespread or systemic impacts of hydrau-
lic fracturing operations on drinking water resources.
While specific incidents were found to have affected
drinking water wells, they had only limited or local
impacts. For instance, on a local scale, below-ground
movement of fluids, and cases of fractured fluids being
injected directly into water resources have occurred.
Furthermore, only a limited number of cases result-
ing in impacts could be identified relative to the over-
all number of hydraulically fractured wells. The latter
could be due to the unlikeliness of such impacts, but
it could also be an indication for insufficient data, the
lack of long-term monitoring studies, the presence of
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Features

1. Well pad for stimulation of a new well
with surface casing
2. Hydraulically fractured well (shallow)
3. Hydraulically fractured well (deep)
4. Abandoned well
5. Disposal well
6. Wastewater treatment facility
7. Underground pipes
8. Unlined pit
9. Surface canal
10. Orchards near oil fields
11. Farm/houses near oil fields (water wells)
12. Natural habitat
13. Aquifer

FIGURE 7.5
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12

11

Release mechanisms

A. Percolation from unlined pit

B. Siting of disposal well into aquifer

C. Inadequately treated wastewater
for reuse or disposal

D. Spills, leaks, and accidents

Potential surface and near-surface contaminant release mechanisms related to stimulation, production, and wastewater management and

disposal activities (Chapter 2 in CCST and LBNL, 2015b).

preexisting contamination, and a general inaccessibility
of data on hydraulic fracturing operations.

In this section, we discuss the set of plausible pro-
cesses that might create transport pathways and the
related driving forces. The mechanisms include pro-
cesses related to drilling, well completion, hydraulic
fracturing, and production: (1) leakage through hydrau-
lic fractures, (2) leakage through failed inactive wells,
(3) failure of active wells, and (4) transport through sub-
surface pathways. Mechanisms also include scenarios
related to the disposal of fluids, such as (5) injection of
produced water into protected groundwater, and (6) use
of unlined pits for produced water disposal. Other acci-
dental discharges could be related to (7) spills and leaks
or (8) operator error, or secondary processes including
(9) treatment or reuse of produced water.

7.6.1 Leakage through Hydraulic Fractures

The possibility that the hydraulic fracturing process
itself may create both a permeable pathway and a driving

force for fluid migration is the concern most commonly
raised in discussions of the hazards of hydraulic frac-
turing. By definition, a hydrocarbon reservoir is likely
to be capped or bounded by low-permeability layers,
and thus understanding the process of pathway forma-
tion is a key for understanding the potential hazard.
The degree to which induced fractures may extend
beyond the target formation needs to be understood,
and whether connections to overlying groundwater, or
other natural or manufactured pathways, are possible.
It is generally thought that fractures created through
stimulation have limited vertical extent. Basic work
on understanding induced fractures spans decades
(Perkins and Kern, 1961, Hubbert and Willis, 1972;
Nordgren, 1972), but the latest published work directly
addresses concerns about possible leakage of gas and
fracturing fluids. These studies find that geophysical
processes favor containment of gas and fluids within
the reservoir (Flewelling et al., 2013; Flewelling and
Sharma, 2014). Flewelling and Sharma (2014) also capped
potential vertical fracture propagation at 600 m (2000 ft)
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or less and observed that shallow formations are more
likely to fracture horizontally rather than vertically (see
also Section 7.3). Fisher and Warpinski (2012) compared
microseismic data on fracture extent for gas shales, find-
ing that deep hydraulic fracturing operations should
not bring the fractures in close contact with shallow
aquifers. This work also indicated that fractures in shal-
lower formations (<1200 m or 3900 ft) have a greater
horizontal component, although earlier work found the
fracture directionality was inconclusive, with orienta-
tions dependent on the unique stress profiles and rock
fabric of a given location (Walker et al., 2002), in addition
to depth of the reservoir. Likewise, Davies et al. (2012)
found that the majority of induced fractures (with data
focused on the Barnett Shale) range from less than 100 m
(330 ft) to about 600 m (2000 ft) in height, with approxi-
mately a 1% and 50% probability of a fracture exceeding
350 m (1100 ft) or 130 m (427 ft), respectively. This leads
to a suggested minimum separation of 600 m (2000 ft)
between shale reservoirs and overlying groundwater
resources for high-volume fracturing operations (King,
2012), although local geology must always be evaluated.

Coupled hydro-geomechanical modeling (Kim and
Moridis, 2012) found inherent physical limitations to the
extent of fracture propagation—for example, the pres-
ence of overlying confining formations may slow or
stop fracture growth, thus containing fractures within
the shale reservoir (Kim et al., 2014). An industry study
(Cardno ENTRIX, 2012) evaluated the effects of ten years
of hydraulic fracturing and gas production from a Los
Angeles Basin oil and gas field. Microseismic monitor-
ing indicates that fractures were contained within the
reservoir zone, extending to within no more than 2350 m
(7700 ft) of the base of the freshwater zone. However,
some proposed fracturing operations, particularly in
California, may occur at much shallower depths (CCST
and LBNL, 2015b), possibly as shallow as 200 m, and as
such site-specific evaluations may be needed to under-
stand hazards.

Fault activation resulting in the formation of fluid
pathways is an additional concern when stimulation
operations occur in faulted geologies. Fault activation is
a remote possibility for faults that can admit stimula-
tion fluids during injection (Rutqvist et al., 2013), pos-
sibly increasing the permeability of previously sealed
faults or creating new subsurface pathways analogous
to induced fractures (possibly on a larger scale). Fault
activation could also give rise to (small) microseismic
events, but fault movement is limited to centimeter
scales across fault lengths of 10-100 m. Chilingar and
Endres (2005) document a California incident, where
the migration of gas via permeable faults (among other
pathways) created a gas pocket below a populated area
in Los Angeles that resulted in an explosion. While
the incident was not related to stimulation operations,
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it shows how naturally faulted geologies can provide
pathways for the migration of gas and fluids.

7.6.2 Leakage through Failed Inactive Wells

Reservoir fluids may reach the surface through degraded
or improperly sealed wells. Regions with a history of oil
and gas production are likely to have a large number
of inactive (abandoned, buried, idle, or orphaned) wells.
Many of these wells are undocumented, unknown, and
either degraded, improperly abandoned, or substandard
in construction. Fractures created during hydraulic frac-
turing could create connectivity to such degraded inac-
tive wells, particular in high-density fields. However,
the inactive wells have to fail (e.g., creating permeable
pathways due to the degradation of cement or casings),
and sufficient driving forces must be present for a leak-
age of gas or formation fluids to occur through inactive
wells.

Old and inactive wells are a problem in states with a
long history of petroleum production. For example, in
Pennsylvania there are thousands of abandoned wells,
with 200,000 dating from a time before formal record-
keeping began and perhaps 100,000 that are essentially
unknown (Vidic et al., 2013). Programs to locate, assess,
and cap previously abandoned wells have been initi-
ated in Ohio and Texas (Kell, 2011). In California, there
are more inactive than active wells. Of a total of about
221,000 wells on file with the state, only 116,000 wells
have been plugged and abandoned according to current
standards. Nearly 1800 wells are “buried,” that is, are
older wells that have not been abandoned to standards
and whose location is approximate. The status of 388
wells is unknown (CCST and LBNL, 2015b).

Chilingar and Endres (2005) document an incident
where well corrosion at shallow depths led to casing
failure of a producing well and the subsequent migra-
tion of gas via a combination of abandoned wells and
fault pathways, as well as multiple cases of gas leakage
from active oil fields and natural gas storage fields in
the Los Angeles Basin and elsewhere. The most com-
mon pathway was identified as gas migration through
faulted and fractured rocks, which were penetrated by
abandoned and leaking wellbores. While stimulation
technologies are not implicated in these events, they
illustrate the real possibility of degraded abandoned
wells as pathways.

The hazards of degraded abandoned wells are not just
limited to their proximity to stimulated wells, but are
also relevant to the issue of disposal of wastewater from
stimulated wells by injection into Class II wells. A 1989
U.S. Government Accountability Office (GAO) study
of Class II wells across the U.S. (U.S. GAO, 1989) found
that one-third of contamination incidents were caused
by injection near an improperly plugged abandoned
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oil and gas well. Current permitting requirements
require a search for abandoned wells within a quarter
mile of a new injection wellbore, and the plugging and
remediation of any suspect wellbores (40 CFR 144.31,
146.24). However, Class II wells operating prior to 1976
are exempt from this requirement. About 70% of the
disposal wells reviewed in this study were permitted
prior to this date, grandfathered into the program, and
allowed to operate without investigating nearby aban-
doned wells (U.S. GAO, 1989).

7.6.3 Failure of Active (Production
and Class 1) Wells

Operating wells (whether used for production or
injection/disposal) can serve as transport pathways
for subsurface migration in a similar fashion to dete-
riorated abandoned wells. Failures in well design and

Older abandoned
well
Production
well
F
E
G

Hydraulically
induced
fractures

To deeper reservoir

FIGURE 7.6
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construction may allow migration of gas and fluids from
the reservoir, or from shallower gas and fluid-bearing
formations intersected by the wellbore. Pathways can
be formed due to inadequate design, imposed stresses
unique to stimulation operations, shear failure due to
subsidence, or other forms of human/operator error.
Class II deep injection wells with casing or cement inad-
equacies would also have similar potential for contami-
nation as a failed production well or a well that fails due
to stimulation pressures. Examples of potential subsur-
face releases through wells are illustrated in Figure 7.6.
Wells can thus serve as pathways for gas migration to
overlying aquifers or even to the surface (Brufatto et al.,
2003; Watson and Bachu, 2009). Multiple factors over
the operating life of a well may lead to failure (Bonett
and Pafitis, 1996; Dusseault et al., 2000; Brufatto et al.,
2003; Chilingar and Endres, 2005; Watson and Bachu,
2009; Carey et al, 2013); however, the most important

Release mechanisms
E. Fractured pathway
E. Deteriorated abandoned well

G. Failure of production or
disposal (not shown) wells
H.Fault pathway

Groundwater
aquifer

Imperfect
cement-
fractures
and/or voids
Overburden

Fault

Compromised
tubing/casing

Fault

Fracture
Fracture

Qil reservoir

Underburden

Potential subsurface mechanisms and related transport pathways: Illustrated in the figure are well failure and consequent leakage through an
abandoned well, migration through intercepted fractures, and fault activation. Well failure can occur in production, abandoned, or disposal
wells (Chapter 2 in CCST and LBNL, 2015b).
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mechanism leading to gas and fluid migration is poor
well construction or an exposed or uncemented casing
(Watson and Bachu, 2009). A surface casing, constructed
to shield groundwater resources, may not adequately
protect those resources if the casing does not extend to a
sufficient depth below the aquifer (Harrison, 1983, 1985).

Watson and Bachu (2009, p. 121) also noted that deviated
wellbores, defined as “any well with total depth greater
than true vertical depth,” show a higher occurrence of gas
migration than vertical wells, likely due to the challenges
of deviated well construction increasing the likelihood
of gaps, bonding problems, or thin regions in the cement
that could create connectivity to other formations. This
is important as economic production from hydraulically
fractured shales typically requires long horizontal well-
bores to maximize the extent of the fracture network. In a
review of the regulatory record, Vidic et al. (2013) noted a
3.4% rate of cement and casing problems in Pennsylvania
shale-gas wells (that all had some degree of deviation)
based on filed notices of violation. Pennsylvania inspec-
tion records, however, show a large number of wells with
indications of cement/casing impairments for which vio-
lations were never noted suggesting that the actual rate of
occurrence could be even higher.

Stimulated wells may be subject to greater stresses
than nonstimulated wells, due to the high-pressure stim-
ulation process and the special drilling practices used
to create deviated (often horizontal) wells (Ingraffea
et al, 2014). During hydraulic fracturing operations,
multiple stages of high-pressure injection may result in
the cyclic expansion and contraction of the steel casing
(Carey et al., 2013). This could lead to radial fracturing
and/or shear failure at the steel-concrete or concrete—
rock interfaces, or even separation between the casing
and the cement. These gaps or channels could serve as
pathways between the reservoir and overlying aquifers.
Current practice does not typically use the innermost
casing as the direct carrier of stimulation fluids (or pro-
duced fluids and gases)—additional tubing (injection
or production tubing) is run down the innermost well
casing without being cemented into place and thus car-
ries the stresses associated with injection. However, less
complex stimulation treatments may not require such
additional steps, and some fracturing operations use the
innermost casing to convey the fracturing fluids and the
pressures associated with the fracturing operation.

The bulk of the peer-reviewed work on contaminant
migration associated with stimulation focuses on the
Marcellus Shale, and contains robust debate on the role
of deteriorated or poorly constructed wells. A sampling
study by Osborn et al. (2011a) and Jackson et al. (2013)
noted that methane concentrations in wells increased
with increasing proximity to gas wells, and that the sam-
pled gas was similar in composition to gas from nearby
production wells. Follow-up work by Davies (2011) and
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Schon (2011) found that leakage through well casings
was a better explanation than other fracturing-related
processes (also see Vidic et al., 2013). Most recently, other
sampling studies (Molofsky et al., 2013; Darrah et al,,
2014) found gas compositions that do not match the
Marcellus, suggesting that intermediate formations are
providing the source for the methane, and thus migra-
tion through poorly constructed wells is a more likely
scenario. The Darrah et al. (2014) study in particular
identifies eight locations in the Marcellus (and also for
one additional case in the Barnett shale in Texas) where
annular migration through/around poorly constructed
wells is considered the most plausible mechanism for
measured methane contamination of groundwater.

7.6.4 Transport through Induced or
Natural Subsurface Pathways

If a permeable pathway has been created via some com-
bination of the processes listed above, fluids may move
through the subsurface and possibly reach groundwa-
ter. Several modeling studies have attempted to eluci-
date these transport mechanisms through numerical
simulation. A well-publicized study by Myers (2012)
found potential transport between fractured reservoirs
and an overlying aquifer, but did so using a highly sim-
plified flow model regarded as unrepresentative of a
shale reservoir system (Vidic, 2013). Modeling work by
Kissinger et al. (2013) suggests that transport of liquids,
fracturing fluids, or gas is not an inevitable outcome of
fracturing into connected pathways, at least for the spe-
cific reservoir modeled. Modeling work by Gassiat et al.
(2013) found that migration of fluids from a fractured
formation is possible for high-permeability fractures
and faults, and for permeable bounding formations, but
on a 1000-year timeframe. Flewelling and Sharma (2014)
conclude that upward migration through permeable
bounding formations, if possible at all, is likely an even
slower process operating at much longer timescales (in
their estimate, ~10° years). Three-dimensional modeling
of permeable fractures and degraded wells connecting
gas shales to overlying groundwater (Reagan et al., 2015)
showed that transport can be rapid through very per-
meable pathways, but that the duration and magnitude
of release is limited by the fracture volume, shale per-
meability, and the capillary forces associated with gas
shales. Additional modeling studies are underway to
clarify these results (U.S. EPA, 2012, 2015a).

Sampling and field studies have also sought evidence
of migration. A key conclusion is that pathways and
mechanisms are difficult to characterize and the role of
fracturing or transport through fractures has not been
clearly established. Methane concentrations in water
wells increase with proximity to gas wells, and the gasis
similar in composition to gas produced nearby (Osborn
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et al., 2011a; Jackson et al., 2013), but evidence of contam-
ination from brines or stimulation fluids was not found
(Jackson et al., 2011, 2013; Osborn et al., 2011b). The most
recent sampling studies (Molofsky et al., 2013; Darrah
et al,, 2014) conclude that migration through poorly con-
structed wells is a more likely scenario than fracture-
related pathways. Work on the properties of gas shales
(Engelder, 2014) proposed that a “capillary seal” would
restrict the ability of fluids to migrate out of gas shales
(see also Reagan et al., 2015), but some reservoirs may
contain more mobile water than others.

7.6.5 Injection of Produced Water into
Protected Groundwater

Subsurface injection was the second most common
disposal method for produced water from stimulated
wells. Studies show that with proper siting, construc-
tion, and maintenance, subsurface injection is less likely
to result in groundwater contamination than disposal
in unlined surface impoundments (Kell, 2011).

7.6.6 Use of Unlined Pits for
Produced Water Disposal

There is evidence of groundwater contamination associ-
ated with unlined pits used for the storage and disposal
of fluids in the context of drilling and production. Kell
(2011) reviewed incidents of groundwater contamina-
tion caused by oil field activities in Texas, finding that
27% were associated with unlined pits, which were
banned in Texas in 1969 and closed no later than 1984.
For Ohio, a similar analysis found that 5% of incidents
were associated with unlined pits (Kell, 2011). Such pits
are no longer permitted in either state, and no incidents
have been reported since the mid-1980s.

While these studies and others linking unlined pits
to groundwater contamination are not specific to well
stimulation fluids, they illustrate the implications of
this disposal method. A case in Pavillion, WY, raises
additional concerns. According to the U.S. EPA draft
report, released in 2011, high concentrations of hydrau-
lic fracturing chemicals found in shallow monitoring
wells near surface pits “indicate that pits represent a
source of shallow ground water contamination in the
area of investigation” (Digiulio et al., 2011, p. 33). At least
33 unlined pits were used to store/dispose of drilling
muds, flowback, and produced water in the area. These
findings were not contested by the company responsi-
ble for the natural gas wells, or the other stakeholders
(Folger et al., 2012). There was, however, considerable
controversy about U.S. EPA’s other findings, that is,
the presence of hydraulic fracturing chemicals in deep
water wells and thermogenic methane in monitoring
and domestic wells.
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7.6.7 Spills and Leaks

Oil and gas production involves some risk of surface or
groundwater contamination from spills and leaks. Well
stimulation, however, raises additional concerns, due
to the use of additional chemicals during the stimula-
tion process, the generation of wastewaters that contain
these chemical additives, as well as formation brines
with potentially different compositions from conven-
tional produced water, and the increased transportation
requirements to haul these materials to the well and
disposal sites. Surface spills and leaks can occur at any
time in the stimulation or production process—during
chemical or fluid transport, prestimulation mixing, or
as the stimulation process is taking place. In addition,
storage containers used for chemicals and well stimu-
lation fluids can leak (NYSDEC, 2011). For instance, in
September 2009, two pipe failures and a hose rupture in
Pennsylvania released 8000 gallons of a liquid gel mix-
ture during the hydraulic fracturing process, polluting
a local creek and wetland (Pennsylvania Department of
Environmental Protection, 2010).

7.6.8 Treatment or Reuse of Produced Water

Produced water is commonly reused for beneficial pur-
poses, including reservoir steam flooding and indus-
trial cooling. The produced water may be treated prior
to reuse, or simply blended with fresh water to lower the
levels of salts and other constituents. There is growing
interest in expanding the beneficial reuse of produced
water for agriculture, particularly for irrigation, due to
the frequent colocation of oil, gas, and agricultural oper-
ations and regional water scarcity concerns. The use of
produced water from unconventional production raises
specific or unique concerns, because of the variety of
chemicals used during hydraulic fracturing that may
end up mingled with produced water.

The treatment of produced water has been the subject
of intensive investigation and standard treatment prac-
tices have evolved for the reuse of produced water (e.g.,
Federal Remediation Technologies Roundtable, 2007).
Treatment of constituents commonly found in produced
water (e.g., oil and grease, dissolved solids, suspended
particles, bacteria, etc.) is generally well documented
(Arthur et al., 2005; Drewes, 2009; Fakhru'l-Razi et al.,
2009; Igunnu and Chen, 2012; M-I SWACO, 2012), but
little information is available on how commonly used
produced water treatment systems may handle hydrau-
lic fracturing chemicals.

Sewer systems are not typically equipped to handle
produced water. In Pennsylvania, for example, the high
salt content of oil and gas wastewater discharged to
sewage treatment plants resulted in increased salt load-
ing to Pennsylvania rivers (Kargbo et al., 2010; Wilson
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and VanBriesen, 2012; Vidic et al., 2013; Brantley et al.,
2014). Warner et al. (2013) studied the effluent from a
brine treatment facility in Pennsylvania and found an
increase of salts downstream, despite significant reduc-
tion in concentrations due to the treatment process and
dilution from the river. Moreover, radium activities in
the stream sediments near the point of discharge were
200 times higher than in upstream and background
sediments, and were above radioactive waste dis-
posal thresholds. Much of the research on disposal has
focused on produced water constituents and not specifi-
cally on stimulation chemicals commingled with pro-
duced water.

7.6.9 Operator Error

Human error during the well completion, stimulation,
or production processes could also lead to contamina-
tion of groundwater. Operator error could create connec-
tivity to other formations that could serve as transport
pathways. For example, poor monitoring or control of
the fracturing operation could increase the extent of
fractures beyond desired limits. Such errors could lead
to an unexpected migration of fluids, or connection
between wells that impacts production activities them-
selves. Fracturing beyond the reservoir bounds due to
operator error may also be of particular concern in the
case of shallower fracturing operations.

An example of operator error during stimulation is a
2011 incident in Alberta, Canada (ERCB, 2012), where a
misjudged fracturing depth led to fracturing fluids being
injected into a water-bearing strata below an aquifer. A
hydraulic connection between the fractured interval and
the overlying aquifer was not observed, but groundwa-
ter samples contained elevated levels of chloride, BTEX,
petroleum hydrocarbons, and other chemicals.

7.6.10 Conclusions

Contamination of water supplies due to spills, leaks
from surface facilities, disposal of inadequately treated
water, leakage from wells, and illegal discharges have
occurred. Several plausible release mechanisms and
transport pathways exist for surface and groundwater
contamination. However, the issue of contamination of
groundwater via processes specific to hydraulic fractur-
ing has not been proven to have occurred. It is clear that
the hazard exists, and practices that mitigate the poten-
tial for contamination should be in place at each step
of the process. Additional research on fracture propaga-
tion, the hydrological processes in and around uncon-
ventional reservoirs, and additional sampling studies to
investigate potential transport scenarios are all required
to understand the risks associated with the pathways
discussed herein.
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8.1 Introduction

Groundwater is an important resource for sustain-
ing agriculture in India and many other parts of the
world. The country, with its population crossing the
1.25 billion mark, is also dependent on this resource for
meeting its drinking requirements. The availability of
noncontaminated groundwater requires the use of effi-
cient methods for locating potential aquifers. Owing to
such reasons, the use of geophysical methods has been
playing an increasingly important role in groundwater
exploration. Surface electrical resistivity methods of
groundwater investigation are one of the most power-
ful techniques for locating aquifers up to depths of a
few hundred meters. The judicial use of the resistivity
methods enables selection and pinpointing of borehole
sites for locating productive aquifers containing quality
groundwater. An optimum combination of drilling and
geophysical resistivity investigations can provide reli-
able data for delineation of viable aquifers on a regional
basis.

The evaluation of hydraulic characteristics of aquifers
often necessitates conducting pumping tests of pro-
longed duration on the drilled boreholes for pumping
and observation purposes, which entail a huge require-
ment of funds. Such a large expenditure can be reduced
considerably by employing the alternative approaches
of surface resistivity investigations. It was demonstrated
by Ungemach et al. (1969), Kelly (1977), and Sri Niwas

and Singhal (1981, 1985) that surface electrical resistiv-
ity techniques that cover large volumes of earth materi-
als can enable the estimation of hydraulic parameters
of aquifers at the aquifer scale. The subsequent works
by Kosinski and Kelley (1981), Kelly and Reiter (1984),
Mazac et al. (1985), Shakeel et al. (1998), Singhal et al.
(1998), and Sinha et al. (2009) helped in extending these
relationships to include variation in groundwater qual-
ity as well as anisotropy of aquifers.

In this chapter, the application of the concept of trans-
verse resistance has been reviewed in the evaluation of
hydraulic parameters of aquifers having groundwater
with varying quality and anisotropy using field data of
Ganga—Yamuna Interfluve in North India. An attempt
has also been made for assessing the protective capacity
of the unconfined alluvial aquifer in Saharanpur town
from the “total longitudinal conductance” of the unsat-
urated overburden.

8.2 Theoretical Background

Geoelectrical methods can be used for the estimation of
aquifer properties, from field measurements of resistiv-
ity of aquifers. The geoelectrical methods are based on
the analogy between Darcy’s law and Ohm’s law relat-
ing hydraulic conductivity with electrical conductivity.
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FIGURE 8.1

Layered model showing transverse and longitudinal current flow.

In a clay-free porous formation, fully saturated with
water, the formation resistivity factor (F) is given as

F=p,/pw 8.1)

where p, is the resistivity of the water-saturated forma-
tion, and p,, is the resistivity of groundwater in the aquifer.

For a two-layer formation, having thicknesses of h,
and h, and the corresponding electrical resistivities p,
and p,, the average longitudinal resistivity (p;) and trans-
verse resistivity (p,) are given by the following equations:

(hy +hy)p; =hyp; +hyp, 8.2

and

(hi +hy)/pr=(hi/p1)+(ha/p2) 8.3)

Based on the above approach, Maillet (1947) introduced
the concept of transverse unit resistance (R) and longi-
tudinal unit conductance (S), which can be expressed as

S= Z;hi/f)i

R and S are also known as Dar Zarrouk variable and
Dar Zarrouk function, respectively. These parameters
play a significant role in the interpretation of resistivity-
sounding data.

Owing to electrical anisotropy (A=Vp,p,>1) in
electrical prospecting, a layer of thickness, h, average

(8.4)

8.5)

conductivity, 6, and anisotropy, A, will be found to be
exactly equivalent in its outside effects to an isotropic
layer of thickness, Ah, and conductivity, ¢; (Maillet,
1947).

Figure 8.1 shows the layered model, which assumes
horizontal groundwater flow with vertical electrical
flow in the transverse case and horizontal electrical flow
in the longitudinal case.

After generalization, Equations 8.2 and 8.3 can be
rewritten as

' hip;
Transverse resistivity (p;) = “——=——— (8.6)
Z i=1 hi
" hy
Longitudinal resistivity (p;) <= ——— (8.7)
hi/p;

i=1

8.3 Overview of Available Relations

Sri Niwas and Singhal (1981) proposed that Equations
84 and 8.5 offer the possibilities of estimating trans-
missivity and hydraulic conductivity from the values
of transverse resistance and longitudinal conductance,
once the nature of variation of products (K ¢) and K/c
is known. Three types of aquifer materials, namely,
gravel, coarse sand, and sand with clay, were considered
for discussion. It could be established that if the hydrau-
lic conductivity of these aquifer materials decreased,
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their electrical conductivity also increases in the same
order. This implied that an assumption could be made
that the product “Kc” remained unchanged in areas
with a similar geologic setting and water quality. Under
these conditions, the following equations were found to
be useful for calculating aquifer transmissivity (T) from
surface resistivity data (Sri Niwas and Singhal, 1981):

T=0oR (8.8

where o = Ko (a constant)

For incorporating the effects of variation in the quality
of groundwater, Equation 8.10 was modified by Singhal
and Sri Niwas (1983) as

K=o p’ (8.9)
where
o’ = (K 6”) = constant for an aquifer (8.10)
and
\_OPu ol P
o= or p =p|— 8.11
= [pwJ .11

Pw

where p,, is the average groundwater resistivity, ¢’ is the
modified aquifer conductivity, and p’ is the modified
aquifer resistivity. Arising from the above, the relation
between transmissivity (T) and hydraulic conductivity
(K) for varying groundwater quality will be

T = (Ko')R’ (8.12)

where R’ = modified transverse resistance = R [p,/ps]-

The value of Ko’ is area specific depending on the rock
type and water quality. It was estimated to be 0.5-1.15
for alluvial formations of the districts of Saharanpur,
Banda, and Varanasi in North India (Sri Niwas and
Singhal, 1985).

8.4 Effect of Anisotropy of Aquifers

The above approach was used for 23 sites in parts of
the Ganga-Yamuna Interfluve for anisotropic aquifers
in Saharanpur—Roorkee areas of North India (Figure
8.2). Initially, using the average value of aquifer water
resistivity (measured from collected groundwater sam-
ples), an average aquifer water resistivity (17.1 £2-m) and
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“modified transverse” resistance (R") have been calcu-
lated. Figure 8.3 shows a scatter plot of transmissivity
(T) and modified transverse resistance (R). The follow-
ing linear relationship is obtained with a correlation
coefficient of 0.92 (RMS error; 238.57):

T =0.1653 R"+209.08 (8.13)

However, when the transmissivity values are sorted
and plotted separately on the basis of hydraulic units
1 and 2 (of the above interfluve), which are composed
of relatively more clayey aquifer in the first unit (hav-
ing Yamuna deposition) as compared to the relatively
clay-free second unit (having Ganga deposition), the
plot (Figure 8.3) showed two parallel lines with lesser
scatter. Yet, it is worth noticing here that the slopes of
the lines are approximately the same with a lateral shift
that increases with anisotropy. The linear relationship
for the more clayey hydraulic unit-1 (Yamuna deposi-
tion) took the following form (Sinha et al., 2009):

T=0.159 R"+402.05 (8.14)

And for the clay-free hydraulic unit-2 (Ganga deposi-
tion), the relationship was found as

T=0.1682 R"-18.716 (8.15)

Equations 8.13 through 8.15 were used to compute
transmissivity and were compared with the observed
data in Table 8.1. It was revealed that the values com-
puted from Equations 8.14 and 8.15 for separate hydrau-
lic units (1 and 2) were generally closer to measured
values in comparison to those computed from Equation
8.13 for the two units taken together. This reflects the
effect of increased anisotropy of the sediments on the
transmissivities.

In the case of anisotropic aquifers, if the aquifer is
clayey and is underlain by a conducting matrix, the
dominant current flow is vertical and there is a com-
ponent of electrical current flow in the lateral direction
as well (Sri Niwas and Lima, 2003). However, if in such
an aquifer some dispersed clay is present along with
the sand, the horizontal component of current may be
significant due to the presence of the conducting clay.
Kelly and Reiter (1984) proposed a three-parameter
model of the following form for aquifers having con-
stant anisotropy:

K=AB"p" (8.16)

where B (= K,/K)) is the hydraulic anisotropy with K,
and K;, being the vertical and horizontal hydraulic con-
ductivities, respectively. The exponent n varies with
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FIGURE 8.2

Location map of Ganga—Yamuna Interfluve.

anisotropy in Equation 8.16 whereas coefficient A and
exponent m can be empirically derived from the follow-
ing relationship (Mazac and Landa, 1979) between for-

The values of the coefficient (A) and the exponent (m)
mation factor (FF) and hydraulic conductivity (K):

in Equation 8.17 were found to be 4.81 and 0.84, respec-

tively, for the Ganga—Yamuna Interfluve. Thus, Equation
8.17 can be written as

K= AFF™ (8.17)

K = 4.81(FF)" 818)
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Transmissivity (m?/day) plotted against modified transverse resis-
tance (ohm-m?) for different hydraulic units. The solid line in the
middle represents the linear relationship when both hydraulic units
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Hydraulic conductivity (m/day) plotted against FF for Ganga-—
Yamuna Interfluve. (Adapted from Sinha, R., M. Israil, and D.C.
Singhal. 2009. Hydrogeology Journal, 17: 495-503.)

The plot of the empirical relationship (Equation 8.18)
is shown in Figure 8.4 for the field data from the Ganga-
Yamuna Interfluve. The analysis is restricted to uncon-
solidated sediments where aquifers are anisotropic due
to layering of fine and coarse sediments with dispersed
clay.

The relationship is likely to be further influenced by
the longitudinal resistivity if the aquifer is underlain

2, respectively. (Adapted from Sinha, R., M. Israil, and D.C. Singhal.
2009. Hydrogeology Journal, 17: 495-503.)

TABLE 8.1

Observed and Computed Transmissivity Values for 