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Abstract

Throughout history, and throughout the world, groundwater has been a major
source of water for sustaining human life. Use of this resource has increased
dramatically over the last century. In many areas of the world, the balance
between human and ecosystem needs is difficult to maintain. Understanding
the international scale of the groundwater issue requires metrics and analysis at a
commensurate scale. Advances in remote sensing supplement older traditional
direct measurement methods for understanding the magnitude of depletion, and
all measurements motivate the need for common data standards to collect and
share information. In addition to metrics of groundwater availability, four key
international groundwater issues are depletion of water, degradation of water
quality, the water-energy nexus, and transboundary water conflicts. This chapter
is devoted to introducing these issues, which are also discussed in more detail in
later chapters.

2.1 Introduction

Throughout history, groundwater has been a major source of water for sustaining
human life. Because it is buffered from short-term variability in weather patterns,
groundwater has often been considered a stable and reliable resource. With the
advent of efficient pumps and rural electrification, global groundwater extraction
increased from 312 km’/year in the 1960s to 743 km’/year in 2000 (Wada
et al. 2010); approximately 70 % of this extraction is used for agriculture. About
half of domestic human water consumption in urban areas is from groundwater
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(Giordano 2009). With increased water use comes a related possibility of local,
regional, and international conflict over groundwater resources.

Groundwater, surface water, humans, and ecosystems are all interconnected in
ways that necessitate an integrated approach to management. To manage in this
way requires an understanding not only of the component aspects of the problem
but also of the components’ interconnections. See Chap. 1 for a comprehensive list
and description of the dimensions of an integrated approach. Determining the scope
of these issues, a first dimension, is challenging on a global scale, primarily because
groundwater systems themselves are not all connected, and each system has its own
characteristics; thus, any measurements of a specific system reflect specific local
conditions, making extrapolation from data-rich to data-poor regions problematic.
In contrast to measurements of streams which can integrate information over an
entire watershed, point measurements of groundwater conditions commonly reflect
a smaller land area, requiring more measurements to evaluate a comparable region.
Remote sensing techniques such as the Gravity Recovery and Climate Experiment
(GRACE) satellite provide information over larger areas, but they also require site-
specific calibration information and are more accurate for determining changes than
for assessing conditions at a certain time. A realistic picture of global conditions,
then, must be based on aggregation of data from a variety of widely distributed
organizations, many of them local in focus. These data must also be used with
modeling techniques to obtain estimates of groundwater conditions.

Once information from observations and models is assembled, metrics that allow
comparison among regions can be developed to guide management. These metrics are
typically based on water balance computations, which in turn are based on estimates
of human extraction and returns, removal from storage, water required for ecosystem
services, and natural replenishment. The management challenge then becomes
making the difficult choices regarding the level of sustainability required, because
the relationship of humans to groundwater resources differs from place to place.

Four key international groundwater issues are depletion of water, degradation of
water quality (see also the devoted coverage in Chap. 15), the water-energy nexus
(Chap. 4), and transboundary water conflicts (Chap. 6). In the context of these
issues, technical challenges abound in attempting to understand and quantify
current impacts and resources, even more so in attempting to plot a way forward.
Yet, some advances in understanding are being made, and common threads of
challenges related to scale, governance, and the need for integrated data also
provide opportunities to impact multiple issues with each advance.

Depletion is a major groundwater issue, but the definition of depletion is not
completely obvious and has changed over time. Dating back to 1915, concepts of
safe yield in relation to groundwater were proposed. Originally, a balance was
sought between groundwater extraction and replenishment by recharge such that
extraction could continue in equilibrium. This early definition did not incorporate
transient conditions, nor did it consider ecosystem impacts (as covered in Sect. 2.3,
Chaps. 12 and 13). The concept of depletion has since evolved into one that
acknowledges sustainability and integrated water management, but a true account-
ing of depletion also must embrace socioeconomic considerations (as covered in



2 The International Scale of the Groundwater Issue 23

Sect. 2.4, and Chaps. 20 and 21). Depletion is still typically measured by decreases
in groundwater levels and decreases in baseflow or levels in connected surface
water bodies and degradation in water quality.

Degradation of water quality falls into two broad categories (Chap. 14): that due
to natural conditions and that due to anthropogenic causes. Both forms of degrada-
tion can result from human extraction of groundwater. Extraction or changes to
recharge can alter groundwater flow directions or expose aquifer material to air,
allowing for previously clean water to encounter natural contaminants such as
radium, salt, arsenic, and fluoride and resulting in poor water quality and associated
health impacts. On the other hand, chemical and biological contaminants emanating
from industry and agriculture also cause water quality degradation.

As expounded in Chap. 4, the water-energy nexus is an integrative issue with
feedbacks among water extraction, water quality, and energy production/consump-
tion. Declining water levels due to extensive extraction lead to increased lift
required by pumps, thereby increasing the amount of energy required for irrigation
and domestic use. Exploration for new energy sources—for example, shale gas—
also has the potential to create groundwater contamination from various activities
associated with its production, such as during hydraulic fracturing and deep dis-
posal of drilling fluids.

Transboundary aquifers (Chap. 6) have often been cited as potential hotspots of
global conflict. Many aquifers are bounded by the borders of a single country so,
whereas internal conflicts arise and can be substantial, they are less likely to be
violent than conflicts between nations. Exceptions include the Nubian Aquifer in
North Africa and aquifers in the Israel/Palestine region. Conflicts less intense than
war nonetheless occur within nations at scales ranging from individual ranches to
larger regions. Dire predictions of wars over groundwater resources have been
made for many years, and although some violence has occurred, extraordinary
cooperation has sometimes been motivated by mutual need for groundwater
resources. Uncertainties related to groundwater resources—in contrast with surface
water systems—may increase the likelihood of future conflicts.

In this chapter, we explore each of these integrated issues more deeply. We also
discuss technologies and techniques for better understanding them. The goal is to
highlight the need for integrated management and to set a conceptual framework for
the discussion and potential solutions described in more detail throughout the book.

2.2 The Concept of Groundwater Depletion

When evaluating the international scale of the groundwater issue, it is important to
establish what makes groundwater an issue in the first place. Understanding
concepts of sustainability, safe yield, and depletion are central to this. These
concepts guide definitions of where groundwater stresses are important.

A parallel evolution in thinking has occurred in the last 100 years regarding
(1) the connections between surface water and groundwater and (2) the importance
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of water provided to ecosystems. Despite previous misconceptions of “safe yield”
(for example, using calculations of recharge as a basis for allotting an amount of
water that can be “safely” extracted from a groundwater basin), it has become more
widely accepted that discharge to streams, springs, etc., is often the limiting water
balance element. With regard to ecosystem services, the concept of “safe yield” has
evolved to “‘sustainability,” augmenting consideration of undesirable economic
impacts of depletion with the maintenance of discharge flows at levels that support
ecosystem dependence on surface water and groundwater from aquifers.

As early as 1915, the term “safe yield” (Lee 1915) of a groundwater basin was
used to define “the net annual supply which may be developed by pumping and
Artesian flow without persistent lowering of the ground-water plane.” Subsequent
work (Todd 1959) made a more general definition as “the amount of water which
can be withdrawn from it annually without producing an undesired result.” Two
important aspects of this definition warrant further scrutiny.

First, the specific source of water needs to be understood to evaluate whether
withdrawals are balanced with sources. In Lee’s original definition, the entire water
balance was considered, and it was acknowledged that often the source of water to
pumping wells is the interception of discharge to surface water bodies rather than
the collection of recharge. The early workers (Lee 1915) stated that “It is obvious
that water permanently extracted from an underground reservoir, by wells or other
means, reduces by an equal quantity the volume of water passing from the basin by
way of natural channels.” Work by Theis (1940) and others also highlighted the
importance of intercepted discharge to surface water or evapotranspiration as more
significant than collection of recharge. However, over time, the importance of
intercepted discharge was neglected and focus on balancing recharge with pumping
became a popular definition of safe yield—including codification in legislation in
some parts of the United States (Sophocleous 1997). This oversimplified concept
has been called the “water budget myth” (Bredehoeft et al. 1982; Bredehoeft 1997,
Sophocleous 1997).

Conservation of mass is a tenet of science, formally dating back to 1748 (Hockey
et al. 2007), so the establishment of water budgets is a natural approach to assessing
groundwater availability. Simply by accounting for inputs (through recharge and
regional flow) and outputs (natural discharge to surface water, evapotranspiration,
and anthropogenic extraction) and the change in storage, the amount of available
groundwater can be established. Prior to pumping, the groundwater system is
typically in dynamic equilibrium, with storage being constant and the sum of all
inputs equal to the sum of all outputs. If a new stress acts on the system, either
recharge must increase, discharge must decrease, or water must be removed from
storage. It is uncommon for pumping to be accompanied by an increase in recharge
from precipitation, so the change must result from some combination of a decrease
in discharge or removal of water from storage. As water is removed from storage,
the groundwater surface—the water table in unconfined aquifers or the potentio-
metric surface in confined aquifers—drops, which can increase the cost and diffi-
culty of removing water through pumping. Through a dropping water surface,
directly intercepted discharge, or a combination of those two effects, streams and
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springs can be reduced in flow or completely dried up. Removal of water from
storage is referred to as “mining” or “overdraft,” and some water is always mined
before a new equilibrium is achieved after the addition of a stress such as human
extraction through wells (Theis 1940). In the extreme, if all water is removed from
storage, a groundwater basin could be, for practical purposes, depleted. A challenge
for integrated groundwater management is to understand the sources of water where
extraction is planned and to appropriately account for the deficiencies caused by
extraction.

Second, in the 100 years since Lee’s work, the concept of what is an undesired
result has evolved significantly. Meinzer (1923), in the decade following Lee’s
work, in fact did not indicate specific undesired results, but rather defined safe yield
as “...the rate at which water can be withdrawn from an aquifer for human use
without depleting the supply to such an extent that withdrawal at this rate is no
longer economically feasible.” At that time, as noted by Reilly and coworkers
(Reilly et al. 2008), indoor plumbing was not widespread in the United States and
the population was dispersed. It was natural, then, that the feasibility of future
human consumption would guide concepts of preserving future use. Another
widespread attitude of those times was that water flowing to springs or lost to
evapotranspiration was “wasted” (Lee 1915). More recently, ecosystem health has
been recognized as an important consideration for current and future use, and the
dialogue has shifted from a concept of “safe yield” to one of “sustainability” (Alley
and Leake 2004). Sustainable development was coined as part of the development
that ““. . .meets the needs of the present without compromising the ability of future
generations to meet their own needs” (World Commission on Environment and
Development 1987). This broad definition is meant to encompass not only the
economic needs of future generations but also the health of the ecosystems they
depend upon. When viewed in this framework, groundwater use must be balanced
not only with the ability of an aquifer to continue supplying water to wells for
human consumption but also with the capacity to maintain discharge to surface
water, phreatophytic vegetation, and other habitats that make up the ecosystems
surrounding and connected to the groundwater system.

It is clear that managing groundwater in a way that does not deplete the source of
water or displace water from al/l dependent ecosystems—including humans—is a
technical challenge. Some impact is inherent in the disruption of natural equili-
brium through human activity—the challenge is to establish an agreed-upon accept-
able level of disruption. Pierce et al. (2012) propose a continuum approach that
balances socioeconomic, ecosystem, and sustainability constraints. Recently,
Werner et al. (2013b) evaluated and ranked occurrences of mega storage depletion
worldwide in terms of physical processes and the importance of the resource. Such
nuances in definition and approach can pose challenges in coming to agreement
among stakeholders (Llamas 2004), but the result of concurring on a definition and
approach is much better management of the resource, tailored to the specific
environmental and socioeconomic needs of a specific area. Giordano (2009)
highlights this complexity noting that groundwater mining in Libya and
Saudi Arabia, although unsustainable by most strict definitions, may provide
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socioeconomic benefit with little or no ecological impact that outweighs the
downside of acknowledged depletion that is taking place.

By taking into account water quality, aquifer salinization (Chap. 16), risk of sea
water intrusion, and subsidence issues, Konikow and Kendy (2005) described
depletion as a physical process that renders reduction in the total or usable volume
of the resource. Thus, depletion leads to consequences realized or perceived to be
negative for the current and future use of the resource. Consequences of depletions
such as salinization can be substantial, because it commonly is very time and
resource expensive to bring a degraded aquifer back to its natural state. Further,
some impacts—such as subsidence—can be irreversible (Zektser et al. 2005).

Today’s nuanced understanding of differences in source from recharge, dis-
charge, and storage is generally well documented and supported in the scientific
literature. Yet, the water budget myth persists where science meets policy because
it is much simpler to use a single metric—*recharge”—to regulate how much water
may be extracted from an aquifer without undesired consequences without regard to
the importance of timescale (Harou and Lund 2008). Many of the metrics available
to document depletion must pass over these nuances to apply at a large scale and
still rely on balancing recharge with human extraction—including metrics referred
to in this chapter. Although the concept of sustainability has made its way into the
dialogue through acknowledgement that ecological flows should be maintained, the
recommended solution still often seems to be regulating pumping rates at less than
or equal to recharge rates (ASCE 2004; Beck 2000).

2.3  Groundwater Depletion Globally

Groundwater demands for consumptive and environmental uses are expected to
grow, while supplies will remain constrained by unsustainable use of the aquifers.
In the last five decades, economic gains from groundwater use have been substan-
tial, but they have been realized at high social and environmental costs (Custodio
2002; Birol et al. 2010). Groundwater levels in many places have already dropped
and are further dropping in response to excessive extraction. Adverse effects of
overdraft have been observed in many places in the forms of reduced flows in
streams and wetlands, stream-aquifer disconnection, water quality degradation
through intrusion of saline or poor-quality surface or groundwater, reduced avail-
ability of groundwater for consumptive uses, land and aquifer subsidence, and
increased costs of pumping. Recent studies have also quantified the contribution
of groundwater depletion to sea level rise, accounting for as much as 13 % in
recent years (Konikow 2011; Wada et al. 2012)

2.3.1 Global Estimates of Groundwater Extraction

Giordano (2009) reported global groundwater extraction in excess of 650 km®
per year (Fig. 2.1), with India, the United States, China, Pakistan, Iran, Mexico,
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Fig. 2.1 Groundwater use by country, in cubic kilometers per year (Adapted from Giordano
(2009))

and Saudi Arabia collectively accounting for 75 % of the global annual water
extraction.

The GRACE analysis reports an approximate doubling of global groundwater
extraction between 1960 and 2000. From 1960 to 2000, global groundwater annual
extraction increased from 312 km? in 1960 to 734 km® in 2000. Major hot spots of
depletion were observed in arid and semiarid parts of the world, mainly resulting
from high population density, heavy reliance on groundwater, little and highly
variable rainfall that generates quick runoff, and low rates of natural recharge.
For subhumid and arid parts of the world Wada et al. (2010), prepared a global map
of groundwater depletion by calculating the difference between global groundwater
recharge and groundwater extraction for the year 2000. Hot spots of groundwater
depletion were reported in the northwest of India, northeast of China, northeast of
Pakistan, and in the High Plains and California Central Valley aquifers in the
United States. Other countries where depletion was significant included parts of
Iran, central Yemen, and southern Spain. The total global groundwater depletion in
those areas was reported as 283 (+40) km® per year (Wada et al. 2010). Using an
index based approach, Werner et al. (2013b) reported mega storage depletion cases
around the world from more than 50 published sources. The largest depletion
indices were reported for China, Spain, and the United States.

2.3.2 Global Depletion Examples

Depletion is typically measured by decreases in groundwater levels and decreases
in baseflow in surface water bodies that are connected to aquifers. Regions where
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depletion has been significant as quantified through the best available scientific
information include south and central parts of Asia, north China, the Middle East
and North Africa, North America, parts of Australia, and many localized areas in
southern Europe. In the United States, about 700-800 km? of groundwater has been
depleted from aquifers in the last 100 years (Konikow and Kendy 2005). In the
Fuyang River Basin in the North China Plain, the water surface has dropped from
8 to 50 m during 1967-2000 (Shah et al. 2000). In India, consumptive uses are
depleting the groundwater reserves of Rajasthan, Punjab, and Haryana at a rate of or
17.7+4.5 km?/year. Similarly, a volume of 143.6 km® of groundwater was
depleted during the period 2003 and 2009 in the in the north-central Middle East,
including portions of the Tigris and Euphrates River Basins and western Iran
(Voss et al. 2013).

Next we provide an overview of the major depletion examples; the cases
discussed are representative and not an exhaustive inventory of the global depletion
cases. More details of the global depletion cases can found in Konikow (2011),
Morris et al. (2003), Wada et al. (2010) and Werner et al. (2013b).

2.3.2.1 High Plains Aquifer, United States

In the United States, 60 % of irrigation relies on groundwater. The High Plains
(HP) aquifer is one of the largest freshwater groundwater systems in the world,
covering eight states and encompassing over 450,000 km? in area. The HP aquifer is
the most intensively used aquifer in the United States, responsible for nearly
one-third of the total groundwater extraction, and it provides drinking water to
nearly 2.3 million people residing within in the boundaries and vicinity of the
aquifer system (Dennehy et al. 2002). Groundwater is considered as the major
economic driver for the HP region, known as the “breadbasket of the United States”
and annually contributing US $35 billion of the US $300 billion in national total
agricultural production in 2007 (Scanlon et al. 2012a).

On the basis of groundwater monitoring data from 1950 to 2007 from 3600
wells, Scanlon et al. (2012a) estimated that 330 km® of groundwater was depleted
from the HP aquifers. This storage decline in the HP aquifer accounts for nearly
36 % of the total groundwater depleted in the United States during 1900-2008
(Scanlon et al. 2012b). If the depletion were assumed to be uniform throughout the
HP aquifer, the corresponding drop in water surface over the entire HP region
would be 4 m.

The effects of depletion in terms of water surface decline are highly variable
spatially. For example, recent groundwater monitoring from GRACE, (Scanlon
et al. 2012d) indicates almost negligible depletion and water surface decline in the
northern HP (Nebraska, 0.3 m), concurrent with much greater decline in the water
surface in the central HP (Kansas, 7 m) and the southern HP (Texas, 11 m). In
localized pockets of the southern HP and large areas of Kansas and Texas, a decline
of more than 30 m was observed over 17,000 kmz, where the ratio of the rates of
extraction to natural recharge was found to be 10 and greater. Large variation in the
depletion is primarily due to a decrease in natural recharge from north to south but
partially due to the amount of water pumped from the aquifer. A common view of
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the HP aquifer is that it contains old water that has been mined and depleted
continuously since 1950s. Groundwater age dating indicates that some of the fossil
water in the central and south HP aquifer was recharged as long ago as 13,000 years.
Policy implemented to control groundwater use in the HP is described in Chap. 21.

2.3.2.2 Northwestern India

India has become the largest consumer of groundwater at the global scale with an
estimated total annual consumption of 230 km® per year, or about one-fourth of the
total global groundwater extraction annually. The annual replenishable ground-
water resources of India are estimated as 433 km®, with net availability of 399 km®
(Chatterjee and Purohit 2009). India’s apparent groundwater surplus can be
misleading because of large variation across regions in terms of groundwater
availability and extraction, as well as natural recharge. This imbalance of pumping
and natural recharge has placed several aquifers in a state of overexploitation and
many under semicritical and critical categories (Rodell et al. 2009).

In comparison to the only 20 million ha of land irrigated with surface storage, the
irrigated area fed by groundwater now exceeds 45 million ha. Production returns
from groundwater irrigation are almost twice those of surface water irrigation
because of high reliability and cheaper access. About 70 % of India’s agricultural
production is generated through use of groundwater (Fishman et al. 2011).
The economic value of groundwater irrigation in India in 2002 was estimated at
US $8 billion per year (World Bank 2010). Groundwater is a primary source of
drinking water supplies for rural villages and a growing number of urban areas.
A major portion (85 %) of rural drinking water supply comes from groundwater.

The exploitation of groundwater in many states of India has expanded over the
last five decades through installation of millions of irrigation wells (Shah 2009).
And the scale of resource exploitation has accelerated in the last two decades. The
number of tubewells was less than a million in 1980, jumped to 8 million in the
mid-1990s, and exceeded 15 million by 2010 (Shah et al. 2012). In addition to
cheaper pumps and low well installation costs, electric power subsidies to farms
have played a pivotal role in the phenomenal growth of tubewells and overexploit-
ation of groundwater in 16 major states of India. The flat power tariff reduced the
marginal cost of pumping groundwater to near zero (Shah et al. 2012).

Because of the heavy reliance on groundwater for consumptive uses in India, the
resource is now approaching its critical limit in some states. The national ground-
water assessment in 2004 indicated one-third of India’s aquifers fall in the
overexploited, semicritical, or critical categories (Rodell et al. 2009). An increasing
number of aquifers in northwestern India have reached unsustainable levels of
exploitation. In the northern state of Punjab, groundwater in 75 % of the aquifers
is overdrawn; in the western Rajasthan state, the corresponding fraction is 60 %
(Rodell et al. 2009; World Bank 2010). The potential social and economic conse-
quences of groundwater depletion are serious because aquifer depletion is concen-
trated in densely populated and economically productive areas. The implications
can be serious for achieving food security and sustaining economic growth and
environmental quality.
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2.3.2.3 Northeastern China

In China, significant shifts toward groundwater dependency have occurred over the
last 50 years (see Chap. 19 for a comprehensive overview of Integrated Ground-
water Management in China). The installation and use of tubewells across China
has increased dramatically, from 150,000 in 1965 in all of China to 4.7 million by
the end of 2003 (Wang et al. 2007). In many parts of the country, groundwater
levels have been falling at astonishing rates, often more than one to tens of meters
per year. Overdraft occurs in more than 164 locations across 24 of China’s
31 provinces, affecting more than 180,000 km?* (Werner et al. 2013b).

Aquifers of the North China Plain (NCP) play a central role in China’s food
production. The region supplies nearly half of China’s wheat and one-third of other
cereal grains. The NCP covers 320,000 km? and is home to more than 200 million
people. In the NCP, groundwater overexploitation for agricultural, industrial, and
urban uses began in the early 1970s and became a serious problem after the 1980s
with more intensive groundwater extraction. The negative impacts of overexploit-
ation became evident during the 1990s in many parts of the NCP with rapid declines
in water levels in both unconfined and confined aquifers. Cones of depression in the
potentiometric surface have developed and expanded, with decreases in storage
causing subsidence and water quality degradation associated with water surface
declines. Groundwater depletion has led to seawater intrusion into the freshwater
aquifer system; for example, in the coastal plain of Laizhou city, lateral sea water
intrusion into the fresh aquifer system has increased from 50 m per year in 1976 to
more than 404.5 m per year in 1988 (Changming et al. 2001). Groundwater
depletion has salinized 44 % of the total area between the coastal plain and the
city. The Chinese government has implemented a series of water-saving initiatives
such as water efficiency in irrigation techniques, water pricing and groundwater
licensing, and similar measures. However, the lack of information on volumetric
groundwater extraction and limited groundwater monitoring networks make
groundwater management challenging.

2.3.2.4 Middle East and North Africa (MENA)

From the standpoint of declining water availability, the Middle East and North
Africa (MENA) region is considered by many to be the most water-scarce region of
the world. The MENA countries possess annual renewable water resources of
1274 m® per capita—the lowest in the world—making the region the most water
stressed globally by this metric. MENA is home to about 6 % of the world’s popu-
lation, consisting of 22 countries with 381 million people. And the population is
projected to reach nearly 700 million by 2050 (Droogers et al. 2012). Population
densities in MENA are largest where irrigation systems are present, including the
Nile Delta in Egypt, the central part of Iraq, and Iran (Abu Zeid 2006).

Countries and small territories in the MENA region such as Bahrain, the Gaza
Strip, Kuwait, Libya, Oman, Qatar, Saudi Arabia, the United Arab Emirates (UAE),
and Yemen have few renewable water resources and heavily rely on groundwater
and desalination for most of their supply. The region has some 2800 desalination
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plants that produce about 10 km?® of freshwater annually, representing about 38 %
of global desalination capacity.

Other countries in MENA such as Egypt, Iraq, Iran, Jordan, Lebanon, the West
Bank, Sudan, and Syria get much of their water from river systems but at the same
time depend on groundwater for supplemental use. Aquifers in MENA contain both
renewable and fossil water. Many countries in the region are depleting groundwater
at a rate that exceeds recharge. For example, the ratio of annual groundwater
extraction to the estimated recharge exceeds 3.5 in Egypt, is about 8 in Libya,
and is 9.54 in Saudi Arabia (Michel et al. 2012). GRACE data (Voss et al. 2013)
show that a volume of 143.6 km® of groundwater was depleted during the period
2003-2009 in the north-central Middle East, including portions of the Tigris and
Euphrates River Basins and western Iran.

In Chap. 24 of this book, the scale of the groundwater-dependent economy in
Algeria, Morocco, and Tunisia is discussed. These three countries in North Africa
have a high reliance on groundwater for irrigated agriculture, with more than 1.75
million ha of farmland and probably more than 500,000 farm holdings. Algeria’s
88 %, Tunisia’s 64 %, and Morocco’s 42 % of irrigated land rely on groundwater
resources. The official figures reported in Chap. 24 indicate that more than half the
aquifers in Algeria and Morocco and about one-quarter of the aquifers in Tunisia
are overexploited.

2.3.2.5 Australia

Groundwater resources are of great socioeconomic and environmental significance
for Australia. The Great Artesian Basin (GAB) is the largest groundwater aquifer
system in Australia and underlies 22 % of the Australian continent. The GAB
includes considerable areas of the states of Queensland, New South Wales, the
Northern Territory, and South Australia. Limited available information on the
potential of the GAB resource indicates that nearly 60,000 km> of water is
contained in the GAB. Groundwater in Australia is pumped mainly from uncon-
fined aquifers, and there is increasing concern regarding the potential impact of
groundwater depletion on the sustainability of the resource.

Because of limited and highly variable surface water availability, groundwater
use for irrigation has substantially increased in Australia. From the National Land
and Water Resources Audit (2001), Khan (2008) reported a 90 % increase in
groundwater use across Australia between 1985 and 2000. At present, the volumes
of water pumped from aquifers are much greater than natural recharge (Nevill
2009). In many parts of Australia, overdraft from the aquifers is resulting in falling
groundwater levels in the shallow unconfined systems and decreasing groundwater
pressures in the deep confined and semiconfined systems (MDBA 2012). Many
aquifers in the Murray Darling Basin in particular are showing negative socio-
economic and environmental effects as a result of overdraft from aquifers. In many
coastal aquifers, saline seawater has intruded to the fresh groundwater aquifers;
thus, degradation of groundwater quality is further undermining use of the already
scarce resource. A detailed account of saltwater intrusion in Australia and else-
where is provided in Chap. 16.
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2.3.2.6 Techniques for Assessing Groundwater Depletion

Data assimilation of water level fluctuation is the most direct and simplest method
to estimate the volume of water depleted from an aquifer. The technique integrates
head changes over the aquifer area and multiplies the obtained area by a represen-
tative aquifer storage factor to yield an estimate of storage depletion. Major
challenges confronted by this simple technique are to establish large-scale moni-
toring networks and to collect water level data over large areas at regular time
intervals. Maintaining a large-scale groundwater data base and keeping the data
updated are costly and complex tasks. Community data integration—such as the
Incorporated Research Institutions for Seismology (IRIS 2013)—combines
centralized data serving with common data standards. Although Aquastat (FAO
2013) is an example of serving water information internationally, it does not
include seamless data integration as does IRIS and has limited data on the spatial
distribution of groundwater storage and water levels. Particularly in developing
countries, advances in data integration will enable managers and researchers to
work with more complete information to assess and manage groundwater resources.
See Chap. 27 which is devoted to advances in integrated data management.

Even with the great advances in other techniques discussed in the following
paragraphs, personal communication with various governmental agencies and
ministries remains the most robust and definitive method of assessing groundwater
levels and, thus, depletion. Efforts at personal communication can run up against
cultural and language barriers—including the desire of some governments to treat
water data as strategic and secret (Voss et al. 2013)—and can be very tedious and
time consuming. Without organizing community efforts and common data
standards, compiling data on the regional scale often requires many late-night
phone calls and individual persistence (Fan Y (2013), Personal Communication).
Such long-term individual effort can lead to a snapshot in time on conditions at the
continental scale (Gleeson et al. 2011) and the global scale (Fan et al. 2013); but
without a time series, depletion values cannot be easily obtained. This challenge is
less acute for aquifers that fall under a single government’s management authority
but is exacerbated in transboundary aquifers.

In the United States and Canada, efforts have been made to adopt the Ground-
water Markup Language (GWML, (Boisvert and Brodaric 2011)) to unify data
among agencies and organizations within both countries. The First Groundwater
Interoperability Experiment (Open Geospatial Consortium Inc. 2011) worked
toward harmonizing groundwater data across the border between the two nations.
In the Second Groundwater Interoperability Experiment (Open Geospatial Consor-
tium Inc. 2013), Australia and Europe are joining the effort. This progress
represents steps down a path toward consolidating data and enabling evaluation
of conditions on a global scale, but large gaps of information still remain for many
areas (Fan et al. 2013).

Even though direct regional groundwater depletion estimates can be integrated
to provide global depletion estimates, groundwater data collection and data inter-
pretation are subject to a high level of inconsistencies across countries and regions.
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When groundwater data are of questionable quality, information generated through
such data tends to be less reliable. This is why the magnitude of depletion is
imperfectly assessed and poorly documented at the global scale (Giordano 2009).
The water balance approach uses a number of scientific methods to estimate and
account for various types of recharge and discharge processes to estimate ground-
water storage differences and depletion over specific periods. Numerical simulation
models based on water balance calculations have been helpful to estimate net
groundwater removed from an aquifer. But the accuracy of the model to predict
depletion depends on the quality of hydrogeological data provided as input to the
model. Recent advances in the development of three-dimensional hydrogeological
models have made it possible to provide better representation of the aquifers,
underlying geological formations, and the processes that link the groundwater
system both to surface water in general and ecological processes specifically.
Examples include HydroGeoSphere (Therrien et al. 2012), GSFLOW (Markstrom
et al. 2008), and MIKE SHE (DHI Software 2012). Three-dimensional modeling
enables more detailed estimates of depletion and impact on surface water, but it
remains limited by the data. At the continental and global scales, models of
recharge processes and groundwater flow are typically data-driven, with relatively
simple treatment of the physics integrated over coarse grids (Cao et al. 2013; Fan
et al. 2013; Scanlon et al. 2006; Wood et al. 2011).

In practice, direct measurement of groundwater depletion at the global scale is
imperfect. The imperfections arise because of insufficient groundwater monitoring
data networks and inconsistent data collection and reporting standards. Another
challenge arises when the depletion process is viewed from multiple dimensions,
leading to different definitions of the depletion process and its estimation. Recently,
satellite-based GRACE has been able to more confidently measure the changes in
groundwater storage over large regions. GRACE measurements are made by
measurement of the Earth’s gravity, detected from the distance between two
coordinated satellites that are generally separated by about 220 km (Tapley
et al. 2004). Small changes in gravity on short timescales are generally a function
of changes in water storage (underground, on the surface, and in the atmosphere), so
quantification of gravity changes can be converted to estimates of water storage
changes (Ramillien et al. 2008). Parsing of water content among groundwater,
snow, the atmosphere, and surface water requires some processing that differs for
various locations and scales (Scanlon et al. 2012c; Longuevergne et al. 2010).
Although not a replacement for direct measurement of groundwater storage,
GRACE observations have the potential to extend estimates of storage over time,
although only back as far as the 2002 launch of the GRACE satellites. Rates of
storage depletion in important groundwater-stressed regions have been made using
GRACE, including the High Plains of the United States (Scanlon et al. 2012a),
India (Rodell et al. 2009), and the Tigris, Euphrates, western Iran region in MENA
(Voss et al. 2013).
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24 Contamination of Groundwater

Water in nature, on the surface or underground, is never free from impurities and
typically contains many dissolved and suspended constituents (salts, other in-
organic and organic chemicals, sediments, and microorganisms). Contamination
of a water body or an aquifer occurs when the concentration of one or more
substances increase to a level such that the resulting water quality undermines the
use of resource and, in some instances, becomes a hazard to the environment and a
risk to human, animal, or plant life (Morris et al. 2003). The principal causes of
groundwater contamination due to human activity can be classed as agricultural,
industrial, and urban (Foster et al. 2002). Human activity can add salts, chemicals,
and microorganisms (pathogens) that affect quality of groundwater.

This section provides an overview of major issues and concerns related to
contamination of groundwater. See Chaps. 15 and 16 for a more detailed discussed
of water quality.

Here, the significance of the widespread groundwater contamination problem is
highlighted with relevant examples. Three groundwater contamination examples
and their effects are summarily discussed: (i) land and aquifer salinization,
(i1) contamination due to chemicals, and (iii) contamination due to microorganisms.

2.4.1 Land and Aquifer Salinization

Salinization of land and water is a widespread phenomenon that is an issue in more
than 100 countries, including China, India, and the United States. Current global
estimates indicate that over 1 billion ha are affected by various degrees of soil
salinization (Shahid 2013). Globally 45 million ha (18 %) of the total 230 million ha
of irrigated land are negatively affected by irrigation-related salinity (Ghassemi
et al. 1995), which can result from a high water table, poor drainage conditions, and
use of saline-brackish water for irrigation with insufficient drainage.

The Indus Basin of Pakistan is an example of a region severely affected by land
and aquifer salinization problems that resulted from continuous irrigation without
sufficient drainage. It is estimated that out of the total 16.3 million ha of irrigated
land in Pakistan, about 6.2 million ha (38 %) have become waterlogged, with
water table levels of <1.5 m below the surface; additionally, 2.3 million ha
(14 %) have become saline, with soil ECe (soil saturated extract) >4 dS/m
(Kahlown and Azam 2002).

Detail beyond the following overview of land and aquifer salinization process is
given in Chap. 16.

2.4.1.1 Land Salinization

Salinization is a characteristic of soil and water which relates to their water-soluble
salt content. Such salts predominantly include sodium chloride, but sulfates,
carbonates, and magnesium may also be present. A saline soil is one which contains
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sufficient soluble salts to adversely affect plant growth and crop production.
Waterlogging and salinity have been persistent problems in many irrigation regions
of the world. Irrigation water normally contains salts in the range of 300-500 mg/1
(IWMI 2007). A simple calculation shows that, in the absence of effective leaching,
an annual irrigation of 1000 mm with good quality irrigation water and with salt
content as low as 300 mg/l adds 300 kg of salts per hectare of irrigated land in a
single year. Rainwater, which is considered a source of pure water, can also become
a source of salt addition to aquifers and land. Raindrops, during their brief residence
in the atmosphere, dissolve carbon dioxide to form a weak carbonic acid. During
infiltration, the weak carbonic acid reacts with minerals and rocks in the soil to
dissolve them more readily to become a source of salt in aquifers (Hillel 2000).
Changes in properties of soil and water lead to the development of an environment
which deteriorates soil and water quality.

Waterlogging, another major problem in irrigated land, is the saturation of soil
particles with water that results from the rising of the water table due to over-
irrigation, seepage, or inadequate drainage. Salinization, however, is a process that
increases the concentration of salts in water or soil beyond a threshold limit; that is,
mean electircal conductivity in the root zone (EC,) in excess of 4 deci-siemens per
meter (dS/m) at 25 °C (Hillel 2000). The processes of waterlogging and salini-
zation, although different in their characteristics, usually occur together and
adversely affect water quality and crop yield.

2.4.1.2 Aquifer Salinization
Mixing of saline water with freshwater is a frequent cause of aquifer salinization in
many coastal regions (Werner et al. 2013a). Coastal aquifers are more vulnerable to
groundwater extraction because of high population densities and predicted
sea-level rise (Ferguson and Gleeson 2012). Coastal areas are the most densely
populated areas in the world, with 8 of the 10 largest cities of the world located at
coastlines. Nearly half of the world’s population resides in coastal areas (Post
2005), and coastal aquifers provide a water source for more than one billion people.
In most cases, coastal aquifers are hydraulically connected to seawater. Under
natural conditions, the hydraulic gradient (in part, a function of the density variation
of the seawater and freshwater systems) maintains net water flow from the fresh-
water aquifer toward the sea. However, the gradient is usually small, and any
excessive groundwater pumping can alter the hydraulic balance and allow seawater
to enter and replace the freshwater pumped out from the aquifer (Werner
et al. 2013a). The quality of groundwater aquifers can also be adversely affected
by pumping if interlink connections exist between brackish or saline water. Addi-
tionally, a low rate of natural groundwater recharge in combination with sea-level
rise can introduce and accelerate movement of saltwater into freshwater aquifers,
although Ferguson and Gleeson (2012) found that the impact of groundwater
extraction on coastal aquifers was more significant than the impact of sea-level
rise or changes in groundwater recharge.
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The overall impact of saline water intrusion highly depends on the amount of
extraction and natural groundwater recharge. Incorrect positioning of well fields
can accelerate the problem. Climate change is expected to exacerbate many water
resource problems, but the impact of seawater intrusion may be much more serious
and widespread because many areas with moderate population densities and water
demand are expected to experience saltwater intrusion.

Seawater intrusion has affected groundwater quality in major coastal irrigation
regions around the globe where pumping has destabilized the hydraulic equilibrium
of the aquifers. Coastal regions such as Queensland in Australia, Florida in the
United States, the southern Atlantic coastline of Spain, and Lebanon are among the
most highly visible and notable cases where saltwater has intruded into coastal
aquifers. Other problem areas in the United States include Cape May County in
New Jersey and in Monterey and Orange Counties in California (Barlow and
Reichard 2010). Similarly, in the western State of Sonora in Mexico, seawater
has intruded approximately 20-25 km inland, forcing the closure of irrigation wells.
Likewise in Cyprus, Egypt and Israel, exploitation of groundwater resources for
irrigation has lowered aquifers’ hydraulic heads to allow seawater intrusion.

In the Burdekin coastal region of Queensland, Australia, more than 1800 wells
are currently used for irrigation. The large volumes of groundwater extracted have
at times lowered the regional water surfaces and made it challenging to control
seawater intrusion (Narayan et al. 2007). To confront long droughts, future use of
groundwater is likely to increase in Australia. This growing use of groundwater will
stress the aquifers already in deficit. Thus, saltwater intrusion will likely become
more challenging because of the extensive coastlines where the majority of the
population resides.

2.4.2 Groundwater Contamination Due to Chemicals

Fertilizers, pesticides, and salts contained in irrigation water can be major agri-
cultural contaminants. Excessive irrigation drives water from the root zone of crops
to the groundwater below (Chowdary et al. 2005), carrying with them applied
fertilizers and pesticides and their component nitrogen compounds, phosphorus,
potassium and other minerals and chemical compounds (Langwaldt and Puhakka
2000). Because of the widespread areal extent of these contaminants, they are often
referred to as “nonpoint-source” contaminants.

Industrial wastes contain a wide variety of heavy metals and solvents. A recent
study by Dwivedi and Vankar (2014) reported contamination of groundwater
potentially from industrial sources (tanning, textile, and several others) in the
Kanpur-Unnao district of India. Concentrations of cadmium, cobalt, chromium,
copper, mercury, nickel, lead, tin, and zinc were found to exceed the maximum
permissible limit. When chemical releases occur at specific facilities, they are
referred to as “point-source” contaminants.
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The accidental spillage and leakage of industrial chemicals can also cause
serious groundwater contamination (Foster and Chilton 2003a). Subsurface releases
of MTBE (methyl tertiary-butyl ether) can be a source of groundwater contami-
nation. MTBE is a gasoline fuel additive that can leak from gasoline underground
storage tanks and contaminate aquifers and wells. In the United States alone,
releases of gasoline fuels has been reported at more than 250,000 sites, putting
over 9000 municipal water supply wells at risk of contamination with MTBE
(Einarson and Mackay 2001). Synthetic microorganic compounds also known as
emerging organic contaminants (EOCs) are another and new source of groundwater
contamination reported across Europe and many other parts of the world (Lapworth
et al. 2012). EOCs are used for a range of industrial purposes including food
preservation, pharmaceuticals, and healthcare products (Lapworth et al. 2012).
Public health and environmental impacts of EOCs in groundwater are currently
under-researched areas.

Arsenic and nitrate are two major contaminants with serious public health
impacts. High concentrations of arsenic in groundwater have been recognized as
a major public health concern in several countries and often are the result of natural
conditions rather than human activity. The contamination of groundwater by
arsenic in Bangladesh has been called the largest poisoning of a human population
in history (Smith et al. 2000). An estimated 36 million people in the Bengal Delta
alone (Bangladesh and India) are at risk of drinking arsenic-contaminated water
(Nordstrom 2002). Long term exposure of arsenic in drinking water and its impacts
on human health are documented in Ng et al. (2003). Geochemical processes in the
presence of oxygen dissolve arsenopyrite [FeAsS], leading to increased concen-
trations of dissolved arsenic in groundwater. Oxidation can be a major driver to
mobilize arsenic already present in aquifer rocks and can be promoted as a result of
recharge by oxygenated waters or through lowering of the groundwater surface by
excessive pumping (Nordstrom 2002). Chemical reactions among nitrate, iron, and
oxygen can also increase mobilization of arsenic in aquifers (Hohn et al. 2006). The
incidence of high concentrations of arsenic in drinking water is significant in Asian
countries. The problem was initially detected in Bangladesh, India, and China.
Most recently, the problem has been reported in Myanmar, Cambodia, parts of
Europe, the United States, and Australia. A global summary of arsenic contami-
nation of groundwater is available in Ravenscroft et al. (2011) and Mukherjee
et al. (2006).

Nitrate contamination of groundwater is a widespread and global problem both
in developed and developing nations. Excessive application of commercial
fertilizers or animal waste and inadequate waste disposal of municipal and animal
waste are associated with this problem. High concentration of nitrate in municipal
groundwater (10-50 mg/l) is considered a public health hazard. Nitrate contami-
nation of groundwater due to agrochemicals has become a serious problem in China
and India (Foster and Chilton 2003b). A detailed review of nitrate contamination of
groundwater and its health impact is available in Spalding and Exner (1993) and
Canter (1996).
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2.4.3 Groundwater Contamination Due to Microorganisms

Microbial contamination of groundwater can be caused by inadequate protection of
aquifers against release of sewage effluent into groundwater. Contamination of
groundwater can occur via many pathways, such as from urban landfills in proxim-
ity to natural groundwater recharge sites, rural on-site sanitation facilities, leaking
septic tanks and sewers, and waste from farm animals. The concentration of many
harmful microorganisms attenuates (naturally reduces) when water passes through
the unsaturated zone; however, the degree of pathogen removal depends on the type
of soil, level of contamination, and type of contaminant. Natural attenuation
generally is most effective in the unsaturated zone, especially in the top soil layers
where biological activity is greatest (Morris et al. 2003).

Several viral and bacterial pathogens present in human and animal waste con-
taminate groundwater and cause human health problems. In 2012, more than
500,000 diarrhea deaths were estimated to be caused by microbially contaminated
drinking water (Priiss-Ustiin et al. 2014). Baldursson and Karanis (2011) give a
comprehensive review of worldwide waterborne disease outbreaks that occurred
and were documented between 2004 and 2010. Similarly, a recent study based on a
systematic review by Ngure et al. (2014) provides a global assessment of drinking-
water microbial contamination. All incidence of waterborne diseases cannot be
attributed to groundwater, because microbial contamination of water can occur in
surface water bodies and in distribution pipes. However, a significant fraction of
waterborne disease outbreaks may be associated with groundwater, given that more
than 50 % of population worldwide meet their primary drinking needs from
groundwater that may be contaminated at some stage (Macler and Merkle 2000).

2,5 The Water-Energy Nexus

Water and energy are inextricably linked in many important ways and this issue is
covered in more detail in Chap. 4. Water is used in the generation of energy, and
energy is required for the movement and treatment of water. This linkage results in
multiple management challenges.

The movement of water requires a significant portion of all energy generated
worldwide. In California (United States), 19 % of all electrical energy produced is
used for water-related conveyance and treatment (Navigant Consulting Inc.
2006)—nearly 2 % of all electrical energy in California is used for groundwater
extraction through pumping (GEI Consultants/Navigant Consulting Inc 2010).
Such energy requirements account also for significant contributions to greenhouse
gas emissions, estimated as 0.6 % of China’s emissions (Wang et al. 2012) and
4-6 % of India’s emissions (Shah et al. 2012). These energy requirements increase
with the distance the water must be lifted (depth to water) and decrease with pump
efficiency. Hence, declining water levels will increase energy requirements for
groundwater pumping unless offset by increased pump efficiency. This increased
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energy demand for pumping is exacerbated in India by government subsidies for
electrical power for the purpose of groundwater extraction (Badiani et al. 2012)

In addition to energy use for water movement and treatment, groundwater plays
an important role in the generation of energy—particularly the production of
alternative energy such as biofuels (Gerbens-Leenes and Hoekstra 2012;
Dominguez-Faus et al. 2009). Significant water is used both in the growing of
feedstock to create ethanol and in the distillation of the feedstock into fuel. In the
United States, governmental mandates require that ethanol from corn (maize) will
continue into the future (Dominguez-Faus et al. 2009), although a wide range of
water footprint calculations suggest that efficiencies may be found that could
reduce groundwater extraction needs for irrigation and distillation (Gerbens-Leenes
and Hoekstra 2012; Dominguez-Faus et al. 2009). Other alternative energy
technologies can have surprising energy implications. Concentrated solar power
generation on a large scale in desert environments can require large amounts of
water for cooling and washing (Woody 2009; McKinnon 2010). In the United
States, the National Research Council (2012) has also studied production of biofuel
from algae, raising questions about sustainability.

In recent years, unconventional drilling for shale gas and coal bed methane—
particularly in the United States, China, and Australia—has increased dramatically
(Vidic et al. 2013; Moore 2012). Improvements in the accuracy of horizontal well
drilling, coupled with hydraulic fracturing, have made it practical to extract meth-
ane from thin, deep and tight strata. These advantages, coupled with increasing
energy demand, have resulted in massive expansion of exploitation of these uncon-
ventional gas reserves. Hydraulic fracturing uses a focused large amount of water
for short periods of time, resulting in competition with other water users—particu-
larly in arid regions like the Eagle Ford Formation in Texas (United States).
Hydraulic fracturing also uses a variety of chemical additives in the process.
Some water contaminated with these additives returns as flowback water and
must be disposed of, leading to a potential groundwater contamination source
(Vidic et al. 2013). One concern is that methane liberated by the hydraulic fractur-
ing process and additive chemicals could migrate to shallow aquifers or the surface.
A recent study (Myers 2012) attempted to address this issue and prompted discus-
sion and criticism (Saiers and Barth 2012; Myers 2013; Cohen et al. 2013),
highlighting the level of uncertainty about the degree and nature of potential
contamination from this activity. Further research in the field and through modeling
is necessary for understanding of the depth and breadth of potential groundwater
impacts to catch up with the rapid increase in development of unconventional gas
resources (Jackson et al. 2013).

2.6 Transboundary Water Conflict

Most of the literature discussing transboundary water conflict has focused on
surface water. Groundwater conflict has received less attention. However, owing
to both “uncertainty in defining ground water flow...[and]. . .uncertainty of the
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hydraulic connection between groundwater and surface water” (Jarvis et al. 2005)
and combined with increasing water usage needs—particularly for agricultural
irrigation (Llamas and Martinez-Santos 2005)—it seems that serious conflict over
transboundary groundwater resources may be inevitable. This condition is
exacerbated by a lack of regulation and management of groundwater, which is
often blamed on the same uncertainties surrounding the quantity and dynamics of
groundwater at the regional scale (Llamas and Martinez-Santos 2005; Jarvis
et al. 2005; Puri 2003). Several conceptual models can apply to transboundary
aquifers, including cases where the source of water to the aquifer is in one country
but the main demand is in another (for example, Eckstein and Eckstein 2005).
Transboundary aquifers meeting these definitions number as many as 408
(UN-IGRAC 2012). Using analysis similar to the groundwater footprint (Gleeson
et al. 2012), Wada and Heinrich (2013) performed a quantitative assessment of
water stress (considering recharge, extraction, and environmental flows) for the
408 identified transboundary aquifers and determined that 8 % of them are stressed
by human consumption. They point out, however, that many of these transboundary
aquifers are found in geopolitically charged areas such as the Arabian Peninsula,
the United States—Mexico border, and India and Pakistan.

In one example of this type, the Ceylanpinar aquifer spans the border between
Turkey and Syria, with recharge in the Turkish headwaters and the majority of
discharge in the Ras al-Ain Springs in Syria (Oeztan and Axelrod 2011). Data
availability is asymmetric, with much more information available about conditions
in the aquifer in Turkey than in Syria. Nonetheless, Oeztan and Axelrod (2011)
modeled the aquifer to try to calculate sustainable extraction rates based on
discharge from the springs. Mutually beneficial organic agriculture along the border
that previously was unfarmable due to extensive placement of landmines is pro-
posed but would first depend on cooperation with respect to hydrogeologic and
water use information. Joint management to prevent overdepletion requires
collaboration, which may be at odds with other priorities of neighboring countries,
but this example shows it can have positive outcomes.

Beyond water quantity, water quality concerns can arise when contaminants
enter an aquifer under a different governance than that of the users of the aquifer;
for example, such as bordering northeastern Greece (Vryzas et al. 2012) and Russia
(Zektser 2012). Similar challenges as facing depletion problems are encountered in
managing water quality. The parallel challenges of establishing responsibility for
contamination and finding the motivation to remediate it can present opportunities
for constructive collaboration but also may heighten tension in some areas.

In modern times (1948—present), no full-scale declarations or acts of war have
been attributed to the tension related to the use of transboundary water (De Stefano
et al. 2010). This is contrary to predictions stemming from at least the 1980s onward
that major wars—particularly in the Middle East—would be fought over water
because of stress over increasing demand for water resources due to increasing
population, climate change, and depletion of water sources (see Cooley (1984) and
Starr (1991), for example). It is still possible for this to happen, and indeed tensions
and local violence have been attributed to water conflict, but thus far full-scale war
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has not resulted with the exception of the war between Sumerian city-states Lagash
and Umma in 2500 BCE (Wolf 1998). Although a somewhat controversial notion, it
has been argued that interactions among states involving water more often, of
necessity, lead to cooperation than conflict (De Stefano et al. 2010; Wolf 2007).

In summary, transboundary aquifers present many challenges in integrated
management. The connection between surface water and groundwater are all the
more important because the source of water and the water’s users (human or
ecological) may be in different countries. Data sharing and integration are more
challenging across national borders but are extremely important to reduce the
uncertainties surrounding integrated management. An additional challenge is that
protection of water resources in one country may depend on the actions taken in
another country. This binding together for a common purpose provides the oppor-
tunity for cooperation but may also devolve into conflict. For these reasons, active
management and communication are key to managing water resources across
boundaries.

2.7 Conclusion

The issues outlined in this chapter highlight both the challenges and promise of the
groundwater issue internationally. The growing importance of groundwater supply
combined with the challenges in its characterization and measurement make man-
agement difficult. Yet, advances in data analysis, remote sensing, and modeling at
regional to continental scales provide some hope for more informed planning,
which may ultimately lead to sustainable and responsible management.

Depletion of groundwater—a precious resource for agriculture, ecosystem
services, and domestic supply—has the potential to cause significant interruption
of societal and ecological functions. The uncertainties inherent in managing a
resource that is generally unseen create challenges in management and can lead
to conflict among interests vying for the resource—because proving who is respon-
sible for stresses and impacts is a challenge.

Advances in remote sensing (such as the GRACE satellite), data management,
and numerical modeling provide hope of reducing the uncertainty of evaluating the
magnitude and locations of depletion and degradation of groundwater resources.
None of the technical and managerial issues raised in this chapter can be properly
considered on its own. The water budget myth implied a simple balance between
recharge and availability, but over the past century we have learned that the
interconnections among groundwater-dependent ecosystems, human needs, and
the groundwater system are deep and elaborate. Only an integrated approach to
water management—yviewing the components of the system together with compet-
ing needs—can maintain sustainability for future generations and a robust environ-
ment. Integration is also critical to manage the connections between seemingly
disparate sectors of society and economics. As mentioned previously, the connec-
tion between electrical prices and agricultural pumping is an important
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consideration in India. The desire to mitigate climate change (see Chap. 5 for this
issue) through alternative energy production can have a ripple effect of conse-
quences on water resources, particularly in the case of biofuels. Agricultural policy
beyond water use restrictions has important implications on water quality as it
relates to chemical use and to salinization of soil and water. Even the stability of
relationships among nations can hinge on proper water management.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution-
Noncommercial 2.5 License (http://creativecommons.org/licenses/by-nc/2.5/) which permits any
noncommercial use, distribution, and reproduction in any medium, provided the original author(s)
and source are credited.

The images or other third party material in this chapter are included in the work’s Creative
Commons license, unless indicated otherwise in the credit line; if such material is not included in
the work’s Creative Commons license and the respective action is not permitted by statutory
regulation, users will need to obtain permission from the license holder to duplicate, adapt or
reproduce the material.

References

Abu Zeid M (2006) The middle east water report. The 4th World Water Forum March 17-22,
2006, Mexico City, Mexico

Alley WM, Leake SA (2004) The journey from safe yield to sustainability. Ground Water 42(1):
12-16

ASCE (2004) Regulated riparian model water code. ASCE Standard, vol ASCE/EWRI 40-03.
ASCE

Badiani R, Jessoe KK, Plant S (2012) Development and the environment: the implications of
agricultural electricity subsidies in India. J Environ Dev 21(2):244-262. doi:10.1177/
1070496512442507

Baldursson S, Karanis P (2011) Waterborne transmission of protozoan parasites: review of
worldwide outbreaks—an update 2004—-2010. Water Res 45(20):6603-6614

Barlow PM, Reichard EG (2010) Saltwater intrusion in coastal regions of North America.
Hydrogeol J 18(1):247-260

Beck RE (2000) The regulated riparian model water code: blueprint for twenty first century
water management. William & Mary Environ Law Policy Rev 25(1):113-167

Birol E, Koundouri P, Kountouris Y (2010) Assessing the economic viability of alternative water
resources in water-scarce regions: combining economic valuation, cost-benefit analysis and
discounting. Ecol Econ 69(4):839-847

Boisvert E, Brodaric B (2011) GroundWater markup language specification v. 1.0. http://ngwd-
bdnes.cits.nrcan.gc.ca/service/api_ngwds:def/en/gwml.html. Accessed 12 July 2013

Bredehoeft J (1997) Safe yield and the water budget myth. Ground Water 35(6):929

Bredehoeft JD, Papadopulos SS, Cooper HH Jr (1982) Groundwater—the water-budget myth.
In: Scientific basis of water-resource management. National Academy Press, Washington, DC,
pp 51-57

Canter LW (1996) Nitrates in groundwater. CRC press, Boca Raton, Florida, USA

Cao G, Zheng C, Scanlon BR, Liu J, Li W (2013) Use of flow modeling to assess sustainability of
groundwater resources in the North China plain. Water Resour Res 49(1):159-175. doi:10.
1029/2012WR011899

Changming L, Jingjie Y, Kendy E (2001) Groundwater exploitation and its impact on the
environment in the North China plain. Water Int 26(2):265-272


http://creativecommons.org/licenses/by-nc/2.5/
http://dx.doi.org/10.1177/1070496512442507
http://dx.doi.org/10.1177/1070496512442507
http://ngwd-bdnes.cits.nrcan.gc.ca/service/api_ngwds:def/en/gwml.html
http://ngwd-bdnes.cits.nrcan.gc.ca/service/api_ngwds:def/en/gwml.html
http://dx.doi.org/10.1029/2012WR011899
http://dx.doi.org/10.1029/2012WR011899

2 The International Scale of the Groundwater Issue 43

Chatterjee R, Purohit RR (2009) Estimation of replenishable groundwater resources of India and
their status of utilization. Curr Sci 96(12):1581-1591

Chowdary VM, Rao NH, Sarma PBS (2005) Decision support framework for assessment of non-
point-source pollution of groundwater in large irrigation projects. Agric Water Manag 75(3):
194-225. doi:10.1016/j.agwat.2004.12.013

Cohen HA, Parratt T, Andrews CB (2013) Potential contaminant pathways from hydraulically
fractured shale to aquifers. Ground Water 51(3):317-319. doi: 10.1111/gwat.12015

Cooley JK (1984) The war over water. Foreign Policy 54:3-26. doi:10.2307/1148352

Custodio E (2002) Aquifer overexploitation: what does it mean? Hydrogeol J 10(2):254-277

De Stefano L, Edwards P, de Silva L, Wolf AT (2010) Tracking cooperation and conflict in
international basins: historic and recent trends. Water Policy 12(6):871-884. doi:10.2166/wp.
2010.137

Dennehy KF, Litke DW, McMahon PB (2002) The high plains aquifer, USA: groundwater
development and sustainability. Geol Soc Lond Spec Publ 193(1):99-119. doi:10.1144/gsl.
$p.2002.193.01.09

DHI Software (2012) MIKE SHE. http://www.dhisoftware.com/Products/WaterResources/
MIKESHE.aspx. Accessed 12 July 2013

Dominguez-Faus R, Powers SE, Burken JG, Alvarez PJ (2009) The water footprint of biofuels: a
drink or drive issue? Environ Sci Technol 43(9):3005-3010. doi:10.1021/es802162x

Droogers P, Immerzeel WW, Terink W, Hoogeveen J, Bierkens MFP, van Beek LPH, Debele B
(2012) Water resources trends in Middle East and North Africa towards 2050. Hydrol Earth
Syst Sci 16(9):3101-3114

Dwivedi AK, Vankar PS (2014) Source identification study of heavy metal contamination in the
industrial hub of Unnao, India. Environ Monit Assess 186(6):3531-3539

Eckstein Y, Eckstein GE (2005) Transboundary aquifers: conceptual models for development of
international law. Ground Water 43(5):679-690. doi:10.1111/j.1745-6584.2005.00098.x

Einarson MD, Mackay DM (2001) Peer reviewed: predicting impacts of groundwater contamination.
Environ Sci Technol 35(3):66A-73A

Fan Y, Li H, Miguez-Macho G (2013) Global patterns of groundwater table depth. Science
339(6122):940-943. doi:10.1126/science.1229881

FAO (2013) Aquastat. FAO—UN. http://www.fao.org/nr/water/aquastat/main/index.stm.
Accessed 15 July 2013

Ferguson G, Gleeson T (2012) Vulnerability of coastal aquifers to groundwater use and climate
change. Nat Clim Chang 2(5):342-345. http://www.nature.com/nclimate/journal/v2/n5/abs/
nclimate 1413.html#supplementary-information

Fishman RM, Siegfried T, Raj P, Modi V, Lall U (2011) Over-extraction from shallow bedrock
versus deep alluvial aquifers: reliability versus sustainability considerations for India’s ground-
water irrigation. Water Resour Res 47(12):WOOLOS5. doi:10.1029/2011WR010617

Foster S, Chilton P (2003a) Groundwater: the processes and global significance of aquifer degrada-
tion. Philos Trans R Soc Lond B Biol Sci 358(1440):1957-1972

Foster SS, Chilton PJ (2003b) Groundwater: the processes and global significance of aquifer
degradation. Philos Trans R Soc Lond B Biol Sci 358(1440):1957—-1972. doi:10.1098/rstb.
2003.1380

Foster S, Hirata R, Gomes D, D’Elia M, Paris M (2002) Groundwater quality protection: a guide
for water utilities, municipal authorities, and environment agencies. World Bank, Washington,
DC

GEI Consultants/Navigant Consulting Inc. (2010) Embedded energy in water studies study 1:
statewide and regional water-energy relationship. California Public Utilities Commission
Energy Division. San Francisco, California, USA

Gerbens-Leenes W, Hoekstra AY (2012) The water footprint of sweeteners and bio-ethanol.
Environ Int 40:202-211. doi:10.1016/j.envint.2011.06.006

Ghassemi F, Jakeman AJ, Nix HA (1995) Salinisation of land and water resources: human causes,
extent, management and case studies. CAB International, Wallington, Oxon 526 p.

Giordano M (2009) Global groundwater? Issues and solutions. Annu Rev Environ Resour 34:
153-178. doi:10.1146/annurev.environ.030308.100251


http://dx.doi.org/10.1016/j.agwat.2004.12.013
http://dx.doi.org/10.1111/gwat.12015
http://dx.doi.org/10.2307/1148352
http://dx.doi.org/10.2166/wp.2010.137
http://dx.doi.org/10.2166/wp.2010.137
http://dx.doi.org/10.1144/gsl.sp.2002.193.01.09
http://dx.doi.org/10.1144/gsl.sp.2002.193.01.09
http://www.dhisoftware.com/Products/WaterResources/MIKESHE.aspx
http://www.dhisoftware.com/Products/WaterResources/MIKESHE.aspx
http://dx.doi.org/10.1021/es802162x
http://dx.doi.org/10.1111/j.1745-6584.2005.00098.x
http://dx.doi.org/10.1126/science.1229881
http://www.fao.org/nr/water/aquastat/main/index.stm
http://www.nature.com/nclimate/journal/v2/n5/abs/nclimate1413.html#supplementary-information
http://www.nature.com/nclimate/journal/v2/n5/abs/nclimate1413.html#supplementary-information
http://dx.doi.org/10.1029/2011WR010617
http://dx.doi.org/10.1098/rstb.2003.1380
http://dx.doi.org/10.1098/rstb.2003.1380
http://dx.doi.org/10.1016/j.envint.2011.06.006
http://dx.doi.org/10.1146/annurev.environ.030308.100251

44 M.N. Fienen and M. Arshad

Gleeson T, Marklund L, Smith L, Manning AH (2011) Classifying the water table at regional to
continental scales. Geophys Res Lett 38(5), L05401. doi:10.1029/2010GL046427

Gleeson T, Wada Y, Bierkens MF, van Beek LP (2012) Water balance of global aquifers
revealed by groundwater footprint. Nature 488(7410):197-200. doi:10.1038/nature11295

Harou JJ, Lund JR (2008) Ending groundwater overdraft in hydrologic-economic systems.
Hydrogeol J 16(6):1039-1055

Hillel D (2000) Salinity management for sustainable irrigation: integrating science, environment,
and economics. World Bank Publications, Washington, DC, USA

Hockey TA, Trimble V, Bracher K (2007) The biographical encyclopedia of astronomers.
Springer reference. Springer, New York

Hohn R, Isenbeck-Schroter M, Kent DB, Davis JA, Jakobsen R, Jann S, Niedan V, Scholz C,
Stadler S, Tretner A (2006) Tracer test with As(V) under variable redox conditions controlling
arsenic transport in the presence of elevated ferrous iron concentrations. J Contam Hydrol
88(1-2):36-54. doi:10.1016/j.jconhyd.2006.06.001

IRIS (2013) Incorporated Research Institutions for Seismology. http://www.iris.edu/hq/. Accessed
15 July 2013

IWMI (2007) International Water Management Institute (IWMI). Technical reports on
Salinity Management in Pakistan: multiple issues, IWMI, Colombo

Jackson RE, Gorody AW, Mayer B, Roy JW, Ryan MC, Van Stempvoort DR (2013) Groundwater
protection and unconventional gas extraction: the critical need for field-based hydrogeological
research. Ground Water 51(4):488-510. doi:10.1111/gwat.12074

Jarvis T, Giordano M, Puri S, Matsumoto K, Wolf A (2005) International borders, ground water
flow, and hydroschizophrenia. Ground Water 43(5):764—770. doi:10.1111/j.1745-6584.2005.
00069.x

Kahlown MA, Azam M (2002) Individual and combined effect of waterlogging and salinity on
crop yields in the Indus basin. Irrig Drain 51(4):329-338

Khan S (2008) Managing climate risks in Australia: options for water policy and irrigation manage-
ment. Aust J Exp Agric 48(3):265-273

Konikow LF (2011) Contribution of global groundwater depletion since 1900 to sea-level rise.
Geophys Res Lett 38(17), L17401. doi:10.1029/2011g1048604

Konikow LF, Kendy E (2005) Groundwater depletion: a global problem. Hydrogeol J 13(1):
317-320

Langwaldt JH, Puhakka JA (2000) On-site biological remediation of contaminated groundwater:
a review. Environ Pollut 107(2):187-197. doi:10.1016/S0269-7491(99)00137-2

Lapworth D, Baran N, Stuart M, Ward R (2012) Emerging organic contaminants in groundwater:
a review of sources, fate and occurrence. Environ Pollut 163:287-303

Lee CH (1915) The determination of safe yield of underground reservoirs of the closed-basin type.
Trans Am Soc Civ Eng 78:148-151

Llamas R (2004) Use of groundwater. Series on water and ethics. UNESCO, Paris

Llamas MR, Martinez-Santos P (2005) Intensive groundwater use: silent revolution and potential
source of social conflicts. ] Water Resour Plann Manag-Asce 131(5):337-341. doi:10.1061/
(asce)0733-9496(2005)131:5(337)

Longuevergne L, Scanlon BR, Wilson CR (2010) GRACE hydrological estimates for small basins:
evaluating processing approaches on the High Plains Aquifer, USA. Water Resour Res 46(11),
W11517. doi:10.1029/2009wr008564

Macler BA, Merkle JC (2000) Current knowledge on groundwater microbial pathogens and
their control. Hydrogeol J 8(1):29—40

Markstrom SL, Niswonger RG, Regan RS, Prudic DE, Barlow PM (2008) GSFLOW-coupled
ground-water and surface-water FLOW model based on the integration of the Precipitation-
Runoff Modeling System (PRMS) and the Modular Ground-Water Flow Model (MODFLOW-
2005). Techniques and Methods 6-D1. Reston. http://pubs.usgs.gov/tm/tm6d1/pdf/tm6d1.pdf

McKinnon S (2010) Amid state’s push for solar power, water-supply worries arise. The Arizona
Republic, 17 January


http://dx.doi.org/10.1029/2010GL046427
http://dx.doi.org/10.1038/nature11295
http://dx.doi.org/10.1016/j.jconhyd.2006.06.001
http://www.iris.edu/hq/
http://dx.doi.org/10.1111/gwat.12074
http://dx.doi.org/10.1111/j.1745-6584.2005.00069.x
http://dx.doi.org/10.1111/j.1745-6584.2005.00069.x
http://dx.doi.org/10.1029/2011gl048604
http://dx.doi.org/10.1016/S0269-7491(99)00137-2
http://dx.doi.org/10.1061/(asce)0733-9496(2005)131:5(337)
http://dx.doi.org/10.1061/(asce)0733-9496(2005)131:5(337)
http://dx.doi.org/10.1029/2009wr008564
http://pubs.usgs.gov/tm/tm6d1/pdf/tm6d1.pdf

2 The International Scale of the Groundwater Issue 45

MDBA (2012) Murray-Darling Basin Authority 2012, The proposed Groundwater Baseline and
Sustainable Diversion Limits: methods report. MDBA publication no: 16/12. Murray-Darling
Basin Authority, Canberra

Meinzer OE (1923) Outline of ground-water hydrology, Water-supply paper 494. Geological
survey water-supply papers, vol 949. United States Geological Survey, Washington, DC

Michel D, Pandya A, Hasnain SI, Sticklor R, Panuganti S (2012) Water challenges and cooperative
response in the middle east and north Africa. Brookings Institution, New York, Available at
http://www.brookings.edu/about/projects/islamic-world

Moore TA (2012) Coalbed methane: a review. Int J Coal Geol 101:36-81. doi:10.1016/j.coal.
2012.05.011

Morris BL, Lawrence AR, Chilton P, Adams B, Calow RC, Klinck BA (2003) Groundwater and its
susceptibility to degradation: a global assessment of the problem and options for management.
UNEP early warning and assessment vol report series RS. 03-3, Nairobi

Mukherjee A, Sengupta MK, Hossain MA, Ahamed S, Das B, Nayak B, Lodh D, Rahman MM,
Chakraborti D (2006) Arsenic contamination in groundwater: a global perspective with
emphasis on the Asian scenario. J Health Popul Nutr 24(2):142-163

Myers T (2012) Potential contaminant pathways from hydraulically fractured shale to aquifers.
Ground Water 50(6):872—882. doi:10.1111/j.1745-6584.2012.00933.x

Myers T (2013) Potential contaminant pathways from hydraulically fractured shale to aquifers
author’s reply. Ground Water 51(3):319-321. doi:10.1111/gwat.12016

Narayan KA, Schleeberger C, Bristow KL (2007) Modelling seawater intrusion in the Burdekin
Delta Irrigation Area, North Queensland, Australia. Agric Water Manag 89(3):217-228.
doi:10.1016/j.agwat.2007.01.008

National Land and Water Resources Audit (2001) Australian water resources assessment 2000.
Surface water and groundwater availability and quality. A report of the National Land and
Water Resources Audit, Goanna Print, Turner

National Research Council (2012) Sustainable development of Algal Biofuels in the United States.
The National Academies Press, Washington, DC

Navigant Consulting Inc. (2006) Refining estimates of water—related energy use in California.
California Energy Commission, PIER Industrial/Agricultural/Water End Use Energy Effi-
ciency Program. CEC-500-2006-118

Nevill C (2009) Managing cumulative impacts: groundwater reform in the Murray-Darling Basin,
Australia. Water Resour Manag 23(13):2605-2631. doi:10.1007/s11269-009-9399-0

Ng JC, Wang J, Shraim A (2003) A global health problem caused by arsenic from natural sources.
Chemosphere 52(9):1353-1359

Ngure FM, Reid BM, Humphrey JH, Mbuya MN, Pelto G, Stoltzfus RJ (2014) Water, sanitation,
and hygiene (WASH), environmental enteropathy, nutrition, and early child development:
making the links. Ann N'Y Acad Sci 1308(1):118-128

Nordstrom DK (2002) Worldwide occurrences of arsenic in ground water. Science (Washington)
296(5576):2143-2145

Oeztan M, Axelrod M (2011) Sustainable transboundary groundwater management under shifting
political scenarios: the Ceylanpinar Aquifer and Turkey-Syria relations. Water Int 36(5):
671-685. doi:10.1080/02508060.2011.601546

Open Geospatial Consortium Inc. (2011) Groundwater interoperability experiment. http://external.
opengis.org/twiki_public/HydrologyDWG/GroundwaterInteroperabilityExperiment. Accessed
12 July 2013

Open Geospatial Consortium Inc. (2013) Groundwater interoperability experiment 2. http://external.
opengeospatial.org/twiki_public/HydrologyDWG/GroundwaterInteroperabilityExperiment2.
Accessed 12 July 2013

Pierce SA, Sharp JM, Guillaume JHA, Mace RE, Eaton DJ (2012) Aquifer-yield continuum as a
guide and typology for science-based groundwater management. Hydrogeol J 21(2):331-340.
doi:10.1007/s10040-012-0910-y

Post V (2005) Fresh and saline groundwater interaction in coastal aquifers: is our technology ready
for the problems ahead? Hydrogeol J 13(1):120-123


http://www.brookings.edu/about/projects/islamic-world
http://dx.doi.org/10.1016/j.coal.2012.05.011
http://dx.doi.org/10.1016/j.coal.2012.05.011
http://dx.doi.org/10.1111/j.1745-6584.2012.00933.x
http://dx.doi.org/10.1111/gwat.12016
http://dx.doi.org/10.1016/j.agwat.2007.01.008
http://dx.doi.org/10.1007/s11269-009-9399-0
http://dx.doi.org/10.1080/02508060.2011.601546
http://external.opengis.org/twiki_public/HydrologyDWG/GroundwaterInteroperabilityExperiment
http://external.opengis.org/twiki_public/HydrologyDWG/GroundwaterInteroperabilityExperiment
http://external.opengeospatial.org/twiki_public/HydrologyDWG/GroundwaterInteroperabilityExperiment2
http://external.opengeospatial.org/twiki_public/HydrologyDWG/GroundwaterInteroperabilityExperiment2
http://dx.doi.org/10.1007/s10040-012-0910-y

46 M.N. Fienen and M. Arshad

Priiss-Ustiin A, Bartram J, Clasen T, Colford JM, Cumming O, Curtis V, Bonjour S, Dangour AD,
De France J, Fewtrell L, Freeman MC, Gordon B, Hunter PR, Johnston RB, Mathers C,
Mausezahl D, Medlicott K, Neira M, Stocks M, Wolf J, Cairncross S (2014) Burden of disease
from inadequate water, sanitation and hygiene in low- and middle-income settings:
a retrospective analysis of data from 145 countries. Trop Med Int Health 19(8):894-905.
doi:10.1111/tmi.12329

Puri S (2003) Transboundary aquifer resources—international water law and hydrogeological
uncertainty. Water Int 28(2):276-279

Ramillien G, Famiglietti JS, Wahr J (2008) Detection of continental hydrology and glaciology
signals from GRACE: a review. Surv Geophys 29(4-5):361-374. doi:10.1007/s10712-008-
9048-9

Ravenscroft P, Brammer H, Richards K (2011) Arsenic pollution: a global synthesis, vol 94.
John Wiley and Sons, Hoboken, NJ, USA

Reilly TE, Dennehy KF, Alley WM, Cunningham WL (2008) Ground-water availability in the
United States, vol 1323, U.S. Geological Survey circular. USGS, Reston

Rodell M, Velicogna I, Famiglietti JS (2009) Satellite-based estimates of groundwater depletion in
India. Nature 460(7258):999—-1002. doi:10.1038/nature08238

Saiers JE, Barth E (2012) Potential contaminant pathways from hydraulically fractured shale
aquifers. Ground Water 50(6):826—828. doi:10.1111/j.1745-6584.2012.00990.x

Scanlon BR, Keese KE, Flint AL, Flint LE, Gaye CB, Edmunds WM, Simmers I (2006) Global
synthesis of groundwater recharge in semiarid and arid regions. Hydrol Process 20(15):
3335-3370. doi:10.1002/hyp.6335

Scanlon BR, Faunt CC, Longuevergne L, Reedy RC, Alley WM, McGuire VL, McMahon PB
(2012a) Groundwater depletion and sustainability of irrigation in the US High Plains and
Central Valley. Proc Natl Acad Sci U S A 109(24):9320-9325

Scanlon BR, Faunt CC, Longuevergne L, Reedy RC, Alley WM, McGuire VL, McMahon PB
(2012b) Groundwater depletion and sustainability of irrigation in the US High Plains and
Central Valley. Proc Natl Acad Sci U S A 109(24):9320-9325. doi:10.1073/pnas.1200311109

Scanlon BR, Longuevergne L, Long D (2012c) Ground referencing GRACE satellite estimates of
groundwater storage changes in the California Central Valley, USA. Water Resour Res 48(4):
n/a—n/a. doi:10.1029/2011wr011312

Scanlon BR, Longuevergne L, Long D (2012d) Ground referencing GRACE satellite estimates of
groundwater storage changes in the California Central Valley, USA. Water Resour Res 48(4),
W04520. doi:10.1029/2011WR011312

Shah T (2009) Climate change and groundwater: India’s opportunities for mitigation and adaptation.
Environ Res Lett 4(3):035005. doi:10.1088/1748-9326/4/3/035005

Shah T, Molden D, Sakthivadivel R, Seckler D (2000) The global groundwater situation: overview
of opportunities and challenges. International Water Management Institute, Colombo

Shah T, Giordano M, Mukherji A (2012) Political economy of the energy-groundwater nexus in
India: exploring issues and assessing policy options. Hydrogeol J 20(5):995-1006

Shahid S (2013) Developments in soil salinity assessment, modeling, mapping, and monitoring from
regional to submicroscopic scales. In: Abdelfattah MA, Taha FK, Shahid SA (eds) Developments
in soil salinity assessment and reclamation. Springer, Dordrecht, The Netherlands, pp 3-43.
doi:10.1007/978-94-007-5684-7_1

Smith AH, Lingas EO, Rahman M (2000) Contamination of drinking-water by arsenic in
Bangladesh: a public health emergency. Bull World Health Organ 78(9):1093-1103

Sophocleous M (1997) Managing water resources systems: why “safe yield” is not sustainable.
Ground Water 35(4):561

Spalding RF, Exner ME (1993) Occurrence of nitrate in groundwater—a review. J Environ Qual
22(3):392-402

Starr JR (1991) Water wars. Foreign Policy 82:17-36. doi:10.2307/1148639

Tapley BD, Bettadpur S, Watkins M, Reigber C (2004) The gravity recovery and climate
experiment: mission overview and early results. Geophys Res Lett 31(9), L09607. doi:10.
1029/2004GL019920

Theis CV (1940) The source of water derived from wells. Civ Eng 10(5):277-280


http://dx.doi.org/10.1111/tmi.12329
http://dx.doi.org/10.1007/s10712-008-9048-9
http://dx.doi.org/10.1007/s10712-008-9048-9
http://dx.doi.org/10.1038/nature08238
http://dx.doi.org/10.1111/j.1745-6584.2012.00990.x
http://dx.doi.org/10.1002/hyp.6335
http://dx.doi.org/10.1073/pnas.1200311109
http://dx.doi.org/10.1029/2011wr011312
http://dx.doi.org/10.1029/2011WR011312
http://dx.doi.org/10.1088/1748-9326/4/3/035005
http://dx.doi.org/10.1007/978-94-007-5684-7_1
http://dx.doi.org/10.2307/1148639
http://dx.doi.org/10.1029/2004GL019920
http://dx.doi.org/10.1029/2004GL019920

2 The International Scale of the Groundwater Issue 47

Therrien R, McLaren RG, Sudicky EA, Park Y-J (2012) HydroGeoSphere: a three-dimensional
numerical model describing fully-integrated subsurface and surface flow and solute transport.
Groundwater Simulations Group. Waterloo, Ontario, Canada

Todd DK (1959) Ground water hydrology. Wiley, New York

UN-IGRAC (2012) Transboundary Aquifers of the World 2012. United Nations International
Groundwater Resources Assessment Centre. http://www.un-igrac.org/sites/default/files/resources/
files/FINAL_MAP_CMYK_withLogos.jpg. Accessed 24 Jun 2014

Vidic RD, Brantley SL, Vandenbossche JM, Yoxtheimer D, Abad JD (2013) Impact of shale gas
development on regional water quality. Science 340(6134):1235009. doi:10.1126/science.
1235009

Voss KA, Famiglietti JS, Lo M, Linage C, Rodell M, Swenson SC (2013) Groundwater depletion
in the Middle East from GRACE with implications for transboundary water management in the
Tigris-Euphrates-Western Iran region. Water Resour Res 49(2):904-914. doi:10.1002/wrcr.
20078

Vryzas Z, Papadakis EN, Vassiliou G, Papadopoulou-Mourkidou E (2012) Occurrence of
pesticides in transboundary aquifers of North-eastern Greece. Sci Total Environ 441:41-48.
doi:10.1016/j.scitotenv.2012.09.074

Wada Y, Heinrich L (2013) Assessment of transboundary aquifers of the world-vulnerability
arising from human water use. Environ Res Lett 8(2). doi:10.1088/1748-9326/8/2/024003

Wada Y, van Beek LPH, van Kempen CM, Reckman JWTM, Vasak S, Bierkens MFP (2010)
Global depletion of groundwater resources. Geophys Res Lett 37(20), L20402. doi:10.1029/
2010gl044571

Wada Y, van Beek LPH, Sperna Weiland FC, Chao BF, Wu Y-H, Bierkens MFP (2012) Past and
future contribution of global groundwater depletion to sea-level rise. Geophys Res Lett 39(9),
L09402. doi:10.1029/2012g1051230

Wang J, Huang J, Rozelle S, Huang Q, Blanke A (2007) Agriculture and groundwater develop-
ment in northern China: trends, institutional responses, and policy options. Water Policy 9(S1):
61-74

Wang J, Rothausen SGSA, Conway D, Zhang L, Xiong W, Holman IP, Li Y (2012)
China’s water—energy nexus: greenhouse-gas emissions from groundwater use for agriculture.
Environ Res Lett 7(1):014035. doi:10.1088/1748-9326/7/1/014035

Werner AD, Bakker M, Post VEA, Vandenbohede A, Lu C, Ataie-Ashtiani B, Simmons CT, Barry DA
(2013a) Seawater intrusion processes, investigation and management: recent advances and
future challenges. Adv Water Resour 51(0):3-26. doi:10.1016/j.advwatres.2012.03.004

Werner AD, Zhang Q, Xue L, Smerdon BD, Li X, Zhu X, Yu L, Li L (2013b) An initial inventory
and indexation of groundwater mega-depletion cases. Water Resour Manag 27(2):507-533

Wolf AT (1998) Conflict and cooperation along international waterways. Water Policy 1(2):
251-265

Wolf AT (2007) Shared waters: conflict and cooperation. Annu Rev Environ Resour 32(1):
241-269. doi:10.1146/annurev.energy.32.041006.101434

Wood EF, Roundy JK, Troy TJ, van Beek LPH, Bierkens MFP, Blyth E, de Roo A, Doll P, Ek M,
Famiglietti J, Gochis D, van de Giesen N, Houser P, Jaffé PR, Kollet S, Lehner B, Lettenmaier DP,
Peters-Lidard C, Sivapalan M, Sheffield J, Wade A, Whitehead P (2011) Hyperresolution
global land surface modeling: meeting a grand challenge for monitoring Earth’s terrestrial water.
Water Resour Res 47(5), W05301. doi:10.1029/2010wr010090

Woody T (2009) Alternative energy projects stumble on a need for water. The New York Times
September 29, 2009

World Bank (2010) Deep wells and prudence: towards pragmatic action for addressing groundwater
overexploitation in India. Tech. rep, Washington, DC

World Commission on Environment and Development (1987) Our common future. Oxford Univer-
sity Press, Oxford/New York

Zektser IS (2012) Investigation of transboundary aquifers in Russia: modern state and main tasks.
In: NATO advanced research workshop on sustainable use and protection of groundwater


http://www.un-igrac.org/sites/default/files/resources/files/FINAL_MAP_CMYK_withLogos.jpg
http://www.un-igrac.org/sites/default/files/resources/files/FINAL_MAP_CMYK_withLogos.jpg
http://dx.doi.org/10.1126/science.1235009
http://dx.doi.org/10.1126/science.1235009
http://dx.doi.org/10.1002/wrcr.20078
http://dx.doi.org/10.1002/wrcr.20078
http://dx.doi.org/10.1016/j.scitotenv.2012.09.074
http://dx.doi.org/10.1088/1748-9326/8/2/024003
http://dx.doi.org/10.1029/2010gl044571
http://dx.doi.org/10.1029/2010gl044571
http://dx.doi.org/10.1029/2012gl051230
http://dx.doi.org/10.1088/1748-9326/7/1/014035
http://dx.doi.org/10.1016/j.advwatres.2012.03.004
http://dx.doi.org/10.1146/annurev.energy.32.041006.101434
http://dx.doi.org/10.1029/2010wr010090

48 M.N. Fienen and M. Arshad

resources—transboundary water management proceedings, pp 79-85. doi:10.1007/978-94-
007-3949-9_7

Zektser S, Loaiciga H, Wolf J (2005) Environmental impacts of groundwater overdraft:
selected case studies in the southwestern United States. Environ Geol 47(3):396-404


http://dx.doi.org/10.1007/978-94-007-3949-9_7
http://dx.doi.org/10.1007/978-94-007-3949-9_7

	2: The International Scale of the Groundwater Issue
	2.1 Introduction
	2.2 The Concept of Groundwater Depletion
	2.3 Groundwater Depletion Globally
	2.3.1 Global Estimates of Groundwater Extraction
	2.3.2 Global Depletion Examples
	2.3.2.1 High Plains Aquifer, United States
	2.3.2.2 Northwestern India
	2.3.2.3 Northeastern China
	2.3.2.4 Middle East and North Africa (MENA)
	2.3.2.5 Australia
	2.3.2.6 Techniques for Assessing Groundwater Depletion


	2.4 Contamination of Groundwater
	2.4.1 Land and Aquifer Salinization
	2.4.1.1 Land Salinization
	2.4.1.2 Aquifer Salinization

	2.4.2 Groundwater Contamination Due to Chemicals
	2.4.3 Groundwater Contamination Due to Microorganisms

	2.5 The Water-Energy Nexus
	2.6 Transboundary Water Conflict
	2.7 Conclusion
	References


