
C H A P T E R 8
Groundwater Management

8.1 Introduction
At the most basic level, water supply management can be defined as a process that secures
enough water of suitable quality to meet demand at all times, if this demand is reason-
able and that there is no waste of water. More broadly, water supply management is an
integral part of water governance, which refers to the range of political, social, economic,
and administrative systems that are in place to develop and manage water resources,
and the delivery of water services, at different levels of society (Rogers and Hall, 2003).
Water governance includes the ability to design public policies and institutional frame-
works that are socially acceptable, equitable, and environmentally sustainable. Given the
complexities of water use within society, effective water governance requires the involve-
ment of all stakeholders and must ensure that disparate voices are heard and respected
in decisions on development, allocation, and management of common waters, and in
using financial and human resources. Governance aspects overlap with the technical
and economic aspects of water, but include the ability to use political and administrative
elements to solve a problem or exploit an opportunity (Rogers and Hall, 2003).

One recent example of groundwater governance on a grand political scale is the
Groundwater Directive by the European Parliament, which refers to groundwater as
“the most sensitive and the largest body of freshwater in the European Union and, in
particular, also a main source of public drinking water supplies in many regions.” (The
European Parliament and the Council of the European Union, 2006). This directive estab-
lishes specific measures in order to prevent and control groundwater pollution, defined
as the direct or indirect introduction of pollutants into groundwater as a result of hu-
man activity. These measures include (a) criteria for the assessment of good groundwater
chemical status and (b) criteria for the identification and reversal of significant and sus-
tained upward trends of contamination and for the definition of starting points for trend
reversals. The directive also requires the “establishment by Member States of ground-
water safeguard zones of such size as the competent national body deems necessary to
protect drinking water supplies. Such safeguard zones may cover the whole territory of
a Member State.” Some of the more telling statements in the Directive are as follows:

Groundwater is a valuable natural resource and as such should be protected from deterioration and
chemical pollution. This is particularly important for groundwater-dependent ecosystems and for the
use of groundwater in water supply for human consumption.

The protection of groundwater may in some areas require a change in farming or forestry prac-
tices, which could entail a loss of income. The Common Agricultural Policy provides for funding
mechanisms to implement measures to comply with Community standards.

539



540 C h a p t e r E i g h t

European Environmental Bureau (EEB), Europe’s biggest environmental nongovern-
mental organization, stated the following in response to the Groundwater Directive:
“Members of the European Parliament have successfully fought off attempts by govern-
ments to re-nationalise groundwater protection. They ensured that preventing pollution
and achieving quality standards is robust and legally binding. Without this kind of
EU-wide approach, countries would have been left exposed to pressure from powerful,
globalised businesses” (EEB, 2006).

Groundwater management is commonly divided into supply-side management and
demand-side management. This division is more for technical and administrative pur-
poses, however, since the two aspects are interdependent. At the same time, as discussed
above, the overall water (groundwater) management is not “just” about making sound
engineering, scientific, economic, and environmental decisions. Water governance is in
many cases disproportionately influenced by policies that favor growth of one or more
groups of water users—urban, industrial, or agricultural—without much regard for the
sustainability of water use or the environmental impacts. The worst possible outcome of
failed policies is an uncontrolled spiral of increasing demand causing increasing ground-
water withdrawals, which in turn result in aquifer mining and overall environmental
degradation. When groundwater is viewed as both an economic and a public good, and
its use is overseen by most if not all stakeholders, it is less likely that this spiral would
continue unchecked. In contrast, when selling water is viewed only as a source of profit
for the water purveyor, possibly shared by others through tax revenues for example, it
is more likely that an unsustainable use of groundwater resources would continue.

As emphasized throughout this book, groundwater is an essential element of the
overall hydrologic cycle. It is inseparable from surface water resources because it provides
baseflow and sustains aquatic life in surface water streams, lakes, and wetlands, as well
as in the aquifer itself (such as in karst caves and conduits). Withdrawal of groundwater
may affect surface water flows and quality and vice versa. Surface water may become
groundwater at some point, and the same water may again emerge as surface water
after flowing through a groundwater system for miles and centuries. Upstream users
(in the case of surface water) or upgradient users (in the case of groundwater), water
diversions, and wastewater discharges will affect downstream users, water availability,
and water quality. Groundwater management should therefore be viewed as part of an
integrated surface water and groundwater resources management on a watershed scale,
or a regional groundwater system scale in the case of confined aquifers not connected
with surface water.

The least desirable form of water supply management is the use of “tools” such
as the one shown in Fig. 8.1. It is in situations of repeated water shortages, caused
by either insufficient water resources or prolonged droughts, that water utilities and
politicians alike are forced to reassess their water management practices and policies.
Unfortunately, a seemingly abundant water resource is often taken for granted and little
is done to evaluate or promote various aspects of its sustainable use. One such example
is the approach to water management by the city of Chicago. The city switched its water
supply from groundwater to Lake Michigan water in the early 1980s after realizing that
extensive aquifer mining had created one of the largest and deepest cones of depression
in the United States and was not sustainable. For many years, the Great Lakes were
considered an inexhaustible source and Chicago kept charging a flat fee for water use,
lower than in any other major city in the country. Notably, wastewater generated by the
city is not discharged back into the lake but flows into the Mississippi drainage basin.
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FIGURE 8.1 Water management tool utilized by the town of Warrenton, VA, during the drought of
2007. Incidentally, Warrenton is one of many fast growing communities near the metropolitan
Washington, DC, area.

As this water management practice continues to the present day, the lakes are arguably
trying to send signals, through their declining levels, that they are exhaustible sources.
Although various factors are contributing to the water level decline of the Great Lakes,
and no quantitative connection to city water withdrawals has been established thus far,
it appears that Chicago did not learn from its not so distant past.

Managing the quality of “raw” groundwater, before it is extracted from an aquifer,
is a much more complex task compared to managing its quantity. As discussed in Chap.
5, there are many sources, past and present, of potential or actual groundwater contam-
ination and an infinite variety of natural and anthropogenic contaminants. It is often
very difficult to pinpoint every single source of groundwater contamination, and even
more difficult to quickly restore the resource to beneficial use. In most cases, the quality
of the resource cannot be directly controlled by the end user due to legal, financial, and
other constraints. A simple example is contamination that is (has been) occurring miles
away, outside the jurisdiction of the utility that extracts groundwater and is affecting
its well field for public water supply. Even when the sources of contamination are well
defined and the legal authority for groundwater restoration is clearly established, it may
take years before any measures to mitigate the situation are taken. One common reason is
the high cost of groundwater remediation, which can prohibit small and large users alike
from attempting to solve the problem on their own. This is the main reason why in some
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societies such as the United States, where the legal rights of both water users and alleged
polluters are very strict and highly protected, exorbitant amount of money is spent each
year on litigation over groundwater contamination rather than on its direct mitigation.

In some complex hydrogeologic environments, aquifer restoration to pristine or near-
pristine conditions (which legally are defined as all contaminants present below their
maximum allowed concentrations) may not be technically feasible. This fact is often
not acceptable to some stakeholders including regulatory agencies, and there are many
examples of groundwater users with false hopes waiting for “someone else” to pay
for solving their groundwater contamination problem. In such cases “someone else”
should be, whenever possible, considered as “something else” including at least two
options: (1) groundwater treatment to drinking water standards after extraction from
the aquifer and (2) innovative approaches to overall water management including water
reuse and public outreach (education). Unfortunately, water supply often tends to be a
local responsibility and its costs are seldom fully covered. Most utilities in both developed
and developing countries rely heavily on subsidies and are far from being able to create
their own capital. Since there is little political will to raise tariffs, and central governments
are either unwilling or unable to provide financing, utilities are trapped in a vicious spiral
of underspending on essential maintenance, resistance to fee increase, and inability to
cope with groundwater contamination. In litigious societies such as the United States,
this situation is a fertile ground for the legal profession (attorneys). In societies that are
more pragmatic or not so rich, central governments and water-sector agencies play key
roles in the various disputes that arise from groundwater contamination. They also help
both groundwater users and polluters by creating a more flexible regulatory environment
that emphasizes risk- and economy-based approaches to the allocation of resources for
groundwater quality restoration and management.

As discussed by Winpenny (2003), serious defects in the governance of water re-
sources in most undeveloped and many developing countries hamper the ability of
water utilities to effectively manage them. Thus, the water sector is unable to generate
or attract finance, and there is a tradition, especially in poorer countries, of reliance on
foreign aid for new investments. Following are some of the issues important for under-
standing many difficulties in water resources management in such countries (modified
from Winpenny, 2003):

� The apparent low priority that central governments give to water resources de-
velopment. Since the mass of people, which is served water, is politically weak
or disempowered, those in power find it tempting to postpone investments in
the water sector and use available resources, including those saved from debt
relief, for more important political gains.

� Confusion of social, environmental, and commercial aims.
� Political interference.
� Poor management structures and imprecise objectives for water development

projects.
� Lack of transparency in the award of contracts.
� Nonexistent or weak and inexperienced regulators, as well as engineering, sci-

entific, and technical resources.
� Resistance to cost-recovering tariffs.
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� Ineffective and corruption-prone irrigation agencies and water utilities, over-
staffed in a misguided attempt to create employment.

Effective groundwater management in such socioeconomic environments is poor or
nonexistent and may be very difficult to improve or implement without radical changes
at various political, institutional, and technical levels.

Regardless of socioeconomic and regulatory environments, calls for groundwater
management do not usually arise until a decline in well yields or water quality affects
one of the stakeholder groups. If further uncontrolled pumping and groundwater con-
tamination are allowed, a “vicious circle” may develop (Fig. 8.2), seriously damaging the
resource. This damage is evident in excessive groundwater level decline, groundwater
contamination, and in some cases, saltwater intrusion or land subsidence (Tuinhof et al.,
2002–2005a). To transform this “vicious circle” into a “virtuous circle” (Fig. 8.3), it is essen-
tial to recognize that managing groundwater is as much about managing people (water
and land users) as it is about managing water (aquifer resources). In other words, the
socioeconomic dimension (demand-side management) is as important as the hydrogeo-
logic dimension (supply-side management) and integration of both is always required
(Tuinhof et al., 2002–2005a).

In most situations, groundwater management will need to keep a balance between
the costs and benefits of management activities and interventions. It should take into
account the susceptibility to degradation of the hydrogeologic system involved and the
legitimate interests of water users, including ecosystems and those dependent on down-
stream baseflow. Figure 8.4 illustrates a common evolution of groundwater resources
development and the associated stages based on the impacts of the hydraulic stress
(groundwater extraction) on the system.

The condition of excessive and unsustainable extraction (3A—Unstable Develop-
ment) is also included in Fig. 8.4. For this case, the total abstraction rate (and usually the
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number of production wells) will eventually fall markedly as a result of near irreversible
degradation of the aquifer system itself.

As suggested by Tuinhof et al. (2002–2005a), the framework provided in Table 8.1
can be used as a diagnostic instrument to assess the adequacy of existing groundwater
management arrangements for a given level of resource development (both in terms of
technical tools and institutional provisions). By working down the levels of development
of each groundwater management tool or instrument, a diagnostic profile is generated
and can be compared to the actual stage of resource development to indicate priority
aspects for urgent attention. Such a diagnostic exercise can also be undertaken by each
major group of stakeholders to promote communication and understanding. Necessary
management interventions for a given hydrogeologic setting and resource development
situation can be agreed upon through this type of approach.

Groundwater management should have a clearly stated objective. This is true for
any level of management, starting with a local water agency or water purveyor and
ending at the national (federal) level. The management objective should include the
establishment of threshold values for readily measured quantities such as groundwater
levels, groundwater quality, land surface subsidence, and changes in streamflow and
surface water quality where they impact or are impacted by groundwater pumping.
When a threshold level is reached, the rules and regulations require that groundwater
extraction be adjusted or stopped to prevent exceeding that threshold.

Management objectives may range from entirely qualitative to strictly quantified.
At a local level, each management objective would have a locally determined threshold
value that can vary greatly. For example, in establishing a management objective for
groundwater quality, one area may simply choose to establish an average value of total
dissolved solids (TDS) as the indicator of whether a management objective is met, while
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Level of Development of Corresponding Tool or Instrument1
Groundwater Management
Tools & Instruments 0 1 2 3

Technical Tools
Resource assessment basic knowledge of

aquifer
conceptual model based

on field data
numerical model(s)

operational with
simulation of different
abstraction scenarios

models linked to
decision-support and
used for planning and
management

Quality evaluation no quality constraints
experienced

quality variability is issue
in allocation

water quality processes
understood

quality integrated in
allocation plans

Aquifer monitoring no regular monitoring
program

project monitoring, ad-
hoc exchange of data

monitoring routines
established

monitoring programs
used for management
decissions

Institutional Instruments
Water rights customary water rights occasional local

clarification of water
rights (via court cases)

recognition that societal
changes override
customary water rights

dynamic rights based on
management plans

Regulatory provisions only social regulation restricted regulation
(e.g., licensing of new
wells, restrictions on
drilling)

active regulation and
enforcement by
dedicated agency

facilitation and control of
stakeholder
self-regulation

Water legislation no water legislation preparation of
groundwater resource
law discussed

legal provision for
organization of
groundwater users

full legal framework for
aquifer management

Stakeholder participation little interaction
between regulator
and water users

reactive participation and
development of user
organizations

stakeholder
organizations co-opted
into management
structure

stakeholders and
regulators share
responsibility for
aquifer management
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Awareness and education groundwater is
considered an
infinite and free
resource

finite resource
(campaigns for water
conservation and
protection)

economic good and part
of an integrated
system

effective interaction and
communication
between stakeholders

Economic instruments economic externalities
hardly recognized
(exploitation is
widely subsidized)

only symbolic charges for
water abstraction

recognition of economic
value (reduction and
targeting of fuel
subsidies)

economic value
recognized (adequate
charging and increased
possibility of
reallocation)

Management actions
Prevention of side effects little concern for side

effects
recognition of (short- and

long-term) side effects
preventive measures in

recognition of in-situ
value

mechanisms to balance
extractive uses and
in-situ values

Resource allocation limited allocation
constraints

competition between
users

priorities defined for
extractive use

equitable allocation of
extractive uses and
in-situ values

Pollution control few controls over land
use and waste
disposal

land surface zoning but
no proactive controls

control over new point
source pollution
and/or siting new
wells in safe zones

control of all point and
diffuse sources of
pollution; mitigation of
existing contamination

1 According to hydraulic stress stage (see Fig. 8.4).
From Tuinhof et al., 2002–2005a.

TABLE 8.1 Levels of Groundwater Management Tools, Instruments and Interventions Necessary
for a Given Stage of Resource Development Shown in Fig. 8.4 (Continued )
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another agency may choose to have no constituents exceeding the maximum contaminant
level for public drinking water standards. While there is great latitude in establishing
management objectives, local managers should remember that the objectives should
serve to support the goal of a sustainable supply for the beneficial use of the water in
their particular area (DWR, 2003).

This chapter covers, in detail, the key aspects of groundwater management. Ideally,
groundwater management starts with an agreement of all stakeholders as to what con-
stitutes a sustainable use of groundwater resources (Section 8.2). This agreement has to
be binding and within a clearly defined regulatory framework (Section 8.3). Whenever
applicable, groundwater management should be seamlessly integrated with the man-
agement of surface water, storm water, and used water (wastewater) thus constituting
an integrated water resources management (IWRM; Section 8.4). In order for both to be
effective or even possible, the groundwater management and the IWRM must rely on
monitoring of water quantity, quality, and their spatial and temporal changes (Section
8.5). This monitoring should include the ambient water (before it is extracted), the ex-
tracted water, the storm water, and the wastewater, or, in other words, the entire cycle of
water use. All monitoring data, as well as all data generated during water resource eval-
uation, development, and exploitation (operations and maintenance), should be stored
and organized within an interactive GIS database (Section 8.6). One of the most critical as-
pects of successful water management is source protection, which includes delineation of
source protection zones, assessment of contamination risks, and development of strate-
gies for land use control (Section 8.7). Predictive computer modeling of quantity and
quality of available groundwater, as well as various impacts of its extraction, is impor-
tant for all phases of resource development and use (Section 8.8); it includes optimization
of groundwater extraction (e.g., location and number of wells and their pumping rates)
and artificial groundwater recharge where applicable. Finally, artificial aquifer recharge
(Section 8.9) is becoming a focal point of groundwater management in many regions. The
sustainable use of groundwater, surface water, storm water, and recycled (used) water
relies increasingly upon storing water in the subsurface.

Demand management is not the topic of this book, but its importance for the ef-
fectiveness and sustainability of any IWRM cannot be overemphasized. The concept
of water demand management generally refers to initiatives with objective of satisfy-
ing existing needs for water with a smaller amount of available resources, normally
through increasing the efficiency of water use. Water demand management can be
considered a part of water conservation policies, which describe initiatives with the
aim of protecting the aquatic environment and ensuring a more rational use of water
resources.

Unfortunately, water demand management is often given a low priority or practiced
reluctantly, in part due to a false premise that it only involves raising fees. As discussed
in Chap. 1, the water sector is heavily subsidized in both developed and developing
countries and politicians are usually very hesitant to “wrestle” with the issue of water
pricing, especially during elections. However, in addition to pricing, which is usually
an effective means of demand management, there are many other measures that, when
combined, can be as effective. A very detailed discussion on demand management tools,
water use, and water conservation, with examples from European countries is presented
in the report “Sustainable water use in Europe. Part 2: Demand management” published
by the European Environment Agency (Lallana et al., 1999). Following are brief excerpts
from this comprehensive report illustrating the importance of two demand management



549G r o u n d w a t e r M a n a g e m e n t

0

100

200

300

1970 1980 1990 2000 2010

Estimated
by TWDB

Actual
T

ot
al

 D
em

an
d 

(1
00

0 
ac

re
 ft

/y
r)

Year

FIGURE 8.5 Total water demand, in thousands acre-feet per year, in service area of El Paso Water
Utility. (Modified from Hutchinson, 2003.)

measures, other than water pricing, which can be effective in reducing pressure on water
resources:

Losses in water distribution networks can reach high percentages of the volume introduced. Thus,
leakage reduction through preventive maintenance and network renewal is one of the main elements of
any efficient water management policy. Leakage figures from different countries indicate the different
states of the networks and the different components of leakage included in the calculations (e.g.
Albania up to 75%, Croatia 30–60%, Czech Republic 20–30%, France 30%, and Spain 24–34%).

In agriculture, the aim of the education programs is to help farmers optimize irrigation. This can be
achieved through training (on irrigation techniques), and through regular information on climatic
conditions, irrigation volume advice for different crops, and advice on when to start/stop adjusting
irrigation volumes according to rainfall and type of soil.

Figure 8.5 shows the effect of demand management measures implemented by the city
of El Paso, TX, after it became clear that the available groundwater and surface water
resources were insufficient to sustain the population growth. The measures included
block tariffs, public education, and incentives for water-saving devices in households.

Although the most obvious means of demand management is to limit population,
industrial, or agricultural growth in regions where water resources are insufficient to
support it, in many cases this is the last measure politicians are willing to contemplate.
Notwithstanding various socioeconomic and geographic realities (e.g., poor nations and
countries in desert environments), sometimes this option may be the only viable one
left. One such example is from California where the state legislature has recognized the
need to consider water supplies as part of the local land use planning process. Three bills
(Senate Bill 2211, SB 6102, and AB 9013) were enacted in 2001 to improve the assessment
of water supplies. The new laws require the verification of sufficient water supply as
a condition for approving certain developments. They compel urban water suppliers
to provide more information on the reliability of groundwater as an element of supply
(DWR, 2003).

8.2 Concept of Groundwater Sustainability
The determination of the sustainable use of groundwater is not solely a scientific, en-
gineering, or a managerial question. Rather, it is a complex interactive process that
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FIGURE 8.6 Illustration of pumping from an aquifer in comparison to surface water reservoir. Yield
that is considered sustainable can be achieved only by accepting some consequences of
groundwater pumping. Safe yield often is referred to as pumping equal to recharge, but as shown,
can result in reduced or no discharge to surface stream and unacceptable consequences.

considers societal, economic, and environmental values, and the respective consequences
of different decisions. One commonly held but inaccurate belief, when estimating water
availability and developing sustainable water supply strategies, is that groundwater use
can be sustained if the amount of water removed is equal to recharge—often referred
to as “safe yield.” However, there is no volume of groundwater use that can be truly
free of any adverse consequence, especially when time is considered. The “safe yield”
concept is therefore a myth because any water that is used must come from somewhere.
It falsely assumes that there will be no effects on other elements of the overall water
budget. Bredehoeft et al. (1982) and Bredehoeft (2002) provide illustrative discussions
about the safe yield concept and the related “water budget myth.”

In order to examine the “safe yield myth” more carefully, an analogy is made com-
paring an aquifer and a reservoir behind a dam on a river (Fig. 8.6). If withdrawals from
a reservoir equal inflows, the river below the dam will be dry because there will be no
outfall from the reservoir. The same principle can be applied to a groundwater reser-
voir. If pumping (withdrawal) equals inflows (recharge), the outflows (subsurface flow
or discharge to springs, streams, or wetlands) from the aquifer will decrease and may
eventually reach zero, resulting in some adverse consequence at some point in time. The
direct hydrologic effects will be equal to the volume of water removed from the natural
system, but those effects may require decades to centuries to be manifest. Because aquifer
recharge and groundwater withdrawals can vary substantially over time, these changing
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rates can be critical information for developing groundwater management strategies (An-
derson and Woosley, 2005).

With an increased demand for water and pressures on groundwater resources, the
decades-long debate among water professionals about what constitutes “safe” with-
drawal of groundwater has now changed into a debate about “sustainable use” of
groundwater. The difference is not only semantic, and confusion has occasionally re-
sulted. For example, there are attempts to distinguish between “safe yield” and “sus-
tainable pumping” where the latter is defined as the pumping rate that can be sustained
indefinitely without mining or dewatering the aquifer. Devlin and Sophocleous (2005),
and Alley and Leake (2004) provide a detailed discussion of these and other related
concepts.

What appears most difficult to understand is that the groundwater system is a dy-
namic one—any change in one portion of the system will ultimately affect its other parts
as well. Even more important is the fact that most groundwater systems are dynamically
connected with surface water. As groundwater moves from the recharge area toward
the discharge area (e.g., a river), it constantly flows through the saturated zone, i.e.,
the groundwater storage (reservoir). If another discharge area (such as a well for water
supply) is created, less water will flow toward the old discharge area (river). This fact
seems to be paradoxically ignored by those who argue that groundwater withdrawals
may actually increase aquifer recharge by inducing inflow from recharge boundaries
(such as surface water bodies!) and therefore result in “sustainable” pumping rates. Al-
though such groundwater management strategy may be “safe” or “sustainable” for the
intended use, another question is whether it has any consequences for the sustainable
use of the surface water system, which is now losing water to rather than gaining it from
the groundwater system.

Another argument for sustainable pumping is based on managing groundwater stor-
age. This management strategy adjusts withdrawal (pumping) rates to take advantage
of natural recharge cycles. For example, during periods of high demand, some water
may be withdrawn from the storage by greatly increasing pumping rates and lowering
the hydraulic heads. During periods of low demand (low pumpage) and high natural
recharge, this depleted storage would then be replenished (this is also the principle of
spring regulation discussed in Chap. 7). However, the same question of the sustainability
of this approach remains. Any portion of the natural recharge that does not contribute
to the natural (nonanthropogenic) discharge will have some consequences for the water
users and water uses which rely on it. Depending on the volumes and rates of the denied
groundwater discharge, the affected users may or may not be able to adapt to the new
reality.

In order to sustain valued ecosystems and endangered species, segments of soci-
eties worldwide expect water to be made available, in volumes not easily quantified, to
meet key habitat requirements. This relatively recent trend is accompanied by actions
of environmental groups, which include legal challenges and lawsuits against various
government agencies in charge of water governance. Prior to 1970s similar involvement
of nongovernmental groups or the public was virtually nonexistent.

A perfect example of an unchecked promotion of industrial growth, disregard for
the environment and groundwater resources, and past regulatory decisions that would
hardly be possible today is the story of historic Kissengen Spring in Florida (Fig. 8.7).

This historic second-magnitude spring, located approximately 4 mi south of the city
of Bartow, in Polk County, central Florida, had an average flow of nearly 20 million gal/d
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FIGURE 8.7 Photograph of historic Kissengen Spring in Florida taken in 1941. (Unknown
photographer; possibly taken by Myra Haus; courtesy of Wayne Lewis). (Inset) Sink-spring formed
near the main historic spring in 2000. (Photograph courtesy of Thomas Jackson.)

and served as a popular recreational area until continuous flow ceased in February 1950,
primarily resulting from aquifer dewatering by nearby phosphate mining companies
(Peek, 1951; see Fig. 8.8). After the mining operations were discontinued, the aquifer
water levels started to slowly recover. Although the original spring vent has been phys-
ically plugged since 1962, flow resumed temporarily in January 2006 from a sink-spring
that had recently formed nearby (inset photograph). The loss of continuous flow at
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FIGURE 8.8 Hydrograph of the historic Kissengen Spring, Polk County, central Florida. (Modified
from Jackson, in preparation.)
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Kissengen Spring is an example of the potential fate of Florida springs when their
drainage areas (called “springsheds” in Florida) are not adequately understood or prop-
erly managed. Recent flow from the adjacent sink-spring offers hope that with proper
characterization and management, this natural treasure might be restored to the delight
of the people of the region. It may also serve as a model for springshed protection and
management (Jackson, in preparation).

As discussed by Anderson and Woosley (2005) and Alley et al. (1999), the implications
of long-term droughts should also be considered in long-term water management strate-
gies. Droughts, resulting in reduced groundwater recharge, may be viewed as a natural
stress on a groundwater system that, in many ways, has effects similar to groundwater
withdrawals—namely, reductions in groundwater storage and accompanying reductions
in groundwater discharge to streams and other surface water bodies. At the same time,
aquifers in many cases provide a much larger volume of water storage compared to con-
structed surface water storage (reservoirs). These large underground storage reservoirs
can function effectively as a buffer against the annual to decadal variability of climate.
Despite this buffering capacity against even annual declines in precipitation, the stress on
some aquifers can be increased immediately if pumping increases. In semiarid climates
with high evapotranspiration rates and deep water tables, effective recharge to aquifers
may occur only as the result of infrequent climatic conditions (El Niño) or hydrologic
events rather than a simple percentage of annual precipitation, and it is greatly delayed.
Water availability from storage in an aquifer, therefore, depends upon long-term recharge
(climatic) patterns rather than short-term climatic events such as seasonal droughts and
floods.

When reductions in aquifer storage do occur, they can have serious adverse
consequences—lowered groundwater levels may cause compaction of groundwater sys-
tems and land subsidence (see Chap. 2) and may induce upconing of poorer quality saline
water from deeper portions of the system.

Dependence of communities or regions solely on groundwater in storage is a man-
agement strategy that is not sustainable for future generations. When it is obvious that
the natural aquifer recharge cannot offset the reduction in groundwater storage in any
meaningful way over a reasonable time, prudent groundwater management must con-
sider strategies that rely on surface water and used water for aquifer recharge. In areas
where surface water use predominates, groundwater will undoubtedly be an integral
part of sustainable-use strategies because of the ability to buffer short-term fluctuations
in supply. Large-scale withdrawals from groundwater storage can be used in times of
crisis or episodic shortage to achieve sustainability, and likewise during periods of over-
abundance, water can be stored or banked in aquifers (Anderson and Woosley, 2005).

Groundwater of high quality, protected from surface contamination by competent
thick aquitards, is an invaluable resource and should be given special consideration
whenever possible. Using such a vital resource for watering golf courses and lawns or
cleaning (washing) city streets would be characterized as beyond unsustainable in any
hydrologic and climatic conditions. One example of a groundwater system from a tem-
perate humid climate, fully recognized for its value, is the Albian-Neocomian aquifer
system located in France, in the Parisian basin. The system is composed of two aquifers,
the Albian and the Neocomian, which are hydraulically connected. According to infor-
mation provided by the French Agency Agence de l’Eau Seine-Normandie, the system covers
84,000 km2 and its total estimated reserves are around 655 billion m3. The Albian aquifer
has unique characteristics: full protection against surface pollution, high groundwater
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reserves, and a very low natural recharge. The Neocomian aquifer is still not well known,
but likely has similar characteristics. The Albian aquifer has been developed since the
middle of the nineteenth century. The result was a large drop of the hydraulic head in the
aquifer. Public authorities reacted and in 1935 adopted a regulation imposing a licensing
regime on all drillings of more than 80-m depth in the Parisian basin. The Neocomian
aquifer has been tapped only recently, starting in 1982. Today, the Albian-Neocomian
system is considered an important strategic resource, exploited primarily for drinking
water purposes. In 2003, the Schéma Directeur d’Aménagement et de gestion des eaux du
bassin Seine-Normandie was amended in order to emphasize the valuable function of the
system, including its use in emergency situations. Indications concerning the total annual
volume of water that can be extracted from the system in case of emergency are carefully
provided (Foster and Loucks, 2006).

Another example of an aquifer protected by lawmakers because of its high intrinsic
value is the Lloyd aquifer of Long Island, NY (Fig. 8.9). Nearly 3 million people on Long
Island rely entirely on groundwater for their water supply needs and the island’s ground-
water system is classified as a sole-source aquifer. The Lloyd aquifer is the deepest in
the system. It has been estimated to contain about 9 percent of Long Island’s freshwater
(Garber, 1985), but receives only 3.1 percent of the recharge that enters the Long Island
aquifer system (Buxton et al., 1991; Buxton and Modica, 1992). The thick Raritan clay
unit restricts the flow between the Lloyd and the Magothy aquifers and provides good
protection of the Lloyd’s high water quality. The recharge of the Magothy aquifer, the
main source of water supply, and the Lloyd aquifer is predominantly at the groundwater
divide near the center of the island. The Lloyd aquifer receives recharge through a cor-
ridor generally less than 0.5-mi wide. Travel time from the water table to the top of the
Lloyd aquifer is approximately several hundred years (Buxton et al., 1991). The water in
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the Lloyd aquifer is oldest at the southern coast of Long Island—more than 8000 years;
it is more than 2000 years old at the northern coast (Buxton and Modica, 1992). This
difference in age is attributed mainly to the proximity of the recharge area to the north
shore.

Nearly all pumping from the Lloyd aquifer has been in the western part of Long Island
(Chu et al., 1997). Excessive pumpage has led to saltwater intrusion in some coastal areas.
Withdrawal of water from the Lloyd greatly diminished about 1996 when the Jamaica
Water District in New York City was closed.

The following excerpts from an article published in The New York Times (October 28,
2007) illustrate the ongoing debate about the Long Island’s water supply and especially
about the use of the Lloyd aquifer:

The State Department of Environmental Conservation has made the right decision to protect Long
Island’s most precious resource. Its commissioner, Pete Grannis, ruled this month that the Suffolk
County Water Authority may not tap Long Island’s oldest, deepest and purest water source, the
Lloyd Aquifer, which has been protected since 1986 by a moratorium on drilling.

Mr. Grannis, stepping into a dispute that has divided public officials, civic groups and scientists
in both Nassau and Suffolk Counties, overruled an administrative law judge who had sided with the
water authority. The authority had wanted the moratorium lifted so it could mix clean water from the
Lloyd with polluted water from a closed well in Northport. The mixture, with the bad stuff diluted
enough to meet quality standards, would have saved the agency the trouble and cost of removing the
contamination in Northport or piping water in from somewhere else.

The authority had argued that it and its customers would suffer “extreme hardship” if it were
not able to exploit a pristine, protected resource. Mr. Grannis was right not to buy that, and to take a
strong position in favor of conserving Long Island’s endangered water supply.

Long Island lives above the water it drinks. The water is buried deep underground in aquifers
that have been relentlessly tapped with thousands of wells stuck into them like so many soda straws.
There is no other significant source of water here, except maybe those trucks loaded with bottles of
Poland Spring. But generations of unchecked growth and the limitless thirst of pools, lawns, hot tubs,
showers and toilets have left some water sources badly compromised, contaminated with nitrates
from fertilizer and sewage and tainted with saltwater that intrudes through sandy soil to replace the
freshwater that was sucked out.

Some scientists argue that the supply’s days are numbered; others say there is plenty of water
and nothing to worry about. The debate does not alter our bottom line. The optimists could be correct
about the water supply, but still wrong about drilling in the Lloyd Aquifer. The answer to a growing
thirst is not to drill ever deeper into an ancient, untapped source of freshwater.

Other parts of the country are waking up to the realization that fresh, clean water is a scarce
resource that should be conserved with wisdom and care. On Long Island, where our aquifers have
generously supported egregiously wasteful and polluting habits for decades, that understanding has
been slow to sink in. The region’s supply of cheap, abundant, excellent water is under stress, from our
own mistreatment of it. The answer is not adding one more straw.

Any use of groundwater to be sustainable must recognize the interests of various
stakeholders, including the public and nongovernmental environmental groups, and
require their participation in decisions. More importantly, regulatory and management
frameworks that will ensure this participation and take into account often diverging
interests should be put in place. One such attempt is the establishment of Texas Ground-
water Protection Committee (TGPC, 1999), charged by the state legislature to “develop and
update a comprehensive groundwater protection strategy for the state that provides guidelines for
the prevention of contamination and for the conservation of groundwater and that provides for the
coordination of the groundwater protection activities of the agencies represented on the committee”
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(Texas Water Code Section 26.405(2)). The TGPC is composed of nine state agencies and
the Texas Alliance of Groundwater Districts (TAGD). Members of the TGPC represent the
primary state agencies and groundwater districts entrusted by the legislature with the
conservation, protection, and where necessary the remediation of groundwater. Notably,
the TAGD does not include representatives of nongovernmental environmental groups.
Nevertheless, in the updated 2003 Texas Groundwater Protection Strategy, TGPC reminds
all the participating stakeholders that

One of Texas’ most valued natural resources is its ground and surface water resources. In 1999,
groundwater provided approximately 58 percent of the water used in the state, and it is a fundamental
component of the state’s water supply. In addition, groundwater provides a significant amount of the
base flow for the state’s rivers and streams, and is, therefore, important to the maintenance of the
state’s environment and economy.

The groundwater protection and conservation strategy developed by the TAGD in-
cludes the following:

� Details on the state’s groundwater protection goal as established by the legisla-
ture

� Statewide groundwater classification system and the process used by the state
to identify groundwater contamination

� Roles and responsibilities of the various state agencies involved in groundwater
protection and explanation of the TGPC as a coordinating mechanism

� Examples of how the various state agencies carry out groundwater protection
programs through regulatory and nonregulatory models

� Explanation how the local, state, and federal agencies coordinate management
of groundwater data for the enhancement of groundwater protection

� Role that research plays in understanding groundwater’s importance and the
importance of coordinating research efforts

� Overview of the groundwater public education efforts in the state
� Public participation in establishing and implementing groundwater policy
� Planning process for updating the groundwater strategy
� Proposal for inclusion in the next Strategy an identification and ranking of signif-

icant threats to the state’s groundwater resources, consideration of the vulnera-
bility of groundwater resources, and a prioritization of actions to address those
threats

� Recommendations and possible actions to protect and conserve groundwater

In conclusion, when thinking of groundwater sustainability, regardless of any actual
context, it would be hard to add anything to the following 100-year plus old quote from
Slichter (1902) that shows a great foresight:

The fundamental disadvantage in the utilization of underground sources of water is the danger of
overdrawing the natural supply. In regions in which the rainfall is light and catchment areas are
small, as in parts of southern California, it is easy to extend development of underground sources
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so as to greatly exceed the natural rate of annual replenishment. In this way underground reservoirs
are depleted which have been ages in filling; principal as well as interest is drawn upon, and much
disappointment must inevitably follow.

8.2.1 Nonrenewable Groundwater Resources
As discussed by Foster et al. (2002–2005a), groundwater resources are hardly ever strictly
nonrenewable. However, in certain cases the period needed for replenishment (100s to
1000s of years) is very long in relation to the normal period of human activity in general
and water resources planning in particular. For this reason, it is valid in such cases to talk
of the utilization of nonrenewable groundwater or aquifer mining. Two general groups
of groundwater systems fall into the category of nonrenewable:

1. Unconfined aquifers in areas where contemporary recharge is very infrequent
and of small volume and the resource is essentially limited to static groundwater
storage reserves

2. Confined portions of large aquifer systems, where groundwater development
intercepts or induces little active recharge and the hydraulic head falls continu-
ously with groundwater extraction

Both groups involve the extraction of groundwater that originated as recharge in
a distant past, including during more humid climatic regimes. The volumes of such
groundwater stored in some aquifers are enormous. For example, total recoverable vol-
ume of freshwater in the Nubian Sandstone Aquifer System of Africa is estimated at
about 15,000 km3 and the present rate of annual groundwater extraction is 2.17 km3. For
comparison, combined volume of water stored in the Great Lakes of the North America
is 22,684 km3.

The term groundwater sustainability in the case of nonrenewable systems has an
entirely social rather than physical (engineering, scientific) context. It implies that full
consideration must be given not only to the immediate benefits, but also to the negative
socioeconomic impacts of development and to the “what comes after” question—and
thus to time horizons longer than 100 years (Foster et al., 2002–2005a).

There are two general situations under which the utilization of nonrenewable ground-
water occurs: planned and unplanned. In the planned scenario, the management goal is
the orderly utilization of groundwater reserves stored in the system with little preexisting
development. The expected benefits and predicted impacts over a specified time-frame
must be specified. Appropriate exit strategies need to be identified, developed, and im-
plemented by the time that the groundwater system is seriously depleted. This scenario
must include balanced socioeconomic choices on the use of stored groundwater reserves
and on the transition to a less water-dependent economy. A key consideration in defin-
ing the exit strategy will be identification of the replacement water resource, such as
desalination of brackish groundwater (Foster et al., 2002–2005a). Saudi Arabia is a good
example of two main stages in exploitation of nonrenewable groundwater: initial very
rapid, large-scale and unrestricted development for all uses, subsequently supplemented
by desalinated water and treated wastewater. Saudi Arabia has become the largest desali-
nated water producer in the world. The present production presents about 50 percent of
the total current domestic and industrial demands, with the rest met from groundwater
resources (Abderrahman, 2006). However, irrigated agriculture is still the largest user of
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the nonrenewable groundwater in Saudi Arabia where food security concerns have the
highest priority.

In an unplanned situation a rationalization scenario is needed in which the man-
agement goal is to achieve hydraulic stabilization (or recovery) of the aquifer or more
orderly utilize groundwater reserves by minimizing quality deterioration, maximizing
groundwater productivity, and promoting social transition to a less water-dependent
economy (Fig. 8.10).

In both cases, the groundwater extraction rate will have to be reduced, and thus
the introduction of demand management measures (including realistic water fees and
incentives for real water saving) will be needed. In the longer run, potable water supply
use will have to be given highest priority and some other lower productivity uses may
have to be discouraged (Foster et al., 2002–2005a).

It is vital that the groundwater is used with maximum hydraulic efficiency and eco-
nomic productivity, and this implies full reuse of urban, industrial, and mining water
supplies and carefully controlled agricultural irrigation. An acceptable system of mea-
suring or estimating the volumetric extraction will be required as the cornerstone for
both realistic fees for water and enforcing regulations to discourage inefficient and un-
productive uses.

Public awareness campaigns on the nature, uniqueness, and value of nonrenewable
groundwater will be necessary to create social conditions conducive to aquifer manage-
ment, including wherever possible full user participation. In this context, all groundwa-
ter data (reliably and independently synthesized) should be made regularly available to
stakeholders and local communities. This transparency is absolutely essential because
any depletion of nonrenewable groundwater resources is not sustainable in the long term
by definition. Although it may sustain certain socioeconomic development and policies
for one or several generations, this depletion will ultimately lead to an inevitable change
of the socioeconomic and political environments it helped create in the first place. It is
also important that the political entity engaged in mining of nonrenewable groundwater,
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as well as the society as a whole, clearly understand its negative environmental impacts.
They include serious deterioration and ultimately a complete disappearance of springs,
surface streams, marshes, and oases fed by the mined groundwater system as well as
the disappearance of the associated flora and fauna. The only option for delaying or
decreasing such impacts is artificial aquifer recharge with used water, accompanied by
minimization of consumptive water use.

Foster et al. (2002–2005a) argue that nonrenewable groundwater in aquifer stor-
age must be treated as a public property (or alternatively common property) resource.
As such, it should be under jurisdiction of high levels of government where options
on mining of groundwater reserves must be evaluated and the final decisions made.
In countries with a water resources ministry, the decision could rest with the corre-
sponding minister, but in other situations, it would be better taken by the president’s,
prime minister’s, or provincial governor’s office depending upon the territorial scale
of the groundwater system (such systems are often transboundary, extending in more
than one country). High-level political and transparent ownership of the rationalization
plan for aquifers already been subject to mining on an unplanned basis is also highly
desirable.

Various tools and instruments for nonrenewable groundwater management are iden-
tical as in the case of general water management (Table 8.1). A special emphasis, however,
should be placed on predictive groundwater modeling, and on monitoring the effects of
groundwater extraction over the entire extent of the groundwater system being mined.
Three spatially distributed hydrogeologic parameters critical for estimating (model-
ing) fresh groundwater reserves available for extraction will have to be determined in
the field in all three dimensions, and as accurately as possible throughout the system:
(1) storage coefficients, (2) leakance rates between aquifers separated by aquitards where
applicable, and (3) TDS or salinity of groundwater.

Predictive groundwater modeling of the available extraction rates, hydraulic head
changes, and changes in groundwater quality will have varying degrees of uncertainty
depending upon the scale of the system and the existing information. This uncertainty
will be reduced as more observations become available during exploitation of the ground-
water system and the model(s) are periodically updated. Based on the new modeling
results, the management strategies may have to be modified with the agreement of all
stakeholders.

A high priority should be establishing a system of groundwater extraction rights (i.e.,
permits, licenses or concessions) that is consistent with the hydrogeologic reality of con-
tinuously declining groundwater levels, potentially decreasing well yields, and possibly
deteriorating groundwater quality due to saltwater intrusion and upconing. Thus the
permits (for specified rates of extraction at given locations) will need to be time limited
in the long term, but also subject to initial review and modification after 5 to 10 years,
by which time more will be known about the aquifer response to extraction through
operational monitoring. The existence of time-limited permits subject to periodic review
will normally stimulate permit holders to provide regular data on well operations. It
will be incumbent upon the water resources administration to make appropriate institu-
tional arrangements—through some form of groundwater database or datacenter—for
the archiving, processing, interpretation, and dissemination of this information (Foster
et al., 2002–2005a).

As mentioned earlier, many major aquifers containing large reserves of nonrenew-
able groundwater are transboundary, either in a national sense or between autonomous
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provinces or states within a single nation. In such circumstances, the involved jurisdic-
tions will all mutually gain through

� Operation of joint or coordinated groundwater monitoring programs
� Establishment of a common groundwater database or mechanism for informa-

tion sharing
� Adoption of coordinated policies for groundwater resource planning, utilization,

and management, as well as adoption of procedures for conflict resolution
� Harmonization of relevant groundwater legislation and regulations (Foster

et al., 2002–2005a)

8.3 Regulatory Framework
In a publication prepared by the Global Water Partnership, a major international orga-
nization whose mission is to support countries in the sustainable management of their
water resources, Rogers and Hall (2003) provide the following discussion on water gov-
ernance and regulations:

The theoretical bases of governance with regard to water are a subset of theories of collective behavior.
Unfortunately, no one simple theory explains every situation. There is often a marked difference
between the philosophical Continental European and Latin American approaches and the pragmatic
US-Anglo Saxon schools of thought. A relatively clear original demarcation of property rights and
experimentation with these rights over time has led the US to flexible approaches to water governance.
This approach allows for adjustments when economic and social conditions change because it does not
aspire to build institutions that cover all possible eventualities. There are also systems that are hybrids
of the Civil law (philosophical, descended from Roman law) and Common law (pragmatic, from
Britain) approaches, as well as systems with other ancient roots, such as those of the pre-Colombian
Americas, India and Islamic countries.

There are also systems of social rights and responsibilities that remain traditional and uncodified,
and are not necessarily less strong because they are manifested in cultural expectations rather than
written rules. A social perception of equitable sharing is important to governance. The notion of
flexibility and equitable sharing is, however, alien to many countries whose governance systems
are rigid and do not allow for ‘reasonableness’. Adaptive capability is often not present and without
enforceable sanctions, poor governance systems favor the strong. This makes it very difficult and even
dangerous to translate practices based on flexibility and pragmatism into many developing country
governance environments, unless the prevailing social system can provide adequate sanction against
miscreants (Solanes, 2002).

8.3.1 Groundwater Quantity
In the United States, the management of water and the system of issuing water rights
has historically been an un-denied responsibility of the states, rather than the federal
government. However, many aspects of federal law intrude today into this state-based
system of water management. The Endangered Species Act, the Clean Water Act, and
the Wild and Scenic Rivers Act are just a few of the federal laws that impinge upon state
authority. As an example, the legal concept of federal-reserved water rights was thought
to apply only to Indian reservations until the mid-1970s when the U.S. Supreme Court
issued its ruling in the case of Cappaert v. United States, 1976 (from Anderson and Woosley,
2005):
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This Court has long held that when the Federal Government withdraws its lands from the public
domain and reserves it for a Federal purpose, the Government, by implication, reserves appurtenant
water then unappropriated to the extent needed to accomplish the purpose of the reservation. In doing
so the United States acquires a reserved water right in unappropriated water which vests on the date
of the reservation and is superior to the rights of future appropriators.

The quantity of the water is limited to the quantity needed to accomplish the pur-
pose(s) of the reservation. A significant challenge today is to determine the amount of
water required to sustain native peoples, a riparian system, or an endangered species.
Under this ruling, the federal government can claim a volume of water, required to sus-
tain the lands set aside (reserved) from the public domain for a particular purpose, with
an early priority date. National forests, national parks, national wildlife refuges, and
wild and scenic rivers have a water right that goes along with the land.

As discussed by Anderson and Woosley (2005), the unique circumstances of American
expansion into the vast lands of the West gave rise to a body of surface water law that is
markedly different from the laws governing water use in the eastern United States. Under
the riparian doctrine, which is used in the eastern states, the water-right holder must own
land adjacent to a water body. In the west, a water right can be held by a property owner
regardless of the proximity of his land to water, so long as the water is being put to
a beneficial use. Western water law, or the prior appropriation doctrine, can trace its
origins to the placer gold mines of California and the cultural differences and attitudes
of the early settlers. The Mormons, Native Americans, and Spanish settlers all existed
in the west, using an approach to water use very different from prior appropriation; but
to encourage the westward expansion of the United States, prior appropriation served a
useful purpose (Glennon, 2002).

The course of water-rights law changed in the late 1840s when thousands of for-
tune seekers flocked to California following the discovery of gold in the gravels of the
American River. Water development proceeded on a scale never before witnessed in the
United States as these “forty-niners” built extensive networks of flumes and waterways
to work their claims. Often the water carried in these systems had to be transported far
from the original river or stream. The self-governing, maverick miners applied the same
“finders-keepers” rule to water that they did to their mining claims—it belonged to the
first miner to assert ownership. It allowed others to divert available water from the same
river or stream, but their rights existed within a hierarchy of priorities. This “first in time,
first in right” principle became an important feature of modern water law in the West
(Sax et al., 2000).

Western water law historically has placed a higher value on water being used off-
stream. As an example, the Constitution of the State of Colorado states the following:
“The right to divert the unappropriated waters of any natural stream to beneficial uses
shall never be denied.” Notice the requirement that the water be put to beneficial use. If a
diverter fails to use his full allocation of water, after some period of time, he can be forced
to forfeit some or all of his right. In this way, the prior appropriation doctrine discourages
conservation, for there is a serious disincentive to conserve water on the part of the water-
right holder. Such provisions, established in law and set by historical precedent, make it
difficult to change the allocation of water to other uses, such as instream use for aquatic
life and habitat maintenance and enhancement (Anderson and Woosley, 2005).

In contrast to surface water, groundwater was largely ignored in the early years of
water use regulation in the United States. For example, at the beginning of the twentieth
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century, groundwater was seen largely as just a convenient resource that allowed for
settlement in nearly any part of the American West, given its widespread occurrence,
and was subject to common-law rule. The common-law rule regarding groundwater is
the rule of capture or the English rule, which essentially provides that, absent malice or
willful waste, landowners have the right to take all the water they can capture under
their land and do with it what they please, and they will not be liable to neighboring
landowners even if in so doing they deprive their neighbors of the water’s use. The rule
of capture is in contrast to “reasonable use” or the “American rule,” which provides that
the right of a landowner to withdraw groundwater is not absolute, but limited to the
amount necessary for the reasonable use of his land, and that the rights of adjoining
landowners are correlative and limited to reasonable use. Today, Texas stands alone as
the only western state that continues to follow the rule of capture (Potter, 2004).

Except for Texas, all other states have some form of the American rule, usually left for
interpretation to local regulators. For example, although the regulation of groundwater
has been considered on several occasions, the California Legislature has repeatedly held
that groundwater management should remain a local responsibility. Figure 8.11 depicts
the general process by which groundwater management needs are addressed under ex-
isting law. They are identified at the local water agency level and may be directly resolved
at the local level. If groundwater management needs cannot be directly resolved at the
local agency level, additional actions such as enactment of ordinances by local govern-
ments, passage of laws by the legislature, or decisions by the courts may be necessary
to resolve the issues. Upon implementation, local agencies evaluate program success
and identify additional management needs. The state’s role is to provide technical and
financial assistance to local agencies for their groundwater management efforts, such as
through the local groundwater assistance grant program (DWR, 2003).

8.3.2 Groundwater Quality
In the 1999 Ground Water Report to Congress, the United States Environmental Protection
Agency (USEPA) emphasized the need for more effective coordination of groundwater
protection programs at the federal, state, and local levels. Similar efforts in surface wa-
ter programs have led many states to adopt watershed-based management approaches
that coordinate the activities of agencies and programs that play a role in water quality
protection. At the federal level, the 1998 Clean Water Action Plan is designed to promote
similar coordination among federal agencies. While the Clean Water Action Plan and
some state watershed protection approaches address groundwater, true coordination of
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groundwater management efforts has not been achieved in most states (USEPA, 1999).
However, the agency also indicated that at the time 47 states have approved wellhead
protection programs which mandate delineation of wellhead protection areas (WPAs)
for public water supplies. WPA is a designated surface and subsurface area surrounding
a well or well field for a public water supply and through which contaminants or pol-
lutants are likely to pass and eventually reach the aquifer that supplies the well or well
field. The purpose of designating the area is to provide protection from the potential of
contamination of the water supply. These areas are designated in accordance with laws,
regulations, and plans that protect public drinking water supplies.

In the United States, federal support is available for comprehensive groundwater pro-
tection planning, primarily through the Clean Water Act (CWA) and Safe Drinking Water
Act (SDWA). However, the vast majority of federal resources allocated for groundwater
have been devoted to groundwater remediation. Millions, and in many cases hundreds
of millions of dollars from public and private funds have been spent in each state on
cleanup activities, or government oversight of cleanup performed by private parties.
The need for such spending will continue. In 1994, the National Academy of Sciences
estimated that over a trillion dollars, or approximately $4000 per person in the United
States, will be spent in the next 30 years on cleanup of contaminated soil and ground-
water. However, comparatively few of those cleanup resources will be used to manage
future threats to the resource in a comprehensive way that may prevent the need for fu-
ture, costly cleanup efforts. According to USEPA, a comprehensive protection program
would help determine the most significant threats to the resource, help establish the local
priorities and direct funds to those programs that would deal with the most significant
threats first (USEPA, 1999).

Title 40-Protection of the Environment of the Code of Federal Regulations (CFR)
contains all the regulations governing USEPA’s programs. The CFR is a collection of
all federal regulations codified and enforced by all federal agencies. Pertinent to surface
water and groundwater protection are subchapters D (Water Programs), I (Solid Wastes),
J (Superfund), N (Effluent Guidelines and Standards), O (Sewage Sludge), and R (Toxic
Substances Control Act). Electronic versions of regulations under Title 40 are available
online at http://www.epa.gov/lawsregs/search/40cfr.html.

Clean Water Act
Growing public awareness and concern for controlling surface water pollution led to
enactment of the Federal Water Pollution Control Act Amendments of 1972. As amended
in 1977, this law became commonly known as the Clean Water Act. The Act established
the basic structure for regulating discharges of pollutants into the surface waters of the
United States. It gave USEPA the authority to implement pollution control programs
such as setting wastewater standards for industry. The Clean Water Act also continued
requirements to set water quality standards for all contaminants in surface waters. The
Act made it unlawful for any person to discharge any pollutant from a point source
into navigable waters, unless a permit was obtained under its provisions. It also funded
the construction of sewage treatment plants under the construction grants program and
recognized the need for planning to address the critical problems posed by nonpoint
source pollution.

The key elements of the CWA are establishment of water quality standards (WQS),
their monitoring and, if WQS are not met, developing strategies for meeting them. If
all WQS are met, then antidegradation policies and programs are employed to keep the

http://www.epa.gov/lawsregs/search/40cfr.html
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water quality at acceptable levels. Ambient monitoring is also implemented to ensure
that this is the case. The most common strategy of meeting WQS is the development
of a total maximum daily load (TMDL). TMDLs determine what level of pollutant load
would be consistent with meeting WQS. TMDLs also allocate acceptable loads among
sources of the relevant pollutants.

More details on the Clean Water Act can be found on the following USEPA Web site:
http://www.epa.gov/r5water/cwa.htm.

Safe Drinking Water Act
The Safe Drinking Water Act (SDWA) was originally passed by the United States Congress
in 1974 to protect public health by regulating the nation’s public drinking water supply.
The law was amended in 1986 and 1996 and requires many actions to protect drinking
water and its sources: rivers, lakes, reservoirs, springs, and groundwater wells. SDWA
applies to every public water system in the United States (the Act does not regulate
private wells which serve fewer than 25 individuals). There are currently more than
160,000 public water systems providing water to almost all Americans at some time in
their lives. Public water system is defined as water supply system that has at least 15
service connections or serves at least 25 people per day for 60 days of the year. There
are two main types of public water supply systems (PWSs): community systems and
noncommunity systems.

Community water systems (CWSs; there are approximately 54,000 in the country)
serve the same people year-round. Most residences including homes, apartments, and
condominiums in cities, small towns, and mobile home parks are served by CWSs.

Non-CWSs serve the public but do not serve the same people year-round. There
are two types of non-CWSs: (1) Nontransient non-CWS (there are approximately 20,000)
serves the same people more than 6 months/yr, but not year-round; for example, a school
with its own water supply is considered a nontransient system and (2) transient non-
CWS (there are approximately 89,000) serves the public but not the same individuals
for more than 6 months; for example, a rest area or campground may be considered a
transient water system.

Originally, SDWA focused primarily on treatment as the means of providing safe
drinking water at the tap. The 1996 amendments greatly enhanced the existing law
by recognizing source water protection, operator training, funding for water system
improvements, and public information as important components of safe drinking water.
This approach ensures the quality of drinking water by protecting it from source to tap.

Source Water Assessment Programs (SWAPs) require that states and water suppliers
conduct an assessment of its sources of drinking water (rivers, lakes, reservoirs, springs,
and groundwater wells) to identify significant potential sources of contamination and
to determine how susceptible the sources are to these threats. Water systems may also
voluntarily adopt programs to protect their watershed or wellhead and states can use
legal authorities from other laws to prevent pollution. Section 1429 of SDWA authorizes
the USEPA Administrator to make grants to the States for the development and imple-
mentation of these programs to ensure the coordinated and comprehensive protection
of groundwater resources.

SDWA authorizes the USEPA to set national health-based standards for drinking
water to protect against both naturally occurring and anthropogenic contaminants that
may be found in drinking water. USEPA sets these standards based on sound science
for protecting human health risks and considering available technology and costs. The

http://www.epa.gov/r5water/cwa.htm
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National Primary Drinking Water Regulations set enforceable maximum contaminant
levels for particular contaminants in drinking water or required ways to treat water to
remove contaminants (see also Chap. 5). Each standard includes requirements for water
systems to test for contaminants in the water to make sure standards are achieved. Max-
imum contaminant levels are legally enforceable, which means that both USEPA and
states can take enforcement actions against water systems not meeting safety standards.
USEPA and states may issue administrative orders, take legal actions, or fine water util-
ities. In contrast, the National Secondary Drinking Water Standards are not enforceable;
the Agency recommends them to water utilities but does not require systems to comply.
However, states may choose to adopt them as enforceable standards or may relax them.

Sole Source Aquifer Protection Program
The Sole Source Aquifer (SSA) Protection Program is authorized by Section 1424(e) of
the Safe Drinking Water Act of 1974 which states

If the Administrator determines, on his own initiative or upon petition, that an area has an aquifer
which is the sole or principal drinking water source for the area and which, if contaminated, would
create a significant hazard to public health, he shall publish notice of that determination in the Federal
Register. After the publication of any such notice, no commitment for federal financial assistance
(through a grant, contract, loan guarantee, or otherwise) may be entered into for any project which
the Administrator determines may contaminate such aquifer through a recharge zone so as to create a
significant hazard to public health, but a commitment for federal assistance may, if authorized under
another provision of law, be entered into to plan or design the project to assure that it will not so
contaminate the aquifer.

The USEPA defines a sole or principal source aquifer as one which supplies at least
50 percent of the drinking water consumed in the area overlying the aquifer. Such area
cannot have an alternative drinking water source(s) which could physically, legally, and
economically supply all those who depend upon the aquifer for drinking water.

Although USEPA has statutory authority to initiate SSA designations, it has a long-
standing policy of only responding to petitions. Any person may apply for SSA designa-
tion. A “person” is any individual, corporation, company, association, partnership, state,
municipality, or federal agency. A petitioner is responsible for providing USEPA with
hydrogeologic and drinking water usage data, and other technical and administrative
information required for assessing designation criteria.

If an SSA designation is approved, proposed federal financially assisted projects
which have the potential to contaminate the aquifer are subject to USEPA review. Pro-
posed projects that are funded entirely by state, local, or private concerns are not subject
to USEPA review. Examples of federally funded projects which have been reviewed by
USEPA under the SSA protection program include the following:

� Highway improvements and new road construction
� Public water supply wells and transmission lines
� Wastewater treatment facilities
� Construction projects that involve disposal of storm water
� Agricultural projects that involve management of animal waste
� Projects funded through Community Development Block Grants
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SSA designations help increase public awareness on the nature and value of local
groundwater resources by demonstrating the link between an aquifer and a community’s
drinking water supply. Often, the realization that an area’s drinking water originates from
a vulnerable underground supply can lead to an increased willingness to protect it. The
public also has an opportunity to participate in the SSA designation process by providing
written comments to USEPA or by participating in an USEPA-sponsored public hearing
prior to a designation decision.

Important information on the boundaries, hydrogeologic characteristics, and wa-
ter use patterns of an area’s aquifer must be documented by a petitioner seeking SSA
designation. Following USEPA’s technical review of a petition, this information is sum-
marized by the Agency in a technical support document that is made available for public
review. Following designation, a Federal Register notice is published to announce and
summarize the basis for USEPA’s decision.

Sole source aquifer designation provides only limited federal protection of groundwa-
ter resources which serve as drinking water supplies. It is not a comprehensive ground-
water protection program. Protection of groundwater resources can best be achieved
through an integrated and coordinated combination of federal, state, and local efforts
such as called for under the Comprehensive State Ground Water Protection Program
(CSGWPP) approach. For example, local wellhead protection programs designed to pro-
tect the recharge areas of public water supply wells should work in concert with contam-
inant source control and pollution prevention efforts being managed at various levels
of government. This coordination ensures that all groundwater activities meet the same
protection goal without duplication of time, effort, and resources.

Although designated aquifers have been determined to be the sole or principal source
of drinking water for an area, this does not imply that they are more or less valuable or vul-
nerable to contamination than other aquifers which have not been designated by USEPA.
Many valuable and sensitive aquifers have not been designated simply because nobody
has petitioned USEPA for such status or because they did not qualify for designation
due to drinking water consumption patterns over the entire aquifer area. Furthermore,
groundwater value and vulnerability can vary considerably both between and within
designated aquifers. As a result, USEPA does not endorse using SSA status as the sole or
determining factor in making land use decisions that may impact groundwater quality.
Rather, site-specific hydrogeologic assessments should be considered along with other
factors such as project design, construction practices, and long-term management of the
site. More information on the USEPA’s sole source aquifer program can be found on the
following Web page: http://yosemite.epa.gov/r10/water.nsf/Sole+Source+Aquifers/
Program.

Various detailed information on the Safe Drinking Water Act can be found on the fol-
lowing dedicated USEPA Web page: http://www.epa.gov/safewater/sdwa/index.html.

CERCLA
The Comprehensive Environmental Response, Compensation, and Liability Act (CER-
CLA), commonly known as Superfund, was enacted by the United States Congress in
1980. This law created a tax on the chemical and petroleum industries and provided broad
federal authority to respond directly to releases or threatened releases of hazardous sub-
stances that may endanger public health or the environment. The law authorizes two
types of response actions:

http://www.epa.gov/safewater/sdwa/index.html
http://yosemite.epa.gov/r10/water.nsf/Sole+Source+Aquifers/
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� Short-term removals, where actions may be taken to address releases or threat-
ened releases requiring prompt response.

� Long-term remedial response actions that permanently and significantly reduce
the dangers associated with releases or threats of releases of hazardous sub-
stances that are serious, but not immediately life threatening. These actions can
be conducted only at sites listed on USEPA’s National Priorities List (NPL).

CERCLA also enabled the revision of the National Contingency Plan (NCP). The
NCP provided the guidelines and procedures needed to respond to releases and threat-
ened releases of hazardous substances, pollutants, or contaminants. The NCP also es-
tablished the NPL. The NPL is the list of national priorities among the known releases
or threatened releases of hazardous substances, pollutants, or contaminants throughout
the United States and its territories. The NPL is intended primarily to guide the USEPA
in determining which sites warrant further investigation.

The Superfund Amendments and Reauthorization Act (SARA) amended CERCLA
in 1986. SARA reflected USEPA’s experience in administering the complex Superfund
program during its first 6 years and made several important changes and additions to
the program.

The hazard ranking system (HRS) is the principal mechanism USEPA uses to place
uncontrolled waste sites on the NPL. It is a numerically based screening system that uses
information from initial, limited investigations—the preliminary assessment and the site
inspection—to assess the relative potential of sites to pose a threat to human health or the
environment. Any person or organization can petition USEPA to conduct a preliminary
assessment using the Preliminary Assessment Petition.

HRS scores do not determine the priority in funding USEPA remedial response ac-
tions, because the information collected to develop HRS scores is not sufficient to de-
termine either the extent of contamination or the appropriate response for a particular
site. The sites with the highest scores do not necessarily come to the USEPA’s attention
first—this would require stopping work at sites where response actions were already un-
derway. USEPA relies on more detailed studies in the remedial investigation/feasibility
study, which typically follows listing.

After a site is listed on the NPL (becomes a “Superfund” site), a remedial investiga-
tion/feasibility study (RI/FS) is performed at the site (see Chap. 9) to determine if the
site requires a cleanup (remediation), as well as the appropriate remedial technologies
to achieve the cleanup goals if they are set.

One of USEPA’s top priorities is to have those responsible for the contamination (the
so-called potentially responsible parties or PRPs) remediate the site. If the PRPs cannot
be found, are not viable, or refuse to cooperate, USEPA, the state, or tribe may cleanup
the site using Superfund money. USEPA may seek to recover the cost of clean up from
those parties that do not cooperate.

More detail on CERCLA regulation can be found on the following USEPA Web site:
http://www.epa.gov/superfund/policy/cercla.htm.

The Resource Conservation and Recovery Act (RCRA)
The Resource Conservation and Recovery Act—commonly referred to as RCRA—is the
primary law governing the disposal of solid and hazardous waste in the United States.
Congress passed RCRA in 1976 to address the increasing problems the nation faced from

http://www.epa.gov/superfund/policy/cercla.htm
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the growing volume of municipal and industrial waste. RCRA, which amended the Solid
Waste Disposal Act of 1965, set national goals for

� Protecting human health and the environment from the potential hazards of
waste disposal

� Conserving energy and natural resources
� Reducing the amount of waste generated
� Ensuring that wastes are managed in an environmentally sound manner

To achieve these goals, RCRA established three distinct, yet interrelated, programs:

� The solid waste program, under RCRA Subtitle D, encourages states to develop
comprehensive plans to manage nonhazardous industrial solid waste and mu-
nicipal solid waste, sets criteria for municipal solid waste landfills and other solid
waste disposal facilities, and prohibits the open dumping of solid waste.

� The hazardous waste program, under RCRA Subtitle C, establishes a system
for controlling hazardous waste from the time it is generated until its ultimate
disposal—in effect, from “cradle to grave.”

� The underground storage tank (UST) program, under RCRA Subtitle I, regulates
underground storage tanks containing hazardous substances and petroleum
products.

RCRA banned all open dumping of waste, encouraged source reduction and recy-
cling, and promoted the safe disposal of municipal waste. RCRA also mandated strict
controls over the treatment, storage, and disposal of hazardous waste.

RCRA was amended and strengthened by Congress in November 1984 with the pass-
ing of the Federal Hazardous and Solid Waste Amendments (HSWA). These amendments
to RCRA required the phasing out land disposal of hazardous waste. Some of the other
mandates of this strict law include increased enforcement authority for USEPA, more
stringent hazardous waste management standards, and a comprehensive underground
storage tank program.

RCRA focuses only on active and future facilities and does not address abandoned
or historical sites which are managed under the CERCLA (Superfund) regulations. A
facility where contamination of soil, sediment, surface water or groundwater water has
been documented is listed as RCRA site and required to take all necessary measures to
remediate the contamination.

More details on RCRA regulations can be found on the dedicated USEPA Web site
at: http://www.epa.gov/rcraonline/.

Groundwater Rule
The USEPA promulgated the final Groundwater Rule (GWR) in October 2006 to reduce
the risk of exposure to fecal contamination that may be present in public water systems
that use groundwater sources. The rule establishes a risk-targeted strategy to identify
groundwater systems that are at high risk for fecal contamination. The GWR also specifies
when corrective action (which may include disinfection) is required to protect consumers
who receive water from groundwater systems from bacteria and viruses (USEPA, 2006).

In the explanation of its ruling, the agency points out that groundwater occurrence
studies and recent outbreak data show that pathogenic viruses and bacteria can occur

http://www.epa.gov/rcraonline/
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in public water systems that use groundwater and that people may become ill due to
exposure to contaminated groundwater. Most cases of waterborne disease are charac-
terized by gastrointestinal symptoms (e.g., diarrhea, vomiting, etc.) that are frequently
self-limiting in healthy individuals and rarely require medical treatment. However, these
same symptoms are much more serious and can be fatal for persons in sensitive subpop-
ulations (such as young children, the elderly, and persons with compromised immune
systems). Viral and bacterial pathogens are present in human and animal feces, which
can, in turn, contaminate drinking water. Fecal contamination can reach groundwater
sources, including drinking water wells, from failed septic systems, leaking sewer lines,
and by passing through the soil and fractures in the subsurface.

The GWR applies to more than 147,000 public water systems that use groundwater
(as of 2003). It also applies to any system that mixes surface and groundwater if the
groundwater is added directly to the distribution system and provided to consumers
without treatment equivalent to surface water treatment. In total, these systems provide
drinking water to more than 100 million consumers.

The GWR addresses risks through a risk-targeting approach that relies on four major
components:

1. Periodic sanitary surveys of groundwater systems that require the evaluation
of eight critical elements and the identification of significant deficiencies (e.g., a
well located near a leaking septic system). States must complete the initial survey
by December 31, 2012, for most CWSs and by December 31, 2014, for CWSs with
outstanding performance and for all non-CWSs.

2. Source water monitoring to test for the presence of Escherichia coli, enterococci,
or coliphage in the sample. There are two monitoring provisions: (a) Triggered
monitoring for systems that do not already provide treatment that achieves at
least 99.99 percent (4-log) inactivation or removal of viruses and that have a
total coliform-positive routine sample under Total Coliform Rule sampling in
the distribution system. (b) Assessment monitoring as a complement to triggered
monitoring—a state has the option to require systems, at any time, to conduct
source water assessment monitoring to help identify high risk systems.

3. Corrective actions required for any system with a significant deficiency or source
water fecal contamination. The system must implement one or more of the fol-
lowing correction action options: (a) correct all significant deficiencies; (b) elim-
inate the source of contamination; (c) provide an alternate source of water; or
(d) provide treatment which reliably achieves 99.99 percent (4-log) inactivation
or removal of viruses.

4. Compliance monitoring to ensure that treatment technology installed to treat
drinking water reliably achieves at least 99.99 percent (4-log) inactivation or
removal of viruses.

The Agency estimates that the GWR will reduce the average number of waterborne
viral (rotovirus and echovirus) illnesses by nearly 42,000 illnesses each year from the cur-
rent baseline estimate of approximately 185,000 (a 23 percent reduction in total illnesses).
In addition, nonquantified benefits from the rule resulting in illness reduction from other
viruses and bacteria are expected to be significant.

More details on the GWR can be found on the following USEPA Web page: www.
epa.gov/safewater.

www.epa.gov/safewater
www.epa.gov/safewater
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Bank Filtration
As explained by the USEPA in its 2006 Enhanced Treatment for Cryptosporidium, Pre-
filtration Treatment Rule (40CFR141.717), commonly referred to as the Bank Filtration
Rule, bank filtration is a water treatment process that uses one or more pumping wells
to induce or enhance natural surface water infiltration and to recover that surface water
from the subsurface after passage through a river bed or bank(s). Under the rule, bank
filtration that serves as pretreatment to a filtration plant is eligible for cryptosporidium
treatment credit if it meets the following criteria:

� Wells with a groundwater flow path of at least 25 ft receive 0.5-log treatment
credit; wells with a groundwater flow path of at least 50 ft receive 1.0-log treat-
ment credit. The groundwater flow path must be determined as specified in this
section.

� Only wells in granular aquifers are eligible for treatment credit. Granular aquifers
are those comprising sand, clay, silt, rock fragments, pebbles or larger particles,
and minor cement. A system must characterize the aquifer at the well site to
determine aquifer properties. Systems must extract a core from the aquifer and
demonstrate that in at least 90 percent of the core length, grains less than 1.0 mm
in diameter constitute at least 10 percent of the core material.

� Only horizontal and vertical wells are eligible for treatment credit.
� For vertical wells, the groundwater flow path is the measured distance from

the edge of the surface water body under high flow conditions (determined by
the 100 year floodplain elevation boundary or by the floodway, as defined in
Federal Emergency Management Agency flood hazard maps) to the well screen.
For horizontal wells, the groundwater flow path is the measured distance from
the bed of the river under normal flow conditions to the closest horizontal well
lateral screen.

� Systems must monitor each wellhead for turbidity at least once every 4 hours
while the bank filtration process is in operation. If monthly average turbidity
levels, based on daily maximum values in the well, exceed 1 NTU, the system
must report this result to the state and conduct an assessment within 30 days to
determine the cause of the high turbidity levels in the well. If the state determines
that microbial removal has been compromised, it may revoke treatment credit
until the system implements corrective actions approved by the state itself to
remediate the problem.

� Springs and infiltration galleries are not eligible for treatment credit under the
above rule sections, but are eligible for credit under the demonstration of per-
formance provisions.

PWSs may apply to the state for cryptosporidium treatment credit for bank filtration
using a demonstration of performance. States may award greater than 1.0-log cryp-
tosporidium treatment credit for bank filtration based on a site-specific demonstration.
For a bank filtration demonstration of performance study, the rule establishes the fol-
lowing criteria:

� The study must follow a state-approved protocol and must involve the collection
of data on the removal of cryptosporidium or a surrogate for cryptosporidium
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and related hydrogeologic and water quality parameters during the full range
of operating conditions.

� The study must include sampling both from the production well(s) and from
monitoring wells that are screened and located along the shortest flow path be-
tween the surface water source and the production well(s). The Toolbox Guidance
Manual provides guidance on conducting site-specific bank filtration studies, in-
cluding analytical methods for measuring aerobic and anaerobic spores, which
may serve as surrogates for cryptosporidium removal.

PWSs using existing bank filtration as pretreatment to a filtration plant at the time of
the enactment of the rule must begin source water cryptosporidium monitoring under
the rule and must sample the well for the purpose of determining bin classification. These
PWSs are not eligible to receive additional treatment credit for bank filtration. In these
cases, the performance of the bank filtration process in reducing cryptosporidium levels
will be reflected in the monitoring results and bin classification.

As explained by the USEPA, directly measuring the removal of cryptosporidium
through bank filtration is difficult due to the relatively low oocyst concentrations typi-
cally present in surface water and groundwater. During development of the rule, USEPA
reviewed bank filtration field studies that measured the removal of cryptosporidium
surrogates, specifically aerobic and anaerobic bacterial endospores. These microorgan-
isms are suitable surrogates because they are resistant to inactivation in the subsurface,
similar in size and shape to cryptosporidium, and present in both surface water and
groundwater at concentrations that allow calculation of log removal across the surface
water–groundwater flow system.

8.3.3 Transboundary (International) Aquifers
This section is courtesy of Dr. Neno Kukuric, International Groundwater Resources Assessment
Centre, Utrecht, The Netherlands.

Many aquifers cross political borders. To groundwater specialists, this fact looks too
obvious to be mentioned; however, it is a necessary starting point in any political ne-
gotiations on joint management of internationally shared water resources. The issue of
sustainable and equitable use of transboundary waters is as old as the boundaries, and
the related conflicts can be easily traced through history until the present day. During
the last century, a significant improvement has been made in the regulation of common
management of surface watercourses; many international river-, lake- or basin commis-
sions have been set up and the legal treaties signed. Major comparable activities related
to invisible groundwaters have started just a several years ago.

During one of the meetings dedicated to the preparation of international law on trans-
boundary groundwaters, the expert group was able to come up with just a few examples
of successful joint management of transboundary aquifers. The examples were coming
from the heart of Europe—Switzerland, Germany, and France. Although additional suc-
cessful stories can probably be found, the examples of poor management or a complete
lack of management are overwhelming.

Deterioration of international groundwater resources was the main incentive for the
International Association of Hydrogeologists (IAH) to set up a Commission on Trans-
boundary Aquifers (TARM). UNESCO embraced this initiative and realized it with
the ISARM program (Internationally Shared Aquifer Resources Management). ISARM
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(www.isarm.net) has developed a framework document and launched several joint ac-
tivities in Africa, South East Europe, Americas, and Asia. For example, cooperation
with Organization of American States (OAS) has led to publication of the Atlas of Trans-
boundary Aquifers of Americas in 2007. The main technical work on the atlas was carried
out by the International Groundwater Resources Assessment Centre (IGRAC). As the
UNESCO/WMO’s groundwater knowledge center, IGRAC (www.igrac.nl) is involved
in practically all ISARM activities.

In Europe, UNESCO is working closely with the United Nations Economic Com-
mission for Europe (UN/ECE). The UN/ECE produced an inventory of Transboundary
Groundwaters in Europe in 1999 (Almássy and Buzás, 1999), and just recently (2007)
a first inventory of groundwaters in Caucasus and Central Asia and an improved in-
ventory of groundwaters in South East Europe. Finally, in cooperation with UNESCO,
a world map showing locations of major transboundary aquifers has been produced by
the World-wide Hydrogeological Mapping and Assessment Programme (WHYMAP).

For several years (and in the framework of its International Waters focal area), the
Global Environment Facility (GEF) has been endorsing projects with a significant ground-
water component. Several large internationally shared aquifers in Africa (Limpopo,
North-West Sahara, Iullemeden, Nubian) and in South America (Guarani) have been
included in the GEF program. Three UN organizations (UNDP, IAEA, and UNEP) and
the World Bank are responsible for implementation of these projects. At this moment,
the projects are in various stages of execution, facing various challenges; one of the most
interesting is certainly a socially sustainable use of nonrenewable groundwater resources.

Experience gained through activities such as those listed above is helping in
understanding the main requirements for a proper management of internationally
shared groundwaters. The ISARM program distinguishes five aspects of transbound-
ary aquifers, namely, hydrogeologic, legal, socioeconomical, institutional, and environ-
mental. The hydrogeologic aspect, as the most interesting for groundwater specialists,
is addressed first. The legal aspect is highlighted as well, recognizing the significant
progress made in preparation of the international law on transboundary groundwaters.
The other aspects of transboundary aquifers still need elaboration, certainly including
the political one; experience shows that without the political will, no significant progress
is possible.

The progress toward a sufficient hydrogeologic knowledge on internationally shared
aquifers includes the following steps:

� Inventory
� Delineation and description
� Classification and prioritization
� Data harmonization and information management

The inventories conducted so far provide valuable first information on transbound-
ary aquifers in some parts of the world. Yet, the information obtained from various
aquifer-sharing countries is often not consistent, sometimes even contradictory. This is
attributable, in part, to the lack of precision in questionnaires. Nevertheless, discrepancies
among countries are still substantial; it appears regularly that one country sees a particu-
lar aquifer as transboundary and the other country does not. This emphasizes the need for
additional hydrogeologic information, including delineation and description of aquifers.

www.isarm.net
www.igrac.nl
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Delineation and description of aquifers should be carried out by teams of hydrogeolo-
gists from aquifer countries and facilitated by international organizations. The important
task of international organizations is to work toward a set of consistent delineation and
description criteria. For instance, in some countries, aquifer delineation is based primar-
ily on the extent of the aquifer drainage area or geological formation rather than on
multiple hydrogeologic criteria.

Water Framework Directive (WFD) of the European Community has introduced a
notion of “groundwater bodies” as primary management units. Quite general criteria
for delineation of groundwater bodies have led to different interpretation by different
countries (e.g., 3 bodies defined by one country and 13 by the other—for the same trans-
boundary region). In most of the cases this problem has been solved through the inten-
sified cooperation among the countries. The WFD has also introduced a set of attributes
(monitoring variables) that are necessary for classification and further prioritization of
the transboundary aquifers.

The European Community is developing a Water Information System Europe (WISE).
At this moment, WISE is primarily a reporting mechanism where relatively small sets
of representative observations from member countries are stored. Harmonization (i.e.,
the same reference level, ranges, units, etc.) is required to allow further processing and
analysis of these transboundary data.

Ideally, all the transboundary data should be made available online and in real-time.
Figure 8.12 shows locations of groundwater wells in the border area between Germany
and the Netherlands. This is an example of online synchronized access to distributed in-
formation services (where data and information remain at the source). Available ground-
water level time-series data from two countries can be plotted together on one graph.
The ultimate information management step is semantic (language) harmonization and
translation of geological and hydrogeologic information, where each unit is automati-
cally translated into the equivalent unit according to classification used in a neighboring
country. For Germany and the Netherlands this was a complex task, because one coun-
try uses chronostratigraphic and the other lithostratigraphic classification. The task was
completed through intensive and constructive cooperation.

Legal Context
As groundwater quickly emerges into the limelight and gains strategic importance as a
source of often high-quality freshwater in the face of the impending water crisis world-
wide, the need for rules of international law addressing groundwater management and
protection becomes ever more compelling. However, international law has so far only
rarely taken account of groundwater. While surface water treaties abound, groundwater
is either nominally included in the scope of these instruments, mainly if it is “related”
to surface waters, or it is not mentioned at all. Only a few legal instruments contain
groundwater-specific provisions, and even fewer address groundwater exclusively. In
2005, FAO and UNESCO published “Groundwater in international law. Compilation of treaties
and other legal instruments” (Burchi and Mechlem, 2005). This publication brings together
a variety of binding and nonbinding international law instruments that, in varying de-
grees and from different angles, deal with groundwater. Its aim is to report developments
in international law and to contribute to detecting law in-the-making in this important
field.

Several bilateral agreements containing issues of groundwater management were
signed between various European countries in the 1960s and 1970s. The first major
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FIGURE 8.12 Screen shot of the CWMI Map Viewer, GIS tool for transboundary aquifer
management developed at the International Groundwater Resources Assessment Centre (IGRAC).
(Figure courtesy of Neno Kukuric.)

international agreement on transboundary waters was the 1992 “Convention on the Pro-
tection and Use of Transboundary Watercourses and International Lakes” in Helsinki,
Finland (UN/ECE, 1992). The preparation of the Helsinki convention took about 17 years
and, to date, it is ratified by only 34 ountries. Nevertheless, the convention has been used
on various occasions, and also as a guideline by the countries that have not ratified it (e.g.,
in the Middle East and Southern Africa). Although the Helsinki convention addresses
some aspects of groundwater management, it does it in a rather limited form.

In 2002, the UN International Law Commission (ILC) decided to include the topic
“Shared natural resources” comprising groundwater, and oil and gas in its program of
work, appointed a Special Rapporteur, and established a Working Group to assist the
Special Rapporteur in preparing draft articles on law on international groundwaters.
The Working Group completed its task and submitted a report including nineteen draft
articles. These articles were adopted by the ILC at first reading with their related commen-
taries. The ILC also decided to transmit the draft articles to the States members of the UN,
with a deadline for comments and observations by January 1, 2008. More information
on the report can be found on the ILC and ISARM (www.isarm.net) Web sites.

It has not been decided yet on the final form the legal groundwater articles will
take; eventually, it could be a set of guidelines, a convention, or a treaty. The final form
will also have an impact on the presence and the practical importance of some articles.
For example, the document suggests the possibility of the aquifer states to utilize an

www.isarm.net


575G r o u n d w a t e r M a n a g e m e n t

independent fact-finding body to make an impartial assessment of the effect of planned
activities. In a treaty, one can expect the binding character of this article, whereas guide-
lines could offer only a suggestion. In any case, the proposed articles will provide a
solid legal basis for international groundwater management. A comprehensive criti-
cal review of the articles is provided by Eckstein (2007) and can be downloaded from
http://www.internationalwaterlaw.org/.

The fact that many aquifers cross political borders is in practice related to potential
or actual groundwater problems, such as changes in groundwater flows, levels, volumes
(quantity), and dissolved substances (quality). There are many specific obstacles for find-
ing effective solutions to these problems (invisible groundwater, usually slow changes,
various approaches to aquifer characterization, lack of information), but the main one is
very common: the political will. When this obstacle is overcome, transboundary aquifer
characterization (as briefly described earlier) is required to provide a solid basis for ap-
propriate management of internationally shared groundwaters. The potential outcome
of such management is obvious and very rewarding: elimination of potential sources of
conflict and improvements from the beneficial use of groundwater.

8.4 Integrated Water Resources Management
As discussed by Rogers and Hall (2003), the Integrated Water Resources Management
(IWRM) eschews politics and the traditional fragmented and sectoral approach to wa-
ter and makes a clear distinction between resource management and the water service
delivery functions. It should be kept in mind, however, that IWRM is itself a political
process, because it deals with reallocating water, the allocation of financial resources,
and the implementation of environmental goals. The political context affects political
will and political feasibility. Much more work remains to be done to establish effective
water governance regimes that will enable IWRM to be applied. This pertains to both the
management of water resources and the delivery of water services. Nevertheless, there
is a general agreement in the water community that IWRM provides the only viable way
forward for sustainable water use and management, although there are no universal
solutions or blueprints and there is much debate on how to put the process into practice.

One of the best examples of IWRM is Orange County Water District (OCWD) in
California. The district was established in 1933 to manage Orange County’s ground-
water basin and protect the Santa Ana River rights of water users in north-central Or-
ange County. The district manages the groundwater basin, which provides as much as
75 percent of the water supply for its service area. The district strives for a groundwater-
based water supply with enough reserves to provide a water supply through drought
conditions. An integrated set of water management practices helps achieve this, includ-
ing the use of groundwater recharge, alternative sources, and conservation.

Recharge. The Santa Ana River provides the main natural recharge source for the
county’s groundwater basin. Increased groundwater use and lower-than-average rainfall
during the late 1980s and early 1990s forced the district to rely on an aggressive program
to enhance recharge of the groundwater basin. Following are the programs used currently
to optimize water use and availability

� Construction of levees in the river channel to increase infiltration
� Construction of artificial recharge basins within the forebay

http://www.internationalwaterlaw.org/
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� Development of an underwater basin cleaning vehicle that removes a clogging
layer at the bottom of the recharge basin and extends the time between draining
the basin for cleaning by a bulldozer

� Use of storm water captured behind Prado Dam that would otherwise flow to
the ocean

� Use of imported water from the State Water Project and Colorado River
� Injection of treated recycled water to form a seawater intrusion barrier

Alternative Water Use and Conservation. OCWD has successfully used nontraditional
sources of water to help satisfy the growing need for water in Orange County. The
following are projects that have added to the effective supply of groundwater:

� Use of treated recycled water for irrigation and industrial use
� In-lieu use to reduce groundwater pumping
� Change to low-flow toilets and showerheads
� Participation of 70 percent of Orange County hotels and motels in water conser-

vation programs
� Change to more efficient computerized irrigation

Since 1975, Water Factory 21 has provided recycled water that meets all primary
and secondary drinking water standards set by the California Department of Health
Services. A larger, more efficient membrane purification project called the Groundwater
Replenishment System (GWRS), begun operating at 70,000 acre-ft/yr in 2007. By 2020,
the system will annually supply 121,000 acre-ft of high quality water for recharge, for
injection into the seawater intrusion barrier, and for direct industrial uses.

The new facility uses reverse osmosis (RO), and ozonation with advanced oxidation
treatment process, which is designed to eliminate any emerging and recalcitrant contam-
inants that may pass the RO treatment. This level of treatment creates water safe to drink
under all existing regulations and goes several steps beyond (note that bottling water
companies use RO to completely “purify” water from various sources, including munic-
ipal water supplies, and market it as such). The treated water has near-distilled quality,
which helps reverse the trend of rising TDS in groundwater caused by the recharge of
higher TDS-content Santa Ana River and Colorado River waters. The process uses about
half the energy required to import an equivalent amount of water to Orange County
from Northern California (DWR, 2003; Orange County Water District, personal commu-
nication).

The biggest challenge for IWRM is and will be coping with two seemingly incom-
patible imperatives: the needs of ecosystems and the needs of growing population. The
shared dependence on water of both makes it natural that ecosystems must be given full
attention within IWRM. At the same time, however, the Millennium Declaration 2000,
agreed upon by world leaders at the United Nations, involves a set of human livelihood
imperatives that are all closely water related: to halve by 2015 the population suffering
from poverty, hunger, ill-health, and lack of safe drinking water and sanitation. A partic-
ularly crucial question will be the water-mediated implications for different ecosystems
of the needs for an increasing population: growing food, biomass, employment, and
shelter needs. (Falkenmark, 2003).
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The most fundamental task of IWRM is the realization, by all stakeholders, that bal-
ancing and trade-offs are necessary in order to sustain both humanity’s and the planet’s
life support systems. Therefore, a watershed-based approach should have a priority with
the following goals:

� Satisfy societal needs while minimizing the pollution load and understanding
the water consumption that is involved

� Meet an ecological minimum criteria in terms of fundamental ecosystem needs
such as secured (uncommitted) environmental flow in the rivers, secured flood
flow episodes, and acceptable river water quality

� Secure “hydro-solidarity” between upstream and downstream societal and
ecosystem needs (Falkenmark, 2003)

On a more technical level, one of the most important roles of the hydrogeologists is
to educate both the public and water professionals about the importance of groundwater
and its “invisible role” in the watershed and the hydrologic cycle as a whole. Often,
water resource managers and decision makers have little background in hydrogeology
and thus a limited understanding of the processes induced by pumping groundwater
from an aquifer. Both irrational underutilization of groundwater resources (compared to
surface water) and excessive complacency about the sustainability of intensive ground-
water use are thus still commonplace (Tuinhof et al., 2002–2005a). Table 8.2 includes some

Groundwater Resources Surface Water Resources
Feature & Aquifers & Reservoirs

Hydrological characteristics
Storage volumes very large small to moderate
Resource areas relatively unrestricted restricted to water bodies
Flow velocities very low moderate to high
Residence times generally decades/centuries mainly weeks/months
Drought propensity generally low generally high
Evaporation losses low and localized high for reservoirs
Resource evaluation high cost and significant

uncertainty
lower cost and often less

uncertain
Abstraction impacts delayed and dispersed immediate
Natural quality generally (but not always) high variable
Pollution vulnerability variable natural protection largely unprotected
Pollution persistence often extreme mainly transitory
Socioeconomic factors
Public perception mythical, unpredictable aesthetic, predictable
Development cost generally modest often high
Development risk less than often perceived more than often assumed
Style of development mixed public and private largely public

From Tuinhof et al., 2002–2005a.

TABLE 8.2 Comparative Features of Groundwater and Surface Water Resources
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comparative features of groundwater and surface water resources that should be con-
sidered when planning for IWRM.

IWRM is sometimes referred to as integrated water cycle management (IWCM) such
as in Australia, where water supply and management in general are two top priorities
for all levels of government, all water-related agencies, water utilities, and everybody
else. This is understandable since Australia is the driest continent, and in the midst
of experiencing a continuous ≥1000-year drought. Table 8.3 is from a comprehensive
publication by the New South Wales Department of Energy, Utilities and Sustainability
(DEUS) entitled “Integrated water cycle management guidelines for NSW local water utilities.”
This useful publication includes a review of the IWCM principles, steps how to achieve
it, and the regulatory framework for the involvement of various stakeholders.

8.5 Monitoring
Regular and systematic monitoring of groundwater resources is the most important pre-
requisite for their effective management. Unfortunately, according to a worldwide inven-
tory of groundwater monitoring compiled by the International Groundwater Resources
Assessment Centre (IGRAC), in many countries systematic monitoring of groundwa-
ter quantity or quality, even at a regional scale, is minimal or nonexistent (Jousma and
Roelofsen, 2004). This lack of monitoring may result in undiscovered degradation of wa-
ter resources due to either overexploitation or contamination, leading to the following
scenarios:

� Declining groundwater levels and depletion of groundwater reserves
� Reductions in stream/spring baseflows or flows to sensitive ecosystems such as

wetlands
� Reduced access to groundwater for drinking water supply and irrigation
� Use restrictions due to deterioration of groundwater quality
� Increased costs for pumping and treatment
� Subsidence and foundation damage

A number of factors contribute to the lack of groundwater monitoring. Insufficient
financial resources and lack of technical capacity to implement monitoring are perhaps
the major factors. Other factors that may contribute are a lack of clear institutional re-
sponsibilities and legal requirements for monitoring. Even where monitoring programs
are operating, they may fail to provide adequate information to support effective man-
agement because

� The objectives are not properly defined
� The program is established with insufficient knowledge of the groundwater sys-

tem
� There is inadequate planning of sample collection, handling a groundwater mon-

itoring guideline for countries with limited financial resources

In order to improve this situation, IGRAC assembled an international working group
of groundwater professionals and assigned it the task of developing a groundwater
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Older and Non
Feature Integrated System In an Integrated System

Major infrastructure
(e.g., sewage
treatment plants, or
STPs, and water
treatment plants, or
WTPs)

Aging facilities
Inadequate capacity
High running costs
Limited adjustments
Restricted reuse
High environmental impact

Replaced or upgraded facilities
Adequate present and future

capacity
Reduced running costs
Greater flexibility in output

quality
High level of reuse
Greater income potential

Collection and
distribution systems
(mains and pipes)

Reaching end of design life
Frequent failures (blockages

and leaks)
Infiltration and exfiltration

problems
Very high replacement costs
Unmonitored pumping

stations
Costly to maintain

Adequate capacity with smaller
sizes

Little to no leakage
Greater use of local storage

(OSD, sewer ouflow)
Monitored pumping stations and

reservoirs

Revenue collection Set annual fee (tariff) 2 or 3 part-tariffs
Limited metering Universal metering
Little or no reuse income Reuse income

Water trading
Environmental impact High level of impact Very low impact

Limited control High level of control
Potential for incurring fines Very low potential for incurring

fines
Resource dependency

(rivers and
groundwater)

Highly dependent on river and
groundwater allocations

Increasing restrictions due to
environmental
requirements

Integrated supply from all three
urban water sources
(freshwater, recycled effluent,
and stormwater)

Increased independence from
environmental restrictions

Future planning and
growth

Uncertain resources for
growth

Simple planning process
where resources must
meet demand

Growth managed through
demand management and use
of other water sources

Planning based on higher
self-sufficiency in resources

Access to funds Traditional state support with
limitations

Difficulty obtaining other
funding

Higher self-funding
Greater access to funds through

diverified services and product
delivery

Accountability Decissions based on
processes internal to utility

Open system with community
input and sign-off

State and
Commonwealth
environmental
reforms

Minimum compliance
Difficult to achieve

compliance

Strong focus to comply with wide
reform agenda

TABLE 8.3 Comparison of Older and Nonintegrated Water Systems with Integrated Water Systems



580 C h a p t e r E i g h t

Older and Non
Feature Integrated System In an Integrated System

Rainwater tanks Highly limited urban use
Extensive remote area

Part of urban water supply and
stormwater management
systems

Links with CMAs Limited linkages and ability to
comply with catchment
targets

Inclusion of committee
objectives at planning stages

Ongoing contribution to
catchment planning

Responsibility for
pollution

Strong focus on urban centers
to comply

Accurate assessment of the
balance between nonurban
and urban pollution roles

Distribution of water
system costs

Cross subsidy by community
for some user and polluter
costs

Strong focus on user and
polluter paying

Roles and
responsibilities

Unclear roles and
responsibility for impacts of
urban water systems

Clear definition of roles and
responsibilities between key
groups (councils, state
agencies, and industry)

Stormwater
management

Pipe collection and disposal
High pollution potential
Aging system with high

replacement costs
Large Gross Pollutant Traps

(GPTs) and other costly
structures

Continuing high maintenance,
cleaning and disposal costs

Limited and low-efficiency on
site detention systems

50–100 yr design focus

Considered as local urban water
Collected with maximum reuse
Reduced impervious areas and

runoff
Separating of pollutants from

stormwater at source
Significant potential contribution

(up to 100%) to urban water
needs

Minimal long-term maintenance,
cleaning and disposal costs

Long planning time frame and
shorter and more flexible
structural design life (5–20 yr)

From DEUS, 2004.

TABLE 8.3 Continued

monitoring guideline for countries with limited financial resources. This document is
the result of concerted action by the working group. It focuses on the first stage of
groundwater monitoring for general reference—a prerequisite for sound groundwater
management. The guideline includes a detailed discussion of monitoring principles and
objectives, institutional requirements, design, methods, implementation, and data man-
agement (International Working Group I and Jousma, 2006).

Groundwater monitoring is a scientifically designed, continuing measurement, and
observation of the groundwater characteristics (status). It also includes data evaluation
and reporting procedures. Within a monitoring program, data should be collected at set
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locations and regular time intervals as much as possible. Although the regulatory basis,
institutional framework and funding situation will impose their own objectives and
constraints, still the underlying scientific or technical objective is to describe groundwater
characteristics in space and time.

Groundwater regulation should make a provision for monitoring of groundwater
use and status by assigning facets of this task to the water resources administration
and to water users. To be effective, this legislation should set realistic requirements that
take account of existing institutional capacity. A typical division of responsibilities is as
follows (modified from Tuinhof et al., 2002–2005b):

� Central Government/national Water Authority—ambient (basic reference) mon-
itoring network

� Regional/Basin/Aquifer Water Resource Agency—monitoring as a function of
resource regulation and protection

� Water-well Contractors/Drilling Companies—obligations for well logs and
aquifer testing data

� Large Groundwater Developers (utilities)—records of metered groundwater ex-
traction and groundwater levels; early-warning groundwater quality monitoring
at sentinel wells near water supply wells (well fields)

� Small Groundwater Developers (small utilities, water purveyors, farms)—
general feedback on well characteristics and performance

� Potential Groundwater Polluters—compliance and early-warning groundwater
quality monitoring at site level

There are three basic types of monitoring applicable to both groundwater and surface
water resources: (1) ambient, 2) compliance, and (3) performance monitoring. All three
types can monitor both water quantity and quality, and can be short term or long term,
depending upon the project-specific goals.

8.5.1 Ambient Monitoring
Ambient water monitoring programs measure background or existing water quality,
and water quantity such as streamflows and spring flows, lake levels, and water lev-
els in monitoring wells. This type of monitoring is designed to collect long-term data
on regional water resources, but can also be implemented for short periods in order to
collect site-specific information required by a particular project. An example of short-
term ambient monitoring is quarterly concentration of certain water quality parameters
(constituents) in background monitoring wells assumed not to be impacted by anthro-
pogenic contamination at a Superfund site. Another example is measurement of spring
flows, streamflows, or water levels in monitoring wells for several years. This short-
term, site-specific ambient information can then be correlated with long-term data series
collected at closest monitoring sites that are part of a regional network.

Long-term, regional ambient monitoring of water quality and quantity is the most
important foundation of water resources management at any scale. Because of this im-
portance, as well as associated costs and complexity, such monitoring programs are
implemented and managed by state and federal government agencies. The United States
Geological Survey (USGS) maintains one of the most extensive and sophisticated water
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FIGURE 8.13 USGS monitoring well located at the headquarters of the National Ground Water
Association in Columbus, OH. Water level data are recorded in real-time and transmitted via
satellite to the USGS processing center. The data are available online 15 minutes after recording.

resources monitoring networks in the world. Data on streamflows and spring flows, lake
levels, groundwater levels, and physical and chemical water parameters are collected
for all major watersheds and aquifers in the country at approximately 1.5 million sites.
All historic and current data, including sites with real-time monitoring (Fig. 8.13), are in
the public domain and available online (http://waterdata.usgs.gov/nwis/). Users can
browse the USGS National Water Information System online database, download the
data, or choose to visualize the data on screen by selecting various options for plotting
time-series graphs of selected parameters.

Stuart et al. (2003) provide an overview of national strategies for groundwater mon-
itoring in England and Wales, European Union countries, and the United States, and
a review of current availability of field chemistry methods, measurements techniques,
novel analytical tools, and the use of chemical indicators.

http://waterdata.usgs.gov/nwis/
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FIGURE 8.14 Nitrate concentration (in mg/L) in two Florida springs over 40 to 45 years. (From the
Florida Springs Task Force, 2000.)

Figure 8.14 illustrates the importance of long-term ambient monitoring. The bold
lines on the graph show nitrate concentrations (in milligrams per liter) in two Florida
springs over 45 to 50 years. Juniper Springs is located within the Ocala National Forest,
with a recharge basin that is mainly in conservation lands. Land uses within the Lithia
Springs recharge basin are mainly agricultural. Field observations indicate that as nitrate
levels approach 1 mg/L (doted line), spring biological communities become degraded
by out-of control plant growth. The exact concentration that causes impairment is still
not known.

8.5.2 Compliance Monitoring
Compliance monitoring programs of groundwater quality are required by federal or
state regulations at and near facilities where groundwater contamination has occurred or
where there is a potential for release of contaminants (such as at gas stations with under-
ground storage tanks or at landfills). These programs measure concentrations of specific
“constituents of concern” (COCs) in groundwater to ensure that there is no contaminant
migration that would pose unacceptable risk to human health and the environment.

Groundwater monitoring networks at hydrogeologically complex sites with signifi-
cant point source contamination are quite elaborate and may include multiple monitoring
wells screened at different depths and in different hydrogeologic units. Figure 8.15 il-
lustrates one such network with well clusters arranged in transects perpendicular to the
main groundwater flow direction. This configuration enables determination of the con-
taminant concentrations and mass flux, and the effects of remedial actions undertaken
in the source zone to reduce the contaminant mass and flux. In general, the monitor-
ing costs associated with characterization, delineation, and remediation of contaminant
plumes are very high, and often exasperated by long investigation and remediation times
spanning multiple years.

When public supply wells (well fields) are located in a relative vicinity and down-
gradient of a known or suspected groundwater contamination site, early-warning (“sen-
tinel”) monitoring wells may have to be placed between the site and the water supply
wells to provide for another layer of protection. As water supply wells often have long
or multiple screens to maximize production, it may also be necessary to install clus-
ter or multiport monitoring wells that enable the collection of discrete samples at dif-
ferent depths. When, for various reasons, a groundwater contamination site is poorly
characterized (e.g., plumes are not delineated in all three dimensions), or there is likeli-
hood that the contaminant plume has already expanded beyond the immediate area of
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FIGURE 8.15 Example of a network design for performance monitoring, including target zones for
monitoring effectiveness with respect to specific remedial objectives. (Top) Map view. (Bottom)
Cross-sectional view AA′. (From Ford et al., 2007.)

investigation (“property boundary”), sentinel wells may sometimes be the only option
left for ensuring that water supply wells are not affected.

Monitoring Optimization
The main purpose of monitoring programs at contaminated sites is to provide sufficient
data to support site management decisions, including regulatory actions and possible or
ongoing remediation measures. As indicated earlier, such programs can be very expen-
sive and long-lasting and should therefore be frequently evaluated as more information
on the site becomes available. The evaluation of the monitoring program focuses on the
following objectives (USEPA, 2007):

� Evaluate well locations and screened intervals within the context of the hydroge-
ologic regime to determine if they meet site characterization and decision support
objectives. Identify possible data gaps.
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� Evaluate overall plume stability qualitatively and through trend and moment
analysis.

� Evaluate individual well concentration trends over time for target constituents
of concern (COCs) both qualitatively and statistically.

� Develop site-specific sampling location and frequency recommendations based
on both qualitative and quantitative statistical analysis results.

The main outcome of the monitoring program evaluation is the adjustment in the sam-
pling frequency and the number of sampling locations at the site which can sometimes
lead to significant cost reduction. Typical factors considered in developing recommenda-
tions to retain a well in, or remove a well from, a long-term monitoring (LTM) program
are summarized in Table 8.4. Once the decision has been made to retain a well in the net-
work, data are reviewed to determine a sample frequency supportive of site monitoring
objectives. Typical factors considered in developing recommendations for monitoring
frequency are summarized in Table 8.5.

A very useful tool for evaluation and optimization of monitoring programs is the
computer program MAROS developed for the United States Air Force Center for Envi-
ronmental Excellence (AFCEE, 2003; Aziz et al., 2003). MAROS is a collection of tools
in one software package that is used in an explanatory, nonlinear but linked fashion to
evaluate individual well trend, plume stability, spatial statistics, and empirical relation-
ships to assist the user in improving a groundwater monitoring network system. Results
generated from the software tool are typically used to develop lines of evidence, which,
in combination with results of the qualitative analysis, are used to recommend an op-
timized monitoring network (AFCEE, 1997). Program MAROS is in the public domain
and available for download at http://www.gsi-net.com/software/maros/Maros.htm.

Reasons for Retaining a Well in Reasons for Removing a Well from
Monitoring Network Monitoring Network

Well is needed to further characterize the
site or monitor changes in contaminant
concentrations through time

Well provides spatially redundant
information with a neighboring well
(e.g., same constituents, and/or short
distance between wells

Well is important for defining the lateral or
vertical extent of contaminants

Well has been dry for more than 2 yr1

Well is needed to monitor water quality at a
compliance or receptor exposure point
(e.g., water supply well)

Contaminant concentrations are
consistently below laboratory detection
limits or cleanup goals

Well is important for defining background
water quality

Well is completed in same water-bearing
zone as nearby well(s)

1 Periodic water-level monitoring should be performed in dry wells to confirm that the upper boundary
of the saturated zone remains below the well screen. If the well becomes rewetted, then its inclusion in
the monitoring program should be evaluated.

From USEPA, 2007.

TABLE 8.4 Typical Factors Considered in Developing Recommendations to Retain a well in,
or Remove a Well from, a Long-Term Monitoring (LTM) Program

http://www.gsi-net.com/software/maros/Maros.htm
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Reasons for Increasing Reasons for Decreasing
Sampling Frequency Sampling Frequency

Groundwater velocity is high Groundwater velocity is low
Change in contaminant concentration would

significantly alter a decision or course of
action

Change in contaminant concentration
would not significantly alter a decision or
course of action

Well is necessary to monitor source area or
operating remedial system

Well is distal from source area and
remedial system

Cannot predict if concentrations will change
significantly over time, or recent
significant increasing trend in contaminant
concentrations at a monitoring location
resulting in concentrations approaching or
exceeding a cleanup goal, possibly
indicating plume expansion

Concentrations are not expected to change
significantly over time, or contaminant
levels have been below groundwater
cleanup objectives for some prescribed
period of time

From USEPA, 2007.

TABLE 8.5 Typical Factors Considered in Developing Recommendations for Monitoring Frequency

8.5.3 Performance Monitoring
Performance monitoring refers to the collection, on a regular basis, of quality and
quantity data associated with water supply pumping or groundwater remediation.
Monitoring at individual groundwater extraction locations is one of the key elements
for successful groundwater management. It provides crucial information needed for
the accurate determination of local and regional water budgets, interactions between
individual pumping locations, optimization of pumping, assessment of impacts of
groundwater extraction on groundwater levels and quality, and predictive groundwater
modeling.

Performance monitoring of large-production wells is especially important. These
wells should be equipped with a flow or volume metering device at a minimum. Ide-
ally, monitoring should also include frequent (preferably continuous) recording of water
levels and basic physical and chemical parameters such as water temperature, pH, and
electrical conductance. As explained in Chap. 7, performance monitoring also includes
periodic testing of well efficiency in order to detect early signs of well deterioration. At
least once a year, or as required by the applicable regulations for drinking water quality,
water analysis of the full suite of regulated chemicals should be performed. If the well
has been impacted by certain natural or anthropogenic contaminants, constituent-specific
analyses would have to be performed more frequently.

In the case of irrigation wells operated by individual farmers, or water supply wells
for individual households, it is unlikely that any information regarding actual ground-
water extraction rates or even quality would be available. In such cases, groundwater
extraction (e.g., total volume per time or pumping rates) would have to be estimated
based on energy consumption for pump operation, irrigated area, and water require-
ments of individual crops, or typical water use patterns per person in the given climatic
and socioeconomic conditions.
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FIGURE 8.16 Results of high-frequency measurements at Wilson Spring in Central Basin karst
region of Tennessee. (Modified from Williams and Farmer, 2003.)

In some cases, sampling frequency becomes the most critical parameter for the suc-
cess of a monitoring program. Notwithstanding the limitations associated with the high-
frequency (e.g., daily), continuous or real-time monitoring, such as relatively high cost
and feasibility of implementation, a site-specific situation may deem any other sampling
interval entirely inadequate. For example, Fig. 8.16 shows discharge, rainfall, temper-
ature, pH, specific conductance, and dissolved oxygen measured at 10- or 15-minute
intervals at the Wilson Spring in Central Basin karst region of Tennessee, the United
States. Nonisokinetic dip-sampling methods were used to periodically (mostly during
baseflow conditions) collect samples of volatile organic compounds (VOCs) from the
spring. During selected storms, automatic samplers were used to collect samples, which
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were analyzed using a portable gas chromatograph (GC). Quality-control samples in-
cluded trip blanks, equipment blanks, replicates, and field-matrix spike samples. Signifi-
cant changes in water quality and discharge were detected with rapid changes observed
during storms. Specific conductance ranged from 81 to 663 μS/cm, and chloroform con-
centrations ranged from 0.073 to about 34 mg/L. The greatest change was observed
during the first storm during fall 2000, when chloroform concentrations increased from
about 0.5 to about 34 mg/L.

From these results, it is apparent that a sampling interval of 1 week or 1 month would
not provide any meaningful information as to the actual volumes of water discharging
from the aquifer, response of the aquifer to precipitation events, and the actual range
of concentrations (fluctuation) of a possible contaminant. It is precisely for this reason
why the USEPA, in its GWR, emphasized vulnerability to contamination of aquifers
with potentially high groundwater velocities, such as karst, fractured rock, and gravel
aquifers.

With rapid technological development and commercialization, and the accompany-
ing drop in prices, continuous monitoring and data recording of various water param-
eters is becoming increasingly affordable and should be always considered. Real-time
monitoring of different parameters at multiple locations can be linked and integrated
into a variety of management decisions which, in turn, can be automated, increasing effi-
ciency. Many large water utilities and groundwater remediation sites are implementing
this approach using technology commonly referred to as SCADA (or Supervisory Control
And Data Acquisition). It is a computer-based facility used to provide a centralized op-
eration of services, such as well pumpage, water treatment, and water distribution. With
SCADA, various sites in the water supply (or groundwater remediation) system, can
be monitored and controlled from a central operations facility. SCADA consists of three
main parts: (1) sensors for continuous monitoring and programmable logic controllers
(PLCs) at remote sites, (2) communications system, and (3) control center.

The control center computers run software that processes data and presents the status
of the remote site to the operator, and allows the adjustment (control) of the remote site
operation. The software may also provide some form of “cruise control” of the entire
utility system to relieve the demands on the operating personnel. The communication
system may operate via medium such as dedicated copper or fiber optic links, and ded-
icated radio links including satellite. In addition to sensors and monitoring equipment,
remote sites may also be equipped with remote terminal units (RTUs) connected to the
control center to capture its status and control it.

The basic control center system would consist of a computer, monitor, and a software
package for human-machine interface (HMI), or sophisticated process control. In the
basic HMI configuration, the operator can view graphic displays of the remote sites
and send control functions to those sites. For a stand-alone remote system, the control
functions are generated at the remote sites. In this application, the HMI software system
is only monitoring the remote status and alarm conditions. Communications software
can be added to allow for remote access to the computer at the control center. This enables
an operator with a laptop or desktop computer to access the system, view the computer
screens and various monitored parameters, and make control changes. Passwords should
be used to prevent unauthorized people from accessing the system. In addition, an alarm
reporting software package can be incorporated into SCADA and used to call out over
a standard telephone systems or via Internet, alerting operator(s) that intervention is
needed.
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The city of Fresno Water Division, located in the central valley of California, is a mu-
nicipal domestic water production and distribution provider. Fresno is approximately
110 mi2 in area and its water supply is mainly based on groundwater. The city’s 245 wells
are controlled by one of the most sophisticated SCADA systems of its kind. The systems
has 12,000 input/output points and 35,000 polled points which monitor 12 parameters
at each well site including, among others, well pumping levels, pump motor energy
consumption, pressure, flow, pump start/stop status, and flow totalizer. The host soft-
ware polls all sites through a three-channel radio communications system, which uses the
utility-owned radio towers and repeaters. One example of a very useful SCADA function
is the energy and pressure optimization controller. It gathers the polled data, averages the
pressure in a given geographical city zone (the city has 25 zones), and compares it against
a high and low set-point for that zone. In addition, cost is calculated for each pump station
in dollars per acre-foot pumped. If the zone average pressure falls below the zone low
set-point, the most cost-effective pump which is off in the zone is turned on. If the zone
average pressure rises above the zone high set-point, the least cost effective pump which
is on in the zone is turned off. The Fresno Water Division has in the past saved approx-
imately $500,000 per year in utility costs by using the energy and pressure optimization
algorithm which is implemented through SCADA (Schneider Electric, 1999).

8.5.4 Detecting Contamination
Groundwater contamination may be detected in a number of ways. The most obvious is
with human senses: “water that looks bad, smells bad and tastes bad is probably bad.”
It is also true that relying only on human senses to detect contamination does not make
sense because water that looks good (clear), does not smell, and has no taste may still be
contaminated and its ingestion may cause serious health problems. Unfortunately, very
few individuals, even in most developed countries, can afford testing their drinking
water for the full suite of chemicals included on the list of National Primary Drinking
Water Standards (see Table 5.2 in Chap. 5), let alone doing it on a regular basis (one such
analysis can cost well over 3000 US dollars). PWSs are required by law to regularly test
their raw source water for drinking water standards thus protecting their customers.
Individual well owners are not subject to such requirements and are therefore most at
risk from drinking contaminated groundwater, especially if their wells are in shallow
unconfined aquifers, in both rural and urban settings.

In the United States, the public and regulators alike are increasingly recognizing
the vulnerability of private wells to groundwater contamination. For example, anyone
thinking of buying one of the 20,000 homes in the New York’s Westchester County,
served by a private well, will enjoy safer drinking water thanks to a new law that took
effect in November 2007. The law requires that a water test be conducted upon signing
a contract of sale for any property served by a private drinking water well. The law
also requires that new private wells and private wells that have not been used to supply
drinking water for a period of 5 years be tested before use. Private wells on leased
properties must also be tested regularly. The test ensures that the well water is safe for
human consumption through analysis for the presence of coliform bacteria and chemical
contaminants. Under the new law, only certified laboratories are authorized to collect
and test the water samples. Test results must be submitted to the Westchester County
Health Department, as well as to the person requesting the test. The law also makes clear
the responsibilities of home sellers and buyers and other parties to ensure that drinking
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water quality problems are corrected. It also establishes penalties for noncompliance.
Information on the law is available on the Westchester County Health Department’s
Web site at www.westchestergov.com/health.

Monitoring for and detecting groundwater contamination at sites that have confirmed
releases of contaminants to the subsurface, or have potential for releases, is not an easy
task. As illustrated by the following excerpts from the State of Texas regulations for land-
fills, it requires proper planning, execution and reporting, and a significant investment
(Texas Administrative Code, 2006):

� A groundwater monitoring system must be installed and consist of a sufficient number
of monitoring wells, installed at appropriate locations and depths, to yield representative
groundwater samples from the uppermost aquifer as defined in §330.3 of this title (relating
to Definitions).

� Background monitoring wells shall be installed to allow the determination of the quality of
background groundwater that has not been affected by leakage from a unit.

� A groundwater monitoring system, including the number, spacing, and depths of monitoring
wells or other sampling points, shall be designed and certified by a qualified groundwater
scientist. Within 14 days of the certification, the owner or operator shall submit the certifica-
tion to the executive director and place a copy of the certification in the operating record. The
plan for the monitoring system and all supporting data must be submitted to the executive
director for review and approval prior to construction.

� The design of a monitoring system shall be based on site-specific technical information
that must include a thorough characterization of: aquifer thickness; groundwater flow rate;
groundwater flow direction, including seasonal and temporal fluctuations in flow; effect of
site construction and operations on groundwater flow direction and rates; and thickness,
stratigraphy, lithology, and hydraulic characteristics of saturated and unsaturated geologic
units and fill materials overlying the uppermost aquifer, materials of the uppermost aquifer,
and materials of the lower confining unit of the uppermost aquifer. A geologic unit is any
distinct or definable native rock or soil stratum.

� The owner or operator may use an applicable multi-dimensional fate and transport nu-
merical flow model to supplement the determination of the spacing of monitoring wells or
other sampling points and shall consider site-specific characteristics of groundwater flow as
well as dispersion and diffusion of possible contaminants in the materials of the uppermost
aquifer.

In addition to the requirement that the plan is certified by a qualified groundwater
scientist, the following are several other important points applicable to any site (not just
landfills):

� Determination of background concentrations of various physical and chemical
parameters and potential constituents of concern (COCs)

� Determination of sampling frequency by taking into account seasonal and tem-
poral fluctuations in groundwater flow such that contaminants are not missed

� Determination of the number and spacing of wells, and screen intervals (depths
of monitoring), by taking into account fate and transport characteristics of the
COCs, and hydrogeologic characteristics of the porous media including hetero-
geneity and anisotropy

Probably the most important factor when monitoring for possible groundwater con-
tamination is understanding that groundwater systems are dynamic—groundwater is

www.westchestergov.com/health
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always flowing and hydraulic heads are fluctuating—and that contaminants can be intro-
duced in a variety of ways. Sources can be intermittent or continuous, can be periodically
flushed through the vadose zone due to varying recharge (precipitation) pattern, or may
reside above the water table and be periodically stripped by the rising water levels. These
and other factors should always be considered as they can greatly influence contaminant
concentrations in monitoring wells and springs.

Decision as to the number of physical and chemical water parameters, and COCs to
be monitored, will be site-specific depending upon the type of contaminant release or
potential sources of contamination. Table 8.6 lists types of sites with potential ground-
water contamination and related COCs, and Table 8.7 lists analytical laboratory methods
for detection of various COCs.

Once the monitoring data is collected and its quality verified (see Section 8.6), it can
be evaluated for contamination detection. Any detection of COCs that are not naturally
occurring (e.g., anthropogenic, synthetic organic chemicals) would constitute groundwa-
ter contamination. When the COCs are not detected in the background monitoring wells
(wells located upgradient from the suspected source), and there is a clearly defined and
confirmed contaminant release from the suspected point source, this contamination may
or may not (still) be linked to that particular source. Determination of contamination at
this point depends on the skills of attorneys, consultants, and representatives if the case
were to become the subject of a lawsuit. If the background wells are contaminated with
the same COCs, which indicates the presence of another potential source, groundwater
professionals involved in the project may have a hard time deciphering contaminant
contribution from different source(s) without spending more money on investigation.

Many RCRA and Superfund sites are examples of multiple point sources of ground-
water contamination. These sources may form individual plumes of individual contam-
inants, individual plumes of mixed contaminants from identifiable sources or, in the
most complicated cases, commingled (merged) plumes of various contaminants from
multiple sources, some of which are not easily, or not at all identifiable. Sites on military
installations, large industrial complexes, and chemical manufacturing plants, are likely
to have groundwater contaminated by multiple constituents, which may be distributed
at various depths in the underlying aquifer(s) and form plumes with complicated shapes.
“Attaching” contaminant sources (landowners) to their own plumes, or showing no such
attachment, is the favorite goal of attorneys working for various PRPs. Heavy involve-
ment of attorneys in groundwater contamination and remediation issues in the United
States is understandable since costs associated with groundwater remediation may be
astronomical, and the question of who is responsible for the plume(s) becomes of an
utmost importance.

When COCs are detected in both the background (upgradient) and the source wells,
but are also known to be naturally occurring, or are widely spread due to various non-
point sources (such as nitrates, arsenic, and perchlorate), various statistical analyses will
have to be performed in order to determine that a particular point source site is actually
contributing the COCs. This is done by statistically comparing data from the two groups
of wells—background and source or downgradient wells, and determining if there is a
statistically significant difference between their concentrations. ASTM D6312–98(2005)
Standard Guide for Developing Appropriate Statistical Approaches for Ground-Water Detec-
tion Monitoring Program explains in detail various applicable methods. Another excellent
source is Statistical Methods in Water Resources published by the USGS (Helsel and Hirsch,
2002).
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Potential Contaminants of
Type of Site Concern (COCs) in Groundwater

Small gas station (with ASTs and USTs) TPH, PAH, and metals
Heating oil tank (AST or UST) PAHs
Dry cleaners VOC
Landfill (class C and D) TDS, TPH, PAH, PCB, VOC, SVOC, metals,

chloride
Airport TPH, PAH
Rail switching yard TPH, PAH, VOC
Livestock farm (i.e., dairy farm) Ammonia, nitrate/nitrite, CFU
Crop farm OP, OC, and herbicides
Orchards OP, OC, metals (As), and herbicides
Open pit or strip mine Metals, sulfate, sulfide, pH
Quarry VOC, HMX, RDX, TNT, Perchlorate
Nuclear power plant Tritium, strontium, cesium
Power plants (thermal) PAH, TPH, metals
Small arms firing range Metals (lead and tungsten) PAH (clay

targets)
Millitary ranges HMX, RDX, TNT, perchlorate, metals
Machine shop (i.e., plating facilities, airline

parts manufacturers, auto mechanic)
VOC, SVOC, metals

Solid propellant manufacturer (i.e.,
fireworks, rocket motors)

Perchlorate, metals

Wood treatment plants PAH, VOC, SVOC
Paper mill PAH, metals, dioxin
Municipal wastewater treatment plant Nitrate/nitrite, CFU, TOC, PBP,

pharmaceuticals, surfactant (detergent)
Leach fields and septic systems Ammonia, nitrate/nitrite, CFU, chloride,

surfactant (detergent)
Industrial wastewater treatment plant Metals, VOC
Automated car washes TPH, PAH, VOC
Chemical manufacturing plant Chemical specific + VOC, SVOC
Manufactured gas plant (MGP) PAH, metals, TPH

TPH, total petroleum hydrocarbons; PAH, polynuclear aromatic hydrocarbons; OP,
organophosphorous pesticides; OC, organochlorine pesticides; PCB, polychlorinated biphenyls; VOC,
volatile organic compounds; SVOC, semivolatile organic compounds; CFU, fecal coloform; AST -
above ground storage tank; UST, underground storage tank; PBP, disinfection biproducts.

TABLE 8.6 Types of Sites with Potential Groundwater Contamination and Related Contaminants
of Concern
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Contaminant of Concern (COC) Laboratory Analytical Method

General Chemistry
Alkalinity USEPA 310
Bromide USEPA 300/320
Chloride USEPA 300/325
Conductivity USEPA 120.1
Cyanide USEPA 335
Flouride USEPA 300/340
Ammonia USEPA 350
Nitrate USEPA 300/352/353
Nitrite USEPA 300/354
Nitrate + nitrite USEPA 353
Ortho phosphate USEPA 365
Perchlorate USEPA 314, USEPA 332, Draft

USEPA 6850
Total phosphorous USEPA 365
Total dissolved solids USEPA 160.1
Total suspended solids USEPA 160.2
Sulfate USEPA 300/375
Sulfide USEPA 300/376
Total organic carbon USEPA 415.1
Turbidity USEPA 180.1

Microbiology
Total coliform (most probable number, MPN) SM 9221B
Fecal coliform (colony forming units, CFU) SM 9222D

Metals
Metals (total or dissolved)—all but mercury USEPA 6010/6020
Mercury (total or dissolved) USEPA 7470
Toxicity characteristic leaching procedure (TCLP)

metals
USEPA 1311

Organics
PAH SW 8310
VOC SW 8260
SVOC SW 8270
OP SW 8141
OC SW 8081
TPH USEPA 418.1
Explosives USEPA 8330
Herbicides SW 8151
PCBs SW 8082
Detergents—anionic surfactants EPA 425
Pharmaceuticals no single standard; varies

TABLE 8.7 Commonly Used Analytical Methods for Detection of Potential Contaminants in
Groundwater
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As discussed by Daughton (2007), since the 1970s, the impact of chemical pollution
has focused almost exclusively on conventional “priority pollutants,” especially on those
collectively referred to as “persistent, bioaccumulative, toxic” (PBT) pollutants, “per-
sistent organic pollutants” (POPs), or “bioaccumulative chemicals of concern” (BCCs).
However, it is important to recognize that the current lists of priority pollutants were es-
tablished in large part for expediency—that is, they could be measured with off-the-shelf
chemical analysis technology. Priority pollutants were not necessarily selected solely on
the basis of risk and, in any case, are only one piece of the larger risk puzzle.

Environmental regulators have traditionally approached chemical pollution by de-
voting resources solely to managing established, well-characterized risks. This is referred
to as “list-based,” target analyte monitoring and represents a reactive approach—only
those compounds targeted for monitoring have the potential for being identified and
quantified. A more proactive approach, on the other hand, can prevent the establishment
of new risks so that their management is not needed. New and unanticipated chemicals
(together with their transformation products) that have not previously occurred in the
environment need to be identified as early as possible—well before they become perva-
sive in the environment. Such chemicals present unknown risks, some of which cannot be
anticipated. Detecting and monitoring their presence in the environment is referred to as
“nontarget” analyte approach (Daughton, 2007). More polar compounds, such as many
pharmaceuticals and personal care products (PPCPs), represent a particular challenge
for detection and emphasize the need for development of new analytical methodologies,
as well as the establishment of a nationwide monitoring network to detect newly present
(emerging) chemicals in surface water and groundwater.

Two characteristics of PPCPs distinguish them from other anthropogenic chemicals
and give them unique capabilities for use as environmental monitoring tools: (1) Individ-
ual PPCPs or their metabolites in the environment result solely from human (or domestic
animal) ingestion or use. (2) Each PPCP has a well-known date of introduction to com-
merce (generally a function of Federal Drug Administration (FDA) approval). Some also
have dates of withdrawal from commerce. Use of PPCPs in natural waters as “tracers,”
“markers,” “indicators,” “sentinels,” or “early warning” of environmental contamination
by human sewage or animal excrement is an idea that has garnered significant attention.
This idea capitalizes on the relative ease and speed of chemically analyzing water sam-
ples to determine the occurrence of PPCPs with a spectrum of half-lives, as opposed to
cumbersome measurement of pathogens (Daughton, 2007).

PPCPs could possibly be used as a means of providing maximum ages for ground-
water or sediments with respect to the intrusion of contaminated surface waters. Dates
of intrusion could be bracketed by using drugs with different commercialization dates;
they can also be established for particular geographic locales on the basis of regional pre-
scription use. This approach could work with any parent compound or transformation
product with sufficient persistence in the groundwater environment.

8.6 Data Management and GIS
This section is courtesy of Jeff Manuszak and Marla Miller, Malcolm Pirnie, Inc.

From groundwater purveyors managing entire groundwater systems to local environ-
mental firms sampling a few monitoring wells, understanding and interpreting data
collected from the subsurface is a key requirement to successfully accomplishing project
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FIGURE 8.17 Illustration showing how data was mismanaged at a facility with a leaking above
ground storage tank.

goals. If data is not sufficiently organized, the simple tasks can become overwhelm-
ing and often lead to a mismanagement of resources as illustrated with the following
scenario.

A facility realized that it was responsible for releasing solvents into the subsurface
due to a leaking above ground storage tank. With approval and oversight from the
local regulatory agency, an initial monitoring well MW-1 (see Fig. 8.17) was installed to
determine if released solvent affected the aquifer underlying the facility. Concentrations
of the solvent were detected in the groundwater at MW-1 above applicable cleanup
criteria, so a second well MW-2 was proposed in a downgradient location along the
presumed direction of groundwater flow. The well was constructed exactly the same as
MW-1 with the screened interval installed at the same depth below ground surface. MW-2
was tested for solvents and the results were nondetect. The facility and regulatory agency
were satisfied with the characterization and began planning a strategy to remediate the
“localized plume.” Two months later, a down gradient drinking well, PW-1 on Fig. 8.17,
was tested for a variety of parameters, including solvents. Solvents were detected in
groundwater above applicable standards! After an exhaustive review of the existing
dataset for the site, which included boring logs and previous sample results from the
nearby production well, it was determined that the second monitoring well was not
screened in the proper location to observe the contamination. The borehole logs from the
second monitoring well, as well as the production well, indicated that a clay layer was
acting as an aquitard. The aquitard was sealing off the shallower groundwater system
from a lower unit. Monitoring well MW-2 should have been designed with a screened
interval at a shallower depth above the aquitard, not just based on the “same depth”
from ground surface. All the information was available to make the correct decisions;
however, it was not readily accessible, and therefore utilized, by the project team.

This example is a simplification of a real world problem, but it highlights the fact
that an embarrassing and costly mistake could have been avoided if the project data was
properly maintained and readily accessible. In today’s market, where sustainability of en-
tire watersheds is becoming increasingly required by various stakeholders, quick access
to the right information is vital to the appropriate allocation of efforts and resources.
Specific database structures and geographic information systems (GISs) have been
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developed for managing, interpreting, and displaying surface and subsurface informa-
tion for such purposes (e.g., Radu et al., 2001).

This section introduces the concept of data management and includes guidelines
to organizing information collected in the course of groundwater resource evaluation,
utilization, and restoration. The goal of this section is to provide an enterprise (or project)
manager an understanding of the general concepts, utility, and available tools to assist
them with the successful management of data. Instruction on how to use these tools is
beyond the scope of this book.

8.6.1 Data Management
Data management can be defined as the “development and execution of architectures,
policies, practices, and procedures that properly manage the full data lifecycle needs
of an enterprise.” This definition is from the Data Management Association (DAMA)
which recognizes that information (data) is a key project asset (DAMA, 2007). A data
management system facilitates data management and implements the standard processes
and procedures that control the storage, retrieval, and processing of project information.
The concepts of data management and data management systems are used throughout
this book.

Data management can be as simple as organizing laboratory analytical data collected
from one monitoring well, or as complex as an aquifer information system that integrates
web-based technology with GIS and relational databases. With such a wide range of
complexity, deciding what scale of data management to use is crucial to accomplishing
project objectives in an efficient manner. Answering the following questions, in the order
presented below, helps to make the right decision:

1. What are the project goals? What will be accomplished with the data?

2. What is the duration of the project?

3. What data is needed to accomplish the project goal(s)?

4. Is there a potential that data needs will change?

5. What tools are needed to collect the data?

6. How is the data going to be used?

7. What tools are needed to manage the data?

Table 8.8 provides an illustration of the increasing levels of complexity in data man-
agement related to the seven primary questions that any manager should ask before
initiating a project that involves data collected from aquifer systems.

1. What are the project goals? What will be accomplished with the data?
This question needs to be answered before starting to collect, organize, and interpret data
(Microsoft, 1994; Groff and Winberg, 1999). Identifying overall objectives will help set
guidelines for establishing the scale and requirements of the data management system.
The concept of scale is a key factor in maximizing return on investment and is a common
theme throughout this chapter. The scale has relevance not only to the type of tools used
to manage data, but also to how the tools are utilized. Typical examples of project goals
for aquifer management include the following:

� Determine the local impacts to the shallow groundwater aquifer from a localized
spill at an underground storage tank.



Project Goal (Project Project Potential for Data Data Management
Requirements) Duration Data Requirements Needs to Change Data Use Tools

Determine the impacts to
shallow groundwater
from a leaking 10,000
gal petroleum
underground storage
tank

2 yr 3–4 wells, analytical
samples for
hydrocarbons

Low Tables that show
analytical results;
general site map

Flat file database

Determine the maximum
pumping rate within a
well field that will
minimize yield loss
over 20 years

20 yr Aquifer testing, well
properties,
groundwater
measurements at
10s of wells

Low to moderate Generation of data
from data,
modeling of
groundwater flow

Relational database,
GIS, groundwater
model

Characterize the
environmental
conditions at a
Superfund site and
develop a remedial
strategy

10 yr Soil, sediment, and
ground water
analytical data at
100s of locations.
Aquifer testing

High Generation of data
from data, spatial
analysis, fate and
transport
modeling

Relational database,
GIS, and
groundwater model
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TABLE 8.8 Examples of Relationship Between Project Goals, Data Management, and Data
Management Tools
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� Determine the optimal pumping rate for groundwater wells in a production field
that will minimize yield loss over the next 20 years.

Additional examples of project goals are provided in Table 8.8, as well as their relation
to the remaining questions.

2. What is the duration of the project?
Is the project lifespan a few months, years, or decades? This question should not only
apply to when the project is “active,” but also to how long it is required to maintain the
data after the active phase of the project is complete. For example, do regulatory require-
ments outline how long the data must be maintained? Does the consulting company
(utility) have a data retention policy that needs to be considered? As a general rule, the
longer the project duration, the more time one should spend upfront developing the data
management system architecture. Examples of common responses to the duration of a
project are provided in Table 8.8.

3. What data is needed to accomplish the project goal(s)?
This question addresses the type, quality, and amount of data needed to successfully
conduct and complete the project. Having a defined project goal, as described in question
1, will focus data requirements and needs. In general, it helps to write down a list of
the data needs, and how they will contribute to accomplishing the project goal. This
often helps “weed-out” extraneous datasets. Special consideration should be given to
regulatory requirements and frequency of data collection.

In real world situations, there is often a variety of “legacy data” associated with a
project. It is important to remember that legacy data may have been obtained to ac-
complish goals that are inconsistent with the current project’s objectives. Although this
existing data may be quite useful, it should not determine the type and quality of data
to be collected for the new project goals. Additionally, to avoid unnecessary expenditure
of resources, it is advisable to determine what legacy data meets new project goals and
adopt only that portion of the information into the project database. Examples of data
requirements as they relate to project goals are provided in Table 8.8.

Consideration should also be given to data that is generated by processing informa-
tion stored in the database. For example, fate and transport information generated from
modeling programs can be stored and accessed in the data management system.

4. Is there a potential that data needs will change?
Consider the full lifecycle of the enterprise that is being undertaken. Is there a potential
that the regulatory requirements will change? Will later phases of the project include
different datasets? Functionality may need to be built into the data management system
to accommodate foreseeable changes.

For example, a project may have the immediate goal of defining the hydrogeologic
characteristics of a local aquifer system and how they relate to the screened interval of
several hundred production wells. Later phases of the project will collect groundwater
quality information from the production wells to determine the most suitable wells for
irrigation versus potable use. It would be advisable to build functionality into the data
management system at the project initiation to accept water quality data so that the
integration of the future dataset is seamless and efficient. Table 8.8 provides additional
examples, and how changes in data needs relate to the complexity of data management.

5. What tools are needed to collect the data?
This chapter does not go into detail concerning the multitude of data collection tech-
niques or standard operating procedures used to collect data. However, relative to data
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management, consideration should be given to this topic. In ideal situations, one should
predetermine how to collect, validate, and report data to maximize its efficient integration
into the architecture of the data management system. This architecture can be modified
based on the output of the tool collecting project data.

Best management practices, such as standardizing data collection forms (both digital
and hard copy), are often effective solutions to maintaining an efficient transfer of data
from the collection phase into a data management system. For example, standardized
borehole log forms can be used to emphasize the key data elements required to character-
ize subsurface geology. Permutations that are more complex include automated SCADA
systems that are extremely efficient at collecting and uploading information into data
management systems. For example, data from a transducer, which records groundwater
level fluctuations in a well at a specified time interval, can be automated to upload water
level fluctuations into a database system automatically. Examples of other information
that are commonly automated during their collection process include flow rates, water
quality parameters, remote sensing information, and climate data. When using auto-
mated data collection, consideration should be given to the frequency of data collection.

6. How is the data going to be used?
Will data be plotted on graphs to show the decay of contamination over time at a specific
monitoring well? Will the cost of water versus the productivity of the well be compared to
conduct a cost-benefit analysis of rehabilitating the well? Will the project data be shown
on maps or cross sections to relay a technical concept? Will the data be shared with
others? Will there be just a few data users or several hundred?

An understanding of the project data requirements and their relevance to the project
goals is critical to formulating the architecture of the data management system. The use of
each aspect of various datasets should be related back to the project goal(s), and the data
should be organized in the most efficient way to accomplish these goals. For example, if
the project will have tens of users in different cities accessing the same dataset on a daily
basis, a Web-based interface to the database is almost mandatory for project success.

7. What tools are needed to manage the data (i.e., what are the components of the data man-
agement system?)
After answering the first six questions, the architecture of the data management system
can be outlined. This outline is most efficiently expressed in the early stages of a project
as a flow diagram. The diagram should show how the different project elements relate to
each other to accomplish the project goals. The diagram also establishes where specific
tools will be required to manage the different project elements. Once the general frame-
work of the data management system is established, additional effort can be focused on
the development of detailed standard policies, practices, and procedures throughout the
lifecycle of the project.

An example of a flow diagram produced for a real-world water utility is shown in
Fig. 8.18. The project specifics included the following: immediate project objective of locat-
ing additional production well locations; future project objective of developing quarterly
groundwater quality reports for all the production wells operated by the utility; project
duration of at least 5 years; management of multiple datasets including aquifer proper-
ties, groundwater modeling data, existing GIS and subsurface data, and well construc-
tion information; generation of maps showing the best locations for potential production
wells based on existing water quality and hydrogeology data; generation of tables in the
future to display water quality information; and use of the data by multiple regulators
and consultants on a daily basis.
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FIGURE 8.18 Example of a flow diagram showing the different elements for a larger scale project
involving data collection, use of legacy data, groundwater modeling, database development,
implementation of a project GIS, and a Web-based interface. Note how all the data elements relate
back to accomplishing the project goal.

Using the flow diagram shown in Fig. 8.18, the following data management system
requirements were identified for the project:

� A database tool to store project data (both spatial and tabular)
� A Web interface tool to allow access to the project data by multiple users
� Modeling software and GIS to meet project objectives
� Standard procedures developed to assure the quality of both new and existing

data
� Standard practices for uploading new and existing data into the database

Now that a general understanding of how to manage information for aquifer systems
has been established, a more detailed description of the data types, data management
tools, and data quality requirements can be developed. These topics are developed further
to provide project managers a better understanding of the typical features of a complete
groundwater management system at various scales of complexity.

8.6.2 Types of Data
Table 8.9 provides a list of common datasets required for the proper management of
groundwater systems. This list is by no means exhaustive, but is intended to provide the
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Aquifer Properties (hydrology) conductivity (k)
permeability (ki )
porosity (n)
hydraulic gradient (i )
transmissivity (T )
potentiometric surface
recharge rate/location
physical caracteristics (thickness/extent)
aquifer type (e.g., confined, unconfined)

Well Properties well type
location (x, y, z)
screened interval(s)
injection rate
pumping rate
pump type
well efficiency, specific capacity

Geology borehole geophysics
bedrock geology/stratigraphy
seismic surveys
soil type
geomorphology
structure (e.g., folds and faults)

Groundwater Chemistry general chemistry (e.g., pH, hardness, TDS)
contaminants (e.g., perchlorate, VOCs)
temperature

Burried Infrastructure underground storage tanks
piping (e.g., gas lines and sewer pipes)
modeling data (fate and transport)
ownership

Other aquifer compaction (subsidence)
surface features (e.g., topography, rivers)
climatic data (e.g., precipitation, air temp.)
end use

TABLE 8.9 Some Common Datasets for Groundwater Management

reader with an understanding of the diverse set of data related to groundwater systems
and their management.

Groundwater system data, and its related elements, can be divided into two primary
components: (1) spatial (the extent of a feature in space) and (2) attribute (information
that can be related to a location). These components are often maintained separately,
but should be integrated together whenever possible using a GIS platform as explained
further. The photograph in Fig. 8.19 illustrates this concept. Data is collected from a moni-
toring well, with known space coordinates and screen depth so that the sampling location
is accurately defined in all three dimensions (spatial data). Attributes that could be as-
signed to this location include VOC concentrations (determined later in the laboratory),
as well as other measured parameters such as depth to water level, water temperature,
pH, and electrical conductance, all coded by the sampling date.
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FIGURE 8.19 Collection of groundwater samples at a monitoring well screened in shallow aquifer in
the panhandle region of Florida. (Left) Samples are being collected with a Teflon® bailer.

Spatial Data
The spatial component of data provides information about the location and geometry
of a feature that is usually stored in some type of coordinate system. This information
is used to provide an abstract representation of the feature on a planar surface (i.e., a
map) or three-dimensional image (e.g., a model or block diagram). Spatial data is often
displayed with the aid of GIS software packages.

Features are usually expressed as points, lines, areas (e.g., polygons), rasters (e.g., im-
ages and grids), and triangular irregular networks (TINS). A point generally represents
a single location on a map that defines an object too small to be represented as a line or
area (ESRI, 1994). Typical examples of point type data for subsurface datasets include
well locations, sample locations, and injection points. A line is a set of connected, ordered
coordinates representing a linear shape (ESRI, 1994). Roads, contour lines, geologic con-
tacts, and streams are examples of linear features. A polygon represents a boundary that
encloses a given area (ESRI, 2007). Features such as lakes, building footprints, and sur-
face geology are commonly expressed as polygons. A raster is a cellular data structure
composed of rows and columns (i.e., matrix) for storing images and/or grids. Groups of
cells with the same value represent features (ESRI, 2007). Imagery such as aerial photog-
raphy is an example of a raster dataset. TINS are used to represent surfaces as a set of
linked triangles. TINS provide an efficient way of representing surfaces with irregular
topography (Booth and Mitchell, 2001). Figure 8.20 provides an example of point, line,
area, and raster feature types.
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FIGURE 8.20 Illustration of point, line, area, and raster feature types.

Spatial data should be referenced to some type of coordinate system if the intention
is to represent data geographically. A coordinate system has three components including
a unit of measure (e.g., meter or feet), datum (e.g., NAD83 or WGS 84), and projection
(e.g., UTM or GCS). These three basic components can be used to represent a feature
from a curved surface (i.e., the earth’s surface) onto a two or three-dimensional map.
Defining a coordinate system at the initial stages of project lifecycle is necessary for
proper management of spatial information.

Unreferenced maps, such as engineering design plans (CAD drawings), do not always
have a coordinate system associated with them. Features on the drawings are represented
as a distance from an arbitrary benchmark location. A drawing of this nature represents
a “scaled drawing” and is not a geo-referenced map. Overlaying geographic information
collected during later stages of a project can often become time consuming and therefore
a costly process. Geospatial and consulting firms can often assist in the cost effective
integration of legacy datasets into a real-world spatial system.

Attributes
The attribute component of data provides characteristic and/or reference information
relative to a feature. For example, a water well (point feature) may have the following
information associated with it:

� Date of installation
� Well construction information
� Pumping rate
� Analytical data results
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� Regulatory compliance levels associated with the analytical data
� Photographs
� Monitoring and maintenance schedule

The attribute information is often organized in some type of tabular format (flat or
relational) as discussed further in the text. Ideally, the attribute information and the
features can be linked in one tool, such as a GIS.

8.6.3 Data Management Tools
In general, data should be organized into some type of data management system that al-
lows quick and accurate access to information (Microsoft, 1994). As discussed previously,
a data management system should be based on a series of standardized policies, prac-
tices, and procedures throughout the lifecycle of the data. The scale of data management
system can help to dictate the type of tools used to organize and store information.

A sampling of tools (computer programs) used to manage subsurface datasets are
provided in Table 8.10. This list is not exhaustive, but should provide the reader with a
set of tools that are commonly used in the profession. Generally, databases are used to
store information, while other tools, such as GIS, are used to manipulate, visualize, and
interpret data to accomplish the project goals. A description of these two components is
provided further in the text.

Databases
Databases are effective tools for organizing tabular (or attribute) type information. There
are two basic types of databases: flat file and relational.

Function Tool

Data Storage Various text editors (e.g., Microsoft ® Notepad)
Microsoft ® Excel
Microsoft ® Access
IBM ® Lotus Notes
DB2
MySQL
ESRI ® Geodatabase and SDE
FileMaker
Oracle

Data Visualization and Manipulation Golden Software ® Surfer
ESRI ® ArcView
ESRI ® ArcGIS
Mapinfo
Visual MODFLOW
GMS
Processing Modflow
Groundwater Vistas

TABLE 8.10 List of Programs That Are Commonly Used to Store, Manipulate, and Manage Data
Related to Groundwater Systems
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Well ID Date COC Result MCL

MW-1 03/18/1994 TCE 1500.00 0.5

MW-1 12/31/1994 TCE 1230.00 0.5

MW-1 10/15/1995 TCE 296.37 0.5

MW-1 07/12/1996 TCE 76.43 0.5

MW-1 11/04/1996 TCE 116.12 0.5

Header

Records

Buffers

FIGURE 8.21 Example of a flat file type database generated using Microsoft Excel. The different
components of a flat file database are illustrated on the figure.

1. Flat File. As defined by Databasedev.co.uk (2007), a flat file database is designed
around a single table which stores information in a series of records. The record
represents individual lines that contain fields separated by some type of buffer
(e.g., comma, tab, or cell buffer). A header row is often placed at the start of
the file to denote the significance of the series of records. Flat files are useful at
storing information, manipulating and formatting fields, printing or displaying
formatted information, and quickly exchange information with others (e.g., over
the internet or through email). There are no structural relationships within or
between multiple flat files databases. For example, updating an analytical result
in one flat file will not populate (or update) a second flat file that compares recent
data to a regulatory standard (Databasedev.co.uk, 2007).

Designing flat file databases is simple, requiring little design knowledge. Flat
file databases can be developed using a variety of software tools including, text
editors, Microsoft Excel, IBM Lotus Notes, and a variety of text editing software
that can manipulate ASCII file formats. Figure 8.21 is an example of a flat file
type database that was generated using Microsoft Excel. Flat files can also be
generated within relational databases, which are discussed below.

2. Relational Database. Relational databases are one of the most important founda-
tion technologies in the computer industry today (Groff and Weinberg, 1999).
A relational database stores multiple tables and provides methods for the ta-
bles to work together. The information held within the different tables can be
merged, collated, queried, and displayed based on the relationships built into
the database. The methods connecting the tables within the relational database
include a variety of program languages, such as Structured Query Language
(SQL), visual basic, and MySQL.

The connections, or links, between the various tables are based on Key Fields or
Indexed Values. The links are the bases to performing queries that select, collate, or-
ganize, and display information stored within the tables. The relationships generated
between the different tables can result in three basic scenarios: one-to-one correlation,
one-to-many, and many-to-many. Figure 8.22 displays the basic concept of each of the
relationship types. The grey boxes represent individual tables, and the dark black lines
represent links. One-to-one and many-to-many correlations are atypical of relational
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One-to-One One-to-Many Many-to-Many

FIGURE 8.22 Illustration of the three possible relationship types in relational databases: one-to-
one, one-to-many, and many-to-many.

database structures for aquifer system management projects and should be avoided un-
less necessary. One-to-one relationships usually indicated inefficiency in data structure.
Many-to-many relationships usually indicate that a “link table” is required to clarify data
relationships.

As recognized by Databasedev.co.uk (2007),

Designing a relational database takes more planning than flat file databases. With relational databases,
you must be careful to store data in tables such that the relationships make sense. Building a relational
database is dependant upon your ability to establish a relational model. The model must fully describe
how the data is organized, in terms of data structure, integrity, querying, manipulation and storage.

An example of a simple relational database model for subsurface data is shown in
Fig. 8.23. This example was built in Microsoft Access 2000. The primary components
of this model include a table that records geologic data collected from a series of well
logs, monitoring well information, water level data, analytical data collected from the
monitoring wells, and regulatory compliance levels. The lines drawn from each table
show the relationships (links) between the various data sets. The links are based on

Well
Construction

Geology

Relationships

Location

Data Tables

Analytical Water Level

Regulatory
Compliance

FIGURE 8.23 Example of relational database developed for a small-scale environmental
investigation involving the collection of groundwater analytical data, water level measurements,
and geologic information.
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key fields and each represents a one-to-many relationship. The purpose of this database
was to determine on a quarterly basis, which wells exceed regulatory action levels for
a variety contaminants of concern. Additionally, the table provides which portions of
the aquifer were most impacted. A query was set up to automate this process. Data is
uploaded into the database on a quarterly basis, and a form is instantaneously produced
showing which wells exceed the established criteria, and for which part of the aquifer.

Software commonly used to build relational database for aquifer management sys-
tems include DB2, MySQL, FileMaker, Microsoft Access, Microsoft SQL Server, and
Oracle. Embedded, relational databases are packaged as part of other software pack-
ages, such as ESRI’s ArcGIS software. Relational databases often form the backbone of
many of today’s Web-based data management systems. For example, analytical labora-
tories routinely provide access to groundwater analytical data via Web-based interfaces
with tools to organize, report, plot, and export your project data (Pace, 2007).

8.6.4 Geographic Information Systems (GIS)
GISs include a variety of tools that are used to display, integrate, manipulate, store,
and/or interpret spatially referenced data (ESRI, 2007). GIS is one of the most powerful
tools at the disposal of individuals visualizing and managing subsurface information
(ESRI, 2007; Strassberg, 2005; Gogu et. al., 2001; Goodchild, 1996). As recognized by
Gogu et al., 2001, GIS provides utility in

� The management of subsurface data
� Elaboration of subsurface elements (such as hydrogeology)
� Vulnerability assessments
� Database support for numerical modeling

As summarized in Table 8.10, software commonly used to build a GIS for subsurface
investigations and groundwater modeling, directly or indirectly, include ESRI’s ArcGIS
products, Mapinfo, Surfer, Groundwater VISTAS, Visual Modflow, and Groundwater
Modeling System (GMS).

A GIS can be used at its most basic level to display and overlay various GIS datasets
on a map. For example, in Fig. 8.20, an air photo (dataset 1) is overlain with rivers (dataset
2), and roads (dataset 3). At a more complex level, it can be used to merge both tabular
data and spatial data to analyze information and create new datasets. For example, in
Fig. 8.24, a groundwater modeling program, Visual Modflow, was used to generate a
groundwater contour map.

The scale of a GIS should be directly related to the purpose defined in the initial stages
of project development. For example, will laboratory results be displayed on a map for
one sampling event, or does the project require fate and transport modeling through a
known set of hydrogeologic conditions over a 20-year period? The first example could
be managed using a simple GIS that displays X, Y, Z data; while the second example
would require the integration of GIS with a groundwater modeling program. A defined
project goal will help determine the scale of the GIS as well as how it is integrated into
the data management system.

GIS data can be managed as individual files, akin to a flat file dataset (e.g., shape
file), or within a relational database system (e.g., Access Geodatabase). GIS data can
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FIGURE 8.24 Groundwater contour map produced using modeling software. The groundwater
contours (grey shaded areas) were produced from water level data collected at several monitoring
wells. Statistics can be produced for the calculated surfaces to estimate its accuracy and
precision.

effectively be managed as individual files for small scale, short duration projects. The
data can be organized into standardized data directory structures (e.g., file folders) with
best management practices to facilitate data integrity. A variety of information, such as
state boundaries, counties, roads, soil type, and surface geology, is available online from
various sources as individual GIS files.

GIS data can effectively be managed in relational database systems for both small
scale and large-scale GIS projects. The advantage of using a geodatabase to store project
GIS data is that data integrity rules can be set up in the initial stages of the project to
control items such as data entry errors, standardized symbology (e.g., wells, piezometers,
soil type), and enforce project coordinate systems (Booth and Mitchell, 2001). Additional
functionality can be added to GIS systems utilizing relational database systems to allow
for multiple users, versioning, and metadata management.
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Geospatial and tabular data can be merged together to provide an efficient analysis
of data to accomplish the project goals. The link between the two elements can be estab-
lished with programming language such as SQL. Depending on the functionality of GIS,
several programs, such as ESRI’s ArcGIS have embedded relational databases (called
geodatabases) that are packaged as part of the program. These geodatabases often allow
the integration with, or connectivity to, other relational databases.

Specific database structures have been developed for the exclusive purpose of man-
aging, interpreting, and displaying hydrogeologic information (Gogu et al., 2001).

8.6.5 Data Quality
The reliability and validity of decisions based on data evaluation is directly related to the
data quality. Successful data management employs procedures to ensure high quality
data (e.g., using standardized collection and analytical methods) as well as mechanisms
for assessing the quality of the data. Data verification or validation is used to assess if
the data collected meets project objectives.

The level of data assessment will depend on the project objectives and regulatory
requirements. This can range from having a second person check data entry for ground-
water elevations (data review or verification) to recalculating analytical results from raw
laboratory analytical data (data validation). Data assessment identifies the level of con-
fidence in a dataset. After all, if one starts out with inaccurate or biased data, it does not
matter how the data is managed or organized, the overall evaluation will be flawed.

Data Verification and Validation
Data verification or validation is the process for evaluating quality control (QC) sam-
ples and parameters associated with a dataset. The appropriate level of data verifica-
tion/validation will depend on the type of project and requirements of the end data user.
For example, if the data will be used in support of risk assessment or litigation, the level of
data review required may be more extensive than for a routine groundwater monitoring
program. Examples of data verification and validation guidelines for analytical samples
include the USEPA Contract Laboratory Program National Functional Guidelines for
Organic and Inorganic Data Review, Test Methods for Evaluating Solid Waste (SW-846),
and laboratory standard operating procedures.

For analytical data collected as part of groundwater studies, QC samples that are
evaluated during verification/validation process can include blanks, spiked samples,
and duplicates. Table 8.11 list some of the more frequently used QC samples and param-
eters for analytical data. The QC samples are compared to acceptance criteria that are
identified during the project planning stages.

At a minimum, data review or verification for groundwater management systems
should include evaluation of the following parameters: (1) chain-of-custody, (2) sam-
ple holding times, (3) blanks, (4) surrogate recoveries (for organic parameters), (5) Ma-
trix spike/matrix spike duplicate (MS/MSD) recoveries and relative percent differences
(RPDs), (6) laboratory duplicate RPDs, (7) laboratory control sample (LCS) recovery, and
(8) field duplicate RPDs.

The more extensive data validation would require the raw laboratory data, as opposed
to just QC summary, and could include (1) initial and continuing calibration results,
(2) internal standard recoveries (for applicable parameters), (3) interference check
samples (for inorganics), (4) serial dilution and postdigestion spike recoveries (for
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Parameter Description Criteria

Examples of Field QC Samples
Field duplicate Assess sample heterogeneity and

sample collection techniques
RPD

Trip blank Measures potential contamination
during sample transport to/from
lab (for volatile organics)

Detection above
reporting limit

Equipment rinsate blank Measures potential
cross-contamination from sampling
equipment

Detection above
reporting limit

Examples of Lab QC Samples/Parameters
Method blank Measures potential lab contamination Detection above

reporting limit
Laboratory Control Sample Assess extraction/analysis efficiency Percent recovery
Matrix spike/matrix spike

duplicate
Assess sample matrix interference Percent recovery

Laboratory duplicate Assess sample heterogeneity and lab
techniques

RPD

Surrogates Assess extraction/analysis efficiency
and matrix interference

Percent Recovery

TABLE 8.11 A List of Frequently Used QC Samples and Parameters for Analytical Data

inorganics), (5) result calculations and documentation procedures, (6) review of dilu-
tions and reanalysis of samples, (7) sample preparation (extraction/digestion logs), and
(8) other laboratory QC checks

8.6.6 Metadata
Metadata is data about data. It provides information about the source, content, purpose,
limitations, and other characteristics of a given dataset. Metadata should be developed
for both tabular and spatial information in groundwater management systems.

According to ESRI (2007), “Metadata for spatial data may describe and document its
subject matter; how, when, where, and by whom the data was collected; availability and
distribution information; its projection, scale, resolution, and accuracy; and its reliability
with regard to some standard.” For tabular datasets, metadata is structured information
that describes, explains, locates, or otherwise makes it easier to retrieve, use, or manage
an information resource (NISO, 2005).

8.7 Protection of Groundwater Resources
As discussed by Hötzl (1996), it is practical to distinguish between resource and source
protection, although both concepts are closely related to each other—it is impossible to
protect a source without protecting the resource. In European countries, for example,
groundwater is considered a valuable resource that must be protected. Activities en-
dangering its quality are forbidden by law (e.g., German regulation in WHG 1996). The
European Water Framework Directive (The European Parliament and the Council of the
European Union, 2000) emphasizes that water is not a commercial product like any other
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but a heritage which must be protected, defended, and treated as such. Thus, the direc-
tive demands for the protection of groundwater and surface water resources. The highest
priority is to protect the groundwater used for drinking water supply. The source may be
a captured spring, a pumping well, or any other groundwater extraction point. The Eu-
ropean Groundwater Directive of 2006 extends the concept of overall resource protection
in detail (The European Parliament and the Council of the European Union, 2006).

In the United States, at the federal level, groundwater as a resource is addressed either
together with surface water (Safe Drinking Water Act, SDWA) or as a part of the overall
environment. One exception is the Sole Source Aquifer Program within SDWA which is
aimed more at promoting the importance of such aquifers than the actual protection (see
section ”Safe Drinking Water Act”). The Ground Water Task Force (GWTF), established in
the fall of 2002 as part of the USEPA’s One Cleanup Program to improve the planning and
quality of USEPA cleanup programs dealing with brownfields, federal facilities, leaking
underground storage tanks, and RCRA Corrective Action and Superfund, provides the
following discussion on the importance of groundwater resources and their vulnerability
(GWTF, 2007):

Ground water use typically refers to the current use(s) and functions of groundwater as well as future
reasonably expected use(s). Groundwater use can generally be divided into drinking water, ecological,
agricultural, industrial/commercial uses or functions, and recreational. Drinking water use includes
both public supply and individual (household or domestic) water systems. Ecological use commonly
refers to groundwater functions, such as providing base flow to surface water to support habitat;
groundwater (most notably in karst settings) may also serve as an ecologic habitat in and of itself.
Agricultural use generally refers to crop irrigation and live-stock watering. Industrial/commercial use
refers to in any industrial process, such as for cooling water in manufacturing, or commercial uses,
such as car wash facilities. Recreational use generally pertains to impacts on surface water caused
by groundwater; however, groundwater in karst settings can be used for recreational purposes, such
as cave diving. All of these uses and functions are considered “beneficial uses” of groundwater.
Furthermore, within a range of reasonably expected uses and functions, the maximum (or highest)
beneficial groundwater use refers to the use or function that warrants the most stringent groundwater
cleanup levels.

Groundwater value is typically considered in three ways: for its current uses; for its future or
reasonably expected uses; and for its intrinsic value. Current use value depends to a large part on
need. Groundwater is more valuable where it is the only source of water, where it is less costly than
treating and distributing surface water, or where it supports ecological habitat. Current use value can
also consider the “costs” associated with impacts from contaminated groundwater on surrounding
media (e.g., underlying drinking water aquifers, overlying air—particularly indoor air, and adjacent
surface water). Future or reasonably expected values refer to the value people place on groundwater
they expect to use in the future; the value will depend on the particular expected use or uses (e.g.,
drinking water, industrial). Society places an intrinsic value on groundwater, which is distinct from
economic value. Intrinsic value refers to the value people place on just knowing clean groundwater
exists and will be available for future generations, irrespective of current or expected uses. While the
value of groundwater is often difficult to quantify, it will certainly increase as the expense of treating
surface water increases, and as existing surface water and groundwater supplies reach capacity with
continuing development.

Groundwater vulnerability refers to the relative ease with which a contaminant introduced into
the environment can negatively impact groundwater quality and/or quantity. Vulnerability depends
to a large extent upon local conditions including, for example, hydrogeology, contaminant properties,
size or volume of a release, and location of the source of contamination. Shallow groundwater is
generally more vulnerable than deep groundwater. Private (domestic) water supplies can be partic-
ularly vulnerable because (1) they are generally shallower than public water supplies, (2) regulatory
agencies generally require little or no monitoring or testing for these wells, and (3) homeowners may
be unaware of contamination unless there is a taste or odor problem. Furthermore, vulnerability can
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change over time. For example, anthropogenic activities, such as mining or construction, can remove
or alter protective overburden thus making underlying aquifers more vulnerable.

Protection of groundwater resources is achieved by prevention of possible contami-
nation, by remediation of already contaminated groundwater, and by detection and pre-
vention of unsustainable extraction. The prevention aspect includes pollution prevention
programs or control measures at potential contaminant sources, land use control, and
public education. Following are some examples of prevention measures:

� Mandatory installation of devices for early detection of contaminant releases such
as leaks from underground storage tanks at gas stations, and landfill leachate
migration

� Banning of pesticide use in sensitive aquifer recharge areas
� Land use controls that prevent an obvious introduction of contaminants into the

subsurface, such as from industrial, agricultural, and urban untreated wastewa-
ter lagoons

� Land use controls that minimize the interruption of natural aquifer recharge,
such as the paving of large urban areas (“urban sprawl”)

� Management of urban runoff that can contaminate both surface and groundwater
resources (e.g., USEPA, 2005)

Figure 8.25 shows a prevention measure implemented in the city of Austin, TX, where
the underlying karstic Edwards aquifer is directly exposed at the land surface or cov-
ered by a thin layer of residuum. Surface runoff from state highways is directed toward

FIGURE 8.25 Concrete catch basin by a state highway in Austin, TX, designed to strip oil and fines
from surface runoff before water is allowed to infiltrate into the underlying Edwards aquifer.
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specially designed concrete catch basins where oil and fine particulate matter are re-
moved before water is allowed to infiltrate into the subsurface.

Probably the single most important aspect of groundwater protection is public edu-
cation. Unfortunately, it is also often the most underfunded or completely disregarded.
There are simple means of educating the public that can pay off many times more than
the investment made. Some examples include public outreach with programs describing
septic tank maintenance and proper use (e.g., see Riordan, 2007), disposal of toxic wastes
generated in households (e.g., paints, solvents, garden pesticides), and proper disposal
of unused pharmaceuticals. In terms of protecting the availability (quantity) of ground-
water in the areas where it is used for water supply, public outreach programs on water
conservation are irreplaceable. Perhaps the most receptive audience to groundwater ed-
ucation programs are the numerous visitors of state parks which have been established
because of the groundwater (Fig. 8.26). Such parks should be used as “role models” for
the importance of groundwater protection, and featured in media and school programs
as much as possible.

Remediation of already contaminated groundwater is the second key aspect of re-
source protection. In its publication entitled Protecting The Nation’s Ground Water: EPA’s
Strategy for the 1990’s. The Final Report Of The EPA Ground-Water Task Force, the USEPA
stated that groundwater remediation activities must be prioritized to limit the risk of
adverse effects to human health first, and then to restore currently used and reasonably
expected sources of drinking water and groundwater whenever such restorations are
practicable and attainable (USEPA, 1991).

FIGURE 8.26 Recreational swimming pool built directly over discharge location of San Solomon
Spring, one of the Balmorhea Springs in Balmorhea, TX; between 22 and 28 million gal of
groundwater flow through the pool each day.
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The Agency also stated that

“given the costs and technical limitations associated with groundwater cleanup, a framework should
be established that ensures the environmental and public health benefit of each dollar spent is maxi-
mized. Thus, in making remediation decisions, EPA must take a realistic approach to restoration based
upon actual and reasonably expected uses of the resource as well as social and economic values.

Finally, given the expense and technical difficulties associated with groundwater
remediation, the Agency emphasizes early detection and monitoring so that it can address
the appropriate steps to control and remediate the risk of adverse effects of groundwater
contamination to human health and the environment.

In the 16 years since this publication, “the expense and technical difficulties asso-
ciated with groundwater remediation” have become even more apparent. The author
of this book has been involved, and has knowledge of, various hydrogeologically com-
plex “megasites” where characterization of groundwater contamination has continued
for more than a decade, costing sometimes over 100 million US dollars at individual
sites. At the same time and for various reasons, the actual full-scale groundwater reme-
diation (aquifer restoration to beneficial uses) at many of these sites has not yet begun.
Often, this is caused by many remaining uncertainties as to the distribution of contam-
inants in the subsurface and their migration pathways (such as at many sites in karst
and fractured rock environments). These uncertainties have often resulted in the fail-
ure of remediation pilot tests. At the same time, however, the regulators and the public
alike are in many cases not ready to accept that restoration at a particular site may not
be “practicable and attainable.” It therefore appears that much more should be done
to promote dialogue between various stakeholders, the public, and the regulators at
all levels (federal, state, and local), as to the “realistic approach to restoration based
upon actual and reasonably expected uses of the resource as well as social and economic
values.”

Two complementary approaches to the protection of quality of groundwater resources
are protection of the existing water supplies (“sources,” such as water wells and springs),
and protection of the resource as a whole, for all present and future users. In different
countries, and in different parts of the same country (such as in the United States), the
emphasis may be given to one or both approaches, depending upon the resource devel-
opment situation, the prevailing hydrogeological conditions, and the prevailing political
environment. Source-oriented approaches are based on delineation of source protection
zones (“groundwater zoning”). Such zones serve for setting priorities for groundwater
quality monitoring, environmental audit of industrial premises, determining priorities
for the clean-up of historically contaminated land, and determining which land use activ-
ities within which zones have acceptable risk. This approach is best suited to relatively
uniform, unconsolidated aquifers exploited only by a small number of high-yielding
municipal wells with stable pumping regimes. It is not so readily applied where there
are a large and growing number of localized groundwater extraction centers, including
individual households. (Foster et al., 2002–2005b).

Resource-oriented strategies are more universally applicable, since they are aimed at
achieving protection for the entire groundwater resource and for all groundwater users.
They involve aquifer pollution vulnerability mapping over extensive areas, and may
include one or more important aquifers. Such mapping would normally be followed by
an inventory of potential or existing sources of contamination, and possibly hazards and
risks associated with various land use activities, at least in the more vulnerable areas.
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8.7.1 Groundwater Vulnerability Maps
The fundamental concept of groundwater vulnerability is that some areas are more vul-
nerable to contamination than others. The goal of a vulnerability map is the subdivision
of an area into several areas that have the different degrees of vulnerability. Vrba and
Zaporozec (1994) emphasize that the vulnerability of groundwater is a relative, non-
measurable, dimensionless property, and they make the distinction between intrinsic
(natural) and specific vulnerability. The intrinsic vulnerability depends only upon the
natural properties of an area, such as characteristics of the porous media, and recharge.
It is independent of any particular contaminant. Specific vulnerability takes into account
fate and transport properties of a contaminant. Simplified, this means that, for example,
an aquifer may be vulnerable to an improper disposal or spill of chlorinated solvents at
the land surface even though the groundwater flow directions and the presence of a low-
permeable overlying aquitard may be protective enough in case of a nonpoint source
contamination with nitrates. Another example is a thick unsaturated zone (e.g., ≥300
ft) in arid climates that may be highly protective of the underlying unconfined aquifer
simply because of the insignificant present-day aquifer recharge that cannot facilitate
migration of a contaminant through such thick vadose zone, all the way down to the
water table. However, if there were some land use practices, such as waste disposal in
ponds, which can facilitate contaminant migration, these aquifers would be considered
vulnerable.

Although most definitions and methods for mapping groundwater vulnerability
consider only contamination aspects, there are also quantitative aspects of groundwa-
ter protection and vulnerability, such as overexploration and aquifer mining (Vrba and
Zaporozec, 1994). Maps depicting time-dependent quantities of groundwater available
for extraction, and the associated development of drawdown (decrease in water lev-
els), are a very useful tool for groundwater management of nonrenewable groundwater
resources, as well as other stressed aquifer systems.

It is important to distinguish between the protection of groundwater resources in gen-
eral, which is supported by vulnerability maps, and the protection of a drinking water
source, which is supported by mapping the source zone protection area (or, as commonly
referred to in the United States, delineation of the wellhead protection area). Although
these two concepts are closely related, they usually involve different scales and the as-
sociated maps have different objectives. A wellhead protection area (described in more
detail in the next section) is an area within which there is a complete pathway between
any given location at the water table (top of the unconfined aquifer) and the groundwater
extraction point such as water well. This zone is usually defined by the length of time
required for all water particles inside the zone to be extracted, i.e., “captured” by the
well (e.g., 5- or 10-year capture zone). In contrast, groundwater vulnerability, which is a
qualitative concept, involves a vaguely expressed probability that a theoretical contami-
nation at the land surface is more or less likely to reach the water table. In some cases, the
objectives of resource and source protections are merged by creating a map, or several
map overlays, that can be used to present both the general vulnerability of an area and
the wellhead protection zones for the existing groundwater supplies.

When vulnerability maps include potential sources of contamination and their asso-
ciated contaminants, possibly ranked by the hazard they pose on groundwater resources
(supplies), they are referred to as groundwater contamination hazard or risk maps. Haz-
ards can be grouped into different categories such as from infrastructure development,
industrial and agricultural activities. They are commonly evaluated using a hazard index,
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which takes into account the “harmfulness” of a hazard to groundwater, the quantity of
relevant substances that can be released in case of an accident, and the probability for a
contaminant release to occur. The highest risk is present in situations where a danger-
ous hazard (high probability of large quantities of harmful substances to be released)
is located in a highly vulnerable zone. The risk map shows areas where engineering,
legislative (political), or management response is required (Drew and Hötzl, 1999).

Notably, however, none of the above-described concepts of vulnerability, hazard, and
risk of groundwater contamination, fully addresses a three-dimensional likely pathway
of any particular contaminant, and its time of travel, between the point of release at the
land surface and the receptor (a well or a spring). Note that this pathway must include
the vadose zone and in some cases a contaminant released to the subsurface may never
reach the water table due to various attenuation mechanisms in the vadose zone. For
these reasons, some authors criticize that a purely descriptive (qualitative) definition
of groundwater vulnerability, which is not quantitatively defined in terms of physics,
may be the source of misinterpretations. Andersen and Gosk (1989) point out that it
is impossible to create a “general” vulnerability map which expresses in a comparable
way permanent protective properties of an area. They emphasize that a vulnerability map
cannot at the same time be applicable for both conservative and reactive contaminants, for
both instantaneous and long-term contaminant releases, and for both point and diffuse
contamination scenarios. They consequently conclude that vulnerability maps should be
prepared for well-defined specific situations only.

As discussed by Goldscheider (2002), it is debatable if a descriptive, general definition
and the lack of physical precision in vulnerability concepts should be considered as an
advantage or as a disadvantage. The advantage of a descriptive definition is that the
term vulnerability is often intuitively understood, particularly by decision makers in the
planning process (Hötzl et al., 1995). A vulnerability map showing areas of different color
symbolizing different degrees of vulnerability (or natural protection) is easy to interpret
and can be a practical and applicable tool for land use planning, protection zoning,
and qualitative risk assessment. There are also disadvantages to a purely descriptive
definition. A property, which is not precisely defined in terms of physics, cannot be
derived unambiguously from measurable physical quantities. Therefore, every method
of vulnerability mapping is based on the individual point of view and experience of
the person who developed it and is thus subjective (Goldscheider, 2002). It is difficult to
compare different vulnerability methods or maps and to decide which one is the best.
If different methods are tested in one area, the resulting maps are always different and
sometimes contradictory (Gogu, 2000). Another important consequence of the lack of
a physical definition is that it is difficult to validate (verify or negate) a vulnerability
assessment or mapping (Broyère et al., 2001). The same authors suggest that the three
practical questions to which a vulnerability assessment has to answer are the following:
If pollution occurs, (1) when will it reach the target, (2) at which concentration level, and
(3) for how long will the target be polluted? However, these three questions are more
related to protection or vulnerability of a particular water supply source (“target”), such
as a water supply well or a spring, than to groundwater resource protection in general.

Among various methods of qualitative groundwater vulnerability mapping, the so-
called index (or parametric) methods are the most common (Fig. 8.27). For example,
Magiera (2000) counted 34 different methods and the author of this book could add a
few more, including one with an amazing acronym: GOD (G is for groundwater hydraulic
confinement, O is for overlying strata, and D is for depth to groundwater table or strike;
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FIGURE 8.27 Schematic of index mapping of groundwater vulnerability. Some indices are based on
quantitative data, but the individual and the final rankings are subjective. (Modified from Focazio
et al., 2002.)

see Foster et al., 2002–2005b). However, the overall procedure for the various index
methods is the same. The first step is the selection of factors (parameters) assumed to
be significant for vulnerability. Each factor has a natural range which is subdivided into
discrete intervals and each interval is assigned a value reflecting the relative degree of
sensitivity to contamination. The vulnerability of an area is determined by combining
the values for the different factors using a rating (index) system.

The most widely used index method is DRASTIC, named for the seven factors con-
sidered: depth to water, recharge, aquifer media, soil media, topography, impact of the
vadose zone, and the hydraulic conductivity of the aquifer (Aller et al., 1985). These seven
factors are incorporated into a relative ranking scheme that uses a combination of ratings
and weights to produce a numerical value, called the DRASTIC index. Each of the factors
is ranked between 1 and 10 and the rank is multiplied by an assigned weighting, which
ranges between 1 and 5. The weighted ranks are summed to give a score for the particular
hydrogeologic unit with the higher scores indicating greater vulnerability to contamina-
tion. The DRASTIC method has been used to develop groundwater vulnerability maps
in many parts of the United States as well as worldwide. However, the effectiveness of
the method has met with mixed success due to its subjectivity since the maps are not cal-
ibrated to any measured contaminant concentrations or specific contaminants (USEPA,
1993a; Rupert, 1999, 2001). Basic DRASTIC maps may be improved by calibration of the
point ratings based on the results of statistical correlations between groundwater qual-
ity and hydrogeologic and anthropogenic factors. For example, one of the significant
weaknesses of the relative vulnerability maps developed for agricultural nitrate contam-
ination in an area of Idaho is that soil permeability was not the primary soil factor. As
discussed by Rupert (1999), there was no correlation between the nitrite, nitrate, and
nitrogen concentrations in groundwater and the soil permeability, but there was a strong
correlation with soil drainage types, presumably because soil drainage is a better indi-
cator of nitrate leaching conditions. Calibration of the aquifer vulnerability maps with
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groundwater quality information is the most effective way to determine which hydroge-
ologic and anthropogenic factors are influencing vulnerability to a chemical compound
of interest.

DRASTIC and most similar index methods do not take into account unique features
of fractured rock and karst groundwater systems. The following characteristics of karst
systems are significant with respect to groundwater vulnerability and should conse-
quently be taken into account when attempting to create vulnerability maps (compiled
from Hötzl, 1996; Leibundgut, 1998; Trimmel 1998; Drew and Hötzl, 1999; Goldscheider,
2002; Kresic, 2007a,2007b):

� Each karst system has its individual characteristics and any generalization is
problematic; a detailed hydrogeologic investigation of a karst system is irre-
placeable for any method of vulnerability mapping.

� Karst systems are highly heterogeneous and anisotropic. Interpolation and ex-
trapolation of field data is problematic and the reliability of a vulnerability map
is significantly lower for karst than for other areas.

� Karst aquifers are recharged both by diffuse infiltration and by concentrated
point recharge via sinkholes and sinks (“swallow holes” in surface streams). The
first case is considered less vulnerable than the second one.

� The overlying layers above the karst aquifer, such as top soil and residuum
(regolith) sediments, may provide a limited form of protection depending on
their thickness; however, surface runoff over these areas intersected by sinkholes
or sinks may enhance aquifer vulnerability.

� The presence of an epikarst zone has to be expected. The main functions of the
epikarst are water storage and concentration of flow. The first process increases
the natural protection of the system while the second process increases the vul-
nerability. The structure and the hydrologic function of the epikarst are difficult
to assess. A large portion of the epikarst is not visible at the land surface.

� Karst aquifers are characterized by a dual or triple porosity due to presence
of intergranular pores and micro-fissures in the rock matrix, and fractures and
dissolutional voids (conduits). Groundwater storage takes place in the pores and
fractures, while conduits act as drains. Consequently, there are both extremely
fast and slow flow components within a karst system. Contaminants can be
transported very fast and/or stored and slowly transported for a very long time.

� Karst systems are often characterized by a fast and strong hydraulic reaction to
hydrologic events. The temporal variations of the hydraulic head (water table)
often reach several tens of feet and sometimes more. In many karst systems, the
water table is discontinuous and difficult to determine.

� Karst drainage areas are often extremely large and hydraulically connected over
long distances. Watersheds are often difficult to determine and variable in time,
depending on the seasonal hydrologic conditions. Drainage areas of karst springs
often overlap and the flow paths proved by tracer tests often cross each other.

� There are possible transitions between mildly fractured and intensely karstified
portions in the same carbonate aquifer, and there may be several types of hy-
draulically connected aquifers in one area, such as a granular aquifer overlying
a karst aquifer.
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Among index methods proposed for karst environments, two have gained wider
acceptance: the EPIK method (Doerfliger 1996; Doerfliger and Zwahlen, 1998) and the
PI method, which adds a level of complexity to the EPIK method (Goldscheider et al.
2000a, 2000b; Goldscheider, 2002).

In conclusion, the qualitative vulnerability maps (source or resource, intrinsic or
specific) show the sensitivity of different areas to groundwater contamination generated
by human activities. They can be a useful tool for land use planning and groundwater
management if the limitations of the concepts are clarified. They should be made for a
well-defined purpose and should not be a stand-alone element but an integrated part of
an overall groundwater protection plan.

8.7.2 Delineation of Source Water Protection Zones
The first wellhead protection zone in the United States was established on May 24, 1610,
when Sir Thomas Gates, Lieutenant Governor of Virginia, instituted “laws divine moral
and marshal,” a harsh civil code for Jamestown. The wellhead protection law reads

There shall be no man or woman dare to wash any unclean linen, wash clothes, . . . nor rinse or make
clean any kettle, pot or pan, or any suchlike vessel within twenty feet of the old well or new pump.
Nor shall anyone aforesaid within less than a quarter mile of the fort, dare to do the necessities of
nature, since these unmanly, slothful, and loathsome immodesties, the whole fort may be choked and
poisoned.

Almost 400 years later, in a memorandum entitled “Source Water Assessment and Protec-
tion” addressed to Regional Administrators, the Assistant Administrator of the USEPA,
Tracy Mehan III reminds that

The deadline is fast approaching by which States must complete their source water assessments. This
year (2003) all 160000 Public Water Systems (PWS’s) must have:

1. Delineated and mapped their sources of drinking water;

2. Inventoried the potential contamination activities and contaminants involved;

3. Assessed the susceptibility of the drinking water resources to those contaminants; and,

4. Made the assessment information public.

The PWSs are expected to then develop (a) management measures to protect their sources of drinking
water, and (b) contingency plans for man-made or catastrophic events. (Mehan, 2003a).

We can only imagine what the reaction of Sir Thomas Gates would have been if he
were to find out that only 17 percent of the 160,000 systems in the country have completed
the assessments, in the year when all of them were required by law to complete such
an assessment. In all probability, Sir Gates would have been very pleased to learn that
Virginia ranked rather high with an 80 percent completion rate (only two states ranked
higher). He, of course, would also have been astonished to learn that there were 50 states
on the continent, and probably would not have been able to focus on the fact that 19 of
them did not complete a single assessment of their CWSs (many of which are based on
groundwater).

This anecdote emphasizes the importance of the involvement of all stakeholders in
groundwater management and protection, and the irreplaceable role of public education
in achieving that goal. Both the public education about the importance of water resources
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FIGURE 8.28 Diagram showing ordinary location of farm wells. (From Fuller, 1910.)

protection in the United States, and the pollution control programs that started in the
early 1900s, were created in response to the large number of typhoid and other disease
outbreaks that had occurred. States and local governments began establishing public
health programs to protect surface water supplies by identifying and limiting sources
of contamination. Early water pollution control programs concentrated on keeping raw
sewage out of surface waters used for drinking water. Efforts were also made to site in-
takes used to collect drinking water upstream from sewage discharges (USEPA, 2003b).
At the same time, public agencies such as the USGS were educating citizens, rural home-
owners, and farmers on groundwater contamination issues as illustrated in Figs. 8.28 and
8.29. These efforts can be viewed as early examples of the concept of source protection
areas.

Two excerpts from Fuller (1910), illustrate the early public education efforts by the
USGS:

Farms, which are generally remote from towns, cities, or other areas of congested population, seem to
be almost ideally situated for obtaining pure and wholesome water. In reality, however, polluted water
is exceedingly common on them [Fig. 8.28. in this book] and typhoid-fever rates are usually greater
in country districts than in cities. Typhoid fever is now almost universally believed to be transmitted
solely through drink or food taken into the stomach, and is especially liable to be communicated by
polluted waters obtained from shallow wells near spots where the discharges of typhoid patients have
been thrown upon the ground and subsequently carried down through the soil and into the wells,
and it is doubtless principally this fact that makes the disease so common in farming regions.

An example of danger from refuse of a more disgusting type is shown in Plate X, A [Fig. 8.29 in this
book]. Located in the middle of a well-traveled street, only a few inches above a gutter filled with
paper and refuse, a part of which is sure to enter whenever a heavy rain occurs; open to the rain which
washes into it from the steps leading down to it such dirt from the street as is brought in by the feet
of the users; subject to the dipping of all sorts of more or less dirty buckets and utensils; receiving the
underground drainage and presumably more or less sewage from the buildings on the slopes above;
and containing in its bottom several inches of decaying paper and other refuse, this spring is on the
whole one of the worst and most dangerously located sources of drinking water in the United States.

As discussed by Kraemer et al. (2005) of the USEPA,

The main steps of the source water protection process involve the assessment of the area contributing
water to the well or wellfield, a survey of potential contaminant sources within this area, and an
evaluation of the susceptibility of the well to these contaminants. This includes the possibility of
contaminant release and the likelihood of transport through the soil and aquifer to the well screen.
The designation of the wellhead protection area is then a commitment by the community to source area
management. Delineation of the wellhead protection area is often a compromise between scientific and
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FIGURE 8.29 Spring in center of city street. (From Fuller, 1910.)

technical understanding of geohydrology and contaminant transport, and practical implementation
for public safety. The EPA Office of Ground Water and Drinking Water established guidance on the
criteria and methods for delineating protection areas (USEPA, 1993a; USEPA, 1993b).

The Agency maintains a Web page dedicated to source water protection, with
downloadable publications and various links, at http://www.epa.gov/safewater/
protect.html.

In its efforts to facilitate capture zone delineation and protection area mapping in
support of the State’s Wellhead Protection Programs (WHPP) and Source Water Assess-
ment Planning (SWAP) for public water supply wells in the United States, the USEPA
has recently released an updated version of WhAEM2000, a public domain and open
source general-purpose groundwater flow modeling program. WhAEM2000 is analytic
element model limited to steady-state conditions and two-dimensional flow conditions,
and includes options for simulating the influence of flow boundaries, such as rivers,
recharge, and no-flow contacts (Kraemer et al., 2005). Figure 8.30 illustrates just some
of the complexities associated with the delineation of a wellhead protection area using
several approaches outlined by the USEPA. As can be seen, the shapes of the four zones
are quite different reflecting critically different assumptions, all of which would be valid
based on USEPA guidance. In all four cases the same (single) well near a relatively large
permanent river operates at a constant (steady state) pumping rate, pumping water from
an unconfined aquifer in which the groundwater flow is assumed to be horizontal and

http://www.epa.gov/safewater/protect.html
http://www.epa.gov/safewater/protect.html
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FIGURE 8.30 Five-year capture zone of a single well near a permanent river delineated using
different options in the WhAEM2000 computer program. General groundwater flow direction is from
the southeast toward the river. (a) Fixed radius volumetric method. (b) Uniform flow field method;
small circles correspond to 1-yr intervals. (c) Zone delineated taking into consideration hydrologic
boundaries (not shown). (d) Zone delineated taking into consideration possible resistance of the
riverbed sediments. (Modified from Kraemer et al., 2005.)

with a “regional” hydraulic gradient from the southeast to the northwest (toward the
river). It is obvious that the “correct” wellhead protection zone would have to be se-
lected in a constructive discussion between professional hydrogeologists and all other
stakeholders (nonhydrogeologists), along with the inevitable considerations of time and
budgetary constraints. Unfortunately, most states in the United States were confronted
with the task of developing wellhead protection programs for thousands of public drink-
ing water supply systems in only a few years time. According to Kraemer et al. (2005),
conducting an “extensive” groundwater modeling campaign for each individual drink-
ing water well (or well field) was out of the question, both in view of the time involved
and the cost. “The USEPA recognized this reality from the start and proposed a series of
simplified capture zone delineation methods to facilitate a timely implementation of the
States wellhead protection programs.”

Consequently, it is very likely that many PWSs have delineated wellhead protection
areas that are not based on any hydrogeologic reality, and may be overprotecting their
water supply by unnecessarily restricting various land uses, or may not be protecting
them at all thus creating a false sense of security. In the United States, the majority
of community water supply systems serving fewer than 3300 people use groundwater,
while many larger systems also depend on groundwater. Small systems use groundwater
as a source because groundwater usually requires less treatment than surface water
and is therefore more affordable. This is an important consideration since many small
systems without a large, rate-paying base cannot afford extensive hydrogeologic studies
for wellhead (source water) protection purposes. At the same time, wellhead protection
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efforts are often among the most cost-effective ways to ensure safe drinking water. These
efforts prevent contamination from occurring rather than treating contamination after it
has occurred.

Most methods used to delineate wellhead protection zones address the residence-
time criterion. This criterion is based on the assumption that

� Nonconservative contaminants, subject to various fate and transport processes
(e.g., sorption, diffusion, degradation) may be attenuated after a given time in
the subsurface

� Detection of conservative contaminants (not subject to attenuation) entering the
wellhead protection area will give enough lead time for the public water sup-
ply entity to take necessary action, including groundwater remediation and/or
development of a new (alternative) water supply

� Detection of any contaminants already in the wellhead protection area would
require an immediate remedial action

The most critical decision regarding an appropriate residence time is made by the
stakeholders in each individual case, although 5-year, 10-year, and 20-year wellhead
capture zones have been most widely used to delineate certain subzones of various land
use restrictions within the main wellhead capture zone. This concept for a single well in
a homogeneous isotropic aquifer, pumping with the same pumping rate, and assuming
strictly horizontal flow with the same hydraulic gradient that does not change in time,
is illustrated in Fig. 8.31.

Commonly, there are three wellhead protection zones, although the number may
vary based on local hydrogeologic conditions and regulatory requirements:

� Zone 1 (sanitary zone or zone of strict protection) is essentially an administrative
zone of physical protection of the water source, such as fencing and restricted ac-
cess measures. Its purpose is to prevent accidental or deliberate damage and/or
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FIGURE 8.31 Idealized scheme of surface sanitary zones and groundwater flow perimeters for the
protection of a water well in an unconfined aquifer. ∗, empirical fixed radius area; ∗∗, intermediate
flow-time perimeters sometimes used. (From Foster et al., 2002–2005b.)
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contamination of the source itself including contamination of the aquifer through
the source. The size of zone 1 may vary between several tens and several hun-
dreds of feet (meters) for simple systems consisting of one well for example, or
it may be larger in case of several closely spaced springs or multiple wells.

� Zone 2, sometimes called the inner protection zone, is based on time-of-travel
analysis. It reflects the site-specific understanding of the minimum time of po-
tential contaminant travel between its introduction into the subsurface and the
groundwater withdrawal locations during which it would be possible to initiate
remediation activities and execute contingency plans for water supply if neces-
sary. In some states, zone 2 is considered an attenuation zone in which pathogens
entering the zone from septic systems or surface water bodies would be attenu-
ated before reaching the well (e.g., see Wyoming DEQ, 2007). It is obvious that
zone 2 in general may vary in shape and size widely, depending on aquifer type
and hydraulic conductivity of the most permeable zones. Zone 2 is entirely in-
side the groundwater divide and corresponds to the aquifer volume from which
all groundwater would discharge through the well(s) or spring(s) within the
given time. Delineation of zone 2 may not be necessary or even meaningful in
the case of deep confined aquifers protected by competent aquitards, distant
aquifer recharge zones, and groundwater resident times measured by hundreds
or thousands of years. Glacial gravel deposits and karst aquifers are examples
of porous media where contaminant travel times may be extremely short (e.g.,
several days) over distances of miles. Consequently, zone 2 may cover a rather
large area and pose a serious challenge for development of an adequate source
water management and protection plan.

� Zone 3, also called the contributing area, includes the entire aquifer volume
within the groundwater divide from which all groundwater will eventually dis-
charge through the well(s) or spring(s), regardless of time of travel. This zone
may be subdivided based on various criteria, including time of travel. Its main
importance is for long-term planning of groundwater resources management,
and the related land use and aquifer protection regulations.

Wellhead protection zone delineation methods can be divided into the following
three categories: (1) nonhydrogeologic, (2) quasi-hydrogeologic, and (3) hydrogeologic.
The nonhydrogeologic method is a selection of an arbitrary fixed radius or fixed-shape
area around the well(s) in which authorized personnel implement some type of strict
protection such as limited access. This method does not consider the residence-time
criterion.

Quasi-hydrogeologic methods use very simple assumptions, which, in many cases,
do not have much in common with the site-specific hydrogeologic conditions. Since
they include the application of certain equations, it may appear, to nonhydrogeologists,
that such methods must have some credibility. When involved in the application of
quasi-hydrogeologic methods, hydrogeologists should clearly explain the limitations of
various unrealistic assumptions and their implications on the final wellhead zone delin-
eation. For example, these methods do not consider aquifer heterogeneity and anisotropy,
stratification or the presence of confining layers, vertical flow components, interference
between multiple wells screened at different or the same depths in the same well field, or
depth to screen of individual wells. Three common quasi-hydrogeologic methods include
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(1) calculated fixed radius, (2) well in a uniform flow field, and (3) groundwater modeling
not based on hydrogeologic mapping (Kresic, 2007a). None of these methods should be
applied in any of the situations listed above.

Hydrogeologic Mapping and Groundwater Modeling
Hydrogeologic mapping first investigates and then presents, in the form of maps and ac-
companying graphics and documentation, geologic, hydrologic, and hydraulic features
that control groundwater flow within an area of interest. The capture zone of a well, well
field, or a spring used for water supply can be quite complex and may include multi-
ple interconnected aquifers and surface water features. Mapping the three-dimensional
physical and hydraulic boundaries of such a flow system is therefore the key for a suc-
cessful hydrogeologic map of the wellhead capture zone. It is important to understand
that a hydrogeologic map is not simply a geologic map with different colors; a geo-
logic or litostratigraphic unit (or formation) is not necessarily directly translatable into
an aquifer or aquitard. Several geologic units may act as one aquifer, and there may be
several aquifers separated by aquitards within the same geologic formation. In hydroge-
ologic studies, it is common to use the term hydrostratigraphic unit, which describes one
or more geologic units that have the same porous media characteristics and act as one
hydrodynamic entity (aquifer or aquitard). Tectonic fabric of the mapped area, includ-
ing faults and fault systems, may also play an important role in directing groundwater
flow within its boundaries. In short, the hydrogeologic map must show where the wa-
ter is coming from into the flow system captured by the well(s), and how is it flowing
toward the well(s), which act as the local discharge area within the aquifer. This is possi-
ble only if there is sufficient three-dimensional field information on the actual hydraulic
heads within the flow system, including their seasonal variations. Once the geometry
of the flow system is understood, it is mapped by showing three-dimensional equipo-
tential lines and flowlines. The final step is to estimate the velocities of groundwater
flow within the capture zone and to delineate aquifer volumes with the same residence
time, i.e., show them in the three-dimensional space. It is obvious that a thorough hydro-
geologic mapping may require substantial resources for more complex hydrogeologic
conditions, and therefore may not be feasible for some water supply systems. Whatever
the case may be, hydrogeologic mapping for the delineation of wellhead capture zones
is most resourceful when used for a concurrent mapping of the aquifer vulnerability in
its recharge area.

Hydrogeologic maps and vulnerability maps should be developed in a GIS environ-
ment to combine various data layers. With comprehensive hydrogeologic maps, data
layers include geology, hydrostratigraphy, tectonics, topography, hydrologic features
(hydrography), climate factors influencing aquifer recharge, land cover, land use, soil
types, depth to saturated zone, aquifer parameters (transmissivity, hydraulic conductiv-
ity, porosity, effective porosity, storage properties), hydraulic head contour lines for differ-
ent water-bearing zones, aquifer recharge and discharge areas and locations (both natural
and artificial), and known or potential sources of soil and groundwater contamination.

Numeric models based on the results of hydrogeologic mapping are the best tool
for the delineation of wellhead capture areas, and groundwater resources management
in general. Regardless of the effort and resources invested into hydrogeologic mapping
for any purpose, there will inevitably remain a certain level of uncertainty as to the
true representative hydrodynamic characteristics of the groundwater flow system ana-
lyzed. Numeric models provide for quantitative analysis of this uncertainty and enable
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FIGURE 8.32 Long-term (steady-state) model-calculated contributing recharge areas for wells 11
and 26 near Rochester, MN, which are screened in the St. Peter-Prairie du Chien-Jordan aquifer.
Contributing areas shown for the case when no other high-capacity wells are pumping. (Modified
from Franke et al., 1998, and Delin and Almendinger, 1993.)

decision makers to analyze different “what if” scenarios of their source management
and protection. Numeric models can take into account all important aspects of the three-
dimensional hydrogeologic mapping and convert them into a quantitative description of
the flow system. Consequently, they can delineate complex shapes and aquifer volumes
contributing water to well fields as illustrated in Fig. 8.32. For example, any pumping
wells in addition to the ones shown in Fig. 8.32 would capture their own subsurface
flowpaths and have their own contributing recharge areas at the water table, thereby
changing local flow patterns in the surrounding groundwater flow system. More on
groundwater models, their selection, and proper uses is given in Section 8.8.

Karst Aquifers
As mentioned repeatedly, karst aquifers are particularly vulnerable to contamination.
Contaminants can easily enter underground and may be transported rapidly over large
distances in the aquifer. Processes of contaminant retardation and attenuation often do
not work effectively in karst systems. Therefore, karst aquifers need special protection
and attention. A detailed knowledge of karst hydrogeology is a precondition for the
delineation of source protection areas in karst. However, karst drainage areas contribut-
ing water to a single spring or a large supply well can be very large and/or extensive
and convoluted due to anisotropy (e.g., presence of karst conduits); it is therefore often
unrealistic to designate maximum protection for the entire system, as the resulting land
use restrictions would not be acceptable to some stakeholders. In addition, many PWSs
do not have financial and other resources to “do it right” and embark on an adequate
characterization of karst hydrogeology in their “little” service area. Unfortunately, this
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gamble may sometimes prove fatal, as illustrated with the following example provided
by Worthington et al. (2003; also see Goldscheider et al., 2007).

Walkerton is a rural town in Ontario, Canada, with a population of some 5000 peo-
ple. In May 2000, about 2300 of them became ill and 7 died from bacterial contamination
of the municipal water supply. The principal pathogens were Escherichia coli O157:H7
(a pathogenic strain of E. coli) and Campylobacter jejuni. Subsequent epidemiological in-
vestigations indicated that most of the contamination of the water supply has occurred
within hours or days at most, after a heavy rain. Three municipal wells had been in use
at the time of the outbreak. Soon after the outbreak, a hydrogeological investigation was
carried out that included the drilling of 38 boreholes, surface and downhole geophysics,
pumping tests, and testing of numerous water samples for both bacteriological and phys-
ical parameters. The aquifer at Walkerton consists of 70 m of thick flat-bedded Paleozoic
limestones and dolostones, which are overlain by 3 to 30 m of till. A numerical model of
groundwater flow (using MODFLOW) indicated that the 30-day time of travel capture
zones extended 290 m from Well 5, 150 from Well 6, and 200 m from Well 7. These results
suggested that if a groundwater pathway was implicated in the contamination, then the
source must have been very close to one of the wells.

A public inquiry (the Walkerton Inquiry) was held to investigate the causes of what
came to be known as the Walkerton Tragedy. During the inquiry, the question was raised
as to whether the aquifer might be karstic and thus have rapid groundwater flow. The
original hydrogeologic investigation, carried out after the outbreak, had not mentioned
the possibility of karstic groundwater flow. Subsequent investigations by karst experts
found that there were many indications that the aquifer is karstic (Worthington et al.,
2003). These included a correlation between bacterial contamination in wells and an-
tecedent rain, demonstrating rapid recharge and flow to wells; localized inflows to wells
which video images showed to be dissolutionally enlarged elliptical openings on bedding
planes; the presence of springs with discharges up to 40 L/s; rapid changes in discharge
and chemistry at these springs following rain; and rapid, localized changes to electrical
conductance in a well during a pumping test.

All these tests strongly suggested that the aquifer is karstic, but the most persuasive
evidence were the results of aquifer tracing tests. Earlier numerical modeling had sug-
gested that groundwater velocities were typically in the range of a few meters per day,
but tracer tests demonstrated that actual velocities were some one hundred times faster
(Fig. 8.33). In conclusion, the investigations by the karst experts demonstrated that the
source for the pathogenic bacteria could have been much further from the wells than the
earlier investigations and modeling had indicated (Goldscheider et al., 2007).

8.7.3 Management Strategies
Approaches to groundwater resources protection differ at various levels of government
and may mean different things to different stakeholders, thus emphasizing the need for
public education and dialogue. For an individual household that has just discovered (or
was told) that the well water they were drinking was contaminated with a dangerous
carcinogenic substance for years, it would be impossible not to state that their government
has failed them. Unfortunately, similar cases are occurring daily and worldwide. On the
other hand, in many developed countries there are quite a few governmental programs
and regulations aimed at groundwater protection. For example, below is a list included
in the 1998 report to Congress by the USEPA (2000) in which the Agency explains that
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FIGURE 8.33 Trajectories and travel times for tracers injected in monitoring wells 6 and 9 and
recovered in pumping Well 7 showing velocities ≥300 m/day, compared to a 30-day capture zone
for Well 7 predicted using MODFLOW. (Modified from Worthington et al., 2003).

States develop prevention programs to prevent and reduce contamination of groundwater. They
serve to:

� Analyze existing and potential threats to the quality of public drinking water.
� Focus resources and programs on drinking water source protection.
� Prevent pollution at the source whenever feasible.
� Manage potential sources of contamination.
� Tailor preventive measures to local ground water vulnerability.

Examples of programs that fully or in part address pollution prevention include:
Source Water Assessment Program (SWAP), Pollution Prevention Program, Wellhead
Protection Program (WHPP), aquifer vulnerability assessments, vulnerability assess-
ments of drinking water/wellhead protection, Pesticide State Management Plan, Un-
derground Injection Control (UIC) Program, and SARA Title III Program.

At the state level, this long list often translates into development and implementation
of a Source Water Assessment Program (SWAP), which is focused on the delineation of
wellhead (or “springhead”) protection areas for the existing sources of water supply.
Some states may include an inventory of potential contaminant sources within the de-
lineated wellhead protection areas and release this information to the public. However,
the overall protection of the groundwater resource still remains a rather vague concept
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and is certainly not subject to any legally enforced, overall regulation by the states or the
federal government. As noted by the USEPA (1999),

Ground water management in this country is highly fragmented, with responsibilities distributed
among a large number of federal, state, and local programs. At each level of government, unique legal
authorities allow for the control of one or more of the ground water threats described in Section 3.0.
These authorities need to complement one another and allow for comprehensive management of the
ground water resource.

The main reason for this lack of comprehensive, overall groundwater protection
regulation, is that any such regulation would require a lot of political will because it
would have to include strict land use controls and significant resources to monitor and
enforce land use practices. This, by definition, includes any agricultural, industrial, or
other activity that uses land. As this is not feasible in the near future, in most cases the
real protection of both the existing sources and the resource is, in the end, left to the
local communities and public water systems (PWSs). They have to develop management
plans, involving all local stakeholders and the public, which would minimize risks to
their water supplies and their resource. Simply put, if the community (all stakeholders
included) believes that a certain industry or land use activity will not threaten their
sources and the resource as a whole (both quantity and quality), everyone should be
satisfied. If this is not the case, there are usually four options: (1) public education and
outreach that may resolve the issue by voluntarily changing questionable land uses;
(2) enactment of local regulations and ordinances that may leave some stakeholders still
unhappy; (3) land acquisitions and land conservation; and (4) a lawsuit.

Protection of recharge areas, whether natural or artificial, through regulated land
use practices that cannot adversely impact either the quantity nor quality of ground-
water, is the foundation of any successful groundwater resource protection and man-
agement. Given many diverse human activities that can potentially lead to contamina-
tion of the subsurface, a lack of protection of recharge areas will eventually decrease
the availability of usable groundwater and require expensive treatment or the substitu-
tion of a more expensive water supply, as demonstrated in many urban and rural areas
worldwide.

An example of land use change that is increasingly affecting many groundwater
basins in California is urban development. In addition to quality impacts, urban devel-
opment, (pavement and buildings on former agricultural land, lining of flood control
channels, and other land use changes) have reduced the capacity of recharge areas to
replenish groundwater, effectively reducing the sustainable yield of some basins. As
advised by the California Department of Water Resources (DWR, 2003), to ensure that
recharge areas continue to replenish high quality groundwater, water managers and land
use planners should work together to

� Identify recharge areas so the public and local zoning agencies are aware of the
areas that need protection from paving and from contamination

� Include recharge areas in zoning categories that eliminate the possibility of con-
taminants entering the subsurface

� Standardize guidelines for pretreatment of the recharge water, including recycled
water
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� Install monitoring wells to collect data on changes in groundwater quality that
may be caused by recharge

� Consider the functions of recharge areas in land use and development decisions

Groundwater protection and management in rural areas, including those areas where
irrigation for agriculture is significant or predominant, presents a special challenge.
Groundwater use in such areas is a decentralized activity with many private users nor-
mally involved. They have drilled their own wells, installed their own equipment, and
follow their own pumping schedules. In the case of major aquifers, with thousands or
hundreds of thousands of users, enforcement of any kind including, for example, well
discharge metering, is impossible if users have no incentive to comply. The same is true
with the use of pesticides, fertilizers, or more efficient irrigation practices (Figs. 8.34 and
8.35). It is therefore essential that incentives are created for users to participate actively
in groundwater protection and management. This can be achieved by providing data
on the status of groundwater resources (both quantity, such as trends in groundwater
levels, and quality, such as concentrations of nitrates and pesticides for example), pro-
moting aquifer management and protection associations (through which users exert peer
pressure to achieve management and protection goals), and making increased use of in-
novative technologies (Kemper et al., 2002–2005). One such technology is remote sensing.
Satellite images are now affordable and various organizations have developed interpre-
tation tools to map crop distributions and to estimate actual evapotranspiration at high
resolution. Groundwater management and protection associations, as well as individual
users, can now be provided with such data. By so doing, the control of groundwater use
becomes more transparent and enforceable.

FIGURE 8.34 Center pivot spray irrigation uses less water than furrow irrigation and decreases
leaching of salt. (Photograph courtesy USDA National Resources Conservation Service.)
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FIGURE 8.35 Center pivot irrigation on wheat growing in Yuma County, CO, using LESA (Low
Elevation Spray Application) system. This type of application uses least water and reduces
evaporation. (Photograph courtesy of Gene Alexander, USDA National Resources Conservation
Service.)

In the United States, certain states rely on self-reporting by agricultural users of
the groundwater volumes pumped on a quarterly or annual basis. This system devel-
oped because it is prohibitively expensive for water resource agencies to visit every well
individually. Self-reporting, however, does not work in every setting. Another techno-
logical option is to link groundwater use with electrical energy bills. Since irrigated agri-
culture is heavily subsidized worldwide and by various means, one of the incentives for
groundwater protection and conservation in large irrigated areas may be another tempo-
rary subsidy for switching to more efficient irrigation practices and less water-intensive
crops. The resulting overall reduction in groundwater pumpage, which translates into
energy and other cost savings, may significantly reduce pressure on governments to
continue long-term subsidies.

In any case, the introduction of economic instruments into groundwater protection
strategies in agriculture will depend upon hydrologic, economic, social, and political con-
ditions. The feasibility analysis should include an assessment of costs and benefits of each
instrument and their possible combination. It should also take into account long-term
recurrent costs and institutional capacity (for administration, monitoring, and enforce-
ment) and the transaction costs involved in setting up systems. The expected costs and
benefits would also influence the trade-off between the use of economic instruments and
other groundwater management tools (Kemper et al., 2002–2005).

Finally, agricultural and food policy is usually made at the highest political level and
will typically be analyzed within the macro-socioeconomic context of the country or re-
gion (state) concerned. Here, the critical step will be for groundwater resource managers
to establish a dialogue with macro policymakers in order to clarify the impacts of cur-
rent policies. Making this link should lead to more effective groundwater management
by placing this vital resource more centrally in the context of national socioeconomic
development policy (Kemper et al., 2002–2005).
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FIGURE 8.36 Bunker Hill dike in the San Bernardino area, California, circa 1904 (top) and 2004
(bottom). (Top photograph from Mendenhall, 1905, USGS Water Supply Paper 142, plate XI;
bottom photograph courtesy of Wesley Danskin, USGS.)

Figure 8.36 illustrates how population growth and migration into large urban areas
can replace agricultural water uses and the associated issues in an unplanned fashion,
thus creating a different set of issues facing water managers. Land use planning is there-
fore the key component in any groundwater management strategy.

The National Research Council (NRC), as requested by the National Science Foun-
dation, synthesized broad expertise from across the many disciplines of environmental
science to offer its judgment as to the most significant environmental research challenges
of the next generation. This analysis was based on the “potential to provide a scientific
breakthrough of practical importance to humankind if given major new funding.” Of
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the eight “grand challenges” identified in the NRC’s report entitled “Grand Challenges in
Environmental Sciences,” the author of this book finds the following “challenges” directly
related to the overall theme of groundwater protection and sustainability (NRC, 2000):

� Climate Variability. The challenge is to increase our ability to predict climate vari-
ations, from extreme events to decadal time scales; to understand how this vari-
ability may change in the future; and to assess realistically the resulting impacts.
Important research areas include improving observational capability, extending
the record of observations back into the earth’s history, improving diagnostic
process studies, developing increasingly comprehensive models, and conduct-
ing integrated impact assessments that take human responses and impacts into
account.

� Hydrologic Forecasting. The challenge is to develop an improved understanding
of and ability to predict changes in freshwater resources and the environment
caused by floods, droughts, sedimentation, and contamination. Important re-
search areas include improving understanding of hydrologic responses to pre-
cipitation, surface water generation and transport, environmental stresses on
aquatic ecosystems, the relationships between landscape changes and sediment
fluxes, and subsurface transport, as well as mapping groundwater recharge and
discharge vulnerability.

� Institutions and Resource Use. The challenge is to understand how human use of
natural resources is shaped by institutions such as markets, governments, inter-
national treaties, and formal and informal sets of rules that are established to
govern resource extraction, waste disposal, and other environmentally impor-
tant activities. Important research areas include documenting the institutions
governing critical lands, resources, and environments; identifying the perfor-
mance attributes of the full range of institutions governing resources and envi-
ronments worldwide, from local to global levels; improving understanding of
change in resource institutions; and conceptualizing and assessing the effects of
institutions for managing global commons.

� Land Use Dynamics. The challenge is to develop a systematic understanding of
changes in land uses and land covers that are critical to ecosystem functioning
and services and human welfare. Important areas for research include develop-
ing long-term, regional databases for land uses, land covers, and related social
information; developing spatially explicit and multisectoral land-change theory;
linking land-change theory to space-based imagery; and developing innovative
applications of dynamic spatial simulation techniques.

� Reinventing the Use of Materials. The challenge is to develop a quantitative under-
standing of the global budgets and cycles of materials widely used by humanity
and of how the life cycles of these materials (their history from the raw-material
stage through recycling or disposal) may be modified. Important research areas
include developing spatially explicit budgets for selected key materials; develop-
ing methods for more complete cycling of technological materials; determining
how best to utilize materials that have uniquely useful industrial applications
but are potentially hazardous to the environment; developing an understand-
ing of the patterns and driving forces of human consumption of resources; and
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developing models for possible global scenarios of future industrial development
and associated environmental implications.

8.8 Modeling and Optimization
Modeling is the corner stone of decision support systems (DSS) for water resources man-
agement. As water resources related projects and their management vary in scope and
complexity, so do the models. In the most complex cases, an integrated management of
water resources in large watersheds may require several hierarchic models connected
with scenario-decision-feedback loops. High-level models serve to optimize water sup-
ply for multisectoral, and often competing, demands in the watershed (basin). They
perform operational simulations of existing water systems as well as conceptual alter-
natives (“what if” scenarios), include any number of decision variables, and have auto-
mated sensitivity analyses and optimization algorithms. Such models also operate with
a variety of management constraints set by regulations or agreed upon by stakeholders.
One example is maintenance of guaranteed minimal environmental flows in the basin, or
flows for certain downstream users. Figure 8.37 illustrates various water sector linkages
within large river basins showing the importance of modeling in decision making.

The basin-scale management models are periodically updated by the output from
physical models developed for smaller watersheds and groundwater systems, which,
at the same time, are also periodically updated using input parameters from various
monitoring locations. Some examples of output from local surface water models include
predicted temporal changes in water quality due to application of fertilizers, turbidity
loads after storm events, and changes in flows caused by controlled releases of water from
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FIGURE 8.37 Resource management and decision support system (DSS) in the context of water
sector. Decisions can be made based on monitoring, modeling, and regulations (thick arrow lines).
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reservoirs. Groundwater models may provide predictions of baseflow, and the expected
irrigation pumpage for seasonal weather or soil moisture conditions. In short, the level
of complexity of integrated modeling systems will depend on the management goals set
by end users and stakeholders.

As both water resources and their users are spatially distributed, all models are natu-
rally best integrated in a GIS which links databases, models, and model outputs in a user
friendly, graphics-based visual environment. Monitoring systems, model(s), and GIS are
the three main pillars of decision support systems (DSS). DSS are quickly becoming a
standard in water resources management as visual and multimedia tools are now irre-
placeable in transferring technical knowledge to decision makers, policymakers, and the
public. They are also the most efficient means of identifying the economic, environmen-
tal, and social impacts of different management alternatives. The results of such analyses
are also displayed in understandable formats.

8.8.1 Numeric Groundwater Models
In general, a model simulates the aerial and temporal properties of a system, or one of
its parts, in either a physical (“real”) or mathematical (“abstract”) way. An example of
a physical model in hydrogeology would be a tank filled with sand and saturated with
water—the so-called “sandbox,” the equivalent of a miniature aquifer of limited extent.
The application of real physical models has been limited to educational purposes. Models
that use mathematical equations to describe the elements of groundwater flow are called
mathematical. Depending upon the nature of equations involved, these models can be
empirical (experimental), probabilistic, and deterministic. Empirical models are derived
from experimental data that are fitted to some mathematical function. A good example is
Darcy’s law. (Note that Darcy’s law was later found to be theoretically based and actually
became a physical or deterministic law). Although empirical models are limited in scope,
they can be an important part of a more complex numeric modeling effort. For example,
the behavior of a certain contaminant in porous media can be studied in the laboratory
or in controlled field experiments, and the derived experimental parameters can then be
used for developing numeric models of groundwater transport.

Probabilistic models are based on laws of probability and statistics. They can have
various forms and complexity starting with a simple probability distribution of a hy-
drogeological property of interest, and ending with complicated stochastic time-series
models. The main limitations for a wider use of time-series (stochastic) models in hydro-
geology are that (1) they require large datasets needed for parameter identification and
(2) they cannot be used to answer (predict) many of the most common questions from
hydrogeologic practice such as effects of a future pumping for example.

Deterministic models assume that the stage or future reactions of the system (aquifer)
are predetermined by physical laws governing groundwater flow. An example is the flow
of groundwater toward a fully penetrating well in a confined aquifer as described with
the Theis equation (Chap. 2). Most problems in traditional hydrogeology are solved
using deterministic models, which can be as simple as the Theis equation or as compli-
cated as a multiphase flow through a multilayered, heterogeneous, anisotropic aquifer
system. There are two large groups of deterministic models depending upon the type
of mathematical equations involved: analytical and numeric. Simply stated, analytical
models solve one equation of groundwater flow at a time and the result can be applied
to one point or “line of points” in the analyzed flow field (aquifer). For example, if we
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want to find (i.e., to “model”) what the drawdown at 50 m from the pumping well
would be after 24 hours of pumping, we would apply one of the equations describ-
ing flow toward a well depending upon the aquifer and well characteristics (confined,
unconfined, leaky aquifer; fully or partially penetrating well). To find the drawdown at
1000 m from the well, we would have to solve the same equation (say, the Theis equation)
for this new distance. If the aquifer were not homogeneous, these solutions would be of
limited value. Obviously, if our aquifer is quite heterogeneous, and we want to know
drawdown at “many” points, we might spend a rather long period of time solving the
same equation (with slightly changed variables) again and again. If the situation gets re-
ally complicated, such as when there are several boundaries, more pumping wells, and
several hydraulically connected aquifers, the feasible application of analytical models
terminates.

Numeric models describe the entire flow field of interest at the same time, providing
solutions for as many data points as specified by the user. The area of interest is sub-
divided into many small areas (referred to as cells or elements; see Fig. 8.38) and the
basic groundwater flow equation is solved for each cell considering its water balance
(water inputs and outputs) based on the boundary and initial conditions of the whole
system. The solution of a numeric model is the distribution of hydraulic heads at points
representing individual cells. These points can be placed in the center of the cell, at in-
tersections between adjacent cells, or elsewhere. The basic differential flow equation for
each cell is replaced (approximated) by an algebraic equation so that the entire flow field
is represented by x equations with x unknowns where x is the number of cells. This
system of algebraic equations is solved numerically, through an iterative process, thus
the name numeric models.
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FIGURE 8.38 Schematic presentation of a groundwater model setup showing model grid. Cell size
increases from about 100 ft2 at the injection site, to maximum dimension of about 1000 ft2.
(Modified from Phillips et al., 2003.)
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Based on various methods of approximating differential flow equations and meth-
ods used for numerically solving the resulting system of new algebraic equations, nu-
meric models are divided into several groups. The two most widely applied groups are
(1) finite differences and (2) finite elements. Both types of models have their advantages
and disadvantages and for certain problems one may be more appropriate than the other.
However, because they are easier to design and understand, and require less mathemat-
ical involvement, finite-difference models have prevailed in hydrogeologic practice. In
addition, several excellent finite-difference modeling programs have been developed by
the Unites States Geological Survey (USGS) and are in the public domain, which en-
sures their widest possible use. One of these is MODFLOW (McDonald and Harbaugh,
1988; Harbaugh and McDonald, 1996; Harbaugh et al., 2000), probably the most widely
used, tested, and verified modeling program today. MODFLOW has become the indus-
try standard thanks to its versatility and open structure: independent subroutines called
“modules” are grouped into “packages,” which simulate specific hydrologic features.
New modules and packages can be easily added to the program without modifying the
existing packages or the main code. The USGS has in recent years made public a signifi-
cantly upgraded version of the finite element model SUTRA, now capable of simulating
three-dimensional flow (Voss and Provost, 2002). This computer program can simulate
both unsaturated and saturated flow, heat and contaminant transport, as well as variable
density flow, which makes it a powerful tool for modeling just about any imaginable
condition. Unfortunately, unlike Modflow, SUTRA3D is not yet part of any of the most
widely used user-friendly commercial programs for processing model input and output
data in a user-friendly graphic interface. This severely limits its greater application. For
a thorough explanation of finite element and finite difference models, and their various
applications, the reader should consult the excellent work by Anderson and Woessner
(1992).

Numeric groundwater modeling in some form is now a major part of most projects
dealing with groundwater development, protection, and remediation. As computer hard-
ware and software continue to be improved and become more affordable, the role of
models in groundwater management will continue to increase accordingly. It is essen-
tial, however, that for any groundwater model to be interpreted and used properly, its
limitations should be clearly understood. In addition to strictly “technical” limitations,
such as accuracy of computations (hardware/software), the following is true for any
model:

� It is based on various assumptions regarding the real natural system being mod-
eled.

� Hydrogeologic and hydrologic parameters used by the model are always just an
approximation of their actual field distribution which can never be determined
with 100 percent accuracy.

� Theoretical differential equations describing groundwater flow are replaced with
systems of algebraic equations that are more or less accurate.

It is therefore obvious that a model will have a varying degree of reliability, and
that it cannot be “misused” as long as all the limitations involved are clearly stated,
the modeling process follows industry-established procedures and standards, and the
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modeling documentation and any generated reports are transparent, also following the
industry standards.

Groundwater models can be used for three general purposes:

� To predict or forecast expected artificial or natural changes in the system (aquifer)
studied. The term predict is more appropriately applied to deterministic (nu-
meric) models since it carries a higher degree of certainty, while forecasting is
the term used with stochastic time-series models. Predictive models are by far
the largest group of models built in hydrogeologic practice.

� To describe the system in order to analyze various assumptions about its nature
and dynamics. Descriptive models help to better understand the system and plan
future investigations. Although not originally planned as a predictive tool, they
often grow to be full predictive models.

� To generate a hypothetical system that will be used to study principles of ground-
water flow associated with various general or more specific problems. Generic
models are used for training and are often created as part of a new computer
code development.

Predictive numeric models are divided into two main groups: (1) models of ground-
water flow and (2) models of contaminant fate and transport. The later ones cannot be
developed without first solving the groundwater flow field of the system studied; they
use the solution of the groundwater flow model as the base for fate and transport cal-
culations. Following are some of the more common questions that fully developed and
calibrated groundwater flow, and fate and transport models may help answer (Kresic,
2007a):

� What is the sustainable yield of the aquifer portion targeted for groundwater
development?

� At what locations and how many wells are needed to provide a desired flow
rate?

� How will current or planned groundwater extraction affect the environment
(e.g., on surface streamflows, wetlands)?

� Is there a potential for saltwater intrusion from an increased groundwater
pumpage?

� Where is the contaminant flowing to, and/or where is it coming from?
� How long would it take the contaminant to reach potential receptors?
� What would the contaminant concentration be once it reaches a receptor?
� How long would it take to remediate (restore) the contaminated aquifer to its

beneficial uses?

Once these questions are addressed by the model(s), many new questions may arise,
which is exactly the purpose of a well-documented and calibrated groundwater model:
to answer “all kinds” of possible questions related to groundwater flow, and fate and
transport of contaminants. Here are just two of the common “big” questions that often
come with a multimillion dollar price tag and the possibility of a protracted lawsuit: Who
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FIGURE 8.39 Example of modeling tools and information used to solve water management puzzle.
(Modified from Danskin et al., 2006.)

is responsible for the groundwater contamination? What is the most feasible groundwater
remediation option?

Models that are capable of answering most or all of the questions posed by a ground-
water management puzzle would be rather complex and require significant investment
of funds, resources, and time (Fig. 8.39).

Model Setup
A numeric groundwater model setup consists of the following stages:

� Development of the Conceptual Site Model (CSM), which is the most important
part of modeling and the basis for all further, related activities.

� Selection of a computer code that can most effectively simulate the concept and
meet the purpose of modeling.

� Definition of the model geometry: lateral and vertical extent of the area of interest,
defined by model boundaries, grid layout, and position and number of layers.

� Input of hydrogeologic parameters, and fate and transport parameters when
required, for each model cell such as horizontal and vertical hydraulic conduc-
tivities including possible anisotropy, storage properties, effective porosity, dis-
persivity, distribution coefficient, and others.

� Definition of initial conditions, such as an estimated distribution of the hydraulic
head in the model domain, and a distribution of contaminant concentration when
required (Chap. 2).

� Definition of external model boundary conditions that influence the flux of water,
or are directly causing it; this flux of water (and contaminant when required)
both enters and leaves the model domain and has to be provided for in the
model design (e.g., boundaries with known hydraulic head, known flux, or head-
dependent flux; see Chap. 2).
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� Definition of external and internal hydraulic stresses acting upon the system,
in addition to those assigned along model boundaries, such as aerial recharge,
evapotranspiration, well pumpage, outflow through springs, drains, inflow of
water from other sources (recharge wells, recharge basins, adjacent aquifers).

After the model has been set up, it is run and then adjusted (calibrated) to match
the hydraulic (and chemical/contaminant where required) information collected in the
field:

� The hydraulic head measured in monitoring wells and extraction wells
� The flux along model boundaries measured or calculated externally to the model;

all such fluxes comprise the water budget of the model
� The contaminant concentration measured at monitoring wells and at model

boundaries, in case of fate and transport models

During model development and the analysis of model results, it often becomes appar-
ent that the CSM needs to be revised which includes the collection of more information
and possibly additional field investigations. Developing a CSM is the most important
part of every modeling effort. It requires a thorough understanding of hydrogeology,
hydrology, and the dynamics of groundwater flow in and around the area of interest.
Following is an example demonstrating how new investigation techniques and new in-
formation can result in a very significant hydrogeologic reinterpretation of an existing
conceptual model. As discussed by Phillips et al. (2003), two key distinctions were found
between the old and new conceptualization of a thick unconfined alluvial aquifer system
in Antelope Valley, CA, leading to improvements of a numeric model. The modeling was
part of a comprehensive study of the area where groundwater levels declined more than
200 ft during the twentieth century, resulting in reduced water supplies and more than
6 ft of subsidence.

The first distinction between two conceptual models is the recognition that the age
of aquifer materials is a key factor controlling their hydraulic properties. Older materials
have longer stress histories (compaction is more likely to have occurred) and are more
likely to have undergone chemical cementation. Under the old conceptual model, sur-
ficial materials were considered part of the deep aquifer as were materials that started
at a depth of about 900 ft below land surface in Lancaster. This configuration did not
account for the differences in the age and depth of burial of the aquifer materials or the
effects of these differences on hydraulic properties. The second distinction between the
conceptual models is a recognition that aquifer properties above the regional aquitard in
the study area vary significantly with depth. This includes a significant decrease in the
storage, and the percent of total flow entering production wells with depth. Figure 8.40
shows the velocity log generated in 1998 during extraction using a dye-based method
(Izbicki et al., 1999), which indicates that most of the water produced from well 7N/12W-
27 P2 comes from the upper aquifer. At the water table and within the aquifer volume
affected by the drawdown, water entering the well is obtained by gravity drainage of
the materials above the new water table. Water entering the well at depth cannot be
immediately drawn from the water table because the vertical flow path is partly blocked
by numerous overlapping bodies of fine-grained deposits. Instead, the immediate de-
mand for water is met primarily through compaction of these deposits in response to



641G r o u n d w a t e r M a n a g e m e n t

above 360
360–380
380–400
400–420
420–440
440–460
460–480
480–500
500–520
520–540
540–560
560–580
580–600
600–620
620–640
640–660
660–680
680–700
700–717D

ep
th

 in
te

rv
al

, i
n 

fe
et

 b
el

ow
 la

nd
 s

ur
fa

ce

Percent of total flow

50 10 15 20 25 30

Middle aquifer

Upper aquifer

Pump intake

FIGURE 8.40 Velocity log, during extraction, for Los Angeles County Department of Public Works
(LACDPW) well 4–32 (7 N/12 W-27 P2), Antelope Valley, CA. (From Phillips et al., 2003.)

decreased water pressure in pore spaces between grains of sediment. The storage values
at depth, therefore, are much smaller than those at the water table. This is confirmed by
different responses of the hydraulic head at cluster monitoring wells to water injection
and withdrawal tests (Phillips et al., 2003). What all this means is that the thick portion
of the alluvial system of the Antelope Valley above the regional aquitard, which was
traditionally regarded as an unconfined aquifer, has to be modeled with multiple layers
representing confined conditions at depth.

All the information collected during field investigations, monitoring, and desk stud-
ies for development of a CSM, should be incorporated into a computerized database,
along with the simplified electronic maps and cross sections that will be used in the
numeric model design. The most efficient way to organize all the information required
for model development is to utilize a GIS environment. This enables all interested stake-
holders, including nonmodelers, to provide invaluable input as to the validity of certain
hydrogeologic assumptions, spatial information related to contaminant fate and trans-
port, and other aspects of the model (Kresic and Rumbaugh, 2000). Most commercial GIS
programs offer free software for viewing and sharing electronic files and maps which is
arguably the most efficient way (other than meeting “face-to-face”) to quickly exchange
visual information. The modern development of groundwater models is a highly visual
process, greatly enhanced by various graphical programs which facilitate quick and ac-
curate input of data into models and visualization of model results (such programs are
called graphic user interface or GUI programs).

Probably the single most important assurance that the model will be developed in
a technically sound manner and efficiently, is the involvement of the “computer mod-
eler” from the very beginning of concept development. Ideally, the leading modeler and
the leading hydrogeologist on the project should be the same person since there is no
valid excuse why any practicing hydrogeologist would not be intimately knowledgeable
in groundwater modeling. Unfortunately, in many cases nonhydrogeologists (or even
worse, nongeologists) may end up developing a groundwater model and calibrating it,
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FIGURE 8.41 Simulated effects of increasing horizontal hydraulic conductivity of moraine sediments
on the water table configuration and groundwater flowpaths near the Landfill-1 contaminant plume,
Western Cape Cod, MA. (Modified from Franke et al., 1998, and Masterson et al., 1997.)

without realizing that some (or many) parts of such model simply do not make hydro-
geologic sense. It cannot be emphasized enough that every numeric groundwater model
is a nonunique solution of the underlying flow field. In other words, various combina-
tions of various model parameters may produce very similar or identical results. The
opposite is also true; what may seem a “slight parameter change” to some, can result
in a dramatically different model output. Figure 8.41 shows particle tracking results for
two different hydraulic conductivities for the groundwater flow model of the Landfill-
1 contaminant plume, Western Cape Cod, MA. Hydraulic conductivity of the moraine
sediments is 50 ft/d (left) and 150 ft/d (right). In the 50 ft/day simulation, flowpaths
split in two directions, west and south, but predominantly to the south. In the 150 ft/day
simulation, although the configuration of the water table changed very little at this scale,
virtually all the flowpaths moved to the west and followed the known configuration of
the contaminant plume (Franke et al., 1998).

Although some modelers still consider modeling as a process during which a few
hydraulic heads measured in the field are matched by the model results, this is the least
important part of modeling. It is infinitely more important that the model makes hydro-
geologic sense, and that all its uncertainties and (inevitable) errors be fully documented.
Then and only then, the model will be hard to misuse and it may be useful to most (if
not all) stakeholders that have to make some decisions based on the modeling results.

Model Calibration, Sensitivity Analysis, and Error
The first model run is the fear (or joy) of every model designer. When dealing with a
“real-life” model, it is almost certain that the first result will not be a satisfactory match
between the calculated and measured hydraulic heads. The number of model runs during
calibration will depend on the quantity and quality of available data, desirable accuracy
of the model results, and the patience of the user.
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Although often explained separately in modeling reports, calibration and sensitivity
analysis are inseparable and are part of the same process. While performing calibration,
which is composed of numerous single and multiple changes of model parameters, ev-
ery user determines quickly which parameters are more sensitive to changes with regard
to the final model result. By carefully recording all the changes made during calibra-
tion and commenting on their results, the model designer is engaged in the sensitivity
analysis and can effortlessly finalize this part of the modeling effort later. Calibration
is the process of finding a set of boundary conditions, stresses, and hydrogeologic pa-
rameters, which produce the result that most closely matches field measurements of
hydraulic heads and flows. Calibration of every model should have the target of an
acceptable error set beforehand. Its range will depend mainly on the model purpose.
For example, a groundwater flow model for evaluation of a regional aquifer system
can sometimes “tolerate” a difference between calculated and measured heads of up
to several feet. This, however, would be an unacceptable error in the case of a model
for the design of containment and cleanup of a contaminant plume spread over, say,
50 acres.

In many instances, the quality of calibration will depend on the amount and reliability
of available field data. It is therefore crucial to assess the field data (calibration dataset)
for their consistency, homogeneity and measurement error. Such assessment is the basis
for setting the calibration target.

Model calibration can be performed for steady-state conditions, transient conditions,
or both. Although steady-state calibration has prevailed in modeling practice, every
attempt should be made to have a transient calibration as well for the following reasons:

� Groundwater flow is transient by its nature, and is often subject to artificial
(man-made) changes.

� The usual purpose of the model is prediction which is by definition time-related.
� Steady-state calibration does not involve aquifer storage properties which are

critical for a viable (transient) prediction.

A limited field dataset predetermines the steady-state calibration. In such a case, an
appropriate approach would be to define boundary conditions and stresses that are
representative for the period in which the field data are collected.

When a transient field dataset of considerable length is available, some meaningful
average measure should be derived from it for a steady-state calibration. For example,
this can be the mean annual water table elevation or the mean water table for the dry
season, the average annual groundwater withdrawal, the mean annual precipitation
(recharge), the average baseflow in a surface stream, and so on.

Transient calibration typically involves water levels recorded in wells during pump-
ing tests or long-term aquifer exploitation. An ideal set that incorporates all common
relevant boundary conditions and stresses would be

� Monthly water table (hydraulic head) elevations
� Monthly precipitation (recharge)
� Average monthly river stage
� Average monthly groundwater withdrawal
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Transient calibration based on monthly values is preferred over daily or weekly
data since groundwater systems usually react with a certain delay to surface stresses.
In addition, monthly data enable accurate analysis of seasonal influences, which is very
important for long-term predictions. Short-term pumping tests may often be the only
accurate transient datasets available, which is the main reason why such tests are popular
calibration targets.

There are two methods of calibration: (1) trial-and-error (“manual”) and (2) auto-
mated calibration. Trial-and-error calibration was the first technique applied in ground-
water modeling and is still preferred by most users. Although it is heavily influenced
by the user’s experience, it is always recommended to perform this type of calibration,
at least in part. By changing parameter values and analyzing the corresponding effects,
the modeler develops a better feeling for the model and the assumptions on which its
design is based. During manual calibration boundary conditions, parameter values and
stresses are adjusted for each consecutive model run until calculated heads match the
preset calibration targets. The first phase of calibration typically ends when there is a
good visual match between calculated and measured hydraulic heads at observation
wells, as seen in (Fig. 8.42).
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FIGURE 8.42 Simulated and observed hydraulic heads at selected observation wells; groundwater
flow model for the Sparta aquifer of Southeastern Arkansas and North-Central Louisiana. (Modified
from McKee and Clark, 2003.)
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The next step involves quantification of the model error with various statistical pa-
rameters such as standard deviation and distribution of model residuals, i.e., differences
between calculated and measured values. Once this error is minimized (through a lengthy
process of calibration), and satisfies a preset criterion, the model is ready for predictive
use. It will sometimes be necessary to change input values and run the model tens of
times before reaching the target. The worst case scenario involves a complete redesign
of the model with new geometry, boundaries, and boundary conditions.

During calibration, the user should focus on parameters that are determined with less
accuracy or assumed, and change only slightly those parameters that are more certain.
For example, hydraulic conductivity determined by several pumping tests should be the
last parameter to change “freely” because it is usually the most sensitive. Most other
parameters are less sensitive and can be changed only within a certain realistic range: it
is obviously not possible to increase precipitation infiltration rate ten times from 10 to
100 percent. In general, hydraulic conductivity and recharge are two parameters with
equivalent quality: an increase in hydraulic conductivity creates the same effect as a
decrease in recharge. Since different combinations of parameters can yield similar, or
even the same results, trial-and-error calibration is not unique. During calibration, it is
recommended to plot residuals (measured values minus calculated values) on the model
map using different symbols (or colors) for negative and positive values. This allows
for a more accurate determination of the parameter value that produces the best overall
fit. Another recommended procedure is to plot a graph of model error change versus
parameter change as illustrated in Fig. 8.43. This describes parameter sensitivity—more
sensitive parameters have steeper slopes than less sensitive parameters. In this example,
model error is more sensitive to changes in natural recharge (x1) than to changes in the
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vertical anisotropy (x2) or the underflow recharge rate (x3). A detailed explanation of the
calibration parameters, and a computer program for groundwater flow model calibration
and parameter optimization, MODOPTIM, is given by Halford of the USGS (Halford,
2006).

An effective measure of calibration is the analysis of the water budget calculated by
the model. The budget provides flows across boundaries, flows to and from all sources
and sinks, and flows derived from storage. These calculated values should be compared
with measurements and/or estimates made during concept development. Unrealistic
components of the water balance should be analyzed in order to calibrate the parameter(s)
and condition(s) that are causing them.

It is more difficult to calibrate a contaminant fate and transport model (F&T model)
because aquifer heterogeneities and biochemical reactions usually have a much greater
effect on contaminant flow pathways and concentrations, compared to “bulk” flow rate of
groundwater. However, the process of calibration of F&T models is exactly the same as for
groundwater flow models: various F&T parameters are being changed, within reasonable
bounds, until a satisfactory match between the field-measured and model-predicted con-
taminant concentrations is achieved. The most critical parameter that should be “freely”
adjusted the last is the rate of biodegradation. Following is the citation from a USEPA
publication that speaks to that fact (Azdapor-Keeley et al., 1999):

Many times during calibration, if a model does not fit observed concentrations, it is assumed that the
biodegradation coefficient is the proper parameter to be adjusted. Using biodegradation to adjust a
model without supporting field data should not be done until all abiotic mechanisms for reduction
are explored. When using a model which incorporates a biodegradation term, care should be taken
to verify that assumptions made about degradation rates and the amount and activity of biomass are
valid for the site in question. Degradation rates are sensitive to a wide array of field conditions which
have been discussed previously. Extrapolation of laboratory derived rates to a site can also lead to
significant errors. Likewise, using models to derive degradation rates from limited field data where
abiotic variables are not well defined can be misleading. . . . Kinetic constants derived from laboratory
microcosms or other sites are generally not useful on a wide scale to predict overall removal rates.
Site specific degradation rates should be developed and incorporated into a model.

Automated calibration is gaining in popularity since several powerful computer pro-
grams are now widely available and are incorporated in most GUIs by default. It is
a technique developed in order to minimize uncertainties associated with the user’s
subjectivity. As with any relatively new approach, it has been criticized, particularly
because of its nonuniqueness (see Anderson and Woessner, 1992). However, this is the
case with any calibration, including manual, and it is up to the modeler to use it wisely,
as an aid, rather than some final solution that has to be accepted because of its “ob-
jectivity.” Most computer codes for automated calibration search an optimal parameter
set for which the sum of squared deviations between calculated and measured val-
ues is reduced to a minimum. Two well-known codes for parameter estimation used
in groundwater modeling are PEST by Doherty, et al. (1994) and UCODE by Poeter
and Hill (1998). Groundwater Vistas (Rumbaugh and Rumbaugh, 2004) also includes an
easy-to-use and streamlined parameter optimization code developed specifically for this
GUI.

In conclusion, the efficiency of automated calibration codes, coupled with the trial-
and-error input from the user, is arguably the most appropriate calibration method.
Readers interested in learning more about automated calibration should consult (Hill
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1998; “Methods and guidelines for effective model calibration”) and (Hill et al. 2000;
“User guide to the observation, sensitivity, and parameter-estimation processes and three
postprocessing programs”).

Quantitative techniques for determining model error compare model results (simu-
lations) to site-specific information, and include calculations of residuals, assessing cor-
relation among the residuals, and plotting residual on maps and graphs (ASTM, 1999).
Individual residuals are calculated by subtracting the model-calculated values from the
targets (values recorded in the field, not extrapolated or otherwise assumed). They are
calculated in the same way for hydraulic heads, drawdowns, concentrations, or flows;
for example, the hydraulic head residuals are differences between the computed heads
and the heads actually measured in the field:

ri = hi − Hi (8.1)

where ri = residual
Hi = the measured hydraulic head at point i
hi = computed hydraulic head at the approximate location, where

Hi was measured

If the residual is positive, the computed value was too high; if negative, the computed
value was too low (ASTM, 1999).

Residual mean is the arithmetic mean of the residuals computed from a given simula-
tion:

R =
∑n

i=1 ri

n
(8.2)

where R = residual mean and n = number of residuals. Of two simulations, the one with
the residual mean closest to zero has a better degree of correspondence, with regard to
this criterion, and assuming there is no correlation among residuals (ASTM, 1999). It is
possible that large positive and negative residuals could cancel each other, resulting in a
small residual mean. For this reason, the residual mean should never be considered alone,
but rather always in conjunction with the other quantitative and qualitative comparisons
(ASTM, 1999).

The weighted residual mean can be used to account for differing degrees of confidence
in the measured heads:

R =
∑n

i=1 ri

n · ∑n
i=1 wi

(8.3)

where wi = weighting factor for the residual at point i . The weighting factors can be
based on the modeler’s judgment or statistical measures of the variability in the water
level measurements. A higher weighting factor should be used for a measurement with
a high degree of confidence than for one with a low degree of confidence.

Second-order statistics give measures of the amount of spread of the residuals
about the residual mean. The most common second-order statistics is the standard
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deviation of residuals:

s =
{∑n

i=1 (ri − R)2

n − 1

} 1
2

(8.4)

where s = standard deviation of residuals and R is given with Eq. (8.2). Smaller values
of the standard deviation indicate better degrees of correspondence than larger values
(ASTM, 1999).

Correlation among residuals—Spatial or temporal correlation among residuals can indi-
cate systematic trends or bias in the model. Correlation among residuals can be identified
through listings, scattergrams, and spatial and temporal plots. Of two simulations, the
one with less correlation among residuals has a better degree of correspondence, with
regard to this criterion (ASTM, 1999). Spatial correlation is evaluated by plotting residuals,
with their sign (negative or positive) on a site map or cross sections. If applicable, the
residuals can also be contoured. Apparent trends or spatial correlations in the residuals
may indicate a need to refine aquifer parameters or boundary conditions, or even to
reevaluate the conceptual site model. For example, if all the residuals in the vicinity of a
no-flow boundary are positive, then the recharge may need to be reduced or the hydraulic
conductivity increased (ASTM, 1999). For transient simulations, a plot of residuals at a
single point versus time may identify temporal trends. Temporal correlations in residu-
als can indicate the need to refine input aquifer storage properties or initial conditions
(ASTM, 1999).

Figure 8.44 shows a mandatory graph of calculated versus actually measured heads
at monitoring wells. Only field-measured hydraulic heads, not those estimated (interpo-
lated) by the user for the purposes of creating the initial CSM hydraulic head, can be used
to plot such graph. If there were no calculation error for any of the control monitoring
wells, all data would fall on the straight 1:1 ratio line, which can never happen (even if one
were to engage in creating a nice-looking southwestern rug of hydraulic conductivity).
Deviations of points or clusters of points, such as several monitoring wells in the same
portion of the aquifer, from this line can reveal certain patterns and point toward the
need for additional calibration and/or adjustment of the conceptual site model (CSM).
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Model Documentation and Modeling Standards
Preparing model documentation and a report is the final phase of the modeling effort
and arguably the most important from the client’s standpoint. A poorly documented and
confusing report can ruin days of work and an otherwise excellent model. Every effort
should be made to produce an attractive and user-friendly document that will convey
clearly all previous phases of the model design. Special attention should be paid to clearly
state the model’s limitations and uncertainties associated with calibrated parameters.
Electronic modeling files (model input and output) and GIS files, if applicable, will have to
be made available to the client in most cases. All modeling documentation should strictly
follow widely accepted industry practices, guidelines, and standards for groundwater
modeling as detailed in the widely accepted modeling standards.

The following industry standards, created by leading industry experts for the ground-
water modeling community under the auspices of ASTM (American Society for Testing
and Materials) cover all major aspects of groundwater modeling and should be followed
when attempting to create a defensible groundwater model that can be used for predic-
tive purposes:

� Guide for application of groundwater flow model to a site-specific problem (D
5447-93)

� Guide for comparing groundwater flow model simulations to site-specific infor-
mation (D 5490-93)

� Guide for defining boundary conditions in groundwater flow modeling (D 5609-
94)

� Guide for defining initial conditions in groundwater flow modeling (D 5610-94)
� Guide for conducting a sensitivity analysis for a groundwater flow model appli-

cation (D 5611-94)
� Guide for documenting a groundwater flow model application (D 5718-95)
� Guide for subsurface flow and transport modeling (D 5880-95)
� Guide for calibrating a groundwater flow model application (D 5981-96)
� Practice for evaluating mathematical models for the environmental fate of chem-

icals (E 978–92)
� Guide for developing conceptual site models for contaminated sites (E 1689–95)

The following language accompanies the USEPA OSWER Directive #9029.00 entitled
“Assessment framework for ground-water model applications” (USEPA, 1994): “The purpose
of this guidance is to promote the appropriate use of ground-water models in EPA’s
waste management programs.” More specifically, the objectives of the framework are to

� Support the use of ground-water models as tools for aiding decision making
under conditions of uncertainty

� Guide current or future modeling
� Assess modeling activities and thought processes
� Identify model application documentation needs
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Following is the introduction to “Guidelines for Evaluating Ground-Water Flow Models”
published by the U.S. Geological Survey (Reilly and Harbaugh, 2004):

Ground-water flow modeling is an important tool frequently used in studies of ground-water systems.
Reviewers and users of these studies have a need to evaluate the accuracy or reasonableness of the
ground-water flow model. This report provides some guidelines and discussion on how to evaluate
complex ground-water flow models used in the investigation of ground-water systems. A consistent
thread throughout these guidelines is that the objectives of the study must be specified to allow the
adequacy of the model to be evaluated.

Modeling Saltwater Intrusion
Saltwater intrusion (or seawater intrusion) is the encroachment of saline waters into
zones previously occupied by fresh groundwater. Under stable natural conditions, hy-
draulic gradients of fresh groundwater in coastal aquifers are toward the sea, forming
an interface between the discharging groundwater and seawater as illustrated in Fig-
ure 8.45. Persistent disturbances, however, such as groundwater extraction, can produce
movements in the position of the seawater-freshwater interface, which can lead to the
degradation of freshwater resources. The effects of seawater intrusion are widespread,
and have led to significant losses in potable water supplies and in agricultural produc-
tion (e.g., Barlow, 2003; Johnson and Whitaker, 2003; FAO, 1997). Superimposed on these
local anthropogenic influences are the effects of a continuing global rise in sea water level,
which may accelerate as projected by various climate change scenarios. The combined
effects of local and global sea water intrusion will have serious negative consequences
for water supplies in many coastal areas worldwide.

Seawater intrusion is typically a complex three-dimensional phenomenon influenced
by the heterogeneous nature of coastal sediments, the spatial variability of coastal aquifer
geometry and the distribution of extraction wells. It is therefore not possible to apply sim-
ple analytical equations to solving real-world problems, such as prediction of the effects
of sea-level rise on underlying fresh groundwater (thus a question mark in Fig. 8.45). The
effective management of coastal groundwater systems requires an understanding of the
specific seawater intrusion mechanisms leading to salinity changes, including landward
movements of seawater, vertical freshwater-seawater interface rise, or “upconing,” and

?

Old interface

New interface

Freshwater

Saltwater

New sea level
Water table

Land surface

Old sea level

Impermeable layer

FIGURE 8.45 Schematic sketch of saltwater intrusion, sharp interface model. (Modified from
Larabi, 2007)
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the transfer of seawater across aquitards of multiaquifer systems (Simmons et al., 2007).
Other processes, such as relic seawater mobilization, salt spray, atmospheric deposition,
irrigation return flows, and water-rock interactions may also contribute to coastal aquifer
salinity behavior, and need to be accounted for in water resource planning and operation
studies (e.g., Werner and Gallagher, 2006; 2003; FAO, 1997). Variable density groundwa-
ter flow and solute transport modeling is arguably the only feasible tool for assessing
the effects of the above listed processes.

As discussed by Simmons et al. (2007), when embarking on groundwater modeling
in coastal areas, it is essential to realize that the textbook conception of fresh and saline
groundwater distribution, which is classically conceived of as a freshwater lens overly-
ing a wedge of saline groundwater, is seldom encountered in real field settings due to the
dynamic nature of shorelines. The most conspicuous manifestations of transient effects
are offshore occurrences of fresh groundwater and onshore occurrences of saltwater. In
many instances, these waters occur too far offshore to be explained by active subsea
outflow of freshwater due to topographic drive. Moreover, lowest salinities often occur
at substantial depths beneath the seafloor and are overlain by more saline pore waters,
suggesting absence of discharge pathways. These waters therefore are considered pale-
ogroundwaters that were emplaced during glacial periods with low sea level. During
subsequent periods of sea-level rise, salinization was apparently slow enough to allow
relics of these freshwaters to be retained.

For proper predictive modeling of the effects of sea-level rise on groundwater re-
sources, it is very important to understand that in many flat coastal and delta areas, the
coastline during the recent geologic past was further inland than it is today. As a result,
vast quantities of saline water were retained in the subsurface after the sea level retreated.
Such occurrences of saline groundwater are sometimes erroneously attributed to sea-
water intrusion, i.e., the inland movement of seawater due to aquifer overexploitation.
Effective water resource management requires proper understanding of the various forc-
ing functions on groundwater salinity distribution on a geological timescale (Kooi and
Groen, 2003). High salinities are maintained for centuries to millennia, or sometimes even
longer, when the presence of low-permeability deposits prevents flushing by meteoric
water (e.g., Groen et al., 2000; Yechieli et al., 2001). Rapid salinization due to convective
sinking of seawater plumes occurs when the transgression is over a high-permeability
substrate, as illustrated in Fig. 8.46. This process is responsible for the occurrence of saline
groundwater up to depths of 400 m in the coastal area of the Netherlands (Post and Kooi,
2003).

The large spatial and time scales involved in modeling the effects of seawater intru-
sion pose special challenges. In particular, the high resolution model grid required to
capture convective flow features imposes a severe computational burden that limits the
size of the model domain. Other complications include the lack of information on bound-
ary conditions, insufficient data for proper parameterization, especially for the offshore
domain, and unresolved numerical issues with variable-density codes. Resolving these
issues represents a continuing challenge for groundwater professionals.

The USGS finite-element, public domain model SUTRA (Voss and Provost, 2002),
is one of the most widely applied simulators of seawater intrusion and other density-
dependent groundwater flow and transport problems. Other popular computer pro-
grams capable of simulating seawater intrusion include FEFLOW (Diersch, 2005),
FEMWATER (Lin et al., 1997) and MODHMS (HydroGeoLogic Inc., 2003). SUTRA has
been applied to a wide range of seawater intrusion problems, ranging from regional-scale
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FIGURE 8.46 Variable density flow simulation showing salinization lags behind coastline migration
during transgression on a gently sloping surface and development of offshore brackish
groundwater. Highly unstable convective fingering is seen as dominant vertical salinization
mechanism. (After Kooi et al., 2000; copyright American Geophysical Union).

assessments of submarine groundwater discharge (e.g., Shibuo et al., 2006) to riparian-
scale studies of estuarine seawater intrusion under tidal forcing effects (e.g., Werner and
Lockington, 2006). Gingerich and Voss (2005) demonstrate the application of SUTRA to
the Pearl Harbour aquifer, southern Oahu, Hawaii, in analyzing the historical behavior
of the seawater front during 100 years of pumping history.

Optimization
Optimization in general is defined as a process of finding a result that meets desired
objectives subject to specified constraints which have to be strictly (completely) satisfied.
Groundwater models provide the best tool for performing optimization because they
can run a large number of scenarios with different input parameters enabling efficient
comparison of results. An example of manual modeling optimization using one objec-
tive (desired pumping rate) and two constraints (chloride concentration and percent of
aquifer recharge) is illustrated in Fig. 8.47. A groundwater model was used to study the
sustainability of groundwater extraction on the island of Weizhou, off the South China
coast, where an increase of pumping for the extension of tourism is planned. Modeling
has determined that about one-third of the available recharge is required for the addi-
tional water supply. Because of the unfavorable hydraulic conductivity of the shallow
strata, the freshwater lens on Weizhou has to be tapped in a deeper aquifer layer. If the
pumping is concentrated in one well, within a few years, the salinity of the pumped
water becomes unacceptable due to saltwater upconing. If the pumping is distributed
over two wells at a 4-km distance, an acceptable final salinity is reached. If the pumping
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FIGURE 8.47 Development of chloride concentration in the pumping wells for different
configurations of wells with the same total extraction rate. (From Kinzelbach et al., 2007.)

rate is distributed over four wells sitting on a square with a side length of 1 km, the
chloride concentration stays below 200 mg/L all the time (Fig. 8.47). The model in this
case helps to find a technical solution to the problem, as the total pumping rate stays well
below the total recharge. However, as advised by the authors of the modeling study, “If
the pumping rate is higher than total recharge the best model in the world cannot find a
pumping strategy that avoids salt water intrusion” (Kinzelbach et al., 2007).

When approached in a qualitative way, the general definition of optimization leaves
room for argument as to the degree of fulfillment of the objectives: “Is this the best we
can get?” or “This is good enough!” This argument is illustrated by a common situation
from groundwater remediation projects involving containment of plumes with pump-
and-treat systems. The modeler on such a project can use a groundwater flow model to
decide how many wells should be installed for the purpose, at what pumping rates, and
at which locations. He/she may run the model two or twenty times before reaching the
conclusion of which modeled scenario is the best one. Depending on the experience and
the “intuition” of the modeler, the final selection may indeed be an optimum one for
that particular situation. However, no one on the project team, or the client, would have
an independent, objective measure of the final selection and how it compares to other
scenarios that were not selected. There may also be other important factors for designing
an optimum remediation system that were not considered by the modeler because he
or she was not asked to consider them, such as energy cost for pumping, and water
treatment cost.

As opposed to manual optimization, water management objectives and constraints
are expressed in the constrained optimization model as mathematical equations. The
objective function (equation) defines a specific objective that is to be maximized or min-
imized subject to a set of constraint equations. To answer a slightly different water man-
agement question, a slightly different objective function can be combined with the same
or nearly the same set of constraint equations. Commonly, reformulation of the opti-
mization model to answer a related water management question requires only that a
specific constraint equation be used as the objective function, and the former objective



654 C h a p t e r E i g h t

function be included as a constraint. This capability of slight, but powerful, modifica-
tions makes optimization techniques an efficient way to investigate related water man-
agement questions. A slightly different formulation of the optimization model not only
provides additional insight about overall water management, but also can be used to
represent the specific viewpoint of a different water management entity (Danskin et al.,
2006).

An example of a mathematical formulation of objectives and constraints used in the
conjunctive-use optimization model for a portion of the Mississippi River Valley allu-
vial aquifer is given below (Czarnecki, 2007). “Conjunctive use” pertains to use of both
groundwater and surface water. The model was used to calculate the maximum sustain-
able yield from wells and rivers where “sustainable yield” is defined as the maximum
rate at which water can be withdrawn indefinitely from groundwater and surface water
sources without violating specified constraints.

The optimization model was formulated as a linear programming problem with
the objective of maximizing water production from wells and from streams subject to
(1) maintaining groundwater levels at or above specified levels; (2) maintaining stream-
flow at or above minimum specified rates; and (3) limiting groundwater withdrawals to
a maximum rate of the amount withdrawn in 1997. Steady-state conditions were selected
(rather than transient conditions) because the maximized withdrawals are intended to
represent sustainable yield of the system (a rate that can be maintained indefinitely
without violating constraints). In this model, the decision variables are the withdrawal
rates at 9979 model cells corresponding to well locations and at 1165 model cells which
correspond to river locations.

The objective of the optimization model is to maximize water production from
groundwater and surface water sources. The objective function of the optimization model
has the form:

maximize z =
∑

qwell +
∑

qriver (8.5)

where z = total managed water withdrawal (L3/T , where L and T are
dimensions of length and time, respectively)∑

qwell = sum of groundwater withdrawal rates from all managed wells (L3/T)∑
qriver = sum of surface water withdrawal rates from all managed river

reaches (L3/T)

Equation (8.6) is computed such that the following constraints are maintained:

hc ≥ hmin (8.6)

where hc = hydraulic head (water-level altitude) at constraint location c (L) and hmin =
water-level altitude at half the thickness of the aquifer (L). This constraint accommodates
the critical regulatory criteria that water levels within the alluvial aquifer should remain
above half the original saturated thickness of the aquifer.

Streamflow constraints for several rivers specified in the optimization model are
based on 7-day, 10-year-recurrence low-flow data (7Q10). Streamflow constraints are
specified as the minimum amount of flow required at individual river cells. The equation



655G r o u n d w a t e r M a n a g e m e n t

governing the relation between streamflow constraints and flow into and out of a stream
is

q R
head +

∑
q R

overland +
∑

q R
groundwater −

∑
q R

diversions −
∑

q R
river ≥ q R

min (8.7)

where q R
head = flow rate into the head of stream reach R (L3/T)

�q R
overland = sum of all overland and tributary flow to stream reach R

�q R
groundwater = sum of all groundwater flow to or from stream reach R

�q R
diversions = sum of all surface water diversions from stream reach R
�q R

river = sum of all potential withdrawals, not including diversions,
from stream reach R

q R
min = minimum permissible surface water flow rate for stream reach R

Sustainable yield from wells was compared for four different management scenarios
involving different groundwater level constraints and river-withdrawal specifications in
11 rivers, including the Mississippi River. A systematic relaxation of groundwater level
constraints and removal of optimized river-withdrawal specifications resulted in up to
25.3 percent larger sustainable yield from groundwater. However, in all tested scenarios,
sustainable yield from wells was less than 1997 withdrawal rates. Withdrawals from
rivers represent a potential source of water that could be used to offset the unmet demand
for groundwater (Czarnecki, 2007).

An example of a very complex constrained optimization model is the San Bernardino
Basin, CA, area model developed in support of integrated water management (Danskin
et al, 2006). The mathematically optimal value of the decision variables in the model
is constrained by various equations representing water supply and water distribution
constraints. These constraints assure that adequate water is supplied through the present
distribution system and that the quantities determined by the optimization model are
physically possible. For example, artificial recharge in each basin must be less than or
equal to the maximum recharge capacity of that basin, and the sum of artificial recharge
in all basins must be less than or equal to the total quantity of water that is available
from the State Water Project. Water supply to each artificial-recharge basin also must be
less than the capacity of the conveyance structures connecting the California Aqueduct
to the basin.

Maximum pumpage from each individual site is restricted by well, pump, and aquifer
characteristics, and total pumpage from all sites is restricted by a maximum value derived
from legal adjudication or from an evaluation by local water managers based on distri-
bution capabilities or on anticipated demand. Management of recharge and pumpage in
the San Bernardino area is also constrained by requirements on groundwater levels. In
the vicinity of the former marshland, groundwater levels need to be sufficiently low to
prevent possible liquefaction and sufficiently high to prevent additional land subsidence.
In the alluvial fan areas, groundwater levels need to be maintained sufficiently high to
assure a continuous supply of groundwater to nearby wells.

The total number of constraint equations increases rapidly with various parameters
involved. For example, a problem with 5 recharge sites, 15 well sites, 50 observation lo-
cations, and 32 modeling time periods can require more than 5000 constraint equations.
Although optimization techniques are designed to address large problems, an optimiza-
tion model with more than several thousand constraint equations can be cumbersome to
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FIGURE 8.48 Water management solutions. (From Danskin et al., 2006.)

work with, and the results can be time-consuming to interpret. However, as in any mod-
eling process, even initial formulation of the optimization model can be insightful. The
formulation step requires choosing which components are most important. Objectives
and constraints must be defined precisely and quantitatively—a process that commonly
is more difficult and time-consuming than it first appears. Initial use of the optimization
model can provide immediate insights by defining the feasibility space of potential solu-
tions and by determining whether specific proposed operational plans are even feasible.
Finally, if the optimization process results in greater hydrologic insight for the water
managers and an improved solution to a water management problem (Fig. 8.48), then
the optimization model will have been useful (Danskin et al., 2006).

The USGS has developed a public domain, Ground-Water Management Process
(GWM) computer program for MODFLOW-2000 (Ahlfeld et al., 2005). GWM uses a
response-matrix approach to solve several types of linear, nonlinear, and mixed-binary
linear groundwater management formulations. Each management formulation consists
of a set of decision variables, an objective function, and a set of constraints. Three types
of decision variables are supported by GWM: flow-rate decision variables, which are
withdrawal or injection rates at well sites; external decision variables, which are sources
or sinks of water that are external to the flow model and do not directly affect the state
variables of the simulated groundwater system (heads, streamflows, and so forth); and
binary variables, which have values of 0 or 1 and are used to define the status of flow-rate
or external decision variables. Flow-rate decision variables can represent wells that ex-
tend over one or more model cells and be active during one or more model stress periods;
external variables also can be active during one or more stress periods. A single objective
function is supported by GWM, which can be specified to either minimize or maximize
the weighted sum of the three types of decision variables. Four types of constraints can be
specified in a GWM formulation: upper and lower bounds on the flow-rate and external
decision variables; linear summations of the three types of decision variables; hydraulic-
head based constraints, including drawdowns, head differences, and head gradients;
and streamflow and streamflow-depletion constraints.
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8.8.2 Time Series Models
This section is courtesy of Ivana Gabric, School of Civil Engineering, University of Split, Split,
Croatia, and Neven Kresic.

A time series, a common term in hydrologic studies, is a series of a time-dependent hy-
drologic variable such as the flow rate in a surface stream or at a spring. When analyzing
a time series, one deals with a limited amount of recorded data—a sample. This sample,
regardless of its size, consists of a limited number of realizations of the same hydrologic
process. All possible realizations of that process constitute a population. The goal of most
hydrologic and hydrogeologic studies is to understand and quantitatively describe the
population, as well as the process that generates it, based on a limited number of samples
(actual field measurements of limited duration).

A time series can be continuous (such as the flow rate in a perennial stream) or
discrete (such as daily precipitation). For practical and computational purposes, most
continuous time series are converted into discrete time series by introducing the recording
(or modeling) time interval such as 1 day, 1 week, 1 month. When a time series is described
with statistical and probabilistic parameters, it represents a probability of occurrence
(realization) of one of its possible stages. A good example is a time series of monthly
precipitation at a certain location in a moderate climate. Our long-term experience can
tell us that, for example, April through June is the wet period, and July through September
is the dry period of the year. Accordingly, it can be expected, with a high probability, that
in the near future (say, next year), these two periods will again last about the same time.
However, no one can state with 100 percent accuracy that this will indeed happen (for
example, June may be an unusually dry month next year) because it is impossible to
accurately predict the annual or monthly amount of precipitation using some physical
laws of nature. One can only apply tools of statistics and make predictions about the
future using probabilistic models based on past data. A time series studied in this way
is called a stochastic time series. In contrast, the stage of a deterministic process at time
t is defined with certainty knowing its stage at some earlier time t0. In other words, a
deterministic process is described with physical laws rather than laws of probability.
An example is the flow of groundwater from point A to point B when described with
equations such as the Dupuit equation, the Laplace equation or the Theis equation, to
name just a few. Quantitative hydrogeology is based on the physical laws of groundwater
flow as are the traditional numeric models presented earlier.

Strictly speaking, most time series in hydrologic and hydrogeologic studies are
stochastic since they depend on at least one random variable, with precipitation often
being the most important one. This also means that the result of a deterministic calcula-
tion, such as the drawdown in a well after 1 year of pumping, although given explicitly
is actually just more or less probable.

In general, a time series has the following five components, all of which may or may
not be present (adapted from McCuen and Snyder, 1986):

� Trend, which is a tendency to increase or decrease continuously for an extended
period of time in a systematic manner. This component can often be described
by fitting a functional form such as a line or polynomial. The coefficients of the
equation are commonly evaluated using regression analysis. The trend is also
referred to as a deterministic component even though its physical explanation
may not always be clear.
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� Periodicity, which is very common in hydrologic time series: annual and seasonal
periodicity of precipitation, temperature, flows. The period(s) in time series can
be identified using a moving-average analysis, an autocorrelation analysis, or
a spectral analysis, after which it is described by one or more trigonometric
functions.

� Cycle, which occurs with an irregular period and is hard to detect (for example,
hydrometeorological time series are thought to be influenced by sunspot activity
which has an irregular period).

� Episodic variation, which results from extremely rare or one-time events such as
hurricanes. Identification of this component requires supplementary informa-
tion.

� Random fluctuations, which are often a dominant source of the variation in time
series and are the main target of a probabilistic identification.

Stochastic models describe time series formally and do not consider their physical
nature. Simply stated, they statistically (mathematically) analyze the past of the time
series, as system input, and then predict the present or the future as the system output.
They can also analyze the past of one time series and use it to predict the present and future
of some other time-dependent series proven to be correlated with first one. Stochastic
models can also combine several inputs and give one or several outputs. Examples would
be a model that predicts water table elevation based on its position in the past, a model
that predicts water table based on its own past and the antecedent precipitation, or a
model that includes past stages of a nearby river as well.

Two main applications of the time series models are the generation of synthetic
samples, and forecasting of hydrologic events. Generated time series, which are sta-
tistically indistinguishable from historic time series, serve as input to the analysis
of complex water resources systems. They can also be used to provide a probabilis-
tic framework for analyses and design. Generated series show many possible hydro-
logic conditions that do not explicitly appear in the historic record. Consequently, us-
ing synthetic time series, different designs and operational schemes can be tested un-
der many different conditions contained in these time series. Forecasted data from
known historic observations can help in evaluating options for a real-time system
operation.

Time series modeling originated from different scientific fields, but it has subse-
quently become very important in stochastic hydrology and the applications of generated
time series are numerous. Development of stochastic modeling in hydrology began at the
beginning of 1960s when time series analyses of hydrologic phenomena was extended
to the synthetic generation of streamflow by using a table of normal random numbers.
Thomas and Fiering (1962) were the first to propose a first-order Markov model to gen-
erate streamflow data. The classic book on time series analysis by Box and Jenkins (1976)
presents the foundation of hydrologic stochastic modeling.

The general form of an input-output stochastic model of a discrete time series (or a
continuous time series transformed into a discrete one) with the same recording time
interval is

yt = f (xt, xt−1, xt−2, . . . ; yt−1, yt−2, . . . ; θ1, θ2, . . .) + εt (8.8)
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where f = selected mathematical function
yt = predicted output at time t

yt−1, yt−2 . . . = successive members of the output time series recorded at
corresponding time intervals t – 1 and t − 2

xt, xt−1, tt−2 . . . = successive members of the input time series recorded at time
intervals t, t – 1, t – 2

θ1, θ2, . . . = model parameters found by mathematically minimizing the
differences between estimated (calculated) and observed yt

values
εt = model error (residual) given as the difference between the

calculated and the recorded value of the output series at time t

Stochastic modeling generally follows the approach proposed by Box and Jenkins
(1976), who introduced autoregressive moving average (ARMA) models. The mathe-
matical formulation of ARMA models is

zt =
p∑

j=1

φ j zt− j +
q∑

j=0

θ jεt− j + εt

where zt = time-dependent series with mean zero and variance one
θ1 . . . θp = time varying autoregressive coefficients
θ0 . . . θq = time varying moving average coefficients

εt = an independent normal variable

Time series models used to generate synthetic time series can be classified into au-
toregressive models (AR(p)), moving average models (MA(q )), and their combination,
autoregressive moving average (ARMA(p, q )) with variations such as autoregressive in-
tegrated moving average models ARIMA (p, d, q ) and others, where p and q are the
orders of autoregressive and moving average terms, respectively, and d is the differen-
tiation order. An autoregressive model estimate values for the dependent variable Zt as
a regression function of previous values Zt−1, Zt−2, . . . , Zt−n. A moving average model
is conceptually a linear regression of the current value of the series against the white
noise or random shocks of one or more prior values of the series. Pure autoregressive
(AR) model, commonly called Thomas-Fiering model, have been extensively applied in
hydrology for modeling annual and periodic hydrologic time series. Because the par-
simony (“the less the better”) in the number of parameters is very desirable (since the
parameters are estimated from data), the second order of these models is usually the
highest lag necessary in representing hydrologic time series. A parsimonious model can
be achieved using a mixed ARMA model as combination of a moving average process
and an autoregressive process rather than a pure AR or MA model. Therefore, low-order
ARIMA models have been widely used in hydrological practice (Salas et al. 1982; Padilla
et al. 1996; Montanari et al. 2000).

An important aspect of stochastic modeling is the problem of nonstationarity in hy-
drologic time series. Stationarity is usually assumed when modeling annual time series.
When dealing with monthly or weekly time-series, seasonal nonstationarity is present
and it may be necessary to use a model that has seasonally varying properties. Signifi-
cant contributions in developing periodic models were made by Hirsch (1979) and Salas
et al. (1985). For modeling seasonal time series two approaches can be used. The first
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is a direct approach in which a model with periodic parameters is fitted directly to the
seasonal flows. This method requires a considerable number of years of data. The num-
ber of coefficients involved can be very large. If available historical data are limited, the
parameters are poorly estimated. Consequently, the main problem of all seasonal models
with time varying coefficients is the lack of parsimony. The second approach is decom-
position (“disaggregation”) in which the seasonal flows are generated at two or more
levels. For instance, the first level is modeling and generating annual flows and the sec-
ond level is their decomposition into seasonal flows based on a linear model. However,
if the autocorrelation structure of a historical time series shows a significant periodicity,
then seasonal models that explicitly incorporate a periodic structure must be used. If the
seasonality of time series under consideration is in the mean and the variance, then such
seasonality can be removed by simple seasonal standardization, and a stationary model
can be applied. Another peculiarity of hydrologic processes is the skewed distribution
functions observed in most cases. Therefore, attempts have been made to adapt standard
models to enable treatment of skewness (Bras and Rodriguez-Iturbe, 1994).

A generalized framework for a time series model development consist of three phases:
(1) identification, (2) parameter estimation, and (3) verification/diagnostic checking.
Model identification is not a standardized, automated procedure but it is rather heuristic.
The usual approach is an iterative trial-and-error procedure. The first step is to investigate
if the time series data is stationary and if there is any significant seasonality that needs
to be modeled. A visual inspection of the time plot of the historic times series can help
in deciding between seasonal and nonseasonal models, whether local differentiation is
needed to produce stationarity, and to get a general feeling about the order of possible
models. A further identification process is to examine the shapes of autocorrelation and
the partial autocorrelation functions of the historic time series. To allow for the possible
identification errors, a set of several models with a close structure are considered. It is
advisable to always select the simplest acceptable model.

When the model order is selected, the estimation of parameters follows. The param-
eters are estimated from recorded data by either a method of moments or by methods
of maximum likelihood. The final stage of modeling is verification as to what extent the
selected historic statistics are reproduced by the model and to prove the adequacy of
the model. The verification involves a check of possible overfitting (the confidence limits
of the parameters), and a check of randomness of the residuals (the ACF function for
the residuals resulting from a good ARIMA model should have statistically insignificant
autocorrelation coefficients). Sometimes a sufficient objective for simulation purposes,
and adequate for short term forecasting, is to preserve the first- and second-order mo-
ments of the time series. When comparing several possible models, the one with the best
goodness of fit is selected based on the minimum Akaike Information Criterion (AIC)
(Akaike, 1974).

When the selected mathematical function f in Eq. (8.8) ignores any physical laws
that govern the transformation of input(s) into output(s), the model is a pure stochastic
one. If, in any form, the mathematical function incorporates physical laws, the model
is called a stochastic-conceptual model. The knowledge of various physical processes
and relationships related to the system of interest is invaluable and provides the phys-
ical background for stochastic modeling (Klemes, 1978; Vecchia et al., 1983; Koch, 1985;
Salas and Obeysekera, 1992; Knotteres and Bierkens, 2000; Lee and Lee, 2000). It is al-
ways preferable to conduct detailed structural and physical analyses of the hydrologic
processes involved before performing stochastic modeling.
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There are many possible uses of time series models. Typical applications of gener-
ated time series in surface water engineering are reservoir design, risk and reliability
assessment, planning of hydropower production, and flood and drought hazard analy-
sis. In groundwater studies, stochastic models can be used to analyze and forecast the
hydraulic head fluctuations, fill-in data gaps, and detect and quantify trends. (Hous-
ton, 1983; Padilla et al., 1996; Ahn, 2000; Knotteres and Bierkens, 2000; Birkens et al.,
2001; Kim et al., 2005). Particularly common are time series models of groundwater level
fluctuation. They use groundwater level observations and incorporate factors that influ-
ence groundwater level, such as precipitation, evapotranspiration, and anthropogenic
hydrologic disturbances.

A very important factor that limits wider use of stochastic models in hydrogeology
is the lack of recorded data. Since these models are based on statistical and probabilistic
calculations, very short time series do not allow for meaningful derivation of model
parameters. Groundwater levels measured for a couple of years on a quarterly basis
are obviously not good candidates for stochastic modeling. On the other hand, if an
appropriate amount of data is available, every attempt should be made to develop one
or several stochastic models of the input-output type. This is mainly because the process
of building even the simplest stochastic model reveals a great deal of information on the
possible structure(s) of the system, and connections between various hydrologic variables
(Kresic, 1995, 1997).

Case Study: Jadro Spring, the City of Split, Croatia
The information presented in this case study is courtesy of Ivana Gabric, School of Civil Engi-
neering, University of Split, Split, Croatia.

The following example illustrated with Figs. 8.49 through 8.51 shows the application
of synthetic hydrologic time series in karst water resources management. Jadro karst
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FIGURE 8.49 Building steps of the stochastic time series model of daily turbidity at Jadro karst
spring. (Figure courtesy of Ivana Gabric, University of Split.)
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FIGURE 8.50 Maximum values of generated turbidity at Jadro spring versus number and length of
generated time series. (Courtesy of Ivana Gabric, University of Split.)

spring (see Fig. 2.102 in Chap. 2), with an average discharge rate of 9.82 m3/s, provides
water supply for the city of Split and its 270,000 inhabitants. The main characteristic of
the spring discharge are its large fluctuations in response to precipitation. During high
discharge rates, there is more intense washing of the soil and sediment accumulated in
the subsurface, resulting in sudden, short-lived changes in water quality. Consequently,
the spring water is characterized by the occasional occurrence of high turbidity exceeding
allowable standards. Turbidity is the key problem in water quality management of this
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FIGURE 8.51 Box-whisker diagram of generated daily values of turbidity, without extremes and
outliers. (Courtesy of Ivana Gabric, University of Split.)
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spring as well as many other karst springs. For management purposes, it is important
to know the nature of the turbidity and predict its occurrence as early as possible, be-
cause elevated turbidity is often associated with high bacteria counts indicating possible
contamination. An accurate prediction of elevated turbidity can help optimize sampling
strategies. In the case of Jadro spring, the turbidity monitoring was not systematic, leav-
ing insufficient information for a reliable water supply system management. A stochastic
time-series modeling can therefore provide for a more comprehensive understanding of
the turbidity, using available short-term measurements of the turbidity and long-term
recording of the spring discharge (Margeta and Fistanic, 2004; Rubinic and Fistanic, 2005).

Time series analyses of discharge and turbidity showed that the turbidity is higher
during the first large rainfall following a dry period. Similar discharge rates following
the first rainy period produce generally lower turbidities. Consequently, a reliable prog-
nosis of turbidity can be carried out using different regression functions of discharge
and turbidity for different parts of the year. A stochastic model was built based on
3 years of daily measurements of turbidity and discharge, and 28 years of daily dis-
charge measurements, as illustrated in Figure 8.49.

Block A presents identification, estimation, and verification phases of the Jadro spring
stochastic modeling. Synthetic time series of monthly spring discharge were generated
using a Thomas-Fiering AR(2) model with constant coefficients, which provided the
best preservation of historic statistical characteristics of the spring discharge—seasonal
means, variances, and correlations of the processes. Block B describes the procedure of
the turbidity time series generation. Based on the functional dependence between daily
turbidity and discharge, the generated time series of the average monthly discharge (box
A) are used to generate up to 100 time series of the average monthly turbidity. The time
series of maximum daily turbidity are then generated using the time series of the average
monthly turbidity.

Figure 8.50 shows the maximum daily values of the generated turbidity at Jadro
spring as a function of the number and length of the generated time series. The analysis
of the high turbidity occurrences indicates that their seasonal behavior is preserved in the
model as shown in Fig. 8.51. The highest average, as well as maximum turbidity values,
usually appear during late autumn months, when rainfall after long summer droughts
mobilizes deposited sediment and brings it into the karst underground.

8.9 Artificial Aquifer Recharge
The following example illustrates why artificial aquifer recharge is gaining importance in
integrated water resources management. The California Department of Water Resources
(DWR) in its 2003 update on water supplies in the state and various related issues, stated
that

The extent to which climate will change and the impact of that change are both unknown. A reduced
snowpack, coupled with increased seasonal rainfall and earlier snowmelt may require a change in
the operating procedures for existing dams and conveyance facilities. Furthermore, these changes
may require more active development of successful conjunctive management programs in which the
aquifers are more effectively used as storage facilities. Water managers might want to evaluate their
systems to better understand the existing snowpack-surface water-groundwater relationship, and
identify opportunities that may exist to optimize groundwater and other storage capability under a
new hydrologic regime that may result from climate change. If more water was stored in aquifers or
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in new or re-tooled surface storage, the additional water could be used to meet water demands when
the surface water supply was not adequate because of reduced snowmelt. (DWR, 2003).

The advantages of storing water underground as opposed to surface water reservoirs
(see Chap. 7) are often made clear during long periods of drought. For example, since the
1987–1992 droughts in California, there has been an expansion in groundwater recharge
and storage capacity in the state. Figure 8.52 shows some of the larger recharge projects in
California. New projects, such as those operated by SWSD, Arvin-Edison Water Storage
District, Kern Water Bank Authority, MWA, and Calleguas Municipal Water District, rely
either wholly or in part on recharge supplies exported from the Sacramento River delta
(the Delta). Operations of the projects are subject to the Delta export restrictions as well
as to the availability of conveyance capacity (GADPP, 2000).

Although the main purpose of artificial aquifer recharge is to store water underground
for its later use, another aspect of artificial recharge is protection of existing groundwater

FIGURE 8.52 Examples of larger California groundwater storage projects. (Modified from GADPP,
2000.)
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from negative impacts such as the migration of contaminant plumes. This is achieved by
injecting water into the saturated zone and creating areas of higher hydraulic heads thus
changing the direction of the natural groundwater flow. Such areas are called hydraulic
barriers. Depending on the scale of the contamination problem, aquifer recharge for this
purpose may consist of one or two injection wells, or it may involve “many” wells and
extensive pipelines for the transfer of water to be injected into the aquifer(s).

One example of large-scale aquifer recharge for groundwater protection purposes is
the proposed Salinas Valley project. Located 100 mi south of San Francisco, the Salinas
Valley supports a major portion of California’s, and the nation’s vegetable production (it
is often called the “Salad Bowl of the World”). Virtually all the water used for municipal,
industrial, and agricultural purposes is groundwater. Over the years, saltwater has in-
truded into valley aquifers because of excessive pumping and denied aquifer recharge.
As of 2005, seawater had moved inland 6.5 mi in the Pressure 180-Foot Aquifer, and 3 mi
in the Pressure 400-Foot Aquifer. This seawater intrusion has resulted in the degradation
of groundwater supplies, reduction of crop yield, and abandonment of numerous urban
and agricultural supply wells. The seriousness of these effects has generated the need for
a combination of solutions, which fall into three general categories: (1) reduction in the
amount of groundwater consumed, (2) increase of aquifer recharge, and (3) finding addi-
tional sources of water. One proposed solution is a 30,000 acre-ft/yr water recycling plant
to recycle wastewater and a 45-mi long pipeline and well project to use recycled water
on crops, reduce groundwater pumping, increase aquifer recharge, and stop seawater
intrusion (USEPA, 1999; Federal Register, 2000; MCWRA, 2007).

The following discussion by Meinzer (1932) shows that early considerations and
implementations of artificial aquifer recharge in the United States were made as early as
at the beginning of the twentieth century:

Artificial recharge can be accomplished in some places by draining surface water into wells, spreading
it over tracts underlain by permeable material, temporarily storing it in leaky reservoirs from which it
may percolate to the water table, or storing it in relatively tight reservoirs from which it is released as
fast as it can seep into the stream bed below the reservoir. Artificial recharge by some of these methods
has been practiced in the United States and other countries. It was suggested by Hilgard in 1902 for
southern California, where it has since received considerable investigation and has been adopted as
a conservation measure. Drainage into wells has been practiced in many parts of the United States,
chiefly to reclaim swampy land or to dispose of sewage and other wastes. The drainage of sewage or
other wastes into wells can not be approved because it may produce dangerous pollution of water
supplies. Drainage of surface water into wells to increase the ground-water supply for rice irrigation in
Arkansas is now under consideration. Water spreading has been practiced to a considerable extent in
southern California partly to decrease the effects of flood but largely to increase the supply of ground
water. Storage in ordinary reservoirs and subsequent release has frequently been considered and the
unavoidable leakage of some reservoirs has been used to increase the ground-water supply. Artificial
recharge by damming stream channels in the permeable lava rocks of the Hawaiian Islands has been
considered. In ground-water investigations that involve the question of safe yield attention should as
a matter of course be given to the possibilities of artificial recharge.

Two terms have gained popularity in describing the concept of artificial aquifer
recharge: (1) managed aquifer recharge (MAR) as a more general description for a variety
of engineering solutions and (2) aquifer storage and recovery (ASR), which describes
injection and extraction of potable water with dual-purpose wells. Artificial aquifer
recharge should not be confused with induced aquifer recharge, which is a response
of the surface water system to groundwater withdrawal as discussed in Chap. 7 on
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collector wells. Sometimes the induced recharge is referred to as indirect artificial aquifer
recharge. Many groundwater supply systems in alluvial aquifers near large streams are
intentionally designed to induce aquifer recharge for two main reasons: (1) increased
capacity and (2) filtration of the river water en route to the supply well, which improves
water quality.

Two main types of systems take advantage of close hydraulic connection between
surface streams and groundwater: (1) riverbank filtration and (2) dune filtration sys-
tems. The surface water can be infiltrated into the groundwater zone through the river-
bank, percolation from spreading basins, canals, lakes, or percolation from drain fields
of porous pipe. In all these cases, the river water may be diverted by gravity or pumped
to the recharge site. The water then travels through an aquifer to extraction wells at
some distance from the riverbank (or recharge site). In some cases, the residence time
underground is only 20 to 30 days, and there is almost no dilution by natural ground-
water (Sontheimer, 1980). In Germany, systems that do not meet a minimum residence
time of 50 days are required to have posttreatment of the recovered water and simi-
lar guidelines are applied in the Netherlands. In the Netherlands, dune infiltration of
treated Rhine River water has been used to restore the equilibrium between freshwa-
ter and saltwater in the dunes (Piet and Zoeteman, 1980; Olsthoorn and Mosch, 2002),
while serving to improve water quality and provide storage for potable water systems.
Dune infiltration also provides protection from accidental spills of toxic contaminants
into the Rhine River. Some systems have been in place for over 100 years, and there is
no evidence that the performance of the system has deteriorated or that contaminants
have accumulated. The city of Berlin has greater than 25 percent reclaimed water in
its drinking water supply, and no disinfection is practiced after bank filtration (USEPA,
2004).

The important factors that have to be considered for any scheme of artificial aquifer
recharge are as follows:

� Regulatory requirements.
� The availability of an adequate source of recharge water of suitable chemical and

physical quality.
� Geochemical compatibility between recharge water and the existing groundwa-

ter (e.g., possible carbonate precipitation, iron hydroxide formation, mobilization
of trace elements).

� The hydrogeologic properties of the porous media (soil and aquifer) must facil-
itate desirable infiltration rates and allow direct aquifer recharge. For example,
existence of extensive low permeable clays in the unsaturated (vadose) zone may
exclude a potential recharge site from future consideration.

� The water-bearing deposits must be able to store the recharged water in a reason-
able amount of time, and allow its lateral movement toward extraction locations
at acceptable rates. In other words, the specific yield (storage) and the hydraulic
conductivity of the aquifer porous media must be adequate.

� Presence of fine-grained sediments may have an advantage of improving the
quality of recharged water due to their high filtration and sorption capacities.
Other geochemical reactions in the vadose zone below recharge facilities may
also influence water quality.
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� Engineering solution should be designed to facilitate efficient recharge when
there is an available surplus of water, and efficient recovery when the water is
most needed.

� The proposed solution must be cost-efficient, environmentally sound, and com-
petitive to other water resource development options.

Aquifers that can store large quantities of water and do not transmit them away
quickly are best suited for artificial recharge. For example, karst aquifers may accept
large quantities of recharged water but in some cases tend to transmit them very quickly
away from the recharge area. This may still be beneficial for the overall balance of the
system and the availability of groundwater downgradient from the immediate recharge
sites, as illustrated with examples from the Edwards Aquifer in Texas (discussed later
in this chapter). Alluvial aquifers are usually the most suited to storage because of the
generally shallow water table and vicinity to source water (surface stream). Sandstone
aquifers are in many cases very good candidates due to their high storage capacity and
moderate hydraulic conductivity.

8.9.1 Methods of Artificial Aquifer Recharge
Three common methods of artificial aquifer recharge are (1) spreading water over the land
surface, (2) delivering it to the unsaturated zone below the land surface, and (3) injecting
water directly into the aquifer. A variety of engineering solutions and combinations of
these three methods have been used to accomplish a simple goal—deliver more water
to the aquifer (see Fig. 8.53).

Table 8.12 provides a comparison of major engineering factors that should be con-
sidered when installing a groundwater recharge system, including the availability and
cost of land for recharge basins (Fox, 1999). If such costs are excessive, the ability to im-
plement injection wells adjacent to the reclaimed water source tends to decrease the cost
of conveyance systems for injection wells. Surface spreading basins require the lowest
degree of pretreatment while direct injection systems require water quality comparable

Unconfined aquifer

Confining unit

Confined aquifer

Vadose
zone

Direct
injection well

Vadose zone
injection wellRecharge basin

Water table

Recharge
trench

FIGURE 8.53 Engineering methods for artificial aquifer recharge. (Modified from USEPA, 2004.)
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Vadose Zone Direct Injection
Recharge Basins Injection Wells Wells

Aquifer type Unconfined Unconfined Unconfined or
confined

Pretreatment
requirements

Low technology Removal of solids High technology

Estimated major
capital costs

Land and distribution
system

$25,000–75,000 per
well

$500,000–
1,500,000 per
well

Capacity 100–20,000
m3/hectare-day

1000–3,000 m3/d per
well

2000–6,000 m3/d
per well

Maintenance
requirements

Drying and scraping Drying and disinfection Disinfection and
flow reversal

Estimated life
cycle

>100 yr 5–20 yr 25–50 yr

Soil aquifer
treatment

Vadose and saturated
zones

Vadose and saturated
zones

Saturated zone

From USEPA, 2004.

TABLE 8.12 Comparison of Major Engineering Factors for Engineered Groundwater Recharge

to drinking water, if potable aquifers are affected. Low-technology treatment options for
surface spreading basins include primary and secondary wastewater treatment with the
possible use of lagoons and natural systems. RO is commonly used for direct injection
systems to prevent clogging; however, some aquifer storage and recovery (ASR) sys-
tems have been operating successfully without membrane treatment when water was
stored for irrigation. The cost of direct injection systems can be greatly reduced from the
numbers presented in Table 8.12 if the aquifer is shallow and nonpotable (USEPA, 2004).

Spreading Structures and Trenches
Artificial recharge by spreading is the most common technique of artificial aquifer
recharge. Recharge is accomplished by spreading water over the ground surface or by
conveying the raw water to infiltration basins and ditches. The operational efficiency of
the spreading depends on the following factors (modified from Pereira et al., 2002):

� Presence of sufficiently pervious layers between the ground surface and the water
table (aquifer)

� Enough thickness and storage capacity of the unsaturated layers above the water
table

� Appropriate transmissivity of the aquifer horizons
� Surface water without excessive particulate matter (low turbidity) to avoid clog-

ging

The quantity of water that can enter the aquifer from spreading grounds depends on
three basic factors:
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FIGURE 8.54 Tonopah Recharge Site, Central Arizona Project. (Photograph courtesy of Philip
Fortnam, Central Arizona Project).

� The infiltration rate at which the water enters the subsurface
� The percolation rate, i.e., the rate at which water can move downward through

the unsaturated zone until it reaches the water table (saturated zone)
� The capacity for horizontal movement of water in the aquifer, which depends on

the hydraulic conductivity and thickness of the saturated zone

The infiltration rate tends to reduce over time due to the clogging of soil pores by
sediments carried in the raw water, growth of algae, colloidal swelling, soil dispersion,
and microbial activity. A spreading basin is constructed with a flat bottom that is cov-
ered evenly by shallow water. This requires the availability of large surfaces of land for
meaningful size recharge works. Several basins may be arranged in line so that excess
water runs between the basins (Fig. 8.54). Retaining basins may be used for settlement of
suspended sediments before water enters the spreading basins. The settling of sediments
may also be assisted with the addition of coagulation agents. In addition to clogging,
another major disadvantage of shallow infiltration basins is evaporation loss, which may
be rather significant in the case of lower infiltration rates, caused either by low-permeable
natural soils or clogging. Proper operations and regular maintenance of infiltration basins
are therefore very important for the overall efficiency of spreading grounds and infiltra-
tion basins.

Though management techniques are site-specific and vary accordingly, some com-
mon principles of maintenance are practiced in most infiltration basins. A wetting and
drying cycle with periodic cleaning of the bottom is used to prevent clogging. Drying
cycles allow for desiccation of clogging layers and reaeration of the soil. This practice
helps to maintain high infiltration rates, and microbial populations to consume organic
matter, and helps reduce levels of microbiological constituents. Reaeration of the soil
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also promotes nitrification, which is a prerequisite for nitrogen removal by denitrifica-
tion. Periodic maintenance by cleaning of the bottom may be done by deep ripping of the
soils or by scraping the top layer of soil. Deep ripping sometimes causes fines to migrate
to deeper levels where a deep clogging layer may develop (USEPA, 2004). The Orange
County Water District in California has developed a device for continuous removal of
clogging materials during a flooding cycle.

Spreading grounds can be managed to avoid nuisance conditions such as algae
growth and insect breeding in the percolation ponds. Generally, a number of basins are
rotated through filling, draining, and drying cycles. Cycle length is dependent on both
soil conditions and the distance to the groundwater table. This is determined through
field-testing on a case-by-case basis. Algae can clog the bottom of basins and reduce infil-
tration rates. Algae further aggravate soil clogging by removing carbon dioxide, which
raises the pH, causing precipitation of calcium carbonate. Reducing the detention time of
the recharge water within the basins minimizes algal growth, particularly during sum-
mer periods where solar intensity and temperature increase algal growth rates. The levels
of nutrients necessary to stimulate algal growth are too low for practical consideration of
nutrient removal as a method to control algae. Also, scarifying, rototilling, or discing the
soil following the drying cycle can help alleviate clogging potential, although scraping
or “shaving” the bottom to remove the clogging layer is more effective than discing it
(USEPA, 2004).

Variations of the spreading ground technique consist of the use of trenches that are
often easier to handle and for which clogging is a lesser problem since a major part of
the sediment is carried out of the ditches by the slow-flowing water (Pereira et al., 2002).
The main advantage of recharge trenches is that they are relatively inexpensive, and
generally have higher infiltration rates per area than recharge basins because water also
infiltrates through the trench sides. The disadvantage is that they eventually do clog up
at their infiltrating surface because of accumulation of suspended soils and/or biomass.
This, however, is the matter of maintenance where trenches may offer greater flexibility
over basins in terms of taking them off line individually to minimize interruptions to the
recharge operations.

Dams
Widely applied artificial recharge structures are floodwater retention dams, the purpose
of which is to delay the runoff of water in surface streams and provide the time needed
for recharge into the local aquifer. The structures usually consist of low dams, including
earth walls and gabions built to be toppled by floods. For example, a number of such
dams have been built in the Edwards Aquifer recharge zone (Fig. 8.55) and more are in
various planning phases. The Edwards aquifer is the principal source of water supply
for the city of San Antonio, as well as numerous other communities and agricultural
interests throughout south-central Texas. The aquifer also supplies Leona, San Pedro, San
Antonio, Comal, and San Marcos Springs, creating unique environments and recreational
opportunities while providing baseflow to the Leona, San Antonio, Guadalupe, and San
Marcos Rivers. Over the past several decades, increasing water demands on the Edwards
Aquifer have raised concerns about the ability of the aquifer to meet these demands
without causing social, economic, and environmental problems. Estimated benefits of
the proposed four new recharge projects are additional pumpage of 21,440 acre-ft/yr
(approximately 26.4 billion m3/yr) from the aquifer, additional springflows of 15,240
acft/yr, and additional aquifer storage (in initial years), and then additional springflows
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FIGURE 8.55 Principle of artificial recharge of Edwards Aquifer with recharge dams. (Figure
Courtesy of Nueces River Authority, 2007, and HDR Engineering, Inc).

of 11,320 acre-ft/yr. In the Uvalde County, the additional artificial recharge would raise
aquifer levels 11 ft on average, and result in 25 percent reductions in time the County is in
drought management conditions (Nueces River Authority, 2007, from HDR Engineering,
Inc.).

Wells
Vadose zone injection wells for groundwater recharge with reclaimed water were devel-
oped in the 1990s and have been used in several different locations in the Phoenix, AZ,
metropolitan area. Typical vadose zone injection wells are 6 ft (2 m) in diameter and 100
to 150 ft (30 to 46 m) deep. They are backfilled with porous media and a riser pipe is used
to allow for water to enter at the bottom of the injection well to prevent air entrainment.
An advantage of vadose zone injection wells is the significant cost savings as compared
to direct injection wells. The infiltration rates per well are often similar to direct injec-
tion wells. A significant disadvantage is that they cannot be backwashed and a severely
clogged well can be permanently destroyed. Therefore, reliable pretreatment is consid-
ered essential to maintaining the performance of a vadose zone injection well. Because of
the considerable cost savings associated with vadose zone injection wells as compared
to direct injection wells, a life cycle of 5 years for a vadose injection well can still make
the vadose zone injection well the economical choice. Since vadose zone injection wells
allow for percolation of water through the vadose zone and flow in the saturated zone,
one would expect water quality improvements commonly associated with soil aquifer
treatment to be possible (USEPA, 2004; Bouwer, 2002).

The advantage of the saturated-zone injection wells is that they can be used to recharge
any type of aquifer, at any depth, thus eliminating problems associated with low perme-
able surficial soils and low-permeable layers in general. Direct injection requires water of
higher quality than for surface spreading because of the absence of vadose zone and/or
shallow soil matrix treatment afforded by surface spreading and the need to maintain
the hydraulic capacity of the injection wells, which are prone to physical, biological, and
chemical clogging. Treatment processes beyond secondary treatment that are used prior
to injection include disinfection, filtration, air stripping, ion exchange, granular activated
carbon, and RO or other membrane separation processes. By using these processes or
various subsets in appropriate combinations, it is possible to satisfy all present water
quality requirements for water injection, including with reclaimed water. However, even
when such high quality water is used for recharge, trouble-free operations cannot be
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guaranteed for longer periods of well operation due to various geochemical and me-
chanical processes, which tend to clog well screens and reduce permeability of the well
gravel pack and adjacent aquifer material. A common practice is to inject water via
dual-purpose wells, which are used to occasionally pump water back from the aquifer
thus removing screen-clogging materials (“backwashing”). The most frequent causes
of clogging are accumulation of organic and inorganic solids, biological and chemical
contaminants, and dissolved air and gases from turbulence. Very low concentrations of
suspended solids, on the order of 1 mg/L, can clog an injection well. Even low concen-
trations of organic contaminants can cause clogging due to bacteriological growth near
the point of injection (USEPA, 2004).

In many cases, the wells used for injection and recovery are classified by the USEPA
as Class V injection wells. Some states require that the injected water must meet drinking
water standards prior to injection into a Class V well.

For both surface spreading and direct injection, locating the extraction wells as great
a distance as possible from the recharge site increases the flow path length and residence
time in the underground, as well as the mixing of the recharged water with the natural
groundwater. Treatment of organic parameters does occur in the groundwater system
with time, especially in aerobic or anoxic conditions (Gordon et al., 2002; Toze and Hanna,
2002).

Case Study: Central Arizona Project (Cap)
The information presented in this case study is courtesy of Crystal Thompson, Central Arizona
Project, Phoenix, Arizona; http://www.cap-az.com/.

Today, more than 5 million people call Arizona home and this number is expected
to exceed 8 million in less than 20 years. Arizonans use almost 8 million acre-ft of water
every year and water resource leaders use a variety of tools to preserve and protect the
state’s water supplies. Arizona’s water supplies are provided by three primary sources:
surface water, groundwater, and used water. Use of groundwater is highly regulated by
state law but continues to be relied upon for irrigation, municipal, and domestic uses.

Central Arizona Project (CAP) developed a recharge program more than a decade
ago and it has been instrumental in helping protect groundwater supplies. CAP is a
336-mi-long system that brings more than 1.5 million acre-ft of Colorado River water
to customers in the central and southern area of the state. CAP delivers water to cities
for drinking, agricultural, and Native-American communities for farming, and recharge
projects where it is stored underground for future use.

For more than 10 years, CAP has been building, maintaining, and operating numer-
ous recharge projects so it can store Colorado River water underground for recovery
during periods with water shortages. In addition to replenishing Arizona’s depleted
groundwater supplies, CAP’s recharge program is helping to diminish the impacts of
groundwater overdraft, including subsidence; improving water quality by natural fil-
tration; and firming Arizona’s water supply by providing a “reserve” of water to be
recovered during prolonged droughts.

CAP currently maintains six recharge projects: Avra Valley, Pima Mine Road, Lower
Santa Cruz, Agua Fria, Hieroglyphic Mountains, and Tonopah Desert. CAP’s recharge
projects are remotely monitored and controlled at the CAP Control Center located in
Phoenix. Following are the main characteristics of the six recharge projects (note that
1000 acre-ft equals approximately 1.23 million m3):

http://www.cap-az.com/
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� The Avra Valley Recharge Project was built in 1996 and incorporates four recharge
basins covering 11 acres. It is permitted to store 11,000 acre-ft of water per year.

� The Pima Mine Road Recharge Project is located on the Santa Cruz River flood
plain. It was constructed in 1999 and provides a maximum permitted recharge
capacity of 30,000 acre-ft/yr.

� In 2000, the Lower Santa Cruz Recharge Project was built in conjunction with
a flood control levee along the Santa Cruz River. The facility has three basins
covering more than 30 acres and has a permitted recharge capacity of 50,000
acre-ft/yr.

� The Agua Fria Recharge Project was completed in 2001 and has two operational
components: a 4-mi river section used for in-channel recharge and conveyance of
CAP water downstream to a constructed recharge facility incorporating 7 basins.
Together the facilities have a combined permitted recharge capacity of 100,000
acre-ft of water per year.

� The Hieroglyphic Mountains Recharge Project began operating in January of
2003. The project is permitted to recharge 35,000 acre-ft/yr. It consists of seven
basins that cover approximately 38 acres.

� Construction of the Tonopah Desert Recharge Project (Fig. 8.56; see also Fig. 8.54)
began in August 2004 and was completed in January 2006. It has a total of 19
basins covering 207 acres and is designed to store 150,000 acre-ft/yr.

FIGURE 8.56 Delivery of recharge water to one of the basins at the Tonopah Desert Recharge
Project. (Photograph courtesy of Philip Fortnam, Central Arizona Project.)
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� An additional underground storage project is currently in the design and per-
mitting phase: Superstition Mountains is designed to provide 56,500 acre-ft of
storage capacity per year.

Central Arizona Project understands the vital role groundwater plays in maintain-
ing the quality of life enjoyed by Arizonans. Through ongoing cooperative efforts with
strategic partners including the Arizona Water Banking Authority, CAP is helping to
ensure the state’s water supply is protected against future shortages.

8.9.2 Aquifer Storage and Recovery
ASR has been widely applied in the coastal areas of the eastern United States, particularly
in Florida, where population growth and demand for water resources are of great con-
cern. Figure 8.57 illustrates the basic principle of ASR: potable water is injected (stored)
into a portion of aquifer with brackish, nonpotable water during periods of low water
demand and/or high water availability, and then extracted (recovered) during periods
of increased demand. The success of such systems is measured by recovery efficiency,
expressed as percentage of the potable water meeting a preset criterion (e.g., chloride
concentration less than 250 mg/L) that can be recovered relative to the quantity injected,
over one full cycle that includes injection, storage, and recovery. Recovery efficiency in
most cases increase with the number of full cycles since more of the injected potable water
remains in the aquifer after each cycle. Recovery of the stored water is dependent upon
the effective placement of a relatively stable, thick lens or bubble of low-density recharge
water during the injection phase. To form this lens, enough water must be injected to
displace a large volume of saline water, the mixing of the injected and native waters must
not be significant, and confinement must be sufficiently tight to prevent rapid vertical
migration of the less dense recharged water (Rosenshein and Hickey, 1977, from Yobbi,
1997).

Confining Unit

ASR Well

AquiferFlushed
Zone

Mixing
Zone

Native
Water

Confining Unit

FIGURE 8.57 Aquifer storage and recovery well in a confined aquifer depicting idealized flushed
and mixing (transition) zones created by recharge. Flushed zone contains mostly recharged water.
(From Reese, 2002.)
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FIGURE 8.58 Electrical resistivity profiles collected in observation well CHN-809 during the
injection phase of cycle 2 of an aquifer storage and recovery study in Charleston, SC. (Modified
from Petkewich et al., 2004.)

Among various problems associated with ASR operations is the formation of lenses
and bubbles of freshwater floating on, or embedded into, the denser native water as seen
in Fig. 8.58. The lenses may have formed both because of a density contrast between
the recharge water and the native groundwater, and because of the possible presence
of different transmissive zones in the aquifer. Figures 8.59 and 8.60 show the results
of variable-density groundwater modeling which illustrate the importance of aquifer
characterization in planning ASR projects. This includes determining density differences
between native (brackish to saline) groundwater and the recharge water, as well as aquifer
heterogeneities, and then simulating various scenarios of injection and recovery to find
an optimum one.

8.9.3 Source Water Quality and Treatment
In the United States, water used for well injection is usually treated to meet drinking
water quality standards for two reasons. One is to minimize clogging of the well-aquifer
interface, and the other is to protect the quality of the water in the aquifer, especially
when it is pumped by other wells in the aquifer for potable uses. Direct injection into the
saturated zone does not have the benefits of fine-textured unsaturated soils which often
improve the quality of the recharged water in the case of recharge basins and vadose-
zone infiltration systems. Thus, whereas secondary sewage effluent can in many cases
be used in surface infiltration systems for soil-aquifer treatment and eventual potable
reuse, effluent for direct well injection must at least receive tertiary treatment (sand
filtration and chlorination). This treatment removes remaining suspended solids and
some microorganisms like giardia (protozoa), and cryptosporidium and parasites, like
helminth eggs, by filtration. Bacteria and viruses are removed by chlorination, ultra violet
irradiation, or other disinfection (Bouwer, 2002).
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(a)

(b)

(c)

No density
contrast

Small density
contrast

Large density
contrast

FIGURE 8.59 Comparison between FEFLOW numerical model results for the cases of no density,
small density, and large density contrasts. Results are given for (a) end of injection phase, (b) end
of storage phase, and (c) end of recovery phase. Each image is symmetrical about its left-hand
boundary, which represents the injection/extraction well where freshwater (in black) is injected into
the initially more saline aquifer. The effects of variable density flow are clearly visible. Increasing
the density contrast results in deviation from the standard cylindrical “bubble” most, as seen
in the no density difference case. Injected fresh water is in black. (From Simmons et al., 2007.)

a

b

FIGURE 8.60 Modeling results showing distribution of injected water (in black) after 100 days of
injection (a) and 250 days of storage (b), in an aquifer consisting of 6 even horizontal layers, with
the hydraulic conductivity varying by a ratio of 10 between high and low K layers. Note the fingering
and mixing processes. (From Simmons et al, 2007).
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Where groundwater is not used for drinking, water of lower quality can be injected
into the aquifer. For example, in Australia, stormwater runoff and treated municipal
wastewater effluent are injected into brackish aquifers to produce water for irrigation
by pumping from the same wells. Clogging is alleviated by a combination of low-cost
water treatment and well redevelopment, and groundwater quality is protected for its
declared beneficial uses (Dillon and Pavelic 1996; Dillon et al., 1997).

Turbidity of source water is often the main quality problem for all recharge facilities.
In infiltration basins and trenches, fine suspended solids tend to clog contact surfaces
and have to be regularly removed after infiltration basins and trenches are drained (in-
filtration drains with this problem cannot be efficiently rehabilitated). For this reason,
large recharge facilities often include separate settling basins. Rehabilitation of injection
well screens mechanically clogged with fine particulate matter is described in Chap. 7.

Fate of Contaminants in Recharge Systems
A very illustrative discussion on potential changes in quality of reclaimed water used
for aquifer storage and recovery, as it interacts with aquifer porous media, is given by
Clinton (2007). In this research effort, funded by Water Reuse Foundation, reclaimed
water ASR projects located in Florida, Arizona, California, Texas, Hawaii, Australia, and
Kuwait were surveyed to determine the state of the practice and screen for potential de-
tailed study sites. By observing changes in the concentrations of over 90 compounds at
four selected ASR sites with many variables, the study made a broad assessment of water
quality changes in reclaimed water ASR storage. The study was designed to investigate
the variables of aquifer characteristics, storage time, travel distance, recharge water qual-
ity, and operational history. The data support many aquifer process assumptions, such as
enhanced chemical and biological activity near ASR wells, but do not statistically support
conclusions regarding specific degradation rates for most of the constituents observed.
A large emphasis was placed on the microcontaminant portion of the study. Several
contaminants appeared in significantly higher concentrations in the recovered water
than in the recharge water. Several possible causes for these increased concentrations
were considered. The findings indicated that the most likely one were highly variable
concentrations of endocrine-disrupting compounds, pharmaceuticals, and personal care
products in reclaimed water. The concentrations measured in the recharge water were
considered low and possibly not representative of typical conditions. Additional analy-
ses indicated that the variability of input concentrations was the largest factor affecting
measured concentrations in monitoring wells and in recovered water (Clinton, 2007).

Although the degree of raw water (surface water and wastewater) treatment prior to
recharge may vary depending on the engineering solutions and applicable regulations,
various stakeholders will likely have opposing opinions since the body of scientific ev-
idence and accepted practices is still not definitive, particularly regarding disinfection
requirements. The issue of emerging contaminants (see Chap. 5), which are not regu-
lated, and often not removed by conventional drinking water or wastewater treatment
technologies, is another major point of disagreement between advocates and opponents
of artificial aquifer recharge. These contaminants include recalcitrant organic chemicals
such as 1,4-dioxane, various pharmaceuticals, endocrine disruptors (hormones), and dis-
infection by-products formed during drinking water and injection water treatment such
as trihalomethanes (THMs), chloroform, and total organic halide (TOX). Some of the dis-
infection by-product are carcinogenic and may be persistent for long periods in certain
aquifer environments (Rostad, 2002). Anders and Schroeder (2003) describe in detail a
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methodology used to investigate: (1) the fate and transport of wastewater constituents
as they travel from the point of recharge to points of withdrawal and (2) the long-term
effects that artificial recharge using tertiary-treated municipal wastewater has on the
quality of the groundwater in the Central Basin in Los Angeles County.

The most comprehensive health effects study of an existing groundwater recharge
project was carried out in Los Angeles County, CA, in response to uncertainties about the
health consequences of recharge for potable use raised by a California Consulting Panel
in 1975–76. The primary goal of the Health Effects Study was to provide information for
use by health and regulatory authorities to determine if the use of reclaimed water for
the Montebello Forebay Project should be maintained at the present level, cut back, or ex-
panded. Specific objectives were to determine if the historical level of reuse had adversely
affected groundwater quality or human health, and to estimate the relative impact of the
different replenishment sources on groundwater quality. During the course of the study,
a technical advisory committee and a peer review committee reviewed findings and in-
terpretations. The final project report was completed in March, 1984 as summarized by
Nellor et al. (1985). The results of the study did not demonstrate any measurable adverse
effects on either the area groundwater or health of the people ingesting the water.

The Rand Corporation has conducted additional health studies for the Montebello
Forebay Project as part of an ongoing effort to monitor the health of those consuming
reclaimed water in Los Angeles County (Sloss et al., 1996 and Sloss et al., 1999). These
studies looked at health outcomes for 900,000 people in the Central Groundwater Basin
who are receiving some reclaimed water in their household water supplies. These people
account for more than 10 percent of the population of Los Angeles County. To compare
health characteristics, a control area of 700,000 people that had similar demographic
and socioeconomic characteristics was selected, but did not receive reclaimed water.
The results from these studies have found that, after almost 30 years of groundwater
recharge, there is no association between reclaimed water and higher rates of cancer,
mortality, infectious disease, or adverse birth outcomes (USEPA, 2004).

One of the major concerns with any aquifer recharge project, using any type of
recharge water, is the presence of bacteria and viruses. For example, enterovirus, gi-
ardia cysts, and cryptosporidium oocysts are often more than 10 percent of time tested
positive in some treated and disinfected reclaimed water (USEPA, 2004). The survival
or retention of pathogenic microorganisms in the subsurface depends on several factors
including climate, soil composition, antagonism by soil microflora, flow rate, and type
of microorganism. At low temperatures (below 4◦C or 39◦F) some microorganisms can
survive for months or years. The die-off rate is approximately doubled with each 10◦C
(18◦F) rise in temperature between 5◦C and 30◦C (41◦F and 86◦F) (Gerba and Goyal, 1985).
Rainfall may mobilize bacteria and viruses that had been filtered or adsorbed, and thus,
enhance their transport (USEPA, 2004).

The nature of the soil affects pathogen survival and retention. For example, rapid in-
filtration sites where viruses have been detected in groundwater were located on coarse
sand and gravel types. Infiltration rates at these sites were high and the ability of the soil to
adsorb the viruses was low. Generally, coarse soil does not inhibit virus migration. Other
soil properties, such as pH, cation concentration, moisture holding capacity, and organic
matter do have an effect on the survival of bacteria and viruses in the soil. Resistance
of microorganisms to environmental factors depends on the species and strains present.
Drying the soil will kill both bacteria and viruses. Bacteria survive longer in alkaline soils
than in acid soils (pH 3 to 5) and when large amounts of organic matter are present. In
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Factor Comments

Soil type Fine-textured retain viruses more effectively than light-textured soils.
Iron oxides increase the adsorptive capacity of soils. Muck soils
are generally poor adsorbents.

pH Generally, adsorption increases when pH decreases. However, the
reported trends are not clearcut due to complicating factors.

Cations Adsorption increases in the presence of cations. Cations help
reduce repulsive forces on both virus and soil particles. Rainwater
may desorb viruses from soil due to its low conductivity.

Soluble organics Generally compete with viruses for adsorption sites. No significant
competition at concentrations found in wastewater effluents.
Humic and fulvic acids reduce virus adsorption to soils.

Virus type Adsorption to soils varies with virus type and strain. Viruses may
have different isoelectric points.

Flow rate The higher the flow rate, the lower virus adsorption to soils.
Saturated versus

unsaturated flow
Virus movement is less under unsaturated flow conditions.

From USEPA, 2004; Gerba and Goyal, 1985.

TABLE 8.13 Factors That May Influence Virus Movement to Groundwater

general, increasing cation concentration and decreasing pH and soluble organics tend to
promote virus adsorption. Bacteria and larger organisms associated with wastewater are
effectively removed after percolation through a short distance of the soil mantle. Lysime-
ter studies showed a greater than 99 percent removal of bacteria and 95 to 99 percent
removal of viruses (Cuyk et al., 1999). Factors that may influence virus movement in
groundwater are given in Table 8.13. Proper treatment (including disinfection) prior to
recharge, site selection, and management of the surface spreading recharge system can
minimize or eliminate the presence of microorganisms in the groundwater. Once the mi-
croorganisms reach the groundwater system, the oxidation state of the water significantly
affects the rate of removal (Medema and Stuyfzand, 2002; Gordon et al., 2002).

Several issues regarding quality of recovered water and geochemical reactions be-
tween injected and native aquifer water and porous media have emerged during recent
years after more monitoring data became available at various ASR sites in Florida (Arthur
et al., 2002). The current focus is primarily on mobilization of arsenic, uranium, and other
trace elements at some locations within the Floridan aquifer due to introduction of im-
ported water with higher dissolved oxygen content than native water. Once these waters
are introduced into a reduced aquifer, selective leaching and/or mineral dissolution
may release metals into the injected water. This amplifies the requirement that feasibil-
ity studies, design, construction, and operation of ASR facilities, including monitoring
well placement and monitoring schedules, should take into account the possibility of
water-rock interaction and mobilization of trace elements into recovered waters.

Constraints on groundwater recharge are conditioned by the use of the extracted
water and include health concerns, economic feasibility, physical limitations, legal
restrictions, water quality constraints, and recharge water availability. Of these
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constraints, health concerns are the most important as they pervade almost all recharge
projects (Tsuchihashi et al., 2002). Where reclaimed water is used for recharge and will
be extracted for drinking water (potable) use, health effects due to prolonged exposure
to low levels of contaminants must be considered as well as the acute health effects from
pathogens or toxic substances. One problem with recharge is that boundaries between
potable and nonpotable aquifers are rarely well defined. Some risk of contaminating high
quality potable groundwater supplies is often incurred by recharging (storing water in)
“nonpotable” aquifers. The recognized lack of knowledge about the fate and long-term
health effects of contaminants found in reclaimed water obliges conservative approach in
setting water quality standards and monitoring requirements for groundwater recharge.
Because of these uncertainties, some states in the United States have set stringent water
quality requirements and require high levels of treatment—in some cases, organic re-
moval processes—where groundwater recharge impacts potable aquifers (USEPA, 2004).

Large-scale artificial recharge projects are currently being implemented or considered
by major water utilities and government agencies throughout the United States and the
world. Although still challenging in many ways, the benefits they offer for sustainable
management of water resources clearly makes MAR and ASR projects the trend of the
future. More detailed information on artificial aquifer recharge can be found in National
Research Council (1994), Pyne (1995), ASCE (2001), Bouwer (2002), Gale et al. (2002), IAH
(2002), Gale (2005), Dillon and Molloy (2006), and UNESCO (2006). The International
Association of Hydrogeologists (IAH) maintains a MAR-dedicated page on its Web site,
including various useful links to related information.
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C H A P T E R 9
Groundwater Restoration

9.1 Introduction
The debate on the definition and objectives of groundwater restoration is an ongoing one.
Its nature is often, and somewhat misleadingly, simplified to emphasize the diverging
interests of “polluters” and “protectors” of groundwater, with the public caught some-
where in between. In reality, however, the complexity of groundwater contamination
and the feasibility of groundwater restoration in many cases do not support this simpli-
fication. In addition, there are different opinions at various regulatory levels (local, state,
and federal) as to the objectives and goals of groundwater restoration. The following ex-
cerpts are from a memorandum written by a regulator in the United States, referencing
the United States Environmental Protection Agency (USEPA) discussion paper entitled
Ground Water Use, Value, and Vulnerability as Factors in Setting Cleanup Goals:

I think there is general agreement that it would be very difficult to set a national policy covering the
many diverse issues raised in this discussion paper and by the commenters. There is abundant liter-
ature and discussion developed by the scientific community and commercial development interests
that ground water has value; and its use, protection, and cleanup need to be addressed to varying
degrees. Ground water Use, Value, and Vulnerability (UVV) has been, and most likely will remain,
a state and local government issue because it is intrinsically bound to land use (e.g. zoning) and
development. These have been traditionally viewed as being under the authority of state and local
governments. Dealing with UVV issues is a site-specific process that depends on a large number of
local factors, both scientific and political.

The role of USEPA should be largely one of educator to the regulators, the regulated community,
and the public. This education would be more technical than policy oriented. EPA could also act as
discussion facilitator and, if asked, mediator on UVV issues affecting a site and, as far as possible, allow
state and local regulators to continue to make decisions regarding setting cleanup goals protective of
existing and potential drinking water supplies. These decisions would involve input from EPA and
other federal interests as well as from an active public participation program. Informed decisions by
local regulators are the most effective way to address UVV issues.

Addressing these issues needs to be a dynamic interactive process and not just guidance doc-
uments and policy statements. There are certainly plenty of those. A comprehensive national UVV
guidance would be hard to formulate and would be ignored by many. Any national policy should be
general in nature recognizing that each State has its own UVV issues most of which require unique
solutions (Pierce, 2004).

The main recommendation to the USEPA by this state regulator is to set an overall
tone of good environmental stewardship and adopt a national policy statement regarding
groundwater goals for the agency. This statement should reflect the view that (1) no
aquifer will be degraded and (2) any degraded aquifer ultimately needs to be restored
to its natural condition.
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The above view of a state regulator is far from being a lonely one, and many stake-
holders determined to protect the environment have commended this and similar views.
What makes achieving restoration of some already-contaminated aquifers to their natu-
ral condition difficult is the nature of contamination and the “stubbornness” of certain
complex hydrogeologic environments. Unfortunately, the nature of contamination can,
only to a limited extent, be controlled or mitigated at a local “land use and development”
level, whereas hydrogeologic conditions cannot be controlled at all. In some cases, in or-
der to restore contaminated aquifers to their natural condition, the local socioeconomic
structure, as well as the laws of the society, would have to be radically changed. Even then,
it may take tens or hundreds of years for aquifers to return to their natural condition, as-
suming that the definition of natural conditions means the absence of any anthropogenic
substances in groundwater.

Two examples of non-point-source groundwater contamination that require both reg-
ulatory and local land use changes, in order to restore aquifers to their natural condition,
are the use of pesticides and of fertilizers. The United Kingdom Environment Agency
reported that pesticides were found in over a quarter of groundwater-monitoring sites
in England and Wales in 2004, and, in some cases, these exceeded the drinking water
limit. Atrazine is a weed killer used mainly to protect maize (corn) crops, and it was used
in the past to maintain roads and railways. It has been a major problem, but, since the
nonagricultural uses were banned in 1993, concentrations in groundwater have gradu-
ally declined. A complete ban on all use of atrazine (and simazine, another pesticide) in
the United Kingdom was planned to be phased in between 2005 and 2007 but has not
been implemented as of February 2008. As noted by the agency, banned pesticides can
remain a problem for many years after these were last used (Environment Agency, 2007).
Some other European countries have banned the use of atrazine: France, Sweden, Nor-
way, Denmark, Finland, Germany, Austria, Slovenia, and Italy. In contrast, the USEPA
has concluded that the risks from atrazine for approximately 10,000 community drinking
water systems using surface water are low and did not ban this pesticide, which contin-
ues to be the most widely used pesticide in the United States. Incidentally, as stated by
the agency, 40,000 community drinking water systems using groundwater were not in-
cluded in the related study, and private wells used for water supply were not mentioned
in the agency’s decision to allow continuous use of atrazine (USEPA, 2003).

The United Kingdom Environment Agency also reported that in 2004, almost 15 per-
cent of monitoring sites in England (none in Wales) had an average nitrate concentration
that exceeded 50 mg/L, the upper limit for nitrate in drinking water (for comparison,
groundwater naturally contains only a few mg/L of nitrate). Water with high nitrate lev-
els has to be treated or diluted with cleaner water to reduce concentrations. More than
two-thirds of the nitrate in groundwater comes from past and present agriculture, mostly
from chemical fertilizers and organic materials. It is estimated that over 10 million tons
per year of organic material is spread on the land in the United Kingdom. More than 90
percent of this is animal manure; the rest is treated sewage sludge, green waste compost,
paper sludge, and organic industrial wastes. Other major sources of nitrate are leaking
sewers, septic tanks, water mains, and atmospheric deposition. Atmospheric deposition
of nitrogen makes a significant contribution to nitrate inputs to groundwater. A study
in the Midlands concluded that around 15 percent of the nitrogen leached from soils
came from the atmosphere. The agency estimates that 60 percent of groundwater bodies
in England and 11 percent in Wales are at risk of failing Water Framework Directive
objectives because of high nitrate concentrations (Environment Agency, 2007).
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An illustrative study of non-point-source contamination from agricultural activities
was performed by the Kentucky Geological Survey in 1990s (Currens, 1999). The Pleasant
Grove Spring Basin in southern Logan County, KY, was selected for the study because
it is largely free of nonagricultural pollution sources. About 70 percent of the watershed
is in crop production and 22 percent is pasture. The area is underlain by karst geology,
and the groundwater flow in the basin is divided into a diffuse (slow) flow and a conduit
(fast) flow regime. The diffuse- and conduit-flow regimes have a major influence on the
timing of contaminant maxima and minima in the spring during and after major rainfall
events. Nitrate is the most widespread, persistent contaminant in the basin, but concen-
trations average 5.2 mg/L basin-wide and generally do not exceed the drinking water
maximum contaminant level (MCL) of 10 mg/L set by the USEPA. Atrazine has been
consistently, and other pesticides occasionally, detected. Concentrations of triazines (in-
cluding atrazine) and alachlor have exceeded drinking water MCLs during peak spring
flows, as illustrated in Fig. 9.1. Maximum concentrations of triazines, carbofuran, meto-
lachlor, and alachlor in samples from Pleasant Grove Spring were 44.0, 7.4, 9.6, and 6.1
μg/L, respectively (see Table 5.2 in Chap. 5 for the corresponding MCLs). Flow-weighted
average concentrations for 1992 to 1993 were 4.91 μg/L for atrazine-equivalent triazines
and 5.0 mg/L for nitrate nitrogen. In comparison, the maximum allowed concentration
of any individual pesticide in drinking water in the European Union is 0.1 μg/L, and of
all pesticides combined it is 0.5 μg/L.

The hydrogeology of the basin is a significant controlling influence on the temporal
variation of contaminant concentrations. The fast-flow karst conduit region is charac-
terized by intermediate concentrations of nitrate and pesticides during low flow but
substantially higher concentrations of triazines and lower concentrations of nitrate dur-
ing high flow. The diffuse (slow) flow regime, which is estimated to represent slightly
less than half of the basin, drains into the area dominated by conduit flow. The diffuse-
flow region has persistently higher concentrations of nitrate but lower, less variable
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concentrations of triazines. The diffuse, slow-flow area is acting as a reservoir of agricul-
tural chemicals, maintaining a background level of triazines and nitrate during low flow
in the conduit-flow regime. Triazine concentrations are significantly higher during high
flow, while nitrate concentrations are diluted.

As concluded by Currens (1999), both municipal and domestic water supplies de-
rived from groundwater can be adversely affected. Best management practices (BMP)
implementation in the basin should focus on controlling animal waste, controlling crop
field runoff with associated sediment and pesticide loss, and using more efficient meth-
ods of applying nutrients. A strong education program on groundwater protection is
highly recommended.

The above examples illustrate that, even when the local community and local or
possibly even state regulators are unified in their desire to restore an aquifer to its natural
condition, it is not possible to do so without changing regulations at a higher (e.g., federal)
level. Changing regulations, however, would be only the first necessary step. In order to
restore a major aquifer contaminated from nonpoint sources to its natural condition in a
meaningful period (e.g., several generations), the remediation measures would have to
be extremely costly and decades long and would have to be paid and implemented by the
wider society. Such efforts are, therefore, seldom, if ever, undertaken, and the restoration
of aquifers to their “natural” condition is left to the natural attenuation processes, while
the groundwater users are becoming accustomed to drinking treated water.

The following example shows that a widely spread, non-point-source groundwater
contamination, is not the only one where restoration of groundwater (aquifer) to pristine
conditions within several years or decades may not be a feasible approach.

Groundwater historically has been the sole source of water supply for the Town of
Yucca Valley in the Warren sub-basin of the Morongo groundwater basin in California,
the United States. From the late 1940s through 1994, water levels in the Warren sub-basin
declined as much as 300 ft due to groundwater extraction. In response, the Hi-Desert
Water District (HDWD) instituted an artificial recharge program in 1995 to replenish
the groundwater basin using imported California State Water Project (SWP) water. The
artificial recharge program resulted in water level recovery of about 250 ft between 1995
and 2001; however, NO3 concentrations in some wells also increased from a background
concentration of about 10 mg/L to more than the USEPA MCL of 44 mg/L (10 mg/L as
nitrogen). In 1998, 3 years after the start of the artificial recharge program, the NO3 con-
centrations increased to as high as 110 mg/L in hydrogeologic units where the recharge
ponds were located. The highest NO3 concentrations were in wells perforated in the
upper and middle aquifers (Fig. 9.2).

Wastewater from all homes and businesses in Yucca Valley is disposed of using sep-
tic tanks that separate the floating and settleable solids from the wastewater and dis-
charge the wastewater through leach lines. The wastewater percolates from the leach
lines through the unsaturated zone and continues to travel toward the underlying sat-
urated zone. The quantity of septic-tank wastewater (“septage”) potentially recharging
the underlying groundwater at any given time at a household can be estimated by assum-
ing an average per capita septic-tank discharge of 70 gal/d (Eckenfelder, 1980). Bouwer
(1978) reported that nitrogen concentrations in septage can range from 40 to 80 mg/L,
mostly in the form of ammonium. If all of the nitrogen was converted to NO3, then
concentrations could range from 177 to 354 mg/L. A sample of septage collected from
a residential septic tank in the Town of Yucca Valley had a NO3 concentration of about
154 mg/L (Nishikawa et al., 2003). Samples of septage from five different septic tanks in
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FIGURE 9.2 Nitrate concentrations in samples from selected Hi-Desert Water District production
wells in the mid-west hydrogeologic unit (top), and water level hydrograph for the production well
1N/5E-36K2, Warren groundwater basin, San Bernardino County, CA. (Modified from Nishikawa
et al., 2003.)

the nearby Victorville, California, had NO3 concentrations ranging from 97 to 280 mg/L
and averaged 208 mg/L (Umari et al., 1995).

Water-quality and stable-isotope data, collected after the start of the artificial recharge
program in Yucca Valley, indicate that mixing had occurred between artificially recharged
imported water and native groundwater. Nitrate-to-chloride and nitrogen-isotope data,
as well as analyses for caffeine and selected human pharmaceutical products, indicated
that septic tank leakage was the source of the measured increase in NO3 concentrations.
The rapid rise in water levels resulting from the artificial recharge program entrained
the large volume of septage that was stored in the unsaturated zone, resulting in a rapid
increase in NO3 concentrations (Nishikawa et al., 2003). Presently, there are 18 public
supply wells in the Warren groundwater basin, some of which have elevated nitrate
levels and require water treatment.

Restoring the aquifer to its natural condition in the case of Yucca Valley would cer-
tainly be a very costly proposition, requiring various local ordinances and other measures,
of which a centralized sewer system and a wastewater treatment plant would be neces-
sary parts of the overall groundwater remediation efforts. Even if the ideal restoration
measures were to be fully implemented in a short period, the residents of the Yucca Val-
ley would still have to drink treated groundwater, likely for decades. In this and similar
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cases, the local community would have to make its own decision, based on cost-benefit
and risk analyses, as to the aquifer restoration efforts (unless there is a legislation ad-
dressing the issue at higher levels of government). Since “everybody” is responsible for
the contamination, and everybody is dependent on the contaminated groundwater for
all uses including for drinking, it is very unlikely that the regulators would force individ-
ual households to remediate their own little plumes (point sources). It is even less likely
that any lawsuits would be brought up by any of the stakeholders against individual
households.

In contrast, when point-source groundwater contamination is caused by known “po-
tentially responsible parties” (PRPs) whose pockets are deeper than those of individual
households, the approaches to groundwater remediation would, in many cases, depend
on the prevailing interpretation of the existing regulations at the local and state levels,
and less on the cost-benefit and risk analyses. As illustrated earlier, Georgia and quite
a few other states in the United States have adopted a zero tolerance for groundwater
degradation by large polluters such as various industries and military installations; these
PRPs are consequently required to restore “their” portions of contaminated aquifers to
pristine natural conditions, often regardless of the underlying hydrogeologic character-
istics, the risks, and the associated costs. Following the varying trends in groundwater
restoration by individual states, different USEPA regions have also adopted varying
strategies. For example, some regions have not yet approved a single technical imprac-
ticability (TI) waiver, whereas some regions have taken a more pragmatic approach to
the feasibility of groundwater restoration in complex hydrogeologic environments, by
approving such waivers at some groundwater contamination sites where the USEPA is
the leading regulatory agency for cleanup.

Despite advances in technologies applicable to groundwater remediation (many
termed “innovative” technologies), aquifer restoration for sites with complex geologic
and contaminant characteristics has rarely been achieved. USEPA formally recognized
the limitations on groundwater restoration with the publication of guidance on TI waivers
in 1993 (USEPA, 1993). The primary goals of the USEPA for groundwater remediation
are stated in the National Oil and Hazardous Substances Pollution Contingency Plan (NCP)
as follows: “EPA expects to return usable groundwater to their beneficial uses wherever
practicable, within a timeframe that is reasonable given the particular circumstances of
the site. When restoration of groundwater to beneficial uses is not practicable, [emphasis
added] USEPA expects to prevent further migration of the plume, prevent exposure to the
contaminated groundwater, and evaluate further risk reduction.” It should be noted that
a “reasonable time frame” is sometimes generically applied to be 100 years. However,
there is no accepted definition of “reasonable” as applied to groundwater restoration
because it is dependent on the applicable technologies and site-specific conditions such
as hydrogeology.

It has been estimated that there are more than 20,000 “mega-sites” in the European
countries, requiring extensive remediation (cleanup) of contaminated soils and ground-
water, with the projected costs of tens of billions of US dollars (Rügner and Bittens, 2006).
At the vast majority of these sites, the cleanup efforts have not yet started as the regula-
tory agencies and various stakeholders are trying to develop restoration approaches that
would balance risks to human health and the environment with the socioeconomic reali-
ties. One reason for this struggle is that many of the mega-sites, legacy of the cold war and
industrial growth, are also owned by the governments, and the remediation costs would
have to be paid by all citizens. A more recent factor in developing pragmatic and realistic
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groundwater restoration strategies in the European countries is the complex question of
carbon footprint, energy consumption, and climate change. For example, there are many
installed pump-and-treat (P&T) groundwater remediation systems in the United States
that have very significant energy requirements, with the associated costs rising steadily.
There are also examples where such systems are extracting tens of millions of gallons of
water annually, with only tens of pounds or less of the actual groundwater contaminant.
In addition, these large quantities of water, after treatment, are often being discharged
to surface streams or sewers without being used or returned back to the aquifer. It is,
therefore, likely that, even in the United States, the sustainability of certain groundwater
remediation efforts will be increasingly questioned by various stakeholders, and not just
by those who are paying the bill.

One possible roadmap to a more efficient and less confrontational approach to
groundwater restoration is the establishment of a groundwater remediation trading sys-
tem, similarly to the widely discussed carbon emissions trading. For example, large
companies and parts of the government with “deep pockets” (such as Departments of
Defense or Energy), responsible for groundwater contamination at multiple sites, would
be able to trade their existing and future remediation costs based on priorities developed
by risk and cost-benefit analyses. This, of course, would include providing secure drink-
ing water supplies to the affected groundwater users, thus eliminating risks to human
health.

At the same time, some endemic groundwater contamination problems caused by
small businesses unable to pay the full cost of groundwater cleanup, such as dry-cleaner
shops and gas stations, would be covered by common funds (this has already been prac-
ticed by some states in the United States). Such funds would also be used to support
prevention of future groundwater contamination, including active protection of vulner-
able groundwater recharge areas.

What this all may mean in an ideal world is that hundreds of millions of dollars would
not be spent on a handful of sites where groundwater restoration to natural conditions
may not be currently feasible within a reasonable time frame of, for example, 50 years,
or may be too costly for the given benefits. Rather, the funds and the resources would be
spent at other sites where the cost-benefit ratio would be much more favorable. Common
funds could also be used to fully protect valuable uncontaminated sources. Although this
approach may seem far-fetched, given the complex regulatory framework in the United
States, it may work elsewhere to the benefit of both the society and the environment.

9.2 Risk Assessment
Risk analysis at any site contaminated with point sources includes four main steps: (1)
data collection and evaluation, (2) exposure assessment, (3) toxicity assessment, and (4)
risk characterization, for both human health and the environment. This analysis has to be
performed for both present and future risks, considering current and reasonable future
land use scenarios. In the case of groundwater, this includes contact with, and ingestion
(drinking) of, contaminated water. Risk assessment also includes evaluation of risks that
groundwater may become contaminated in the future from sources at the land surface or
in the vadose zone (i.e., from contaminated soils). Baseline risk assessment is performed
during the initial site investigation and helps determine whether additional response
action is necessary at the site. For example, it may indicate an immediate, clear threat
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to human health and the environment requiring an immediate corrective action (e.g.,
removal of leaking drums with hazardous wastes or discontinued use of contaminated
water wells). It may also support the “no-action” alternative if the risks are absent or
minimal. When there are risks requiring further evaluation, baseline risk assessment sets
preliminary remediation goals and identifies any data required for the full quantitative
risk assessment (USEPA, 1991a).

Data collected during the remedial investigation (RI) and the remedial feasibility
study (FS) phases are used to perform a full quantitative risk assessment and refine re-
medial goals for the site. The results of quantitative risk assessment play an important
role in deciding which remedial measures at the site should be implemented. The final
phase of risk assessment includes evaluation of remedial alternatives and the associated
risks of implementing them. Figures 9.3 and 9.4 illustrate risk assessment activities dur-
ing the RI/FS process and various elements of the baseline risk assessment. Note that
acronym “ARARs” comes from the USEPA Superfund cleanup program and stands for
legally “applicable or relevant and appropriate requirements,” both federal and state,
which have to be met by the site remediation (see Section 9.3).

As discussed earlier, regulations in some cases may require remediation of contami-
nated soil and groundwater regardless of the established risk, as part of a no-degradation
policy.

Although human health risk assessment and environmental (ecological) risk assess-
ment are different processes, these have much in common and generally can use some of
the same chemical sampling and environmental setting data for a site. Planning for both
assessments should begin during the scoping stage of the RI/FS, and site sampling and
other data collection activities to support the two assessments should be coordinated. An
example of this type of coordination is the sampling and analysis of fish or other aquatic
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process. (From USEPA, 1989a.)
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FIGURE 9.4 Baseline risk assessment. (From USEPA, 1989a.)

organisms; if done properly, data from such sampling can be used in the assessment of
human health risks from ingestion and in the assessment of damages to and potential
effects on the aquatic ecosystem (USEPA, 1989a). At a minimum, the baseline environ-
mental (ecological) risk evaluation should include an assessment of any critical habitats
and any endangered species or habitats of endangered species affected by contamination
at the site. It should also provide the information necessary to adequately characterize
the nature and extent of environmental risk or threat resulting from the site (e.g., see
USEPA, 1991b).

9.2.1 Data Collection and Evaluation
The first step in the risk assessment and RI/FS process is data collection and evaluation.
It involves collecting soil, air, and water samples, identifying locations where contami-
nants were (or may have been) disposed, and identifying contaminants or chemicals of
potential concern (COPCs). The results of chemical analyses should include background
(ambient) concentrations of COPCs, i.e., at locations not affected by the site activities. If
the data show groundwater contamination at the site, the rest of the risk assessment will
determine which ones are the contaminants of concern (COCs). In this case, a survey of
any water supply wells and springs within a hydrogeologically reasonable radius from
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the site should be conducted, and water samples collected for chemical analyses of COCs
whenever possible.

As discussed throughout the book, the characterization of hydrogeologic characteris-
tics that influence groundwater flow, as well as various parameters of fate and transport
(F&T) of contaminants, is often a complex and lengthy process. Data collection and eval-
uation and the risk assessment, therefore, continue during all phases of RI/FS.

9.2.2 Exposure Assessment
An exposure assessment is conducted to estimate the magnitude of actual and poten-
tial receptor (human and ecological) exposures, the frequency and duration of these
exposures, and the pathways by which receptors are potentially exposed. In the case of
groundwater exposures, all possible pathways that connect contaminant sources and re-
ceptors via groundwater should be evaluated. This, for example, includes contaminated
surface water runoff or a contaminated stream that loses water to the underlying aquifer
used as a drinking water source. Figure 9.5 shows some groundwater contamination
pathways.

In the exposure assessment, reasonable maximum estimates of exposure are devel-
oped for both current and reasonable future land use assumptions. Current exposure
estimates are used to determine whether a threat exists based on existing exposure con-
ditions at the site and off the site. Future exposure estimates are used to provide decision
makers with a qualitative estimate of the likelihood of such exposures occurring (USEPA,
1989a). Conducting an exposure assessment involves (1) analyzing contaminant releases,
(2) identifying exposed populations, (3) identifying all potential pathways of exposure,
(4) estimating COC concentrations at exposure point, based both on environmental mon-
itoring data and predictive modeling results, and (5) estimating contaminant intakes for
specific pathways. The results of this assessment are pathway-specific intakes for current
and future exposures to individual COCs. For example, children might play in a surface
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stream

Water supply
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FIGURE 9.5 Examples of possible groundwater contamination pathways between contaminant
sources and receptors. (1) Human receptor exposure at shallow water well, (2) exposure of
ecological receptors in surface stream, and (3) absence of pathway between the source
(contaminated groundwater) and the screen of deep water supply well.
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stream contaminated by groundwater discharge and drink water with certain COC, or
people might eat fish polluted with another COC that accumulates in fish tissue.

Intake dose estimates are based on five main factors:

1. Concentration of a chemical—at an exposure point, such as a drinking water
well or contaminated fish fillet

2. Contact rate—amount of water, food, dust, or air that a person may take in over
a specified time

3. Exposure frequency and duration—how often and for how long people could
be exposed

4. Body weights for each age group that may be exposed

5. Exposure averaging time—is the time over which exposure is averaged in days

For a chemical that might cause cancer, USEPA prorates the total exposure over
a lifetime to determine a lifetime average daily dose. This time is typically, but not
necessarily, limited to 30 years. For a chemical that can cause noncancer effects, the
averaging is over a year (365 days). These five factors are inserted into the following
equation to calculate an intake dose for that pathway, called chronic daily intake (CDI):

CDI (mg/kg day) = C × CR × EF × ED
BW × AT

(9.1)

where C = contaminant concentration
CR = contact rate (also called intake rate)
EF = exposure frequency
ED = exposure duration
BW = body weight
AT = averaging time

A value for each factor is selected so that the combination of all factors results in a
reasonable maximum exposure (RME) dose. To do this, risk assessors use statistics as well
as professional judgment. For instance, because of uncertainty associated with estimates
of contaminant concentration, risk assessors usually use the 95-percent upper confidence
limit on the arithmetic average, which is a higher concentration than the straight average.
To protect the majority of individuals in a population, they choose “high-end” values
for contact rates and duration. However, to avoid unreasonable estimates, they use the
average value for body weight over the exposure period. This combination of “high-
end” contact rate and average body weight avoids the false assumption that a very small
person would have the highest intake (USEPA, 2000a).

9.2.3 Toxicity Assessment
The toxicity assessment of each COC includes the types of adverse human health and
environmental effects associated with chemical exposures (including potential carcino-
genicity), the relationships between magnitude of exposures and adverse effects, and the
related uncertainties of contaminant toxicity (e.g., the weight of evidence for a chemi-
cal’s carcinogenicity). Information on human health effects of various contaminants is
published in the USEPA database—the Integrated Risk Information System (IRIS). Risk
assessors use IRIS to help evaluate cancer and noncancer effects for each COC.
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A substance is toxic if it is hazardous or poisonous to living things. Toxicity refers to
the inherent potential of a substance to cause damage to living things. A person must
be exposed to a toxic substance before a damaging effect can occur. The term hazardous
is more broadly defined than toxicity. Hazardous refers to the capability of a substance
to cause harm due to its toxicity, flammability, corrosiveness, explosiveness, or other
harmful property.

Frequency and length of exposure help determine how much, if any, harm will occur.
Acute toxicity can occur after a single large exposure or limited number of exposures
within a short time, generally less than 24 hours. Damaging effects, such as breathing dif-
ficulties, vomiting, rashes, and even death, can occur immediately or within hours of an
acute exposure. Occasionally, acute exposure can produce delayed toxicity. Chronic tox-
icity, the main concern at most contaminated (Superfund) sites, can occur after repeated
exposures over a long time—usually years—and damaging effects are seen months or
years after exposure began.

The term “safe dose” in reference to chemical exposure levels usually refers to
amounts that are too small to be a human health concern even though some level of
risk remains. This is true for cancer risks as well as noncancer hazards and indicates that
there are degrees of safety. As discussed by USEPA (2000), most chemicals cause cancer in
different ways than these cause noncancer effects, such as damage to the liver or kidneys.
Very small amounts of some substances are capable of starting the growth of cancers.
For these substances, there is theoretically no level of exposure that is risk free. For other
substances, however, scientists have discovered that exposure has to occur above a cer-
tain amount, called a threshold dose, before risks to humans become a concern. Most
chemicals that cause noncancer effects as well as a few cancer-causing chemicals fall into
the threshold category. Because of these differences, risk assessors report risks differently
for cancer and for noncancer effects. When risk assessors estimate cancer risk, they try to
predict a lifetime risk level for an exposed individual and how many additional cancer
cases might occur in a population of exposed people. These are cancers that may or may
not occur, but if these were to occur, these would be in addition to cancers from other
causes, such as smoking tobacco. For noncancer toxicity, risk assessors estimate a daily
exposure level that is likely to be of little risk to people.

9.2.4 Risk Characterization
The final step of the risk assessment, risk characterization, integrates the results of the
exposure assessment and toxicity assessment. It reveals which chemicals are posing the
risks and what the health risks are, in both quantitative expressions and qualitative state-
ments. During risk characterization, chemical-specific toxicity information is compared
against both measured contaminant exposure levels and those levels predicted through
F&T modeling to determine whether current or future levels at or near the site are of
potential concern.

Risk characterization estimates the potential health risks posed by the site if no re-
medial action is taken. It also explains the level of risk that may be left after different
cleanup approaches are applied and describes the uncertainties associated with the data
and risk estimates (USEPA, 1991c). Uncertainties may be associated with strengths and
weaknesses of the data, the exposure assumptions, or the toxicity values. For these rea-
sons, quantitative evaluation of risks has built in a large margin of safety to prevent
underestimation of the risks.
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Cancer risk from exposure to carcinogens is quantified using the CDI (see Eq. (9.1))
and a cancer risk slope factor (SF) that has units of risk per mg/kg day, using the following
equation (USEPA, 1989a; Falta et al., 2007):

Risk (dimensionless) = 1 − exp (−CDI × SF) (9.2)

which for small risks is equivalent to the following equation:

Risk (dimensionless) = CDI × SF (9.3)

The total carcinogenic risk, RiskT, from exposure to multiple carcinogens (for example
tetrachloroethylene (PCE), trichloroethylene (TCE), and vinyl chloride (VC)) is calculated
as the sum of the individual risks:

RiskT (dimensionless) =
∑

Riski (9.4)

A major exposure route for contaminated groundwater is water from wells in the
dissolved plume area. The contaminants contained in the water may be ingested directly,
in drinking water, and if these are volatile, these may be inhaled as the contaminant
partitions from the water into the air in the house (McKone, 1987). The cancer risk from
inhalation is often as large as or larger than the risk from ingestion alone. Once the
average tap water concentration is known, the ingestion and inhalation cancer risks can
be calculated using standard methods (see, for example, Maxwell et al., 1998; McKone,
1987; Williams et al., 2004).

The lifetime excess cancer risk SFs vary widely among different chemicals, and these
are often revised or withdrawn. Conflicting values of SF can be found in different sources
in many instances (Falta et al., 2007). Table 9.1 lists relatively current (as of February 2006)
recommended inhalation and oral SFs for PCE, TCE, and VC from the California Office
of Environmental Health Hazard Assessment (Falta et al., 2007, from OEHHA, 2006).

Where applicable, the USEPA may set groundwater cleanup concentrations for indi-
vidual COCs based on the information gathered in the risk assessment, such as location
of chemical contamination, how people are exposed, and the concentrations that pose
health risks. These risk-based cleanup standards, or maximum allowable concentrations
of COCs, may be higher than their primary drinking water standards, expressed as MCLs.
However, as discussed earlier, groundwater cleanup standards are always site specific

Inhalation Slope Factor Oral Slope Factor
Chemical (mg/kg day)−1 (mg/kg day)−1

Tetrachloroethylene (PCE) 0.021 0.540
Trichloroethylene (TCE) 0.007 0.013
Cis-1,2-Dichloroethylene (DCE) Not a carcinogen Not a carcinogen
Vinyl chloride (VC) 0.270 0.270

From Falta et al., 2007; OEHHA, 2006.

TABLE 9.1 California Cancer Risk Slope Factors for PCE and Its Degradation Products
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and, in the United States, depend primarily on the state and local regulations and poli-
cies. For that reason, a cleanup standard for contaminated groundwater at a site may be
risk based, may be MCL for specific COCs, or may be restoration to natural conditions,
i.e., to nondetectable concentrations of COCs.

9.3 Remedial Investigation and Feasibility Study
The RI/FS process of the USEPA Superfund cleanup program has also been adopted, with
minor modifications, by most states in the United States for their own cleanup programs.
This process represents the methodology for characterizing the nature and extent of
risks posed by uncontrolled hazardous waste sites and for evaluating potential remedial
options. It is a site-specific process, which allows the project manager to determine how
best to use the flexibility built into it and to conduct an efficient and effective RI/FS.
A significant challenge project managers face in effectively managing an RI/FS is the
inherent uncertainties associated with the remediation of uncontrolled hazardous waste
sites. These uncertainties can be numerous, ranging from potential unknowns regarding
site hydrogeology and the actual extent of contamination, to the performance of treatment
and engineering controls being considered as part of the remedial strategy. As pointed
out by USEPA (1988a), while these uncertainties foster a natural desire to want to know
more, this desire competes with the Superfund program’s mandate to perform cleanups
efficiently and within designated schedules.

ARARs is the Superfund term used throughout RI/FS. It may be categorized as
follows:

1. Chemical-specific requirements that may define acceptable exposure levels and
therefore be used in establishing remediation goals

2. Location-specific requirements that may set restrictions on activities within spe-
cific locations such as floodplains or wetlands

3. Action-specific requirements, which may set controls or restrictions for particular
treatment and disposal activities related to the management of hazardous wastes

The document, “CERCLA Compliance with Other Laws Manual” (USEPA, 1988b),
contains detailed information on identifying and complying with ARARs.

Superfund cleanup standards are based on ARARs and have a strong statutory pref-
erence for remedies that are highly reliable and provide long-term protection. In addition
to the requirement for remedies to be both protective of human health and the environ-
ment and cost effective, additional remedy selection considerations include the following
(USEPA, 1988a):

� A preference for remedial actions that employ treatment that permanently and
significantly reduces the volume, toxicity, or mobility of hazardous substances,
pollutants, and contaminants as a principal element.

� Off-site transport and disposal without treatment is the least favored alternative
where practicable treatment technologies are available.

� The need to assess the use of permanent solutions and alternative treatment
technologies or resource recovery technologies and use them to the maximum
extent practicable.
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Standards also require a periodic review of remedial actions, at least every 5 years after
initiation of such action, for as long as hazardous substances, pollutants, or contaminants
that may pose a threat to human health or the environment remain at the site. If it is
determined during a 5-year review that the action no longer protects human health and
the environment, further remedial actions will need to be considered (USEPA, 1988a).

It is important to note that the RI and FS are conducted concurrently and that data
collected in the RI influence the development of remedial alternatives in the FS, which
in turn affects the data needs and scope of treatability studies and additional field in-
vestigations (Fig. 9.6). Two concepts are essential to the phased RI/FS approach. First,
data should generally be collected in several stages, with initial data collection efforts
usually limited to developing a general understanding of the site. As a basic understand-
ing of site characteristics is achieved, subsequent data collection efforts focus on filling
identified gaps in the understanding of site characteristics and gathering information
necessary to evaluate remedial alternatives. Second, this phased sampling approach en-
courages identification of key data needs as early in the process as possible to ensure that
data collection is always directed toward providing information relevant to selection
of a remedial action. It is in this way that the overall site characterization effort can be
continually scoped to minimize the collection of unnecessary data and maximize data
quality (USEPA, 1988a).

The most important step at the beginning of the RI/FS process is the development of
a conceptual site model (CSM). This model should include known and suspected sources
of contamination, types of contaminants and affected media, known and potential routes
of contaminant migration, and known or potential human and environmental receptors
(Fig. 9.7). CSM, in addition to assisting in identifying locations where sampling is nec-
essary, will also assist in the identification of potential remedial technologies. CSM is
continuously updated and refined as the RI/FS process progresses.

Four main objectives of the remedial site investigation are to identify: (1) the site phys-
ical characteristics, (2) the characteristics of contaminant sources, (3) the nature and extent
of groundwater contamination, and (4) the important contaminant F&T mechanisms.
The site physical characteristics include geomorphology, soils, geology, hydrogeology,
hydrology, meteorology, and ecology. This analysis should emphasize factors important
in determining contaminant F&T for the identified exposure pathways of concern.

Sources of contamination are often hazardous substances contained in drums, tanks,
surface impoundments, waste piles, and landfills. In a practical sense, heavily contami-
nated media (such as soils) may also be considered sources of contamination (secondary
sources), especially if the original (primary) source, such as a leaking tank, is no longer
present on the site or is no longer releasing contaminants. Source characterization in-
volves the collection of data describing (1) facility characteristics that help to identify
the source location, potential releases, and engineering characteristics that are important
in the evaluation of remedial actions; (2) the waste characteristics, such as the type and
quantity of contaminants that may be contained in or released to the environment; and
(3) the physical or chemical characteristics of hazardous wastes present in the source
(USEPA, 1988a).

The final objective of the field investigations is to characterize the nature and extent
of contamination, and its possible future development, so that informed decisions can be
made as to the level of risk presented by the site and the appropriate type(s) of remedial
response. This means that, in addition to the sources (primary and secondary) of ground-
water contamination, the extent of the dissolved-phase contamination as well as its rate
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FIGURE 9.6 Phased Remedial Investigation/Feasibility Study (RI/FS) process. RD, remedial design;
RA, remedial action; ROD, record of decision. (From USEPA, 1988a.)

of migration have to be defined and predicted in all three dimensions. While field data
generally best define the extent of contamination, analytical or numeric modeling can
be used as predictive tools (Figs. 9.8 and 9.9). More detailed numerical models provide
greater accuracy and resolution because these are capable of representing spatial vari-
ations in site characteristics and irregular geometries commonly found at actual sites.
Numeric models are useful during RIs as they provide insight into data gaps, help refine
site conceptual model, and help organize all relevant site information in an interactive
environment. Numeric models can also represent the actual configuration and effects of
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(Bottom) Map view of the two-dimensional plume. Analytical models like this one assume
homogeneous, isotropic aquifers and cannot simulate effects of pumping and various boundary
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remedial actions and are therefore often used for screening remedial alternatives, as well
as for a detailed analysis of alternatives during FS.

The FS may be viewed as occurring in three phases: the development of alternatives,
the screening of the alternatives, and the detailed analysis of alternatives. However, in
actual practice, the specific point at which the first phase ends and the second begins is
not so distinct. Furthermore, in those instances in which circumstances limit the number
of available options, and therefore the number of alternatives that are developed, it may
not be necessary to screen alternatives prior to the detailed analysis.
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9.3.1 Development and Screening of Remedial Alternatives
Alternatives for remediation are developed by assembling combinations of technologies,
and the media to which these would be applied, into alternatives that address contam-
ination on a site-wide basis or for an identified “operable unit” (OU) within the site
(groundwater contamination is often addressed as a separate OU at Superfund sites).
This process consists of six general steps (USEPA, 1988a):

1. Develop remedial action objectives specifying the contaminants and media of
interest, exposure pathways, and preliminary remediation goals that permit a
range of treatment and containment alternatives to be developed. The prelimi-
nary remediation goals are developed on the basis of chemical-specific ARARs
when applicable, other available information, and site-specific risk-related fac-
tors.

2. Develop general response actions for each medium of interest defining contain-
ment, treatment, excavation, pumping, or other actions, singly or in combination,
which may be taken to satisfy the remedial action objectives for the site.

3. Identify volumes or areas of media to which general response actions might be
applied, taking into account the requirements for protectiveness as identified in
the remedial action objectives and the chemical and physical characterization of
the site.

4. Identify and screen the technologies applicable to each general response action
to eliminate those that cannot be implemented technically at the site.

5. Identify and evaluate technology process options to select a representative pro-
cess for each technology type retained for consideration.

6. Assemble the selected representative technologies into alternatives representing
a range of treatment and containment combinations, as appropriate.

An example of initial screening of technologies and process options is shown in Fig.
9.10.

Information available at the time of screening should be used primarily to identify
and distinguish any differences among the various alternatives and to evaluate each
alternative with respect to its (1) effectiveness, (2) implementability, and (3) cost. Only the
alternatives judged as the best or most promising on the basis of these evaluation factors
should be retained for further consideration and analysis. Typically, those alternatives
that are screened out will receive no further consideration unless additional information
becomes available, which indicates further evaluation is warranted.

Alternatives should be developed, which will provide decision makers with an ap-
propriate range of options and sufficient information to adequately compare alternatives
against one another. In developing alternatives, the range of options will vary depending
on site-specific conditions. For source control actions, the following types of alternatives
should be developed to the extent practicable:

� A number of treatment alternatives ranging from one that would eliminate or
minimize to the extent feasible the need for long-term management (including
monitoring) at a site, to one that would use treatment as a primary component
of an alternative to address the principal threats at the site. Alternatives within
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this range typically will differ in the type and extent of treatment used, and the
management requirements of treatment residuals or untreated wastes.

� One or more alternatives that involve containment of waste with little or no
treatment but protect human health and the environment by preventing potential
exposure and/or reducing the mobility of contaminants.

� A no-action alternative.

For groundwater response actions, alternatives should address not only cleanup lev-
els but also the time frame within which the remedial goals might be achieved. De-
pending on specific site conditions and the aquifer characteristics, alternatives should
be developed, which achieve ARARs or other health-based levels determined to be pro-
tective within varying time frames using different methodologies. For aquifers currently
being used as a drinking water source, alternatives should be configured that would
achieve ARARs or risk-based levels as rapidly as possible. More detailed information
on developing remedial alternatives for groundwater response actions may be found in
“Guidance on Remedial Actions for Contaminated Ground Water at Superfund Sites”
(USEPA, 1988c).

9.3.2 Detailed Analysis of Remedial Alternatives
During the detailed analysis, the alternatives brought through screening are further re-
fined, as appropriate, and analyzed in detail with respect to the following evaluation
criteria:

1. Overall protection of human health and the environment

2. Compliance with ARARs

3. Long-term effectiveness and permanence

4. Reduction of toxicity, mobility, and volume through treatment

5. Short-term effectiveness

6. Implementability

7. Cost

8. State acceptance

9. Community acceptance

The first two criteria, which relate directly to the statutory requirements each remedial
alternative must meet, are categorized as threshold criteria. The next five are the primary
balancing criteria upon which the selection of the remedy is based. The final two, state
acceptance and community acceptance, are called modifying criteria and are addressed
in the record of decision (ROD) when comments are received on the RI/FS and the
proposed remedial plan.

Alternatives may be further refined and/or modified based on additional site charac-
terization or treatability studies conducted as part of the RI. The detailed analysis should
be conducted so that decision makers are provided with sufficient information to com-
pare alternatives with respect to the nine evaluation criteria and to select an appropriate
remedy. Figure 9.11 illustrates a remedial alternative, which consists of one technology
aimed at dense non-aqueous-phase liquid (DNAPL) removal in the source zone (in situ
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FIGURE 9.11 Remedial alternative consisting of three in situ technologies. ISCO: in situ chemical
oxidation.

chemical oxidation—ISCO), and two technologies for in situ remediation of the dissolved
plume: (1) permeable reactive barrier (PRB) formed by biostimulation of native microor-
ganisms capable of degrading the contaminants and (2) monitored natural attenuation
(MNA) downgradient of the reactive barrier.

9.3.3 Treatability Studies
Selection of remedial actions involves several risk management decisions, including un-
certainties with respect to performance, reliability, and cost of treatment alternatives.
These uncertainties underscore the need for well-planned, well-conducted, and well-
documented treatability studies (pilot tests). In the absence of data in the available tech-
nical literature, treatability studies can provide the critical performance and cost infor-
mation needed to evaluate and select treatment alternatives. Treatability studies can
generally be divided into two groups: (1) pre-ROD and (2) remedial design/remedial ac-
tion (RD/RA) treatability studies. The purpose of a pre-ROD treatability investigation is
to provide the data needed for the detailed analysis of alternatives during the FS. Treata-
bility studies conducted during RD/RA establish the design and operating parameters
necessary for optimization of technology performance and implementation of a sound,
cost-effective remedy. Although the purpose and scope of these two groups of studies
differ, these complement one another because the information obtained in support of
remedy selection may also be used to support the remedy design and implementation.
Treatability studies can generally provide data to address the first seven of the nine
criteria evaluated during FS (USEPA, 1992).

Pre-ROD treatability studies may be needed when potentially applicable treatment
technologies are being considered for which limited (or no) performance or cost infor-
mation is available in the literature with regard to the waste types and site conditions of
concern. The need to conduct a treatability study on any part of a remedial alternative is
a management decision. In addition to the technical considerations, certain nontechnical
management decision factors must be considered. These factors include the expected
level of state and community acceptance of a proposed alternative, time constraints on
the completion of the RI/FS and the signing of the ROD, and the appearance of new site,
waste, or technology data.

Although treatability studies of an innovative technology may be conducted during
the RI/FS to support remedy selection, it may not be feasible to conduct sufficient testing
to address all the significant uncertainties associated with the implementation of this
option. This situation, however, should not cause the option to be screened out during the
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detailed analysis of alternatives in the FS. If the performance potential of an innovative
technology indicates that this technology would provide the best balance of tradeoffs
from among the options considered despite its uncertainties, CERCLA Section 121(b)(2)
provides support for selecting such a technology in the ROD. Implementation of the
technology, however, may be contingent upon the results of RD/RA treatability testing.
When an innovative technology is selected and its performance is to be verified through
additional treatability testing, a proven treatment technology may also be included in the
ROD as a contingency remedy. In the event the RD/RA treatability study results indicate
that the full-scale innovative remedy cannot achieve the cleanup goals at the site, the
contingency remedy could then be implemented (USEPA, 1992).

To support the remedial action bid package, the lead agency or a PRP may choose
to develop detailed design specifications. If technical data available from the RI/FS are
insufficient for design of the remedy, an RD/RA treatability study may be necessary. Post-
ROD treatability studies can provide the detailed cost and performance data required
for optimization of the treatment processes and the design of a full-scale treatment sys-
tem. Most RD/RA treatability studies are performed in the field with pilot- or full-scale
equipment. Some prequalification treatability studies will be performed in the labora-
tory; however, the system should closely approximate the proposed full-scale operations
(USEPA, 1992).

Post-ROD RD/RA treatability studies can also be performed to support the design
of treatment trains. Although all parts of a treatment train may be effective for treating
the wastes, matrices, and residuals of concern, issues such as unit sizing, materials han-
dling, and systems integration must also be addressed. Treatability studies of one unit’s
operations can assist in identifying characteristics of the treated material that may need
to be taken into consideration in the design of later units. A treatability study of the
entire train can then provide data to confirm compliance with ARARs and the cleanup
criteria outlined in the ROD. Because a treatment train will often involve several different
technologies and vendors, the designer will coordinate treatability testing of the entire
system and prepare the final treatability study report (USEPA, 1992).

Each level of treatability study requires appropriate performance goals. These goals
should be specified before the test is conducted. The goals may need to be reassessed to
determine appropriateness following testing performance as a result of new information
(e.g., ARARs), treatment train considerations, or other factors. Pre-ROD treatability study
goals will usually be based on the anticipated performance standards to be established
in the ROD. This is because cleanup criteria are not finalized until the ROD is signed,
due to continuing analyses and ARARs determinations. However, general expectation
of the Superfund remediation program is that treatment technologies and/or treatment
trains generally achieve a 90 percent or greater reduction in the concentration or mobility
of individual COCs (USEPA, 1989b). This goal complements the site-specific risk-based
goals. There will be situations where reductions outside this range that achieve health-
based or other site-specific remediation goals may be appropriate (USEPA, 1989b).

9.4 Source-Zone Remediation
Although there are many different types of point sources of groundwater contamina-
tion, with varying spatial configurations and characteristics of contaminants, these can
all be divided into two major groups from the practical remediation perspective: (1)
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contamination with non-aqueous-phase liquids (NAPLs), and (2) contamination with
chemicals readily or completely (“infinitely”) soluble in groundwater. Remediation
strategies and technologies for these two groups of groundwater contamination sources
will differ for the most part. As discussed in Chap. 5, widespread production, transporta-
tion, utilization, and disposal practices of NAPLs (both lighter and denser than water)
have resulted in groundwater contamination at numerous sites throughout the world.
The potential for continuing long-term contamination at many such sites is high due to
toxicity, limited solubility (but much higher than drinking water limits), and significant
migration potential of NAPLs in vadose zone, soil gas, and groundwater, and as a sep-
arate phase. This migration can create secondary sources in the vadose and saturated
zones, away from the locations of initial contaminant introduction into the subsurface.
In addition, various NAPLs in source zones are often present in mixtures, which have
different characteristics than pure chemicals, thus further complicating the analysis of
their F&T mechanisms and the remediation options.

Many of the NAPL chemicals typically are proven or suspected carcinogens and have
low MCLs in drinking water. Considering that source concentrations can be four or five
orders of magnitude greater than MCLs, restoration of source zones to pristine conditions
represents a great challenge and may be unlikely in many cases. However, reduction of
dissolved plumes emanating from the NAPL source zones is a more realistic goal that
can be achieved through combinations of source and plume remediation. Various in
situ methods (e.g., soil vapor extraction (SVE), air sparging, thermal treatment, chemical
oxidation, and surfactant and cosolvent flushing) are now available for removing or de-
stroying NAPL mass contained in the source zone. Source containment methods (slurry
walls, sheet-pile walls, and caps) can also be used to remove or reduce the contaminant
loading to the plume (Falta et al., 2007).

Source remediation at individual sites can cost anywhere from several hundred thou-
sand dollars to tens of millions of dollars (for example, see McDade et al., 2005), and it
is rarely (if ever) possible to remove all the contaminant. The benefit of source remedi-
ation efforts is that by removing source mass, these tend to reduce the mass discharge
to the plume (Rao et al., 2001; Falta et al., 2005a; Jawitz et al., 2005). The reduced plume
loading following source remediation may or may not be sufficient to allow natural
attenuation processes to keep the plume concentrations within acceptable limits (Falta
et al., 2005a, 2005b).

Costs for plume remediation are usually considered to be smaller than those for source
remediation because of the lower capital costs. At sites where the source is nearly depleted
by dissolution or other processes, plume remediation would tend to be the most cost-
effective strategy for site management. However, if substantial source mass is present, in
the absence of source remediation, the plume remediation systems must be operated for a
long period. In this case, the operating costs (in terms of present worth) can be comparable
to the costs of source remediation. As emphasized by the USEPA, a reasonable strategy
for many sites would be some combination of source and plume remediation. Selection
of the optimal remedy for a site, in terms of the degree of remediation, must consider the
inherent coupling of the source remediation to the plume remediation (Falta et al., 2007).

An informative study of the effectiveness of source-zone remediation was performed
by McGuire et al. (2006). Performance and rebound of intensive source-depletion tech-
nologies were evaluated at 59 chlorinated solvent sites, where remediation targeted
DNAPL source zones. The four technologies included in the study are chemical oxida-
tion, enhanced bioremediation, thermal treatment, and surfactant/cosolvent flushing.
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FIGURE 9.12 Reduction in total CVOC concentration within the treatment zone. Minimum reduction
for enhanced bioremediation is –150 percent (value not shown; negative value indicates a
concentration increase). Only sites implementing enhanced bioremediation and chemical oxidation
had sufficient data records to evaluate total CVOCs. (From McGuire et al., 2006; copyright McGuire
et al., 2006.)

All results reported in this study were calculated from actual concentration versus time
data at monitoring wells, and concentration reduction values reported in the literature
were not used. Data were available for 147 wells at 26 enhanced bioremediation sites,
23 chemical oxidation sites, six thermal sites, and four surfactant/cosolvent sites. Ap-
proximately 75 percent of the source-depletion projects were able to achieve a 70 percent
reduction in parent compound concentrations. A median reduction in total chlorinated
volatile organic compounds (CVOCs) concentrations (parent plus daughter compounds)
of 72 percent was observed at 12 chemical oxidation sites and 62 percent at 21 enhanced
bioremediation sites (Fig. 9.12). Note that enhanced bioremediation, which has primarily
been used to treat dissolved-phase contamination, is increasingly being applied within
and adjacent to DNAPL source zones to enhance dissolution rates (Parsons Corpora-
tion, 2004; U.S. DOE, 2002). A companion study by McDade et al. (2005) reports costs
associated with the evaluated treatments at 59 chlorinated solvent sites.

In the study by McGuire et al. (2006), rebound was assessed at sites having at least 1
year of post-treatment data and included 43 wells at 20 sites (10 enhanced bioremedia-
tion sites, seven chemical oxidation sites, two surfactant/cosolvent sites, and one thermal
site). On an individual well basis, rebound was observed in 20 percent of wells at en-
hanced bioremediation sites and in 81 percent of wells at chemical oxidation sites, and
was not observed at surfactant/cosolvent and thermal sites. For example, concentrations
in several wells at chemical oxidation sites rebounded by as much as one to two orders of
magnitude throughout the post-treatment monitoring period. In fact, at 30 percent of the
chemical oxidation rebound wells, rebound resulted in concentrations higher than pre-
treatment conditions. For rebound wells at enhanced bioremediation sites, the increased
concentrations observed during the post-treatment period were still below pretreatment
concentrations (McGuire et al., 2006).

Since the source-depletion technologies evaluated in this study were applied in
DNAPL source zones that had high initial dissolved concentrations, common regula-
tory standards, such as MCLs, were not achieved in any of the cases. Although several
sites achieved MCLs at some wells, none of the sites attained and sustained MCLs for
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all chlorinated compounds at all wells. Given the inability of most source-depletion
technologies to achieve the primary remediation goal of returning groundwater to us-
able conditions, it is likely that some type of site management (e.g., institutional controls,
long-term monitoring, MNA, or containment controls) will be necessary at many of these
sites (McGuire et al., 2006).

The above-described study illustrates why there is considerable ongoing debate about
the effectiveness and appropriateness of source depletion (i.e., the removal of contam-
inant mass from the source zone) at sites with groundwater plumes. For example, the
USEPA commissioned an expert panel on DNAPL source remediation (Kavanaugh et al.,
2003) and charged it with addressing several questions, including (1) what are the poten-
tial benefits and the potential adverse impacts of DNAPL source depletion as a remedia-
tion strategy? (2) what performance can be anticipated from source-zone mass-depletion
technologies? and (3) what are currently available tools adequate to predict the perfor-
mance of source-depletion options?

The Expert Panel concluded that quantitative predictions of potential benefits and
adverse impacts of DNAPL source-depletion actions are highly uncertain and that these
uncertainties represent significant barriers to more widespread use of source-depletion
options (Kavanaugh et al., 2003). One of the panel’s recommendations was the develop-
ment of more user-friendly prediction tools that provide a basis for assessing the likely
performance of source-zone depletion technologies. Partly in response to the panel’s
recommendations, and partly due to ongoing improvements of the existing software
programs, there are now quite a few models that include various options for the simula-
tion of NAPL source-zone depletion. These range from simple analytical screening tools
such as REMChlor (Falta et al., 2007), and BIOBALANCE (Groundwater Services, Inc.,
2007), to complex multiphase three-dimensional numeric models such as STOMP (White
and Oostrom, 2000, 2004), TOUGH2 (Pruess et al., 1999; Pruess, 2004), RT3D (Clement
et al., 2004), and SEAM3D (Waddill and Widdowson, 2000). Informative discussions on
various models for simulation of multiphase F&T, and remediation of NAPLs in vadose
and saturated zones, are given by Oostrom et al. (2005a, 2005b), White et al. (2004), and
Zhu and Sykes (2004).

Contaminant loading to the saturated zone in most cases occurs after their passage
through the vadose-zone soils. Depending on various F&T characteristics of the contam-
inant, release mechanisms, and characteristics of the porous media, the vadose zone may
remain contaminated for varying periods, thus acting as a secondary source of ground-
water contamination. Remediation of contaminated soils is, therefore, an integral part
of groundwater remediation in source zones. Although the most obvious method is soil
excavation and removal, in some cases it may be cost prohibitive or it may not be practi-
cable (e.g., very thick and deep soil contamination, and presence of buildings and critical
infrastructure). Many of the general and saturated-zone remediation methods discussed
further in this chapter may also be applicable to the vadose-zone soils, depending on the
site-specific conditions. These include SVE, soil flushing, bioremediation, phytoremedi-
ation (remediation by living plants), and ISCO, for example. When applicable from the
regulatory standpoint, the most efficient and cost-effective method is soil capping with
impermeable materials, which prevents water infiltration. This minimizes or eliminates
further contaminant migration toward the water table.

General decisions on soil remediation alternatives are based on human health and
environmental (ecological) risk analyses, whereas groundwater-related risks from soil
contamination are evaluated based on contaminant leachability studies. These studies,
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which may include laboratory tests and modeling, determine likely mass loading (mass
flux) of the contaminant to the saturated zone and the resulting dissolved concentrations
in groundwater. If the study results show no adverse effects of contaminant leaching
from the soils (e.g., groundwater concentrations are below regulatory threshold), or if
the contaminant is immobile in the vadose zone, soil remediation would not be necessary
from the groundwater contamination standpoint.

The term “soils” is somewhat loosely used in remediation engineering, and it may
mean different things to hydrogeologists, engineers, and nonprofessionals. Remediation
engineers often think of soils as all materials in the unsaturated zone (above the water
table). Nonprofessionals may think of the first couple of feet of loose “dirt” below ground
surface, whereas the definition of soils by geologists may be too lengthy to fit into one
page of this book. In general, however, “soil remediation” refers to all relatively loose, un-
saturated materials above the water table. This includes the first several feet or so of “real”
soil formed on any parent geologic materials, unconsolidated sedimentary rocks (sand,
gravel, clay, and silt), and residuum (regolith) sediments formed on the parent bedrock. In
all cases, the unsaturated geologic (soil) materials are heterogeneous by default and often
contain a significant portion of clay minerals due to weathering. The residuum hetero-
geneities are especially pronounced and are caused by selective weathering of different
minerals and the presence of partially preserved parent-rock structures such as fractures
and bedding planes. Characterization of the contaminant F&T in vadose zones, therefore,
requires substantial effort and data collection on both micro- and macroscales. In addi-
tion to various physical and chemical parameters of the soils and residuum sediments, a
successful remedial characterization must include analysis of contaminant distribution
and properties in the field, and F&T modeling (Mikszewski and Kresic, 2006).

The following examples illustrate the importance of vadose-zone heterogeneities,
contaminant F&T, and variably saturated modeling of both the vadose and the saturated
zones when considering various groundwater remediation options. Figure 9.13 shows
soil types and average position of the water table below a site where variably saturated
model was used to predict dissolved concentrations as the contaminant leaches from the
land surface. The model simulated 15 years of active contaminant loading, followed by
additional 15 years after the loading was discontinued.

Groundwater
flow direction

Sand

Silty clay

Sand with 10% silt

0 20 m

0

5m

Source

Water table

Sand with 5% silt

FIGURE 9.13 Conceptual cross-sectional model of the site with contaminant source at the land
surface. (From Kresic and Mikszewski, 2006; copyright Taylor & Francis Group, printed with
permission.)
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FIGURE 9.14 Model setup (top left) and model results for select years since the beginning of
contaminant loading at the surface. (From Kresic and Mikszewski, 2006; copyright Taylor & Francis
Group, printed with permission.)

Figures 9.14 and 9.15 show the results of model simulation for different time intervals.
As the loading was discontinued at the end of year 15, the result for year 16 shows
the effect of vadose-zone flushing by the newly percolating water with contaminant
concentration of zero (“clean water”). The most interesting result is the effect of clay on
contaminant F&T. Due to low hydraulic conductivity, and the contaminant sorption and
diffusion, the clay lens acts as a long-term storage and a secondary source of dissolved
contaminant in the saturated zone.

In case of a residual NAPL source area in the vadose zone, integrated saturated-
unsaturated models can be used to assess the viability of remedial alternatives. Flow
in variably saturated media adds a layer of complexity, which often causes industry
practitioners to neglect vadose-zone modeling altogether. Unjustifiable and inaccurate
assumptions regarding saturated-zone concentrations below the source area inevitably
result from this exclusion. For example, modelers often assume a constant, uniform con-
taminant concentration to instantaneously result over the entire thickness of the aquifer
in question. Such a methodology ignores the dependence of aquifer concentrations on
groundwater recharge and contaminant flux from the (heterogeneous) vadose zone. Fur-
thermore, key questions regarding the longevity of the vadose-zone source area usually
remain unanswered (Kresic et al., 2007).



724 C h a p t e r N i n e

FIGURE 9.15 Model results for select years since the beginning of contaminant loading at the
surface. The loading was discontinued at the end of year 15. (From Kresic and Mikszewski, 2006;
copyright Taylor & Francis Group, printed with permission.)

9.4.1 NAPLs Problem
NAPLs are typically classified as either light non-aqueous-phase liquids (LNAPLs),
which have densities less than that of water, or DNAPLs, which have densities greater
than that of water (see Table 5.1). As discussed in Chap. 5, it is very important to make
the distinction between the actual NAPL liquid in free phase and the chemical of the
same name dissolved in water. For example, most common organic contaminants such
as PCE, TCE, and benzene can enter the subsurface as both pure NAPL and dissolved in
percolating water. However, the F&T of pure NAPL and the same chemical dissolved in
groundwater are quite different.

NAPLs may be present in the subsurface as continuous (contiguous) bodies of a
relatively significant extent (volume), which occupy all the pore space in the aquifer
material. In such case, these are referred to as free-phase NAPLs. Detecting free-phase
DNAPLs in the saturated zone is, in most cases, impractical, and, when it happens, it is
often a matter of either luck or a significant lateral extent in the form of a pool resting on
low-permeable porous media. LNAPL pools floating on the water table are often easier
to detect; however, these too can surprise investigators assuming that all that is required
to detect LNAPL is screening monitoring wells across the water table. Mobile LNAPL
floating on the water table will move vertically as the groundwater elevation fluctuates.
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As the water table rises or falls, LNAPL will be retained in the soil pores, and it may
leave behind a residual LNAPL “smear zone,” or the entire pool may migrate vertically. A
decline in groundwater elevation may trap the LNAPL pool below the water table when
groundwater elevations rise. For example, Oostrom et al. (2006) discuss the results of
experiments and modeling, which show that viscous mobile LNAPL, subject to variable
water-table conditions, does not necessarily float on the water table and may not appear
in an observation well. A similar situation may develop during product recovery efforts.
LNAPL will flow toward a recovery well or trench in response to the gradient induced by
water-table depression. LNAPL may be retained below the water table as the water-table
elevation returns to prepumping conditions.

At residual saturation, NAPL occurs as disconnected single- and multipore globules
or ganglia (Fig. 9.16) within the larger pore spaces that have been cutoff and disconnected
from the continuous NAPL body by the invading water (Cohen and Mercer, 1993; Pankow
and Cherry, 1996). The actual saturation of pore space with NAPL can vary between 0 and
1, with the individual saturations of all fluids present (NAPLs and water) always summed
to 1 in the saturated zone. Determining the percentage of NAPL saturation, even from
the actual core samples, is difficult and requires application of complicated, laborious
techniques, and care in obtaining, preserving, and transporting the samples. In any case,
numeric saturation data from discrete sampling points would have to be extrapolated
and interpolated (“contoured”) in order to estimate the volume of DNAPL present in the
corresponding volume of the aquifer. Cohen and Mercer (1993) present laboratory and
field values of residual saturation for various NAPL fluids in intergranular porous media

FIGURE 9.16 Electronic imaging of DNAPL blobs in porous media. Scale is in millimeters. (From
Brusseau, 2005.)
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Porous Medium Entry Pressure (cm)

Clean sand (K = 1 x 10−2 cm/s) 45
Silty sand (K = 1 x 10−4 cm/s) 286
Clay (K = 1 x 10−7 cm/s) 4634
Fracture, 20 μ aperture 75
Fracture, 100 μ aperture 15
Fracture, 500 μ aperture 3

From Fountain (1998).

TABLE 9.2 Examples of DNAPL TCE Entry Pressure

(clays, silts, sands, gravels, and their mixtures). They conclude that values of residual
saturation generally range between 0.10 and 0.50 in saturated porous media and tend
to be higher in the preferential pathways of NAPL transport. Residual saturation also
tends to increase with increasing pore aspect ratios and pore size heterogeneity, and
with decreasing porosity, probably due to reduced pore connectivity and a decrease in
mobile nonwetting fluid (NAPL) in smaller pore throats. Values of residual saturation
in the vadose zone are generally smaller than in the saturated zone and range between
0.10 and 0.20. This is because NAPL drains more easily in the presence of air than in a
water-saturated system. Residual saturation and retention capacity in the vadose zone
increase with decreasing intrinsic permeability, effective porosity, and moisture content
(Cohen and Mercer, 1993).

As discussed by Fountain (1998), below the water table, entry of DNAPL into water-
filled pores requires overcoming an entry pressure resulting from interfacial tension (IFT)
between DNAPL and water. The required entry pressure increases with decreasing grain
size (Table 9.2). The downward flow of DNAPL may, therefore, be interrupted each time
a layer with a smaller grain size is encountered. DNAPL tends to flow laterally above
the fine-grained layer, accumulating until there is sufficient thickness of DNAPL to over-
come the entry pressure. Even very subtle variations in grain size distribution may pro-
duce significant deflection of DNAPL flow. This results in a series of horizontal lenses of
DNAPL connected by narrow vertical pathways. As in the vadose zone, a small amount
of DNAPL is retained as residual saturation in every pore through which it flows. If the
DNAPL encounters a layer that has a sufficiently high entry pressure, the DNAPL will
accumulate on the top of this layer, forming a “pool.” Thus, DNAPL is typically found
as multiple horizontal lenses, connected by sparse vertical pathways, with one or more
pools above fine-grained layers. Most of the horizontal lenses and vertical pathways
will be at, or below, residual saturation; only pools will have higher saturations. The
distinction between residual saturation and pools is important, since only the DNAPL
in pools is expected to be mobile. However, changes in the IFT between water and
DNAPL, which are produced either by heat (all thermal methods) or by chemicals (sur-
factants or cosolvents) may mobilize DNAPL at residual saturation by reducing capillary
forces.

One potential indication of the presence of DNAPL in the saturated zone in a mon-
itoring well is that the concentration of the dissolved contaminant is greater than 1 to
10 percent of the compound’s effective solubility (Feenstra and Cherry, 1988; Pankow
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FIGURE 9.17 Delineation of potential aquifer zones with DNAPL trichloroethene (TCE) based on the
1–10% solubility rule of thumb. TCE has aqueous solubility approximately between 1100 and 1400
mg/L (1280 mg/L listed in Table 5.5). The aquifer area that may contain residual DNAPL is
assumed to be within the 100 mg/L concentration contour, or approximately 8 percent of the
pure-phase solubility. Note that in the case of a DNAPL mixture, the effective solubility of TCE
would be less than the pure-phase solubility.

and Cherry, 1996). Figure 9.17 illustrates how concentrations in monitoring wells may
be used to delineate aquifer zones with a potential presence of DNAPL. One reasoning
behind this widely accepted “rule of thumb” is that, if DNAPL is present, it will generally
either be present as a small lens in a small preferential pathway, as residual phase gan-
glia, or be diffused from a preferential pathway into a fine-grained matrix. If a 10-ft well
screen is close to or intersects one of these areas, the area where the DNAPL is present
will likely be thin when compared to the full length of the well screen. This is mainly
because groundwater flow is generally laminar and will not mix quickly with the larger
interval of the formation over short distances. As a consequence, the aqueous-phase
contamination dissolving from the DNAPL into groundwater at a concentration close to
its solubility limit will remain contained within a narrow (thin) interval some distance
downgradient of the source zone. This contamination will be diluted in the monitoring
well during sampling by the larger screened interval of the formation. Therefore, concen-
trations of a small percentage of solubility may indicate the presence of DNAPL in the
vicinity of the monitoring well. If well screens are short, there will be less dilution and
the contaminant concentration will be a higher percentage of solubility before it indi-
cates DNAPL. This technique is subjective and must be applied very carefully because it
may grossly over- or underestimate the presence and volumes of DNAPL in the aquifer
if used alone. It should be considered only a part of the process used to determine if
DNAPL is present, not a method that by itself will indicate the presence or absence of
DNAPL (ITRC, 2003). An informative discussion on the behavior and dissolved concen-
trations expected to be found in DNAPL source zones is given by Anderson et al. (1987,
1992).

Another indirect method for detecting the potential presence of residual DNAPL
is to calculate the hypothetical pore-water concentration from the measured total soil
concentration by assuming equilibrium chemical partitioning between the solid phase,
the pore water, and the soil gas, and assuming that no DNAPL is present in the collected
sample. This pore-water concentration (Cw, in mg/L or μg/cm3) can be expressed in
terms of the total soil concentration (Ct, in μg/g dry weight) as follows (Pankow and
Cherry, 1996):

Cw = Ctρb

Kdρb + θw + Hcθa
(9.5)
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where ρb = dry bulk density of the soil sample (g/cm3)
θw = water-filled porosity (volume fraction)
θa = air-filled porosity (volume fraction)

Kd = partition coefficient between pore water and solids for the compound
of interest (cm3/g)

Hc = dimensionless Henry’s gas law constant for the compound of interest

If no DNAPL is present, there is a maximum amount of chemical, which can be
contained in the soil sample at equilibrium with the soil pore water and air. In other
words, for true aqueous solute (dissolved phase) in equilibrium, the calculated pore-
water concentration (Cw) has to be equal to the solubility concentration (Cw = Sw). If
the calculated pore-water concentration is higher than the solubility concentration, some
DNAPL phase of the chemical has to be present in the sample. Note that, for a DNAPL
mixture, effective solubilities of individual compounds will be lower than their pure-
phase aqueous solubilities (see Chap. 5 and application of Raoult’s law). Pankow and
Cherry (1996) provide the following example of the application of Eq. (9.5):

� Measured TCE concentration (Ct) in the soil sample taken from the saturated
zone (where θa equals 0) was 3100 mg/kg or 3100 μg/g.

� The partition coefficient (Kd) for TCE was calculated from the fraction of organic
carbon in the soil sample ( foc = 0.001) and the so-called organic-carbon partition
coefficient for TCE (Koc = 126) as follows: Kd = foc × Koc = 0.001 × 126 = 0.126.

� The bulk density (ρb) was estimated to be 1.86 g/cm3.
� The total porosity, equal to water-filled porosity (θw), was estimated to be 0.3.

Inserting the above values into Eq. (9.5) gives the calculated value for the pore-water
concentration of 10,790 mg/L, which is much higher than the TCE pure aqueous solubility
of approximately 1280 mg/L. The conclusion is that residual liquid TCE DNAPL is
present in the sample.

Dissolution of different NAPL phases in the actual field conditions will depend on a
number of factors, including effective and total porosities of the porous media, ground-
water flow rates, surface contact area between the NAPL and groundwater, and F&T
characteristics such as adsorption and diffusion (e.g., see Miler et al., 1990; Unger et al.,
1998; Clement et al., 2004; Sale and McWhorter, 2001; Barth et al., 2003; Parker and Park,
2004). Assuming that NAPL would dissolve in the flowing groundwater following some
published solubility value for pure water would, therefore, be erroneous. The actual
dissolution of NAPL in the subsurface is often referred to as rate limited because of the
various factors acting to decrease the pure-water solubility. The true dissolution rate for
NAPL will be highly site specific and will change in time. Published solubilities for dif-
ferent hydrophobic organic substances should, therefore, be used with care and only as
a starting point for the related analyses. Cohen and Mercer (1993) provide a detailed dis-
cussion on different approaches to determining aqueous and field solubilities of NAPLs.
Literature values for aqueous solubility of common NAPL organic contaminants are
given in Table 5.5 (Chap. 5).

One of the reasons why residual NAPL can persist in the aquifer for a long time is that
blobs in dead end or otherwise restricted pores are surrounded by stagnant water and
cannot dissolve as quickly as the blobs being constantly flushed by flowing groundwater
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(groundwater advective flux). This flowing water may either be “clean” or have a much
lower concentration of the dissolved constituent than water around the NAPL blob in
the dead-end pore. As a result, the dissolution rate of the blobs constantly flushed by the
flowing groundwater will be much higher compared to the diffusion-driven dissolution
of the dead-end blobs.

In fractured rock aquifers contaminated with NAPLs, diffusion may transfer a signif-
icant mass of the contaminant from the fractures into the rock matrix. The magnitude of
this transfer will depend on a variety of factors including the rock type (matrix porosity
and tortuosity), matrix sorptive capacity, fracture spacing and aperture, and the advec-
tive flow rate in the fractures. In general, the contaminant removal from the advective
flow component in the fractures into the surrounding rock matrix acts as an attenuating
mechanism. However, once the rock matrix is invaded with the contaminant, it serves as
a long-term storage that may play a significant role as a secondary source of groundwater
contamination in some unfavorable hydrogeologic settings. This mass will diffuse back
into the fractures as long as there is a concentration gradient, i.e., the concentration in
the matrix is higher than in the fractures.

For example, Lipson et al. (2005) discuss the results of a model that simulates solute
transport through a set of parallel, equally spaced fractures, using calibrated input pa-
rameters obtained from field investigation at a site contaminated with TCE DNAPL. The
model was used to assess rates of diffusion and back-diffusion between the fractures and
the matrix, and their impact on dissolved TCE concentrations in the fractures when the
aquifer is subject to P&T remediation. Figure 9.18 presents a plot of TCE concentration
versus distance into the matrix, between two parallel fractures 1.42 m apart. Time t = 0
corresponds to the start of P&T operations. The figure shows that TCE is diffusing into
the rock matrix at this location along the flowpath in the fractures for the first 160 years
of pumping and clean water injection (the location is 200 m downgradient from the
point of injection of clean water at t = 0). After 160 years, concentrations in the first 20
cm of the rock matrix start to decline due to diffusion back out of the matrix from the
zone adjacent to the fractures; however, concentrations within the interior of the rock
matrix blocks continue to increase (e.g., compare t = 160 years with t = 320 years). At
a time of 1280 years, all diffusion is directed out of the matrix blocks, with the peak
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FIGURE 9.18 Simulated TCE concentration in sandstone matrix block at z = 200 m. Times shown
are years since the DNAPL source has been completely removed. The block is in between two
parallel fractures 1.42-m apart. (From Lipson et al., 2005; copyright National Ground Water
Association, printed with permission.)
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concentration (∼13,000 ppb) occurring at the center of the blocks. Figure 9.18 shows that
inward diffusion continues to occur for long periods after the start of pumping opera-
tions. It also shows that the back-diffusion process takes longer that the initial forward
diffusion because of the fact that concentration gradients are directed both into and out
of the matrix during back-diffusion stage (Lipson et al., 2005).

One important consequence of the residual NAPL persistency on groundwater reme-
diation of the source zones is that, even after a significant mass of free-phase or residual
product has been removed from the aquifer, the impact of the remaining mass in the
stagnant water (dead-end pores) or in the rock matrix may still be great. The delivery of
oxidizing fluids to stagnant zones and the rock matrix may be less successful or not feasi-
ble, so that the intact NAPL and the high dissolved concentrations in the stagnant zones
and the rock matrix will continue to contaminate the faster advective flow of groundwa-
ter. Together with desorption, this mechanism is the main reason for the often-observed
rebound of dissolved concentrations after ISCO applications.

A common simplified approach for quantifying the rate of mass transfer from the
NAPL phase to the dissolved constituent phase is to lump various processes into one
parameter called mass transfer coefficient. In general terms, this parameter is expressed
as follows (Pankow and Cherry, 1996):

Rate of Mass Transfer (M/T) = Mass Transfer Coefficient (L/T)

× Concentration Difference (M/L3)

× Contact Area (L2) (9.6)

where M = mass
L = length
T = time

The mass transfer coefficient is usually first estimated by some of the proposed equa-
tions and then calibrated to match field data, if the related analysis is performed with
the aid of numeric models. In practice, the majority of projects that include a more thor-
ough quantitative analysis of contaminant F&T associated with NAPL source zones use
numeric modeling techniques to account for the rate-limited dissolution processes. For
example, MT3DMS and RT3D, two widely used F&T models based on the MODFLOW
groundwater flow solution, include options for modeling a constituent transfer from the
immobile phase (e.g., DNAPL) to the mobile phase (dissolved phase) by using the mass
transfer coefficient as one of the model parameters.

Simple analytical screening models such as REMChlor (Falta et al., 2007), and
BIOBALANCE (Groundwater Services, Inc., 2007) offer several options (equations) for
simulating dissolution of NAPL in the saturated zone, as well as the effects of varying
dissolution rates and NAPL mass removal on the downgradient dissolved concentra-
tions. For example, Newell and Adamson (2005) discuss a source-depletion project that
achieved 70 percent mass removal and reduced the remedial time frame (RTF) from 184
to 136 years (26 percent) when a first-order decay model of source mass depletion was
applied, and a conservative concentration end point (Cgoal/C0 = 0.01) was selected.
While a comprehensive cost analysis was not conducted for this scenario, the relatively
minor improvement in the RTF led the authors to conclude that it might make it difficult
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to favor the selection of an aggressive source-depletion strategy based on reduction in
RTF alone (Newell and Adamson, 2005).

The main requirement for any attempt of DNAPL source-zone remediation is the
development of an adequate conceptual site-specific model of their F&T. The most im-
portant part of this effort is the realization that high density, low viscosity, and low IFT
relative to water make chlorinated solvents mobile contaminants that are difficult to find
or remove when released into the groundwater system. The USGS has developed five
preliminary conceptual models, emphasizing accumulation sites for chlorinated DNAPL
in karst aquifers (Wolfe and Haugh, 2001). Although the five models were developed for
karst aquifers, which are hydrogeologically the most complex, one or more of them may
be applicable for common situations found in other hydrogeologic settings. The five
models of DNAPL accumulation in karst settings illustrated in Fig. 9.19 are (1) trapping
in regolith, (2) pooling at the top of bedrock, (3) pooling in karst conduits, (4) pooling in
bedrock diffuse-flow zones, and (5) pooling in isolation from active groundwater flow.

Trapping in regolith is most likely where the regolith is thick and relatively imper-
meable with few large cracks and fissures. Accumulation at the top of rock is favored by
flat-lying strata with few fractures or karst features near the bedrock surface. Fractures
or karst features near the bedrock surface encourage migration of chlorinated DNAPL
into karst conduits or diffuse-flow zones in bedrock. DNAPL can migrate through one
type of bedrock aquifer into an underlying aquifer of a different type or into openings
that are isolated from significant groundwater flow (Wolfe and Haugh, 2001). The most
problematic, from the aquifer restoration perspective, in addition to an extremely low
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probability of actually finding DNAPL at any depth in fractured aquifers, is its migra-
tion into, and pooling in, bedrock diffuse-flow zones and fractures isolated from major
zones of groundwater flow. DNAPL accumulated in such regions will be dissolved very
slowly into the slow-flowing groundwater and will act as a long-term secondary source
of groundwater contamination.

As emphasized by Wolfe and Haugh (2001), the five models shown in Fig. 9.19 are
intended to be starting points for the analysis of chlorinated solvent contamination in
karst settings and do not reduce the critical importance of careful characterization of the
environmental settings and contaminant distributions at specific sites. These preliminary
conceptual models are scale neutral. There is no minimum amount of DNAPL that could
be stored in any of these environmental compartments, and the maximum amounts are a
function of the size and nature of the release and the hydrogeologic character of specific
sites. The models are mutually compatible in that more than one model may be applicable
to a given site.

In conclusion, delineation of the DNAPL source zone in fractured rock and karst
aquifers is generally much more difficult than in intergranular porous media. In relatively
homogenous intergranular porous media, “clean” water in a sample provides reasonable
evidence that there is no DNAPL further upgradient. In contrast “clean” water in one well
in a fractured unit provides information only on those fractures that are both upgradient
and in hydraulic contact with the well (Fountain, 1998).

The absence of an adequate conceptual model commonly leads to wasted effort and
expense as data are collected, which do little to illuminate the problem at hand. Standard
techniques of site characterization developed for aqueous-phase contaminants or for
porous granular media may provide irrelevant or erroneous results at DNAPL sites in
fractured rock and karst settings (Cohen and Mercer, 1993; Barner and Uhlman, 1995;
Wolfe and Haugh, 2001). Photographs in Fig. 9.20 illustrate some of the features that
cause a very complex nature of F&T of both DNAPL and dissolved-phase contamination
in karst, often leading to infeasible aquifer restoration efforts.

There are risks associated with both the characterization and the remediation of
DNAPLs. Any invasive technique that penetrates a DNAPL pool (e.g., drilling and push-
in tools) could provide a pathway for downward migration of the DNAPL (Pankow and
Cherry, 1996). Any remediation technique that alters the water table or decreases IFT
between DNAPL and water may also enhance DNAPL mobility. The risks of mobilizing
DNAPL are also dependent on the hydrogeology of the site. Whether a competent con-
fining layer is present or if there are water resources beneath the DNAPL source zone
are two factors of particular importance. Thus, the risk must be evaluated for each site.
Remediation may also increase the risk of DNAPL mobilization, and this risk should be
carefully evaluated for each potential remediation technology (Fountain, 1998).

9.4.2 Physical Containment
The enclosure of sources residing in the saturated zone with impermeable physical bar-
riers is usually an option considered during FS for two main reasons: (1) given enough
resources, physical barriers can be designed and constructed in virtually any geologic
(hydrogeologic) environment, at almost any depth, and (2) these eliminate or substan-
tially decrease the migration of dissolved contaminants from the source area and therefore
the risks for human health and the environment. However, physical barriers are rarely
selected as the final remedy for most common groundwater contamination problems
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FIGURE 9.20 Some of the karst features that greatly complicate characterization and remediation
of groundwater contamination. Top: Epikarst exposed in a road cut near Knoxville, TN. (Photograph
courtesy of George Sowers; printed with kind permission of Francis Sowers). Bottom: Small karst
conduits entering a cave passage (note camera lens cap for scale).
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because the costs are often prohibitive compared to other technologies. In addition, there
is no guarantee that any barrier would be completely impermeable and would maintain
integrity indefinitely. For these reasons, all installed barriers must include monitoring of
potential contaminant migration. Probably the main reason why physical barriers are a
less desirable option even in the cases of relatively small containment volumes and low
costs is the issue of a water-table rise inside the barrier due to infiltration from the land
surface or a lateral inflow through the saturated zone. This buildup would have to be
prevented by periodic or continuous pumping, depending on site-specific conditions.
The fluid drainage system may include drains and wells in various configurations and
will require a treatment system for the contaminated water. Any barrier technology that
requires additional handling of fluids (groundwater) is referred to as “active.” Capping
of the source zone with an impermeable cover such as thick asphalt or concrete can elim-
inate the infiltration problem; however, the only theoretical option for preventing water
table buildup is a complete enclosure of the source zone in the subsurface, including
from the bottom, with a 100-percent impermeable barrier. Although rare, such “passive”
systems have been installed in cases with some dangerous hazardous wastes.

In 1998, the USEPA published the results of a national survey of vertical barrier walls
performance at Superfund and RCRA sites, and other hazardous waste management
units at which such walls had been used as the containment method during a remedial
or corrective action. Major differences were found in the monitoring of the containment
systems. At some sites, very little monitoring of groundwater quality and levels was
carried out, while at others monitoring well and piezometer networks downgradient of
the site were used to measure trends in groundwater quality and to monitor groundwa-
ter levels. Essentially, no long-term monitoring of physical samples was performed to
examine mechanisms of degradation affecting the barrier. Geophysical surveys along the
wall alignment were used at several sites but were inconclusive because the available
techniques cannot detect small changes in the permeability of the wall. Stress testing
of the wall after construction was performed infrequently. However, monitoring data
allowed the detection of leaks at four sites, and the leaks were repaired (USEPA, 1998a).

Of the 36 sites where detailed evaluation was performed, 22 had caps in addition
to the barrier wall. In many cases, the caps were tied into the barrier wall. Cap design
varied little among the sites, and most sites met the design requirements set forth under
RCRA Subtitle C. Monitoring data for caps generally were not detailed enough to eval-
uate performance. Based on the findings of the survey, the Agency recommended the
following measures for improvement of the performance and evaluation of subsurface
engineered barriers:

� The design of subsurface barriers and caps should be based on more complete
hydrogeological and geotechnical investigations than are usually conducted. In
addition, designs should be more prescriptive (as appropriate) in terms of con-
taminant diffusion and compatibility with the barrier materials that could affect
long-term performance.

� The construction quality assurance and quality control (QA/QC) effort for sub-
surface barriers requires further development and standardization, including
nondestructive postconstruction sampling and testing.

� The importance of a systematic monitoring program in evaluating long-term
performance of subsurface barriers cannot be overemphasized.
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� Measures should be implemented to ensure the integrity of the barrier through-
out its life, including comparative data reviews at 5-year intervals. Such reviews
should address (1) hydraulic head data (specifically, the development and main-
tenance of a gradient inward to the containment), (2) trends in downgradient
groundwater quality, and (3) data from monitoring points at the key-in horizon.

As emphasized by the USEPA, the type of containment system (active or passive)
does not have a bearing on the complexity of the monitoring program. The complexity
of the monitoring program is dictated by the hydrogeological characteristics of the site.
It is recommended that, for passive or partially active containment sites, monitoring of
groundwater quality be used to assess the performance of a barrier wall containment
system. For active sites, groundwater head differentials should be the primary element
monitored to assess performance of the containment system. It is recommended that
the location of monitoring wells for the assessment of groundwater quality be based
on a probabilistic approach to compliance monitoring. In addition, flow and transport
mechanisms should be evaluated to assist in establishing the minimum necessary number
and locations of monitoring points. Nests of monitoring wells, set at various depths in
different strata, located close to the barrier system should also be used in identifying
underflow or downward flow conditions that may allow the contaminants to migrate
from the containment system (USEPA, 1998a).

The main concern in the application of engineered vertical barrier technologies is
control of keying the barrier into the underlying aquitard in order to prevent the con-
taminant from passing under the barrier. The slurry trench excavation method, described
below, is the only one that permits visual inspection of the key material and assurance
of the key-in depth during construction.

Slurry Walls
Slurry walls are the most common type of subsurface wall and are considered baseline
barrier technology. “It is the expert consensus” that, if properly designed and constructed,
slurry walls can successfully contain waste at contaminated sites (Rumer and Mitchell,
1996). Slurry walls have been used for pollution control since 1970, and the technol-
ogy is accepted and regarded as an effective method of isolating hazardous waste and
preventing the migration of pollutants (Pearlman, 1999).

Barriers installed with the slurry trenching technology consist of a vertical trench
excavated along the perimeter of the site, filled with bentonite slurry to support the
trench and subsequently backfilled with a mixture of low-permeability material (1 ×
10−6 cm/s or lower) (see Figs. 9.21 and 9.22). Such walls are keyed into an aquitard, a
low-permeability soil or rock formation, or a few feet below the groundwater elevation
when the objective is to contain LNAPL. Significant features of a vertical barrier are, at
a minimum (USEPA, 1998a), as follows:

� Continuous wall of uniform low permeability
� Sufficient thickness to withstand earth stresses and hydraulic gradients and to

provide long-term sorption capacity
� Wall backfill compatible with the groundwater quality and chemistry in the

vicinity of the wall
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FIGURE 9.21 Soil-bentonite slurry wall installation. (Modified from USEPA, 1998a.)

� Continuous key, typically of 2 to 5 ft into the low-permeability soil or rock for-
mation, if feasible (the quality of the key material can be verified continuously
during excavation of the trench)

The most widely used technique for containment is the soil-bentonite slurry wall. It
is typically the most economical, utilizes low-permeability backfill, and usually allows
reuse of all or most of the material excavated during trenching. The low-permeability
backfill is prepared by mixing a bentonite slurry with the excavated native soils. Addi-
tional borrow materials or dry bentonite can be added to the mixture to meet the de-
sign requirements. Recently, specialty additives have been used to increase the sorption

Bentonite
Storage

Backfill mixing
area Trench

spoils
Backhoe

Backfilled
trench

Backfill
placement

area

Area od active
excavation

Proposed line
of excavation

QA Lab
Hydration

pond Slurry
pumps

Slurry
storage
pond

Bentonite
storage

Access
road

Water tanks

Slurry
preparation
equipment

FIGURE 9.22 Typical site layout for slurry wall installation. (From USEPA, 1998a.)
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capacity of the backfill. Geosynthetic liners can be used both in conjunction with slurry
walls or as a stand-alone barrier.

Cement-bentonite and concrete slurry walls are used for containment when these are
required by the site conditions. The techniques reduce the length of excavations held
open under slurry at any given time and provide a backfill that exhibits strength. Typical
applications would be trench excavation adjacent to an existing structure or through soft
or unstable soil. However, the addition of the most common types of cement, such as Port-
land, increases the permeability of the backfill (USEPA, 1998a). Alternative self-hardening
slurries incorporate ground-blast slag in with the cement to increase impermeabilities
to 10−7 to 10−8 cm/s. Additions of slag can also increase the chemical resistance and
strength of the barrier. Typically, the mixing ratio of Portland cement to slag is 3:1 or 4:1
(Mutch et al., 1997).

Deep Soil Mixing
Deep soil mixing technology was developed in Japan and consists of in situ mixing of
soil and a slurry. The specially designed equipment typically consists of large-diameter
counter-rotating augers mixing in situ soils with additives. A water-bentonite or cement
slurry is injected into the soil as the augers are advanced, resulting in a column of thor-
oughly mixed soil. This technology is sometimes referred to as solidification stabilization.
A continuous barrier is created by overlapping columns (Fig. 9.23).

Deep soil mixed barriers can achieve permeabilities of 10−7 cm/s. As with a vibrating
beam barrier, the bottom of a deep soil mixed barrier cannot be inspected to confirm key
penetration. However, deep soil mixed barriers are considerably wider than vibrating
beam barriers and can achieve lower permeabilities. Because potentially contaminated
materials are not excavated, the advantages of using deep soil mixing technology include
reduction of health-and-safety risks and elimination of costs associated with handling
and disposal of contaminated soils (USEPA, 1998a).

3rd or 5th stroke

SMW
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1st 2nd
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60 cm

FIGURE 9.23 Installation sequence for a deep soil mixed barrier. (From USEPA, 1998a.)
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Grouted Barriers
Grout barriers (“walls” or “curtains”) have been used extensively for civil engineering
projects (e.g., see USACE, 1984), but less frequently at hazardous waste sites. These are
usually more expensive than other techniques, and the barriers have higher permeability.
However, grout walls can have greater depths than any other type of subsurface barriers
and are capable of extending the key through bedrock.

Construction of grouted barriers involves injection of a grout into the subsurface.
Pressure grouting and jet grouting are both forms of injection grouting, in which a par-
ticulate or chemical grout mixture is injected into the pore spaces of the soil or rock.
Particulate grouts include slurries of bentonite, cement, or both and water. Chemical
grouts generally contain a chemical base, a catalyst, and water or another solvent. Com-
mon chemical grouts include sodium silicate, acrylate, and urethane. Particulate grouts
have higher viscosities than chemical grouts and are therefore better suited for larger
pore spaces, whereas chemical grouts are better suited for smaller pore spaces (USEPA,
1998a; USACE, 1995).

Sheet-Pile Walls
Sheet-pile cutoff walls are constructed by driving vertical strips of steel, precast con-
crete, aluminum, or wood into the soil, forming a subsurface barrier wall. The sheets
are assembled before installation and driven or vibrated into the ground, a few feet at a
time, to the desired depth. Sheet-pile walls traditionally have consisted of steel sheeting
with some type of interlock joint. Recently, such sheeting includes an improved inter-
lock design to accommodate sealing of joints; several innovative techniques have been
developed recently to seal and test the joints between sheet piles. In addition, plastic has
been substituted for steel in a number of applications.

Sheet-pile walls have long been used for a wide variety of civil engineering applica-
tions, but their use in environmental situations has been limited. Sheet-pile wall installa-
tion is limited to shallow depths and unconsolidated materials. Although steel sheet-pile
walls are strong and steel will not hydrofracture, the interlocking joints present a leakage
problem. The ability of steel sheet piling to meet a typical 10−7 cm/s design performance
standard depends on the type of material used to seal the interlocking joints.

The Waterloo BarrierTM is an adaptation of the sheet-pile wall that addresses the
problem of leaky joints. The Waterloo BarrierTM is specially designed to interlock sealable
joints (Fig. 9.24). Installation involves driving sheet piles into the ground, flushing the
interlocking joint cavity to remove soil and debris, and injecting sealant into the joints.

22.25 ft

Sealable
cavity

FIGURE 9.24 Waterloo BarrierTM sealable joint steel sheet piling (WZ 75 profile). (Source:
http://www.oceta.on.ca/profiles/wbi/barrier.html.)

http://www.oceta.on.ca/profiles/wbi/barrier.html


739G r o u n d w a t e r R e s t o r a t i o n

Depending on site conditions, the cavity may be sealed with a variety of materials,
including clay-based, cementitious, polymer, or mechanical sealants. Video inspection
of the joint cavity prior to sealing ensures that the joint can be sealed. The Waterloo
BarrierTM can achieve bulk hydraulic conductivities of less than 10−8 cm/s (Mutch et al.,
1997).

9.4.3 Fluid Removal Technologies
The main difficulty in applying NAPL fluid removal technologies in source zones is
difficulty in finding pooled, free-phase NAPL precisely enough for feasible extraction.
This difficulty is particularly pronounced in fractured rock and karst aquifers. While
commonly applied for LNAPL sources, which are comparably easier to locate, as these
tend to remain in the shallow saturated zone, fluid removal technologies have been less
successfully demonstrated on DNAPL sources. In most cases, however, the removed
fluids require some form of treatment and disposal, which is often a less desirable option
compared to in situ technologies such as chemical oxidation and bioremediation.

Soil Vapor Extraction (SVE) and Bioventing
In situ SVE is the process of removing and treating volatile and some semivolatile organic
compounds from the unsaturated zone. By applying a vacuum through a system of wells,
contaminants are pulled to the surface as vapor or gas. Often, in addition to vacuum
extraction wells, air injection wells are installed to increase the air flow and improve
the removal rate of the contaminant (Fig. 9.25). An added benefit of introducing air
into the soil is that it can stimulate bioremediation of some contaminants. Used alone,
SVE cannot remove contaminants in the saturated zone. It is therefore often combined
with groundwater extraction, which lowers the water table and increases the thickness
of the unsaturated soil from which more residual NAPL and sorbed volatile organic
compounds (VOCs) can be stripped (volatilized). SVE is also combined with air sparging,
the technology described in more detail in the next section.

An example of combining groundwater removal with submersible pumps and SVE
technology is illustrated in Fig. 9.26. Blowers attached to extraction wells alone or in
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FIGURE 9.25 Typical soil vapor extraction system. (Modified from USEPA, 2006a.)
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FIGURE 9.26 Illustration of combined groundwater removal and soil vapor extraction (SVE)
technology implementation. (After BATTELLE, 1997.)

combination with air injection wells induce airflow through the soil matrix. The airflow
strips the volatile compounds from the soil and carries them to extraction wells. The
process is driven by the partitioning of volatile materials from the solid, dissolved, or
nonaqueous liquid phases to the clean air being introduced by the vacuum extraction
process. Air emissions from the systems typically are controlled aboveground by adsorp-
tion of the volatiles onto activated carbon, which is the most commonly used treatment
for contaminated vapors and is adaptable to a wide range of VOCs. Vapor treatment
technologies also include thermal destruction (incineration, catalytic oxidation, or inter-
nal combustion engine) and condensation by refrigeration. SVE is a mature technology
that has been used routinely for remediation of soil contaminated with VOCs and, in
combination with other technologies, for remediation of shallow groundwater.

Bioventing is a process in which a system consisting of injection and extraction wells
is used to either push or pull air through the contaminated unsaturated zone. Airflow in-
creases the availability of oxygen and promotes aerobic biodegradation of organics in the
unsaturated zone. Adjustments to the soil moisture content, temperature, or other factors
may be used to improve the biodegradation process. Bioventing relies on the ability to
move air through the contaminated material. Adjustment chemicals may be applied as
aqueous solutions, and modifications may be used to increase the soil temperature.

Relying on naturally occurring oxygen in the injected water is often not feasible,
since large amounts of oxygen-saturated water are required for biotreatment and often
cannot be delivered because the hydraulic conductivity of the soil is too low (Dupont
et al., 1991). Bioventing is, therefore, applicable to sites where limited soil permeability
makes the site unsuitable for biotreatment. A bioventing system moves air through the
unsaturated zone with a system of vent wells and blowers. Air movement provides an
oxygen source to speed metabolism of organic contaminants. Bioventing is an established
technology for remediation of petroleum hydrocarbons in the unsaturated zone.
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Air Sparging
In situ air sparging (IAS) is still an evolving technology applied to serve a variety of re-
medial purposes. While IAS has primarily been used to remove VOCs from the saturated
subsurface through stripping, the technology can be effective in removing volatile and
nonvolatile contaminants through other, primarily biological, processes enhanced during
its implementation. The basic IAS system strips VOCs by injecting air into the saturated
zone to promote contaminant partitioning from the liquid to the vapor phase. Off-gas
may then be captured through an SVE system, if necessary, with vapor-phase treatment
prior to its recirculation or discharge into the air (USACE, 2008). IAS appears to have
first been utilized as a remediation technology in Germany in the mid-1980s, primarily
to enhance cleanup of groundwater contaminated by chlorinated solvents (Gudemann
and Hiller, 1988). Figure 9.27 depicts a typical combination of SVE and IAS systems.

Because injected air, oxygen, or an oxygenated gas can stimulate the activity of in-
digenous microbes, IAS can be effective in increasing the rate of natural aerobic biodegra-
dation. This is particularly important when considering the use of IAS at sites with read-
ily biodegradable hydrocarbons, particularly petroleum-contaminated sites. It has been
speculated that, similarly, anaerobic conditions might be able to be created by injecting
a nonoxygenated gaseous carbon source to remove the dissolved oxygen (DO) from the
water. The resulting enhanced degradation of organic compounds, such as chlorinated
VOCs, to daughter products would result in increased volatility, which could improve
the effectiveness of stripping and phase transfer during IAS (USACE, 2008).

IAS is generally considered a mature technology. It is relatively easy to implement
and well known to regulatory agencies, and the equipment necessary for IAS is generally
inexpensive and easily obtained. Therefore, IAS is one of the most practiced engineered
technologies for in situ groundwater remediation. Critical aspects governing the effec-
tiveness of an IAS system, such as the presence and distribution of preferential airflow
pathways, the degree of groundwater mixing, and potential precipitation and clogging
of the soil formation by inorganic compounds, continue to be researched and reported
in conference proceedings and technical journals. There are innovative field techniques
that can aid the understanding of the effectiveness of IAS, such as neutron probes for
measuring the effective zone of influence (ZOI) and distribution of the injected gas. As
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FIGURE 9.27 A combined soil vapor extraction (SVE) and in situ air sparging (IAS) system. (From
USEPA, 1996a.)
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IAS is often considered to be a straightforward technology, such techniques are not often
implemented. However, when such data are collected, it is anticipated that the under-
standing of the mechanisms and processes induced by IAS will increase, as well as the
ability to predict and measure its effectiveness (USACE, 2008).

There are fundamental physical limitations on the effectiveness of air sparging for
treating NAPLs. LNAPLs tend to form pools above the water table or discontinuous
ganglia throughout the capillary fringe and smear zone. These LNAPL pools and ganglia
represent potentially large sources of VOCs with relatively limited surface areas. The
small surface area of such NAPL bodies limits the rate of interphase mass transfer of
VOCs from NAPL into sparge air, in much the same way as it limits the transfer of VOCs
from NAPL into groundwater. However, over time, pooled volatile LNAPL, such as
gasoline or jet fuel, and residual NAPL in the smear zone may be remediated by combined
IAS/SVE approaches. Laboratory experiments performed with poorly graded coarse
sand imbued with benzene NAPL “pools” demonstrated fairly rapid NAPL removal
(Adams and Reddy, 2000). The potential for remediation of less volatile LNAPLs (e.g.,
diesel or fuel oils) is not as promising and relies more on biodegradation potential than
enhanced volatilization of the LNAPL (USACE, 2008).

DNAPL sites are particularly difficult to remediate with IAS. In addition to the limita-
tions of interphase mass transfer, the effect of capillary pressures on DNAPLs and sparged
air operates to inhibit these two phases from contacting one another in the subsurface. In
even moderately heterogeneous aquifers, DNAPLs tend to pool atop low-permeability
lenses when these lack the entry pressure to penetrate the lower-permeability lens.
Sparged air likewise often fails to enter lower-permeability lenses from below, because
the capillary pressure resisting air flow through low-permeability units is even greater
than that resisting the DNAPL. As a result, the sparged air tends to flow around the
lower-permeability lens before continuing upward, never contacting the DNAPL resting
atop the lens.

Steam can be injected in conjunction with, or instead of, air to incorporate a thermal
treatment element to traditional air sparging technology. Steam injection has been em-
ployed successfully to remediate VOC-contaminated aquifers that would otherwise be
difficult to remediate using traditional IAS and to remediate contaminants not amenable
to traditional IAS (USEPA, 1997, 1998b; Davis, 1997). Steam injection design and opera-
tion are subject to many of the same constraints as air stripping. Considerations related
to multiphase flow (i.e., preferential flow paths) are important in determining whether
steam injection has the potential to succeed at a site. However, because steam incor-
porates an element of thermal treatment, the necessary vapor-water contact area can
be substantially less than for traditional air sparging. Because the thermal conductivity
rates are much higher than diffusive mass transfer between vapor-filled pores and the
surrounding water-filled pores, steam injection can affect a larger volume of soil for a
given vapor-phase saturation. The lateral distribution of heat is further enhanced by the
horizontal flow of hot condensate from injection wells. As steam will condense in the
cooler parts of the subsurface, the vapor phase will not initially reach the vadose zone
and this condensation front will migrate from the steam sparging/injection well until
breaking through to extraction wells or the water table. To enhance vapor-phase transfer
of contaminants and to provide oxygen for destructive oxidation processes, the steam is
sometimes amended with air (USACE, 2008).

A common application of IAS is for the treatment of dissolved-phase contamina-
tion in a plume, downgradient of source areas. Configurations used for aqueous-phase
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Parameter Limited Effectiveness Likely Benefit Well Suited

Contaminant type Weathered fuels
Lubricating oils
Hydraulic fluids
Dielectric fluids
PCBs

Diesel fuel
Jet fuel
Acetone
MTBE

MOGAS
AVGAS
Halogenated

solvents1

BTEX
Geology Silt and clay

(interbedded)
Massive caly
Lubricating oils
Highly organic soils
Fractured bedrock
Stratified soil
Confining layers

Weakly stratified
soils

Sandy silt
Gravelly silt
Highly fractured clay

Uniform
coarse-grained
soils (gravels
and sands)

Uniform silts

Contaminant phase Free product Sorbed Dissolved
Contaminant location Within confined aquifer;

near bottom of
unconfined aquifer

Within shallow
aquifer

Near water table

Contaminant extent Large plumes2 Modest-size plumes Small plumes
Hydraulic conductivity

(cm/s)
<10−5 10−5 to 10−4 >10−4

Anisotropy High degree Moderate degree Isotropic

1 IAS is generally applicable to halogenated ethenes, ethanes, and methanes.
2 Sparge curtains may be effective in managing migration within large plumes.
From USACE, 2008.

TABLE 9.3 Factor Affecting Applicability of In Situ Air Sparging (MOGAS: motor gasoline; AVGAS:
aviation gasoline)

treatment include the installation of an array of air sparging points, spaced so that each
individual ZOI overlaps. When the source is a release of LNAPL (e.g., gasoline or fuel
oil), the dissolved plume is often situated near the water-table surface of an unconfined
aquifer. In such cases, IAS points can be conveniently located just below the plume to
obtain the desired coverage. In a survey of 32 IAS case studies, Bass and Brown (1996)
concluded that performance of IAS systems was generally better in systems treating
dissolved-phase plumes than in systems treating adsorbed contaminants. Table 9.3 in-
cludes various parameters influencing the effectiveness of IAS.

IAS does present some potential risks. One of the problems in applying air sparging is
controlling the process. In bioventing, airflow is induced by air injection at low pressure
or by air extraction. In groundwater extraction, the groundwater is collected and removed
by pumping. In situ contaminant flow in these systems is under better control because
the contaminants tend to migrate toward extraction points. By contrast, air sparging
systems inject air at or above the local hydrostatic head. The injection of pressurized
air can cause water and contaminants to move away from the air injection point. This
migration can accelerate and aggravate the spread of contamination. A second problem
with IAS is accelerated vapor travel. Air sparging can increase the partial pressure of
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FIGURE 9.28 In-well vapor stripping process. (From Miller and Roote, 1997.)

volatile contaminants in the unsaturated-zone gas phase and induce gas migration out
of the contaminated zone. The combination of increased contaminant concentration and
increased gas migration can increase contaminant movement in the unsaturated zone
(BATTELLE, 1997).

A variation of air sparging, called in-well vapor stripping, involves the creation
of a groundwater circulation pattern and simultaneous aeration within the stripping
well to volatilize VOCs from the circulating groundwater. Air-lift pumping is used to
lift groundwater and strip it of contaminants. Contaminated vapors may be drawn off
for aboveground treatment or released to the vadose zone for biodegradation. Partially
treated groundwater is forced out of the well into the vadose zone where it reinfiltrates
to the water table. Untreated groundwater enters the well at its base, replacing the water
lifted through pumping (Fig. 9.28). Eventually, the partially treated water is cycled back
through the well and through this process until contaminant concentration goals are met
(Miller and Roote, 1997).

Modifications of the basic process involve combinations with SVE and aboveground
treatment of extracted vapors and/or injection of nutrients and other amendments to
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enhance natural biodegradation of contaminants. Applications of in-well stripping have
generally involved chlorinated organic solvents (e.g., TCE) and petroleum product con-
tamination (e.g., benzene, toluene, ethylbenzene, and xylenes (BTEX) and total petroleum
hydrocarbons (TPH)). Application of this technology, based on system modifications,
may address nonhalogenated VOC, SVOC, pesticide, and inorganic contamination. In-
well stripping has been used in a variety of soil types from silty clay to sandy gravel
(Miller and Roote, 1997).

Reported advantages of in-well stripping include lower capital and operating costs
due to use of a single well for extraction of vapors and remediation of groundwater
and absence of the need to pump, handle, and treat groundwater at the surface. Addi-
tional advantages involve its easy integration with other remediation techniques such as
bioremediation and SVE and its simple design with limited maintenance requirements.
Limitations reported for this technology include limited effectiveness in shallow aquifers,
possible clogging of the well due to precipitation, and the potential to spread the contami-
nant plume if the system is not properly designed or constructed (Miller and Roote, 1997).

A variety of resources are available to assist in assessing the feasibility of IAS and
designing an effective system. Resources include models for system design and opti-
mization and various manuals published by the United States Federal agencies. For
example, TOUGH2/TMVOC is a multiphase, nonisothermal, saturated, and unsatu-
rated numerical transport model that can be applied to IAS simulations. More infor-
mation and the model are available from the Lawrence Berkeley Laboratory Web site
at http://www.esd.lbl.gov. A limitation associated with IAS models is that the hetero-
geneities that control airflow paths are on a scale much finer than the available site
characterization data. The processes that IAS models must incorporate include multi-
phase flow, buoyancy and capillary forces acting on air, and soil variability on a small
and large scale (perhaps by stochastic methods).

USACE maintains a Web site that contains information on SVE, bioventing, and other
air-based remediation technologies. This Web site lists useful documents and links to Fed-
eral bulletin boards and databases, located at http://www.environmental.usace.army.
mil/info/technical/geotech/geotopical/sve/sve.html.

USEPA also maintains a web page cataloguing relevant IAS guidance documents, lo-
cated at http://clu-in.org/techfocus/default.focus/sec/Air Sparging/cat/Guidance/.

Free-Phase and Multiphase Extraction
A number of technologies are aimed at NAPL extraction from the subsurface using
trenches and drains, and vertical and horizontal wells of sufficient diameter to accommo-
date pumping equipment. These are usually given names based on fluid phase targeted
for removal and the principal extraction mechanism. Extraction mechanisms include vac-
uum pumps, skimmer pumps (for floating LNAPLs), downhole single- and dual-phase
pumps, total fluid pumps, and their varying combinations applied in a single well.

Conventional LNAPL recovery uses an electric or pneumatic pump to remove LNAPL
from the surface of the water table. This recovery can be accomplished with or without
water-table drawdown. Skimming systems rely on passive movement of LNAPL into
the well (trench) and use skimming pump for LNAPL-only recovery. Such systems have
negligible drawdown and radius of influence (ROI) outside the well (trench). LNAPL
recovery by drawdown can be performed using a single total fluids pump or separate
groundwater and LNAPL recovery pumps. Single-pump systems are installed below
the water table and extract groundwater and LNAPL in the same stream that is then

http://www.esd.lbl.gov
http://www.environmental.usace.army.mil/info/technical/geotech/geotopical/sve/sve.html
http://www.environmental.usace.army.mil/info/technical/geotech/geotopical/sve/sve.html
http://clu-in.org/techfocus/default.focus/sec/Air_Sparging/cat/Guidance/
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FIGURE 9.29 Conventional LNAPL recovery using dual pump system. (From BATTELLE, 1997.)

separated aboveground. Dual-pump systems use a submersible water pump to lower
the groundwater table and an LNAPL skimming pump to recover LNAPL that migrates
into the well (Fig. 9.29). Drawdown systems for LNAPL increase recovery by lowering the
water table, which increases the hydraulic gradient toward the well and accelerates the
LNAPL flow into the collection system. Drawdown, however, can result in entrapment of
LNAPL within the cone of depression, potentially deepening the smear zone of LNAPL
in the soil, which can be difficult to remediate (Leeson and Hinchee, 1995). Conventional
LNAPL recovery is best suited for sites with homogeneous, coarse-grained soils that will
allow LNAPL to flow freely into a recovery well or trench.

Multiphase extraction (MPE) has evolved as a remediation method that applies the
technology pioneered for construction vacuum dewatering to enhance the recovery of
LNAPL. At many sites, LNAPL present in the capillary fringe cannot flow toward ex-
traction wells due to capillary forces holding the LNAPL within soil pores (Baker and
Bierschenk, 1995). This phenomenon is common in fine-textured soils such as fine sands,
silts, and clays. By applying high vacuums at extraction wells, the capillary forces hold-
ing the LNAPL in the soil may be overcome to a degree, and LNAPL can flow toward
the extraction well (USACE, 1999). Vacuum-enhanced recovery also improves recov-
ery rates by increasing the hydraulic gradient and increasing the aquifer transmissivity.
Vacuum-enhanced pumping systems use the same concept as conventional groundwater
pumping, except that the cone of depression actually is a cone of reduced pressure around
the well. Fluids then flow horizontally across the pressure-induced gradient, from higher
pressure outside the well to lower pressure inside the well. Vacuum-enhanced pumping
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increases transmissivity by promoting flow along more permeable horizontal flow lines
and by decreasing the local pressure above the aquifer to, in effect, increase the saturated
thickness of the aquifer. The sum effect of the increase in hydraulic gradient and aquifer
transmissivity is an enhanced liquid recovery rate (AFCEE, 1995).

MPE (with or without drawdown) will generate groundwater, air, and LNAPL to be
managed and treated aboveground. MPE with drawdown will typically result in more
groundwater extraction from a given well than MPE without drawdown. However, the
most commonly perceived benefit of using this technique is to dewater the soil surround-
ing the MPE well to expose to air discontinuous ganglia of LNAPL trapped below the
water table. As the water table is lowered, these ganglia may either drain toward the
declining water table surface due to gravity and vacuum inducement or volatilize and
be extracted in gas that flows to the MPE well.

MPE is accomplished using two distinct technologies. Dual-phase extraction (DPE)
technology generally employs separate pumps to extract liquid and gas from a well (Fig.
9.30). Two-phase extraction (TPE) extracts liquid and gas from a well using a single-
suction pipe or conduit. Liquid and gas flow from extraction wells can be measured and
controlled more effectively in DPE systems than in TPE systems. Therefore, DPE provides
more opportunity for developing a system in which flow rates from the MPE wells in
a network can be balanced to accommodate differences in soil characteristics across the
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FIGURE 9.30 Typical dual-phase extraction (DPE) system. (From USACE, 1999.)



748 C h a p t e r N i n e

treatment area. A common problem with TPE systems is breaking suction at one or more
of the wells in the network. If a single well is able to produce a high flow rate of air, then
the vacuum in the entire system can be reduced to a level that is insufficient for liquid
extraction at other wells (USACE, 1999).

At some sites, the physical/chemical properties of the DNAPL combined with the
release history and geologic conditions result in the formation of zones of potentially
mobile DNAPL (e.g., pools). Once the mobile DNAPL zone(s) are identified, the ex-
traction system can be designed. The screen interval of DNAPL recovery wells should
correspond to the subsurface zone containing the DNAPL. At sites where several zones
are encountered at different elevations, it is advisable to begin extracting from the upper-
most zone first and then extracting from progressively lower zones once the upper zone(s)
have ceased DNAPL production. This will maximize recovery efficiency and minimize
the potential for uncontrolled mobilization. Creating a shallow sump in a less permeable
stratum at the bottom of the well for the collection of the DNAPL may also be advisable.
The sump will provide a convenient and efficient location for placing the intake of the
DNAPL pump (Michalski et al., 1995).

A total liquids approach can be used (i.e., water and DNAPL are removed from the
well via one pump and then separated at the surface). This may minimize equipment
costs; however, it is not the most efficient approach. As the DNAPL and water are ex-
tracted from the well, the DNAPL saturation is decreased in a zone around the well,
the relative permeability of the formation with respect to DNAPL is decreased, and the
DNAPL production rate decreases. Eventually, a zone of residual (nonmobile) DNAPL
is created around the well and the well no longer produces DNAPL (USACE, 1999).

The ideal approach is to maintain or enhance DNAPL saturation around the well in
order to increase removal efficiency. DNAPL extraction can be enhanced using a dual-
pumping approach, where water is removed separately from the zone immediately above
the mobile DNAPL (Sale and Applegate, 1997). This approach results in upwelling of
DNAPL in the well and increased DNAPL saturations in the immediate vicinity of the
well. A variation of this approach is to apply a vacuum to the upper of the two wells, to
decrease the pressure head in the well. This has a similar effect as pumping water, in that
it results in a decrease in the total head in the well (i.e., increased hydraulic gradients near
the well) and increased DNAPL thicknesses, saturations, production rates, and removal
efficiencies.

Under the most favorable conditions, direct recovery will remove between 50 and
70 percent of the DNAPL in the subsurface (Pankow and Cherry, 1996). The remaining
residual DNAPL will still be sufficient to serve as a significant long-term source unless
it is addressed through other means.

There are a number of enhancements to DPE aimed at increasing NAPL mobility and
recovery rate. These include flushing (flooding) with surfactants and cosolvents, and
heating (thermal) technologies.

Surfactant and Cosolvent Flushing
Surfactant-enhanced aquifer remediation (SEAR) is a source-zone remediation technol-
ogy that may be used as an enhancement to conventional P&T systems, which are ineffi-
cient for recovering contaminants that are trapped as immiscible-phase liquid (NAPLs).
The premise of this technology is that most organic NAPLs are only somewhat soluble in
water and therefore will persist in the subsurface for a very long time. However, chemical
amendments to groundwater can cause many types of NAPL to dissolve in groundwater
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much more readily. Surfactants such as detergents and cosolvents such as alcohols can,
when added to the groundwater in high concentrations (e.g., 50 percent by volume in
the case of cosolvents), enhance the rate of NAPL dissolution by orders of magnitude.

Surfactant stands for surface active agents, which are active ingredients in soaps and
detergents and are common commercial chemicals. Two properties of surfactants are
central to remediation technologies: the ability to lower interfacial tension (IFT) and the
ability to increase solubility of hydrophobic organic compounds. Both properties arise
from the fact that surfactant molecules have a hydrophobic and a hydrophilic portion.
As a result, when water containing surfactant and NAPL come into contact, surfactant
molecules will concentrate along the interface, with their polar ends in the water and
their nonpolar ends in the NAPL; this lowers the IFT between the two immiscible fluids.
When present in sufficient concentration (the critical micellar concentration), surfactant
molecules form oriented aggregates, called micelles. In water, the molecules in a micelle
are arranged with their polar ends outward and their nonpolar ends inward, forming
a nonpolar interior to the micelle. Micelles can incorporate hydrophobic molecules in
their interior, producing an apparent increase in solubility. The process of dissolving by
incorporation into micelles is termed solubilization. Once solubilized, a compound is
transported as if it were a typical dissolved phase (Fountain, 1998).

Over the last decade, the greatest demand for the SEAR technology has been for
remediating chlorinated hydrocarbon DNAPLs such as TCE and PCE. Industrial solvents
were often released to the environment as mixtures with oily contaminants. SEAR has
been used to remove these variable-density contaminant mixtures and contaminants
such as creosote, gasoline, jet fuels, and polychlorinated biphenyls (PCBs) (Lowe et al.,
1999).

At suitable sites, implementation of surfactant or cosolvent flushing involves installa-
tion of injection wells to introduce the chemical amendment into the contaminated zone
and extraction wells for fluid recovery (Fig. 9.31). Groundwater is typically recirculated
through the contaminated zone in an effort to achieve the widest possible dispersion
of the additive throughout the contaminated area. While this technology is promising,
it is also relatively expensive. SEAR suffers from the same limitations as MPE in het-
erogeneous unsaturated soils, that is, the tendency of the surfactant/cosolvent laden
water to preferentially flow through the highest permeability strata, which may not be
where the bulk of the contaminant mass resides. At the same time, the risk of mobi-
lizing contaminants requires a complete hydraulic control over the injected fluid and
contaminants.

SEAR application uses the properties of surfactants to remove contaminants either
primarily by solubilization or primarily by mobilization. Surfactant-induced mobiliza-
tion can remove greater amounts of DNAPL in less time; however, there is greater risk of
uncontrolled downward movement of DNAPL, as DNAPL is being physically displaced
by the surfactant solution. Thus, to conduct a mobilization flood, it is necessary to have
a competent aquitard as a barrier to prevent vertical DNAPL migration. Where there is
no clay barrier underlying the contaminated zone, or a thin and/or discontinuous one,
the surfactant flood must be designed only to solubilize contaminant. Solubilization in-
creases the density of the contaminant-loaded surfactant solution by only several weight
percent (wt percent) compared to mobilization, which involves a much denser, moving
front of DNAPL. It is important to identify from the outset whether solubilization or
mobilization of DNAPL is desired, because not all surfactants can accomplish the low
IFT necessary to conduct a mobilization flood.
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FIGURE 9.31 Conceptual design for a surfactant-enhanced aquifer remediation (SEAR) application.
(From BATTELLE and Duke Engineering and Services, 2002.)

The surfactant solution formulated for a SEAR application typically consists of water
and surfactant, plus additives such as an electrolyte (i.e., dissolved ionic salt) and a co-
solvent. The surfactant must be able to efficiently remove the DNAPL and be compatible
with the soils and groundwater. A cosolvent, such as isopropyl alcohol (IPA), often is
added to improve the solubility of surfactant in water, so that the resulting surfactant-
DNAPL solution (microemulsion) has an acceptable viscosity. The addition of a cosolvent
also influences the surfactant-phase behavior, so the effects of cosolvent addition on the
surfactant solution must be examined under a range of system salinities. Because the
presence of a cosolvent complicates wastewater treatment, ongoing technology devel-
opment has focused on surfactants that have no or minimal cosolvent requirements, as
well as on cosurfactant substitutes to cosolvents (BATTELLE and Duke Engineering and
Services, 2002).

Aquifer heterogeneities can cause significant channeling of the injected fluids and
bypassing of contaminated zones, causing poor surfactant sweep of the area targeted for
remediation. The success of SEAR depends on an accurate characterization of not only
the aquifer lithology but also the DNAPL saturation and its spatial distribution in the
aquifer. The most economical application of SEAR is in a relatively homogeneous and
highly permeable subsurface (K ≥ 10−3 cm/s). As the permeability of soils decreases
and/or the heterogeneity increases, remediation project costs will increase (BATTELLE
and Duke Engineering and Services, 2002).

9.4.4 In Situ Chemical Oxidation
ISCO involves the introduction of a chemical oxidant into the subsurface for transforming
groundwater or soil contaminants into less harmful chemical species. There are several
different forms of oxidants that have been used for ISCO; however, the following four are
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the most commonly used: (1) permanganate (MnO−
4 ), (2) hydrogen peroxide (H2O2) and

iron (Fe) (Fenton-driven or H2O2-derived oxidation), (3) persulfate (S2O2−
8 ), and (4) ozone

(O3). The type and physical form of the oxidant indicate the general materials handling
and injection requirements. As discussed by Huling and Pivetz (2006), the persistence of
the oxidant in the subsurface is important, since this affects the contact time for advective
and diffusive transport and ultimately the delivery of oxidant to targeted zones in the
subsurface. For example, permanganate persists for long periods of time, and diffusion
into low-permeability materials and greater transport distances through porous media
are possible. H2O2 has been reported to persist in soil and aquifer material for minutes
to hours, and the diffusive and advective transport distances will be relatively limited.
Radical intermediates formed using hydrogen peroxide, persulfate, and ozone, which
are largely responsible for various contaminant transformations, react very quickly and
persist for very short periods of time (<1 seconds).

Some oxidants are stronger than others, and it is common to calculate a relative
strength for all oxidants using chlorine as a reference. Table 9.4 lists the relative strengths
of common oxidants. All the oxidants shown have enough oxidative power to remedi-
ate most organic contaminants. The standard potentials are a useful general reference
of the strength of an oxidant, but these values do not indicate how these will perform
under field conditions. Four major factors play a role in determining whether an oxidant
will react with a certain contaminant in the field: (1) kinetics, (2) thermodynamics, (3)
stoichiometry, and (4) delivery of oxidants. On a microscale, kinetics or reaction rates
are, perhaps, most important. In fact, reactions that would be considered thermodynam-
ically favorable based on E0 values may be impractical under field conditions. The rates
of oxidation reactions are dependent on many variables that must be considered simul-
taneously, including temperature, pH, concentration of the reactants, catalysts, reaction
by-products, and system impurities such as natural organic matter (NOM) and oxidant
scavengers (ITRC, 2005).

The remediation of groundwater contamination using ISCO involves injecting oxi-
dants and potential amendments directly into the source zone and downgradient plume

Standard Oxidation Relative Strength
Chemical Species Potential (V) (Chlorine = 1)

Hydroxyl radical (OH−o)1 2.8 2.0
Sulfate radical (SO−o

4 ) 2.5 1.8
Ozone 2.1 1.5
Sodium persulfate 2.0 1.5
Hydrogen peroxide 1.8 1.3
Permanganate (Na/K) 1.7 1.2
Chlorine 1.4 1.0
Oxygen 1.2 0.9
Superoxide ion (O−o)1 −2.4 −1.8

1 These radicals can be formed when ozone and H2O2 decompose.
From ITRC, 2005.

TABLE 9.4 Oxidant Strengths
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FIGURE 9.32 Direct-push drilling for oxidant injection into shallow aquifer contaminated with
chlorinated solvents. Inset: Temporary injection point with the oxidant feed line. (Photographs
courtesy of ECC)

(Fig. 9.32). The oxidant chemicals react with the contaminants, producing innocuous
substances such as carbon dioxide, water, and—in the case of chlorinated compounds—
inorganic chloride. However, there may be many chemical reaction steps required to
reach those end points, and some reaction intermediates, as in the case of polyaromatic
hydrocarbons (PAHs) and organic pesticides, are not fully identified at this time. For-
tunately, in most cases if an adequate oxidant dose is applied, the reactions proceed
to completion, and the end products are reached quickly (ITRC, 2005). Contaminants
amenable to treatment by ISCO include

� BTEX
� Methyl tert-butyl ether (MTBE)
� TPH
� Chlorinated solvents (ethenes and ethanes)
� PAHs
� PCBs
� Chlorinated benzenes (CBs)
� Phenols
� Organic pesticides (insecticides and herbicides)
� Munitions constituents (RDX, TNT, HMX, etc.)
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As discussed by Huling and Pivetz (2006), permanganate-based ISCO is more
frequent and fully developed compared to other oxidants. Well-documented and
widespread use of in situ permanganate oxidation involving a diversity of contaminants,
in conjunction with long-term monitoring data and cost information, has contributed to
the development of the infrastructure needed to support decisions to design and deploy
permanganate ISCO systems. However, additional research and development is needed.
Fenton-driven ISCO has been deployed at a large number of sites and involves a variety
of approaches and methods of using hydrogen peroxide (H2O2) and iron (Fe). In gen-
eral, Fenton chemistry and in situ Fenton oxidation is complex and involves numerous
reactive intermediates and mechanisms, and technology development has been slower.
Ozone (O3) is a strong oxidant that has been used in the subsurface but in much more
limited application than permanganate and Fenton-driven oxidation. Persulfate (S2O2−

8 )
is a relatively new form of oxidant that has mainly been investigated at bench scale.
However, considerable research and applied use of this oxidant at an increasing number
of field sites are resulting in rapid development (Huling and Pivetz, 2006).

There are two main advantages of using ISCO over other conventional treatment
technologies: large volumes of waste material are not usually generated, and treatment
is commonly implemented over a much shorter time frame. Both of these advantages
often result in savings on material, monitoring, and maintenance. It should be noted,
however, that chemical oxidation often requires multiple applications. In the special case
of NAPLs, oxidants that are in a water-based solution will only be able to react with
the dissolved phase of the contaminant, since the two will not mix. This property limits
their activity to the oxidant solution/NAPL interface (USEPA, 2006b). Nevertheless,
because all oxidants are nonselective, these also oxidize NOM present in the soil. Since
organic contaminants sorb to NOM in the soil matrix, these can be released as the NOM
is oxidized by the injected oxidant. After this initial contaminant release, the rate of
continued desorption should be increased due to the shift in equilibrium partitioning
that results as the aqueous-phase concentration of the target organic is depleted (ITRC,
2005).

As with any other fluid injection technology, ISCO application design should thor-
oughly address possible geochemical reactions with the aquifer (soil) porous media and
all contaminants present. For example, naturally occurring or anthropogenic metals can
be mobilized within the treatment zone due to a change in oxidation states and/or pH.
This is of particular concern when using persulfate, as very low pH conditions (1.5 to
2.5) in water were observed due to persulfate decomposition. Natural soil buffering ca-
pacity can help alleviate this phenomenon but would have to be evaluated (tested) prior
to ISCO application. Another observed problem at some sites is reduction of porous
media permeability (hydraulic conductivity) due to chemical reactions that precipitate
insoluble salts, such as MnO2 in the case of ISCO with permanganate.

Like most technologies, ISCO has limitations that should be recognized. There are
situations in which ISCO would be ineffective at degrading the contaminants present.
It is also possible that, due to the total volume of oxidant required, it would not be cost
effective to use ISCO for site remediation. Site-specific information—including the appli-
cability of ISCO to the specific contaminants, the concentration range, and hydrogeologic
conditions—must be gathered and reviewed when evaluating the appropriateness of us-
ing ISCO for a remediation strategy. Probably the most technically challenging factor in
ISCO applications is delivery of the oxidant(s) to low-permeable porous media occupied
by the contaminant(s). This includes clayey and silty lenses and layers in unconsolidated
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sedimentary rocks, and rock matrix in consolidated rocks. In order to degrade contam-
inants diffused into low-permeable media, oxidants must be persistent and must have
long residence times. These two requirements in most cases result in infeasibility of ISCO
applications in low-permeable porous media.

Cost estimates of ISCO depend on the heterogeneity of the site subsurface, soil oxi-
dation demand, stability of the oxidant, and type and concentration of the contaminant.
Care should be taken when comparing different technologies on a cubic yard basis with-
out considering these site attributes. Cost data can be found in ITRC (2005) and Brown
(2003). ISCO has been used at a number of sites and is available from a variety of vendors.

Case Study: BTEX Treatment with Fenton’s Reagent
Fenton’s reagent was selected as the oxidant of choice for in situ remediation of BTEX
groundwater contamination at the former Pierce Service Station site in Loss Angeles, Cal-
ifornia (consultant: Gary Cronk, MECX, LLC; regulatory agency: Los Angeles Regional
Water Quality Control Board (LARWQCB); from ITRC, 2005). An off-site gasoline plume
extended approximately 150 ft to the southwest of the former Pierce Service Station site,
across two high traffic streets (Fig. 9.33). Groundwater flows toward the southwest at
a mild gradient of 0.008 ft/ft. The groundwater velocity is estimated to be 0.04 ft/d.
The LARWQCB considers the shallow aquifer a potential drinking water source. A high-
school campus (a sensitive receptor) is located directly downgradient of the site. Baseline
iron levels in the groundwater ranged 6 to 338 mg/L, and total organic carbon 17 to 35
mg/L. The aquifer sediments comprise silty sands in the uppermost portion of the aquifer
and low-permeability clayey silts in the lowermost. The COCs at this site included BTEX
as well as TPH as gasoline (TPHg). No MTBE was identified. The plume was confined
to a shallow alluvial aquifer at a depth of 30 to 45 ft bgs. The approximate areal extent of
the targeted contamination was 7065 ft2, and the aquifer volume was estimated at 5200
cubic yards. The highest pretreatment level of benzene (risk driver) was 2000 μg/L, and
the highest TPHg was 65,000 μg/L.

Twenty-one injection wells (screened 31 to 46 ft bgs) were installed and used during a
full-scale treatment of the site using Fenton’s oxidation remediation technology. Based on
prior experience with low-permeability soils, the injection wells were estimated to have
a radius of influence (ROI) of about 15 ft. The ROI estimate was confirmed in the field by
measuring changes in water quality parameters. The wells were spaced approximately
25 ft apart and staggered to provide overlapping treatment radii and cover the off-site
plume. The groundwater was initially “conditioned” by injection of a small quantity
(50 gallons/well) of a catalyst solution consisting of ferrous sulfate and hydrochloric
acid. Hydrogen peroxide (17.5% solution) was then gravity-fed into the subsurface (not
pumped or pressurized). Downhole temperatures were monitored during the injections,
and the rate of injection of peroxide was controlled to ensure that the groundwater
temperatures did not exceed 180◦F. Over the course of 4 weeks, a total of 8600 gallons
of hydrogen peroxide were injected in the groundwater. The average injection quantity
was 430 gallons/well.

Overall, Fenton’s oxidation remediation technology was successful at this site. Fol-
lowing treatment, the benzene level in the most contaminated well was reduced from
2000 to 240 μg/L (88 percent reduction), and TPHg was reduced from 62,000 to 4300
μg/L (93 percent reduction). Overall, the six monitoring wells showed an average 96
percent reduction in benzene and 93 percent reduction in TPHg. Figure 9.33 shows the
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FIGURE 9.33 Top: Benzene isoconcentration map from May 2003 (baseline conditions). Bottom:
Benzene isoconcentration map from January 2004 (6 months after Fenton’s treatment), Pierce
Service Station, Los Angeles, CA. (From ITRC, 2005.)
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benzene plume map before the application of ISCO and 6 months after the full-scale
remediation.

9.4.5 Enhanced Bioremediation
There has been an increasing interest in treatment of NAPL source zones with enhanced
bioremediation. When conditions in a source zone are favorable, biostimulation of mi-
croorganisms by injection of nutrients may result in a rapid and large increase in their
population. This increase results in an increase in production of natural biosurfactants
and bioemulsifiers by the microorganisms. The result is desorption of the chlorinated
contaminants adsorbed to the aquifer porous media and an increase in solubilization
of DNAPL by partitioning into surfactant micelles. In addition, the fermentation by-
products such as alcohols and ketones also increase the solubilization of DNAPL by
cosolvency effects (Suthersan and Payne, 2005).

The natural biological surfactant and cosolvent effects are often observed as an in-
crease in the dissolved constituent levels in the treatment zone and downgradient of the
treatment zone (Fig. 9.34). The constituent concentrations in the treatment zone may also
remain unchanged for some periods even when biodegradation end-product data sup-
port the conclusion that sufficient mass is being degraded by the reductive dechlorination.
One potentially limiting factor in treating source zones with enhanced biodegradation
is accumulation of cis-1,2-DCE and VC, as illustrated in Fig. 9.35. These components
often cannot be degraded in the highly reductive environments of the source zones and
may have to be treated downgradient with a reactive barrier or some other technol-
ogy. As discussed by Suthersan and Payne (2005), the success of the NAPL source-zone
treatment with biodegradation is site specific and depends on enhancing and maintain-
ing degradation rates faster than the rate of mass transfer from NAPL to the dissolved
phase.
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FIGURE 9.35 Performance data from a highly contaminated DNAPL site in Alabama. (From
Suthersan and Payne, 2005; copyright CRC/Taylor & Francis Group, printed with permission.)

More detail on bioremediation technologies for dissolved-phase (plume) remediation
is presented in Section 9.5.3.

9.4.6 Thermal Technologies
In situ thermal heating methods were first developed by the petroleum industry for
enhanced oil recovery. These methods were adapted to the treatment of soil and ground-
water. Initial variations included hot water injection, steam injection, hot air injection,
and electric resistive heating (ERH). Thermal conductive heating was developed in the
late 1980s and early 1990s. Currently, steam injection (or steam-enhanced extraction,
SEE), ERH, and thermal conductive heating are used for remediation of soil and ground-
water in source zones contaminated with chlorinated solvents. These in situ thermal
treatment technologies have also been used for treating other volatile and semivolatile
organic contaminants (SVOCs), such as PCBs, PAHs, pesticides, and various fuels, oils,
and lubricants that are less amenable to other treatment methods. For example, hot wa-
ter injection has been used to enhance the recovery of low-volatility and low-solubility
oils. RF heating, a variety of ERH that uses radiofrequency energy, has been applied to
remediation of various contaminants in the unsaturated zone, but its applicability in the
saturated zone has been limited (USEPA, 2004; USACE, 2006).

All thermal technologies are used to lower the viscosity of NAPL and increase the
vapor pressure and solubility of VOCs or SVOCs, thus enhancing their removal. Vapor
extraction is an integral part of these remediation systems to ensure the removal and
treatment of mobilized contaminants. Liquid extraction is also used during steam injec-
tion, and sometimes with other thermal technologies when groundwater flow rates are
high and/or when the contaminant being recovered is semivolatile (USEPA, 2006b).

In situ vitrification is a unique thermal technology in that the temperatures used will
vitrify soil. The stable glass that is formed by vitrification will immobilize any nonvolatile
contaminants that are present, including metals and radioactive materials.
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Davis (1997) provides a general discussion of the effects of heat on chemical and
physical properties of organic contaminants. Vaporization is the main mechanism used
in these technologies to enhance the recovery of VOCs. Vapor pressures of organic com-
pounds increase exponentially with temperature, causing significant redistribution to the
vapor phase as the subsurface is heated. When an NAPL is present, the combined vapor
pressure of the NAPL and water determine the boiling temperature, and coboiling of
the two liquids occurs at temperatures less than the boiling point of water. For example,
an azeotropic mixture of PCE and water will boil at 88◦C, more than 30◦C less than the
121◦C boiling point for pure PCE and significantly less than the boiling point of water
(USEPA, 2004).

Typically, chlorinated solvents that boil at less than 100◦C will have a five to seven
times greater vapor pressure at 50◦C than at 10◦C (Fares et al., 1995). In addition, the
liquid viscosity of a given chlorinated solvent generally decreases by 1 percent per ◦C of
increased temperature up to its boiling point, enhancing its mobility in the subsurface.
In the gas phase, a mass of chlorinated solvent occupies a larger volume than it does as a
liquid, resulting in expansion and advective flow. For example, a mass of water occupies
1600 times more volume as a gas than it does as a liquid (Davis, 1997). As chlorinated
solvents expand, the mass of a chlorinated solvent can be captured and removed from the
subsurface. In addition, the viscosity and diffusivity rates (in air) allow for more efficient
flow of chlorinated solvents as a gas than as a liquid. The viscosity of a chlorinated
solvent as a gas is generally two orders of magnitude less than that of a liquid. Increasing
the temperature from 10◦C to 100◦C will increase the diffusion in the vapor phase by
approximately 50 percent (Davis, 1997).

As discussed by USEPA (2004), thermal effects also enhance the removal of chlo-
rinated solvents dissolved in source-zone groundwater or pore water. Physical and
chemical properties, such as solubility, Henry’s law constant, octanol-water partition
coefficient, and aqueous diffusivity rate, change in ways beneficial to remediation. For
solubility, concentrations increase by a factor or two or more as an area is heated. The
Henry’s law constant for chlorinated solvents generally increases and the partitioning
from the aqueous phase to soil (based on the octanol-water partition coefficient) gen-
erally decreases with elevated temperature. For example, the Henry’s law constant for
TCE increases by one order of magnitude, and its adsorption from the aqueous phase
onto soils can be expected to decrease by a factor of approximately 2.2 when the tem-
perature is increased from 20◦C to 90◦C (Heron et al., 1996). The aqueous diffusion rate
will increase by approximately 30 percent when the temperature is increased from 10◦C
to 90◦C (Treybal, 1980). In summary, increasing the temperature decreases viscosity, in-
creases solubility, and decreases adsorption, all of which aid in the recovery of VOCs
and SVOCs. For some SVOC NAPLs, such as creosote, viscosity reduction may be an
important mechanism for increased contaminant recovery (Davis, 1997).

The elevated temperatures achieved during in situ thermal treatment can also en-
hance abiotic and biotic degradation or destruction of chlorinated solvents. Abiotic
degradation pathways, such as hydrolysis, where the hydrogen ions in water replace
the chlorine ions in the chlorinated solvent molecule, and hydrous pyrolysis oxidation
(HPO), where chlorinated solvents under oxidizing and aqueous conditions may be
oxidized (eventually to carbon dioxide), have been shown to increase substantially at
elevated temperatures (USEPA, 2004). For example, the hydrolysis rates for chlorinated
methanes and ethanes have been shown to result in relatively short half-lives for these
contaminants at elevated temperatures (Jeffers et al., 1989). In addition, rates of HPO of
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chlorinated solvents have been shown to increase (up to a maximum rate) with temper-
ature (Baker and Kuhlman, 2002).

Biological degradation pathways may also be enhanced at elevated temperatures.
One commonly used rule of thumb (based on the Van’t Hoff-Arrhenius relationship)
states that, for every 10◦C increase in temperature, there is roughly a twofold increase in
biological activity resulting in an increase in degradation rate constants (USEPA, 2004).
Extremely high temperatures may sterilize soils of some microbes. However, significant
levels of thermophiles (microbes that thrive under high-temperature conditions) are
present in many soils, and nearly all microbes benefit from elevated temperatures in the
more moderately heated soil regions at the fringe of the treatment area. The overall effect
of the elevated temperatures achieved during in situ thermal treatment on biological
degradation pathways has not been fully determined and is dependent on site-specific
conditions (USEPA, 2004).

Care should be taken in designing the systems to ensure that all plumbing, including
monitoring wells, are capable of withstanding high heat. In the presence of clay, vadose-
zone heating by resistivity, conductance, or radiofrequency may result in some settlement
of the treatment area due to the drying of the clay (USEPA, 2006b).

Detailed description of design principles for in situ thermal remediation, including
quantification of design parameters, is provided by USACE (2006).

Steam-Enhanced Extraction
SEE takes advantage of the relatively large heating capacity of steam, which provides a
greater heat input to the subsurface than injecting hot air. In remedial applications, SEE
typically involves the injection of steam into the subsurface to dissolve, vaporize, and
mobilize contaminants that are then recovered. Mobilized contaminants are extracted
from the subsurface using vapor and liquid extraction equipment. Extracted vapors
and liquids are treated using conventional aboveground treatment technologies, such as
condensation, air stripping, carbon adsorption, and thermal oxidation.

SEE is most effective when the steam is able to enter the pore space of the soils and
best suited for zones of moderate-to-high permeability. In low-permeability soil, steam
cannot penetrate the pore space as rapidly, resulting in higher heat losses and, in some
cases, the inability to completely heat the area. In addition, smaller pore diameters create
higher capillary pressures and, as a result, lower the rate of evaporation of contaminants
(USEPA, 2004).

A SEE system typically consists of a series of injection and extraction wells. For small
applications, a ring of injection wells typically surround a central extraction well located
near the middle of the DNAPL area (Fig. 9.36). In this configuration, the injection wells
are placed in clean areas around the source zone, if possible, to minimize the risk of
contaminant spreading. In some cases, but less frequently, an inside-out configuration
has been used, where the steam is injected centrally, and extraction wells on the perime-
ter provide hydraulic and pneumatic control, reducing the potential for contaminant
spreading outward. For larger areas, multiple arrays of injection and extraction wells
typically are used to heat the area and capture mobilized contaminants in the treatment
area. The patterns and spacing of the injection/extraction wells depend on the geologic
conditions (including whether the application is in unsaturated or saturated media), the
permeability, and the depth of application. Typical spacing for SEE wells ranges from
several to more than 10 m (Davis, 1998).
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FIGURE 9.36 Schematic of steam-enhanced extraction (SEE) system. (From USEPA, 2004; Davis,
1998.)

The wells used for injection, extraction, or monitoring, and the steam distribution
system need to be designed to handle the expected temperatures and changes in tem-
peratures that are inherent to SEE. Steel is typically the preferred casing and screen ma-
terial, because conventional polyvinyl chloride (PVC) or fiberglass wells can degrade or
deform under high-temperature conditions. Well casing joints and grout must also be se-
lected to handle pressures and thermal expansion. In some cases, grouts can be amended
with quartz silica or silica flour for temperature stability and with sodium chloride for
greater expansion capability. Temperature considerations are also relevant to the selec-
tion of groundwater extraction and monitoring wells and equipment, because some in
situ groundwater extraction pumps do not function reliably under high-temperature
conditions (USEPA, 2004).

Electrical Resistive Heating
ERH involves the application of electrical current through the subsurface, resulting in
the generation of heat. ERH uses the natural electrical resistance within the subsurface
where energy is dissipated through ohmic, or resistive, losses. This manner of in situ
heating allows energy to be focused into a specific source zone. When the subsurface
temperature is increased to the boiling point of the pore water or the saturated media in
the treatment zone, steam is generated. The steam strips contaminants from the soils and
enables them to be extracted from the subsurface. In addition, contaminants are directly
volatilized from unsaturated soil (USEPA, 2004).

The necessary power input to the subsurface is inversely proportional to the soil
resistivity and directly proportional to the square of the applied voltage, based on the
following equation derived from Ohm’s Law:

Power = (voltage)2/resistance (9.7)

The resistance of a subsurface matrix is largely determined by its water content,
concentration of dissolved salts or ionic content in the water, and ion-exchange capacity
of the soil itself. The organic carbon content of soils also affects resistivity but has a
greater effect on the required treatment time as a result of the stronger partitioning of
organic contaminants, such as chlorinated solvents, to the soils. In addition, the resistivity
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FIGURE 9.37 Condensate and TCE removed over time using ERH system. (From USEPA, 2004.)

is a function of temperature, and, as the water reaches its boiling point, the resistivity
decreases with increased ion mobility. Soil resistance can be measured in the field or
estimated from characterization data for soils and groundwater. The total resistance of
an ERH system is determined based on the resistivity of the soil and the geometry of the
electrode system (USEPA, 2004).

ERH is particularly suited to the treatment of lower-permeability strata and to
DNAPLs that have become consolidated within lower-permeability zones with higher
organic content. In some cases, ERH can be combined with SEE in aquifers interbedded
with low-permeable lenses or in situations where a lower aquitard has been impregnated
with DNAPLs. ERH is used to treat the lower-permeability zones, which the steam vapors
cannot penetrate rapidly (Beyke, 1998). For example, Fig. 9.37 shows the results of TCE
removal using ERH to treat TCE and DNAPL in soil and groundwater beneath Building
181 at Air Force Plant 4, in Fort Worth, TX. The geology at the site consisted of hetero-
geneous interbedded silt, clay, and gravel. The depth to groundwater was 27 ft (9 m)
below ground surface. In April 2002, TRS, as a subcontractor to URS Corp., designed,
installed, and operated a full-scale ERH system consisting of 60 electrodes and colocated
vapor recovery wells covering an area of about half of an acre inside the building. The
system was operated from April to December 2002, on a 24-hours-per-day, 7-days-a-week
schedule. By the end, almost 1400 pounds of TCE were recovered. The average weekly
power input ranged from about 450 to 675 kW between May and August, dropping to
below 300 kW for the remainder of the system operation. A total of about 1,900,000 kWh
of energy were input to the subsurface during ERH operations (USEPA, 2004).

Thermal Conductive Heating
Thermal conductive heating relies on conduction rather than convection to heat subsur-
face soils. It involves the simultaneous application of heat and vacuum to subsurface soils
with an array of vertical heater/vacuum wells or, less commonly, with surface blanket
heaters and a vacuum-insulated shroud. In both of these configurations, heat originates
from a heating element and is transferred to the subsurface largely via thermal conduction
and radiant heat transport. There is also a contribution through convective heat transfer
that occurs during the formation of steam from pore water. Because this technology can
achieve elevated soil temperatures (in excess of 500◦C), a significant portion (reported
up to 99 percent at some sites) of organic contaminants either oxidize (if sufficient air is
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present) or pyrolize once high soil temperatures are achieved. Therefore, this technology
is also considered to be an in situ destruction method (Baker and Kuhlman, 2002).

Soil heat conductivities are low but similar in magnitude. The movement of heat away
from the heaters, whether vertically or radially outward, is therefore uniform. However,
because the driving force for heat migration is the temperature gradient, soils initially are
not heated to the same temperature within the treatment area, resulting in a temperature
profile that decreases radially from the source. Over time, superposition of heat from
adjacent heaters tends to even out these differences. Other factors, including advective
heat transport, the anisotropic nature (variable thermal conductivity depending on flow
direction) of the thermal conductivity of soils, or heat loss through groundwater flow,
can also affect the uniformity of subsurface heating (USEPA, 2004).

Thermal conductive heating is suited to treating DNAPL source zones in most hy-
drogeologic conditions. Thermal conductive heating differs from other heating methods
(SEE and ERH) in that it does not rely solely on steam as a heat source or water as
a conductive path. It can heat soils to temperatures in excess of 500◦C, making it par-
ticularly applicable to SVOCs such as PCBs, PAHs, pesticides, and herbicides (Vinegar
and Stegemeier, 1998). However, these higher-boiling-point compounds typically require
high temperatures (for example, 325◦C) that typically can only be achieved in the unsat-
urated zone. Lower-boiling compounds such as chlorinated solvents can be treated with
thermal conductive heating through achievement of steam distillation temperatures in
the bulk of the interwell regions. Locations close to heaters may achieve temperatures
well above the boiling point of water (USEPA, 2004).

9.5 Dissolved Phase (Plume) Remediation
As in the case of source-zone remediation, delineation of dissolved contaminant plumes
in all three dimensions and understanding of the contaminant F&T mechanisms are the
key for a successful groundwater remediation. Plume delineation is a complex task, es-
pecially in highly heterogeneous porous media such as fractured rock and karst aquifers.
Failure or infeasibility to properly characterize the extent of contaminant plumes in such
environments may lead to selection of an improper remedial technology and may even
exasperate the problem by pulling contaminated water into previously clean portions
of the groundwater system. As discussed in Chap. 5, many complex contaminated sites
have multiple point sources of groundwater contamination. These sources may form
individual plumes of individual contaminants, individual plumes of mixed contami-
nants from identifiable sources, or, in the most complicated cases, commingled (merged)
plumes of various contaminants from multiple sources, some of which are not easily,
or not at all, identifiable. Sites on military installations, large industrial complexes, and
multiple chemical manufacturing plants are likely to have groundwater contaminated
by multiple constituents, which may be distributed at various depths in the underlying
aquifer(s) and form plumes with complicated shapes. Complex sites of groundwater con-
tamination are often a nightmare for groundwater professionals trying to characterize
possible contaminant sources and “attach” to them their own plumes. This, however, is
the favorite topic of attorneys working for various PRPs. Heavy involvement of attor-
neys in groundwater contamination and remediation issues is understandable, since the
costs associated with groundwater remediation may be astronomical, and the question
of “plume ownership” is therefore the most important one.



763G r o u n d w a t e r R e s t o r a t i o n

EXPANDING
PLUME

STABLE
PLUME

SHRINKING
PLUME

DETACHED
PLUME

Baseline Intermediate Current

Intermittent
source

Great sorption
capacity

Biodegradation
rate greater than
loading rate

Sorption capacity
exhausted

Biodegradation
rate equals
loading rate

Decrease in
loading

Increase in loading

No biodegradation Source removal

Decrease in
loading

FIGURE 9.38 Influence of various fate and transport (F&T) processes on plume development. While
most F&T processes may be present in any given case, the bullets list only those with the possibly
greatest net effect. (Modified from USEPA, 1977.)

In source zones, contaminants are usually subject to a variety of complex and rapid
geochemical reactions. In contrast, the dissolved, mobile contaminant phase flowing
away from the source is usually characterized by much slower reactions, and the flow
system is often described as being in (quasi) equilibrium for practical purposes. Although
this assumption helps to greatly simplify F&T calculations, it is not entirely correct in
that whenever the front of a moving contaminant plume encounters uncontaminated
groundwater, the system enters into nonequilibrium conditions. The exception would be
a stable, nonexpanding plume. Figure 9.38 illustrates main types of contaminant plumes
with respect to various possible F&T processes influencing their development. Each
plume type, expanding, stable, or shrinking, is, to a varying degree, subject to most of the
F&T processes discussed in Chap. 5. The bullets in Fig. 9.38 list only those that may have
the greatest net effect on the particular plume type. An example of inadequate plume
characterization and the resulting wasted effort and resources in plume remediation
would be the installation of a P&T system at the leading edge of a naturally shrinking
plume.

As explained in the following selection, P&T systems for plume remediation are in-
creasingly “unpopular” with both the regulators and the PRPs because of their general
inability to restore contaminated groundwater to drinking water standards. In addition,
these extract groundwater, which, if not reinjected into the aquifer after treatment, is a
wasted resource. These are the main reasons why in situ technologies for plume reme-
diation, such as bioremediation, air sparging, ISCO, and MNA, should be given prefer-
ence whenever possible. For example, as of 2005, P&T projects represented the largest
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FIGURE 9.39 NPL sites with P&T, in situ treatment, or MNA selected as part of a groundwater
remedy for the 1982–2005 period; total number of projects is 877. (From USEPA, 2007a.)

number of projects (725) of the total of 1915 projects at Superfund sites, including in situ
and ex situ treatment for both source control and dissolved plumes. Only 10 percent of
P&T projects have been completed or shut down for various reasons (including because
of the change of remedy); the number of P&T projects actually achieving cleanup goals
has not been reported. RODs that select P&T alone have decreased from about 80 per-
cent before 1992 to an average of 20 percent during 2001-2005 (USEPA, 2007a). Figure
9.39 shows a comparison of different dissolved plume (“groundwater” in USEPA terms)
remediation technologies implemented at 877 Superfund sites in the United States as of
2005. P&T is the sole groundwater (dissolved plume) treatment remedy at more than half
of NPL sites, although many of these sites also have a source control remedy. Figure 9.40
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more than one category. “Other” includes institutional controls and other remedies not classified
as treatment, MNA, or containment. (Modified from USEPA, 2007a.)
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FIGURE 9.41 In situ groundwater treatment projects, 1982–2005; total number of projects is 254.
(From USEPA, 2007a.)

shows that, since 1991, the percentage of groundwater RODs selecting conventional P&T
remedies has steadily declined, while those selecting in situ or MNA remedies have in-
creased.

As illustrated in Fig. 9.41, bioremediation and air sparging account for more than half
of all in situ groundwater (dissolved plume) treatment projects, but in recent years (2002–
2005) bioremediation and chemical treatment have become more commonly applied
remediation technologies at Superfund sites (USEPA, 2007a).

9.5.1 Pump and Treat
P&T is the most widely used groundwater remediation technology today, although its
effectiveness to restore contaminated aquifers to their natural condition was called into
question almost two decades ago (e.g., USEPA, 1989c; Freeze and Cherry, 1989; Travis
and Doty, 1990; NRC, 1994). After years of use, this technology remains an important
component of groundwater remediation efforts (USEPA, 2007a).

As discussed by USEPA (1996b), the general failure of the P&T approach was iden-
tified as its inability to achieve groundwater restoration (i.e., reduction of contaminants
to levels required by health-based standards) in 5 to 10 years, as anticipated in the de-
sign phase of early remediation projects. Although a variety of factors contribute to this
shortcoming, the major barrier to achieving remediation goals is the slow processes of
desorption and back-diffusion of contaminants trapped in stagnant groundwater zones
and rock matrix. These processes result in the so-called “tailing” of contaminant con-
centrations observed in the extracted groundwater at many P&T sites and the rebound
of contaminant concentrations after cessation of pumping. In addition, any dissolved
contamination that continues to leave the source zone(s) would have similar negative
effects on a P&T system performance.

The USEPA pointed out, more than a decade ago, that groundwater scientists and
engineers generally agree that complete aquifer restoration is an unrealistic goal for
many, if not most, contaminated sites and that expectations for the effectiveness of
P&T technology may have been too high (USEPA, 1996b). Nonetheless, further expe-
rience with P&T systems has shown that at some sites with relatively simple charac-
teristics the full restoration is possible and that combining P&T with in situ restoration
technologies provides further opportunities for improving effectiveness of groundwater
cleanup.
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FIGURE 9.42 Illustration of horizontal capture zone in map view (top), and vertical capture zone in
cross-sectional view (bottom) demonstrating the need for a three-dimensional approach to
pump-and-treat system design and analysis. (Modified from USEPA, 2008.)

P&T systems are used primarily to accomplish the following (USEPA, 1996b):

� Hydraulic containment. To control the movement of contaminated groundwater
and prevent the continued expansion of the contaminated zone. Figure 9.42 il-
lustrates the main elements for evaluating both horizontal and vertical hydraulic
containment.

� Treatment. To reduce the dissolved contaminant concentrations in groundwater
sufficiently so that the aquifer complies with cleanup standards or the treated
water withdrawn from the aquifer can be put to beneficial use.

As illustrated in Fig. 9.42, the zone of hydraulic containment (“capture zone”) is the
three-dimensional region that contributes the groundwater extracted by one or more
wells or drains. This zone is not equivalent to, and should not be mistaken for, the
zone of well(s) influence, also referred to as “radius of well influence.” The main dif-
ference between these two concepts is that the capture zone encompasses the volume
of porous media from which groundwater flows toward the well(s) and is eventually
extracted by the well(s). In contrast, the ROI is the zone in which the hydraulic head
is lowered because of the well(s) operation, but the groundwater flow direction is not
necessarily reversed from the prepumping direction (Fig. 9.43). Consequently, the well(s)
capture zones can be verified only if there are enough monitoring wells (piezometers)
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FIGURE 9.43 Concept of capture zone versus radius of well influence. Using data only from
monitoring well MW-3 and pumping well PW would lead to an erroneous conclusion as to the extent
of the real well capture zone.

that show the actual gradient reversal in all three dimensions. It is also very important
to understand that the drawdown in the well, i.e., the pumping water level in the ex-
traction well, cannot be used to demonstrate the capture zone if an inadequate number
and locations of monitoring wells (piezometers) are selected. This is illustrated in Fig.
9.43, where data from the monitoring well MW-3 and the pumping well PW would not
be sufficient to demonstrate the capture zone, even though the water elevation in MW-3
is higher than in PW. In addition, if the water elevation in PW is not corrected for the
well loss or not available, three monitoring wells would be needed to confirm the well
capture.

If a contaminant plume is hydraulically contained, contaminants moving with
the groundwater will not spread beyond the capture zone. Failed capture, illustrated
schematically on Fig. 9.44, can allow the plume to grow, which may cause harm to
receptors and may increase the ultimate cost or duration of the groundwater remedy
(USEPA, 2008). For this reason, regulatory agencies place special emphasis on the per-
formance of P&T systems for hydraulic containment of contaminant plumes and require

Actual Capture Zone

Actual Capture Zone

Plume

Escaped plume due to the gap between the capture zones

Receptor

Target Capture Zone
Regional Flow

Extraction
Well

FIGURE 9.44 Failed capture of contaminant plume. (Modified from USEPA, 2008.)
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that such systems be regularly monitored and periodically evaluated for their efficiency,
and to confirm continuing containment (e.g., see USEPA, 1994, 1996b, 2002, 2008). Three-
dimensional numeric models with particle tracking are the best tool for designing and
evaluating performance of P&T systems. These can be used to incorporate any deter-
mined or suspected anisotropy and heterogeneity of the porous media and can be cali-
brated and recalibrated as more field data on the system performance become available.

An appropriate methodology for evaluating plume capture, including requisite mon-
itoring locations, should be developed as part of the P&T system design. In addition, the
implemented P&T system may differ substantially from the system that was originally
designed, and the following issues should be assessed (USEPA, 1996b):

� Did the design account for system down time (i.e., when wells are not pumping)?
� Did the design consider time-varying influences such as seasons, tides, irrigation,

or transient off-site pumping?
� Did the design account for declining well yields due to fouling or provide for

proper well maintenance?
� Did the design address geologic heterogeneities?
� Did the design take into account other hydraulic boundary conditions such as a

surface water boundary or a hard rock boundary?

Such issues may impact the effectiveness of capture relative to the designed system,
highlighting the need to conduct capture zone evaluations for the operating P&T system.

Although hydraulic containment and groundwater cleanup can represent separate
goals, more typically, remediation efforts are undertaken to achieve a combination of
both. For example, if restoration is not feasible, the primary objective might be contain-
ment. In contrast, where a contaminated well is used for drinking water but the contam-
inant source has not been identified, treatment at the wellhead might allow continued
use of the water even though the aquifer remains contaminated (USEPA, 1996b).

The USEPA (2007c) provides a detailed discussion on various options for discharging
treated water from P&T systems including infiltration basins and galleries, injection
wells, publicly owned treatment works (POTW), other on-site disposal, and treated water
reuse. The return of treated water to the subsurface can play an important role in the
performance of a groundwater remedy. The returned water can be designed to positively
impact the groundwater remedy in the following ways (USEPA, 2007c):

� Contaminant flushing can be enhanced by returning treated water upgradient
of the plume and extraction system, or in a zone where contamination is present
in the unsaturated zone.

� Degradation of remaining contamination in the subsurface can be enhanced
through the addition of oxygen and/or nutrients to the returned water.

� Hydraulic containment of impacted groundwater can be enhanced by returning
treated water to the subsurface and creating a hydraulic divide, particularly
downgradient of the extraction wells.

� Negative impacts that might be caused by groundwater extraction, such as re-
duced groundwater discharge to wetlands or dewatering of water supply well
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screens, can potentially be mitigated by returning the treated water to the sub-
surface.

Return of treated water to the subsurface can also have a negative impact on the
groundwater remedy in the following ways (USEPA, 2007c):

� Frequent fouling of the infiltration or injection structures can result in frequent
system shutdowns.

� Returning treated water into the plume can result in spreading of the plume and
could compromise plume capture.

� Returning treated water in close proximity to the extraction wells can result
in the extraction of treated water rather than contaminated water, which can
compromise plume capture and/or slow progress toward aquifer restoration.

Various options for returning treated water to the subsurface are best evaluated with
the use of groundwater models.

Optimization
Optimization of a P&T system is accomplished during the design and implementation
phases, as well as after the system has been operational for an extended period and more
detailed information on its performance is available. The purpose of optimization is to
identify potential changes that will improve the effectiveness of a system and reduce
operating and monitoring costs without compromising the effectiveness of the remedy
or the achievement of other cleanup objectives (USEPA, 2007a). More specifically, the
goals of P&T optimization are to minimize life-cycle costs, annual costs, or cleanup time,
while maximizing mass removal rates and minimizing pumping rate required for plume
capture. Simultaneously, achieving most or all of these goals can (arguably) be accom-
plished only by applying simulation-optimization techniques that couple simulations of
groundwater flow (e.g., MODFLOW) and/or contaminant transport (e.g., RT3D) with
mathematical optimization algorithms, to determine an optimal solution when many
possible solutions exist.

The simulation-optimization approach is more efficient than simulating a small num-
ber of pumping scenarios in a “trial and error” manner (the traditional modeling ap-
proach) and typically yields a much improved result. There are two general subclasses
of simulation-optimization methods for groundwater P&T systems: (1) hydraulic opti-
mization based on groundwater flow modeling, most appropriate when hydraulic con-
tainment is the primary concern, and (2) transport optimization based on groundwater
flow and transport modeling, most appropriate when aquifer restoration is the primary
concern.

An ideal outcome of P&T optimization is a reduction in the number of extraction
wells, decrease of the combined pumping rate, or ultimately the shutdown of the system.
All three options should be evaluated periodically against preset thresholds that can be
developed based on the simulation-optimization modeling results. These thresholds do
not have to be equal to the final groundwater cleanup goals. For example, a threshold can
be a contaminant concentration that does not have to be contained by the P&T system
anymore because natural attenuation will lower it to less than MCL by the time the plume
reaches critical receptor(s).
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An outline of the P&T optimization approach is given in USEPA (2007b), and
general information on simulation-optimization techniques can be found on the Fed-
eral Remediation Technologies Roundtable (FRTR) Web site at http://www.frtr.gov/
optimization/simulation.htm.

Case Study: 1,4-Dioxane Plume
Courtesy of Farsad Fotouhi and Saied Tousi, Pall Corporation, and James W. Brode and Jerry B.
Lisiecki, FTC&H.

A full-scale treatment system has been installed at a site in Ann Arbor, Michigan, the
United States, to remediate groundwater containing high concentrations of 1,4-dioxane.
Treatment consists of pumping of contaminated groundwater to the on-site facility
where ozone/hydrogen peroxide (O3/H2O2) technologies are employed. Groundwa-
ter pumped from the aquifers is treated and discharged into a tributary under an NPDES
permit. The company has treated over 4.2 billion gallons (15.9 million m3) of groundwa-
ter and removed over 76,000 pounds (34,450 kg) of 1,4-dioxane from the contaminated
aquifers since 1997.

The company used large quantities of 1,4-dioxane during 1966 to 1986. On-site
wastewater disposal practices resulted in 1,4-dioxane release into the subsurface and
ultimately into groundwater, where multiple plumes developed. When 1,4-dioxane con-
tamination was identified in the mid-1980s, groundwater concentrations were as high
as 210,000 μg/L and several local drinking water wells were affected. The plumes, as
defined by the State of Michigan Drinking Water Criterion of 85 μg/L, collectively en-
compass an area of approximately 0.6 mi2.

Groundwater at the site is generally shallow, at a depth averaging approximately 15
ft below ground surface. Subsurface material consists of glacial deposits that are up to
300 ft thick and overly the Mississippian-Aged Coldwater (primarily shale) formation,
which serves as the lower boundary of contamination. At least two primary sand/gravel
aquifers with differing flow directions and groundwater flow rates exist between the
area’s clay-rich deposits. 1,4-Dioxane has migrated at least 8000 ft from the source areas
in these aquifers.

Twenty-two strategically placed groundwater extraction wells and a 4479-ft (1365 m)
long horizontal well (Fig. 9.45) are used to extract and divert groundwater at a rate of
up to 1300 gal/min (82 L/s) to the facility for further treatment and disposal. During
the treatment process, water from the extraction wells is mixed in a treatment pond. The
water is transferred from the pond to the treatment facility equipped with a 1300 gal/min
ozone/hydrogen peroxide technology. Once the water meets appropriate treatment cri-
teria, it is discharged into a nearby stream.

Groundwater is monitored on a routine basis at approximately 150 locations. To date,
treatment has resulted in only a slight reduction in the areal extent of the plumes. 1,4-
Dioxane concentrations within the plume areas have decreased considerably as mass
has been removed. In portions of the site, nearly a 100-fold reduction in 1,4-dioxane
concentrations has been observed. Maximum 1,4-dioxane concentrations in the plume
are now less than 10,000 μg/L.

Continued efforts are underway to evaluate alternative cleanup remedies capable
of removing the contaminant mass from the aquifers while maintaining hydraulic con-
trol. In 2004, the company conducted an ISCO pilot test involving the injection of H2O2

and Fenton’s reagent (iron catalyst) into one of the confined aquifers. The test results
indicate, however, that a minimal reduction of 1,4-dioxane concentrations was achieved.

http://www.frtr.gov/optimization/simulation.htm
http://www.frtr.gov/optimization/simulation.htm
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FIGURE 9.45 One of the longest and deepest horizontal wells in the world installed for pump-and-
treat remediation of 1,4-dioxane plume in Ann Arbor, MI. Map view and cross section. (Figure
courtesy of Pall Corporation.)

Additional field testing of ISCO using ozone resulted in a slightly higher rate of 1,4-
dioxane removal, but bromate formation exceeded the 10-μg/L MCL set by USEPA.
Use of the current P&T methods is anticipated to continue for many years until the 1,4-
dioxane target cleanup criteria are reached. Figure 9.46 illustrates a typical tailing effect
at one of the vertical extraction wells.
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FIGURE 9.46 1,4-Dioxane concentration versus time at one of the extraction wells. (Figure
courtesy of Pall Corporation.)
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Fractured Rock and Karst Aquifers
Care should be applied when using numeric models to evaluate design options and esti-
mate capture zone in fractured rock and karst aquifer. Equivalent porous media models
should not be used for such purpose as illustrated earlier in Section 8.7.7 (Chap. 8).
The USGS has released a computer program named Conduit Flow Process (CFP) for
MODFLOW-2005 that addresses this problem (Shoemaker et al., 2008). The CFP has the
ability to simulate turbulent groundwater flow conditions by (1) coupling the traditional
groundwater flow equation with formulations for a discrete network of cylindrical pipes
(Mode 1), (2) inserting a high-conductivity flow layer that can switch between laminar
and turbulent flow (Mode 2), or (3) simultaneously coupling a discrete pipe network
while inserting a high-conductivity flow layer that can switch between laminar and
turbulent flow (Mode 3). Conduit flow pipes (Mode 1) may represent dissolution or bi-
ological burrowing features in carbonate aquifers, voids in fractured rock, and/or lava
tubes in basaltic aquifers and can be fully or partially saturated under laminar or turbu-
lent flow conditions. Preferential flow layers (Mode 2) may represent (1) a porous media
where turbulent flow is suspected to occur under the observed hydraulic gradients; (2)
a single secondary porosity subsurface feature, such as a well-defined laterally exten-
sive underground cave; or (3) a horizontal preferential flow layer consisting of many
interconnected voids.

The CFP was developed in response to a need for a computer program that accounts
for the dual-porosity nature of many aquifers. There also was a desire to provide compati-
bility with recent advancements to the USGS modular groundwater model (MODFLOW).
Many research computer programs are available for simulating dual-porosity aquifers
but have not been fully documented for wider use (for example, Clemens et al., 1996;
Kiraly, 1998; Bauer, 2002; Birk, 2002). Additionally, the structure of MODFLOW has
changed with MODFLOW-2000 (Harbaugh et al., 2000) and MODFLOW-2005 (Har-
baugh, 2005), making the groundwater flow computer code even more modular and
allowing easier addition of new processes to the code.

The CFP was designed to be flexible enough for use in locations with limited or abun-
dant field data. In some geologic environments, such as Mammoth Cave, KY, detailed
information is available (or could be derived) on the location, diameter, tortuosity, and
roughness of the subsurface caverns. CFP Mode 1 (CFPM1) was designed with these
locations in mind. In other locations, such as the Biscayne aquifer of southern Florida,
void connections and distributions are so complicated within preferential flow layers
that a complete characterization is not possible. CFP Mode 2 (CFPM2) was designed
with these locations in mind; specifically, laminar and turbulent flows through compli-
cated void connections are represented with a limited number of “effective” or “bulk”
layer parameters.

One of the powerful options in the CFP is that, in cases with abundant field data on the
void architecture and hydraulic behavior, complex two- or three-dimensional networks
of conduit flow pipes and nodes can be designed to represent interconnected or dead-
end voids in the subsurface. Flow calculations assume that pipe nodes are located in the
center of MODFLOW cells. An exception is in the vertical direction, for which there are
two options. First, pipe nodes can be assigned elevations above a datum and, therefore,
are not restricted to center elevations of MODFLOW cells. Second, pipe nodes can be
assigned a distance above or below the center of the MODFLOW cell (Fig. 9.47). With
this second option, if the distance is set to zero, pipe nodes are assumed to exist at the
vertical center of the MODFLOW cell (Shoemaker et al., 2008).
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FIGURE 9.47 Possible variations in elevation of conduit nodes in MODFLOW cells. (From
Shoemaker et al., 2008.)

9.5.2 Permeable Reactive Barriers
The concept of a PRB is relatively simple. Reactive material is placed in the subsurface
where a plume of contaminated groundwater must flow through it, typically under its
natural gradient (creating a passive treatment system), and treated water comes out the
other side (Fig. 9.48). The PRB is not a barrier to the water, but it is a barrier to the con-
taminant. When properly designed and implemented, PRBs are capable of remediating a
number of contaminants to regulatory concentration goals (USEPA, 1998c). PRBs can be
installed in various configurations, using trenches or by injecting reactive materials into
the subsurface via boreholes. If the injected materials serve to enhance biodegradation
of the contaminant(s), such barriers are called biobarriers.

The groundwater moves passively through the treatment zone, where the contam-
inants are degraded, precipitated, or absorbed by the treatment media. The treatment
zone may contain metal-based catalysts for degrading volatile organics, chelators for im-
mobilizing metals, nutrients and oxygen for microorganisms to enhance biodegradation,
or other agents. Degradation reactions break down the contaminants in the groundwa-
ter into benign by-products. A precipitation wall reacts with the contaminants to form
insoluble products that remain in the wall as the water passes. A sorption wall adsorbs
or chelates contaminants to the wall surface (USEPA, 1998b).

Groundwater Flow

Water Table
Plume

Permeable Reactive Barrier

Waste

Treated Water

FIGURE 9.48 Example of a plume being treated by a permeable reactive barrier wall. (From USEPA,
1998c.)
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Most treatment walls are designed to operate in situ for years with little or no mainte-
nance. Some treatment walls are permanent, others are semipermanent, and still others
are replaceable. The long-term stability of these walls has not been determined (USEPA,
1998a, 1998c).

To date, granular iron has been the most widely used reactive media in full-scale
PRBs. The prevalent use of granular iron, or zero-valent iron (ZVI), stems mainly from
its documented ability to abiotically degrade a variety of contaminant types, the most
common of which are the chlorinated solvent compounds such as perchloroethylene
(PCE) and trichloroethylene (TCE) (Wilkin and Puls, 2003). The abiotic process involves
corrosion (oxidation) of ZVI and reduction of dissolved chlorinated hydrocarbons. The
process induces highly reducing conditions that cause substitution of chlorine atoms by
hydrogen in the structure of chlorinated hydrocarbons.

In the past few years, alternative PRB designs using non-iron-based reactive mate-
rials to treat additional contaminants have also gained attention. For example, reactive
materials such as compost, zeolites, activated carbon, apatite, and limestone are now
being used to control pH, metals, and radionuclides (ITRC, 2005). Table 9.5 is a partial

Treatment Material Constituents Treated (Examples,
Categories Example Materials Not Comprehensive)

Metal-enhanced
reductive
dechlorination for
organic compounds

Zero-valent metals (Fe) Chlorinated ethenes, ethanes,
methanes, and propanes;
chlorinated pesticides, Freons,
and nitrobenzene

Metal-enhanced
reduction for metal
contaminants

Zero-valent metals (Fe), basic
oxygen furnace slag, and
ferric oxides

Cr, U, As, Tc, Pb, Cd, Mo, Hg, P,
Se, and Ni

Sorption and ion
exchange

Zero-valent iron, granular
activated carbon, apatite
(and related materials),
bone char, zeolites, peat,
and humate

Chlorinated solvents (some),
BTEX, Sr-90, Tc-99, U, and Mo

pH control Limestone and zero-valent
iron

Cr, Mo, U, and acidic water

In situ redox
manipulation

Sodium diothionite and
calcium polysulfide

Cr and chlorinated ethenes

Enhancements for
bioremediation
(including carbon,
oxygen, and
hydrogen sources)

(Includes solid, liquid, and
gaseous sources) Oxygen-
release compounds,
hydrogen-release
compounds, carbohydrates,
lactate, zero-valent iron,
compost, peat, sawdust,
acetate, and humate

Chlorinated ethenes and ethanes,
nitrate, sulfate, perchlorate, Cr,
MTBE, and polyaromatic
hydrocarbons

From ITRC, 2005.

TABLE 9.5 Examples of Reactive Materials Used in PRBs
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list of materials that have been used as components within PRB systems. Each of the
materials, including iron, which is shown for reference, conditions the aqueous system
to either directly reduce the presence or mobility of the target chemical or promote its
destruction or immobilization by other chemical or biological changes to the aqueous
system. The observation that most of the materials listed are natural materials (e.g., not
manufactured or enhanced by human intervention) is encouraging, as PRBs can be pro-
moted as remedies that take advantage of natural conditioning processes. The fact that
most of the materials are well known to both the scientific community and the regula-
tory and public stakeholder community is also beneficial for receiving public approval
for their use (ITRC, 2005).

Most PRBs are less than 10 years old, and it is not known whether these will remain
effective over the lifetime of the contaminant plume, which could be on the order of
decades or more. Therefore, much research has focused on changes in PRB reaction rates
over time. Additionally, some PRBs have had problems with permeability and hydraulics,
most of which seem to be an artifact of the construction techniques for PRB installation
or inadequate predesign site characterization rather than chemical precipitation and
clogging of the reactive media. As with any technology used to treat contaminants in
the subsurface, successful implementation is contingent on effective site characterization,
design, and construction. ITRC (2005) has produced a detail document highlighting many
of the lessons learned over the 10-year history of iron-based PRB systems.

Trench emplacement of PRBs has a number of disadvantages. Trenches are limited
to shallow treatment zones and require specialized trenching equipment, and the re-
placement and disposal costs of reactive material after contaminant breakthrough may
be significant. The USGS (1999) has developed a tool to take advantage of the natural
groundwater gradient to channel groundwater into highly permeable reactive mate-
rial(s). This tool, named deep aquifer remediation tool (DART), is used in conjunction
with nonpumping wells and offers a low-cost and virtually maintenance-free alternative
to ex situ treatment methods. As the groundwater passes through the permeable reactive
material, the contaminant is immobilized or transformed to a nontoxic form by a variety
of chemical reactions.

The DARTs are deployed into an aquifer and corresponding contaminant plume
through a series of nonpumping wells (Fig. 9.49). Wilson and Mackay (1997) have found
that groundwater will converge to arrays of nonpumped wells in response to the differ-
ence in hydraulic conductivity between the well and aquifer. Numerical simulations con-
ducted during DART development indicate that each well typically intercepts ground-
water in the upgradient part of the aquifer that is approximately twice the inside diameter
of the well.

Because DARTs are deployed through non-pumping wells, in-situ treatment of deeper
contaminant plumes (greater than 100 ft below land surface) that could not be treated
with currently available trenching technologies is possible. In addition, DARTs allow
for easy retrieval, replacement, and disposal of reactive material after chemical break-
through.

DARTs are designed to fit a variety of well dimensions and plume geometries. A
DART is composed of three basic components (Fig. 9.50): (1) a rigid PVC shell with high-
capacity flow channels to contain the permeable reactive material, (2) flexible wings to
direct the flow of groundwater into the permeable reactive material, and (3) passive sam-
plers to determine the quality of the treated water. Multiple DARTs can be joined together
for the treatment of thicker contaminant plumes. DARTs also allow for vertical stacking
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Nonpumping well 
designation

D

2DInside diameter of 
nonpumping well

BZ3

BZ2

BZ1

FIGURE 9.49 Schematic diagram showing nonpumping wells containing DARTs and modeled
contaminant capture zones, Fry Canyon, UT. (From USGS, 1999.)

of different reactive materials for the treatment of chemically segregated contaminant
plumes. The main disadvantage of this system is the very small ROI of individual wells,
resulting in potentially high installation cost per plume area (width).

The ability of iron to degrade a variety of contaminant types is being increasingly
utilized in nontraditional technologies, such as hydraulic injection of the nanoscale iron
in an aqueous solution into the subsurface. When using granular iron, a biodegradable

Reactive barrier material

Rigid PVC
shell

Passive
Sampler

Groundwater flow

Flexible wing

Nonpumping
well

FIGURE 9.50 Schematic diagram of deep aquifer remediation tool (DART). (From USGS, 1999.)
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FIGURE 9.51 Left: Rendition of emulsified zero-valent iron droplets. Right: Micrograph of nanoscale
iron particles (100–200 nm) contained within an emulsion droplet. (From ITRC, 2005.)

slurry containing iron and guar is injected through a borehole into the subsurface. De-
pending on the geologic material present, fractures are created or the material is inter-
mixed with the more permeable soils. When using the biodegradable method, an enzyme
is added after the injections to degrade the slurry over a short time period, leaving a lens
of granular iron in the subsurface (ITRC, 2005). A discussion on use of nanoscale iron for
environmental remediation is provided by Zhang (2003).

NASA has developed an emulsified, nanoscale-iron process that directly targets
DNAPL. The emulsified system consists of a surfactant-stabilized, biodegradable water-
in-oil emulsion with nanoscale-iron particles contained with the emulsion droplets (Fig.
9.51). The surfactant serves two functions: it increases the stability of the emulsion for in-
jection into the DNAPL zone, and the surfactant micelles within the oil membrane of the
emulsion droplet aid in the delivery of TCE to the iron. The DNAPL diffuses through the
hydrophobic oil membrane of the emulsion droplet, whereupon it reaches the surface of
the iron particle and dehalogenation takes place (Geiger et al., 2003). This technology has
demonstrated that DNAPLs such as TCE diffuse through the oil membrane of the emul-
sion droplet, whereupon these reach the surface of the iron particle and dehalogenation
takes place. Recent field work at NASA’s Launch Complex 34 on Cape Canaveral Air
Force Station demonstrated the effectiveness of this process in treating DNAPL (O’Hara
et al., 2004).

Research and deployment of biobarrier systems are increasing in recent years, par-
ticularly for treatment of chlorinated solvents and petroleum hydrocarbon constituents
such as BTEX and MTBE. Biobarriers are often described as in situ bioremediation de-
ployed with the PRB design concept (i.e., a continuous, linear, flow-through zone where
treatment occurs). These systems may use solid, liquid, or gaseous amendments, such
as wood chips, compost, lactate, and molasses, to create an enhanced zone of biologi-
cal activity where contaminant degradation occurs. In this way, the reactive treatment
zone within a biobarrier is created indirectly through the addition of amendments. This
addition is usually achieved through vertical temporary borings or permanent wells,
although other technologies including trenching can be applied depending on the site-
specific conditions and depth of the contaminated zone.
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The economic benefits of PRBs drive the application of this technology. The pas-
sive functioning of a PRB means that relatively little energy or labor input (except for
site monitoring) is necessary; therefore, the technology has a potential advantage over
conventional groundwater treatment systems such as P&T. Regardless, a cost-benefit ap-
proach should be used to evaluate the economic feasibility of a PRB at a given site (ITRC,
2005).

PRB technology also has limitations and should not be considered as the only rem-
edy for a site. For example, a PRB may be used in conjunction with one or more other
remedies, such as MNA for the downgradient portion of a contaminant plume and/or
source removal technologies for DNAPL or other contaminant residual upgradient from
the PRB. Additionally, since most PRBs operate passively, site remediation may take sev-
eral years or even decades, requiring the use of long-term institutional controls for site
management. Therefore, a PRB should be considered within the context of overall and
long-term site remediation goals (ITRC, 2005).

Biobarriers are considered a unique type of PRB. Some biobarrier designs, particularly
those that require deep delivery and circulation of liquid amendments, can challenge the
passive operation concept of PRBs. For example, although many biobarriers are designed
to deliver amendments into the subsurface using relatively passive techniques (i.e., slow
injection or diffusion of oxygen or air), some biobarriers require substantial energy input
to deliver amendments to the proper aquifer depth and then to circulate and mix the
amendments within the subsurface. Such designs function less passively than traditional
PRBs and may incur greater operation and maintenance costs (ITRC, 2005).

9.5.3 Bioremediation
In situ enhanced bioremediation of halogenated VOCs, and in particular of chlorinated
aliphatic hydrocarbons (CAHs), is the most rapidly growing groundwater remediation
technology. This is not surprising since VOCs are the most frequently occurring type of
contaminant in soil and groundwater at Superfund and other hazardous waste sites in
the United States. The USEPA estimated that cleanup of these sites will cost more than
$45 billion (in 1996 dollars) over the next several decades (USEPA, 1997). Innovative
technologies, such as in situ bioremediation, are being developed and implemented in an
effort to reduce the cost and time required to clean up those sites. In situ bioremediation is
increasingly being selected to remediate hazardous waste sites because, when compared
to other technologies, it is usually less expensive, does not require waste extraction or
excavation, and is more publicly acceptable as it relies on natural processes to treat
contaminants (USEPA, 2000b).

Engineered bioremediation is a technology of adjusting the concentration of various
electron acceptors, electron donors, and nutrients in groundwater in order to stimulate
biodegradation of contaminants by native (indigenous) microorganisms. This process is
commonly referred to as biostimulation. Bioremediation also includes bioaugmentation,
or the addition of microbes to the subsurface where organisms able to degrade specific
contaminants are deficient. Such microbes may be “seeded” from populations already
present at a site and grown in aboveground reactors, or these can be specially cultivated
nonindigenous (exogenous) strains of bacteria having known capabilities to degrade
specific contaminants.

An electron acceptor is a compound capable of accepting electrons during oxidation-
reduction reactions. Microorganisms obtain energy by transferring electrons from
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electron donors, such as organic compounds (or sometimes reduced inorganic com-
pounds, such as sulfide), to an electron acceptor. Electron acceptors are compounds that
are reduced during the process and include oxygen, nitrate, iron (III), manganese (IV),
sulfate, carbon dioxide, and, in some cases, chlorinated aliphatic hydrocarbons, such as
carbon tetrachloride (CT), PCE, TCE, DCE, and VC. Electron donors are compounds that
are oxidized during the process and include fuel hydrocarbons and native organic carbon
(USEPA, 2000b).

Nutrients are elements required for microbial growth such as carbon, hydrogen, oxy-
gen, nitrogen, and phosphorus. Substrate is a source of energy or molecular building
block used by a microorganism to carry out biological processes and reproduce. Sub-
strates include various forms of solid and liquid organic carbon such as carbohydrates.

The goal of engineered biodegradation is to promote growth and stimulate the activity
of those groups of microorganisms best capable of degrading certain contaminants. For
example, as illustrated earlier in Fig. 9.35, biostimulation may be successful in degrading
PCE and TCE, but it may result in a buildup of cis-DCE and VC, which cannot be as
successfully degraded by the present bacteria. Another type of biostimulation would
then have to be used downgradient from the first treatment zone to create conditions
that promote biodegradation of cis-DCE and VC.

Biodegradation involves the production of energy in a reduction-oxidation (redox)
reaction within a bacterial system. This includes respiration and other biological func-
tions needed for cell maintenance and reproduction. Bacteria generally are categorized
by (1) the means by which these derive energy, (2) the type of electron donors these
require, or (3) the source of carbon that these require. For example, bacteria that are in-
volved in the biodegradation of CAHs in the subsurface are chemotrophs (bacteria that
derive their energy from chemical redox reactions) and use organic compounds as elec-
tron donors and sources of organic carbon (organoheterotrophs). However, lithotrophs
(bacteria that use inorganic electron donors) and autotrophs (bacteria that use carbon
dioxide as a carbon source) may also be involved in degradation of CAHs (USEPA,
2000b).

Redox potentials measured in groundwater provide an indication of the relative dom-
inance of the bacteria electron-acceptor classes. These classes determine the type of redox
zone that will dominate in the subsurface (for example, an aerobic zone will dominate
when aerobes are present). The typical electron-acceptor classes of bacteria are listed in
Table 9.6, in the order of those causing the largest energy generation to those causing
the smallest energy generation during the redox reaction. A bacteria electron-acceptor
class causing a redox reaction that generates relatively more energy will dominate over
a bacteria electron-acceptor class that generates relatively less energy during the redox
reaction (USEPA, 2000b).

Figure 9.52 shows the redox zones of a typical petroleum plume in an aerobic aquifer,
illustrating the progression from the source area to the edge of the plume. A plume
moving with groundwater flow typically will develop distinct redox zones (bacteria
will use the electron acceptor that causes the most energy to be generated during the
redox reaction when compared with the energy generated from redox reactions using
other available electron acceptors). As seen in Fig. 9.52, once an electron acceptor is
depleted, a new redox reaction with the electron acceptor that will result in the next
largest generation of energy during the redox reaction will dominate. The dominant
redox reaction will determine the type of bacteria that typically will exist in a particular
zone and determine the biodegradation mechanisms that may occur.
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Dominance (as Predominant CAH Approximate
Determined by Relative Bacteria Electron Biodegradation Redox Potential
Energy Generation) Acceptor Class Mechanism (volts)

Most dominant

↓

Oxygen-reducing
(aerobes)

Nitrate-reducing
Manganese

(IV)-reducing
Iron (III)-reducing
Sulfate-reducing

Aerobic oxidation

Reductive dechlorination

+ 0.82
+ 0.74
+ 0.52
− 0.05
− 0.22

Least dominant Carbon
dioxide-reducing
(methanotrops)

− 0.24

From USEPA, 2000.

TABLE 9.6 Redox Potential as Indicator of Bacteria Electron Acceptor Classes

There are many potential reactions that may degrade CAHs in the subsurface, under
both aerobic and anaerobic conditions (Table 9.7). Not all CAHs are amenable to degra-
dation by each of these processes. However, anaerobic biodegradation processes may
potentially degrade all the common chloroethenes, chloroethanes, and chloromethanes.
Enhanced in situ anaerobic bioremediation involves the delivery of an organic substrate
into the subsurface for the purpose of stimulating microbial growth and development,
creating an anaerobic groundwater treatment zone, and generating hydrogen through
fermentation reactions. This creates conditions conducive to anaerobic biodegradation
of chlorinated solvents dissolved in groundwater.

The most common chlorinated solvents released to the environment include tetra-
chloroethene (PCE, or perchloroethene), trichloroethene (TCE), trichloroethane (TCA),
and CT. Because these chlorinated solvents exist in an oxidized state, these are gen-
erally not susceptible to aerobic oxidation processes (with the possible exception of
cometabolism). However, oxidized compounds are susceptible to reduction under anaer-
obic conditions by either biotic (biological) or abiotic (chemical) processes. Enhanced
anaerobic bioremediation is intended to exploit primarily biotic anaerobic processes

Contaminant
Source
Zone

Methanogenic
Zone

Sulfate
Reducing
Zone

Iron (III)
Reducing
Zone

Groundwater Flow

Nitrate &
Manganese (IV)
Reducing
Zone

Oxygen
Reducing
(Aerobic)
Zone

Leading Edge of Plume

FIGURE 9.52 Areal view of redox zones in a typical petroleum plume in an aerobic aquifer.
(Modified from USEPA, 2000b)
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Compound1

Chloroethenes Chloroethanes Chloromethanes

Degradation process PCE TCE DCE VC PCA TCA DCA CA CT CF MC CM
Aerobic oxidation N N P Y N N Y Y N N Y P
Aerobic cometabolism N Y Y Y P Y Y Y N Y Y Y
Anaerobic oxidation N N P Y N N Y P N N Y P
Direct anaerobic

reductive
dechlorination

Y Y Y Y Y Y Y Y Y Y Y Y

Cometabolic
anaerobic reduction

Y Y Y Y P Y Y P Y Y Y P

Abiotic transformation Y Y Y Y Y Y Y Y Y Y Y Y

PCE, tetrachloroethene; TCE, trichloroethene; DCE, dichloroethene; VC, vinyl chloride; PCA,
tetrachloroethane; TCA, trichloroethane; DCA, dichloroethane; CA, chloroethane; CT, carbon
tetrachloride; CF, chloroform; MC, methylene chloride; CM, chloromethane; N, not documented in the
literature; Y, documented; P, potential for reaction to occur, but not well documented in the literature.

From Parsons, 2004.

TABLE 9.7 Potential Degradation Processes for Chlorinated Aliphatic Hydrocarbons

to degrade CAHs in groundwater. Other common groundwater contaminants that are
subject to reduction reactions are also susceptible to enhanced anaerobic bioremedia-
tion. These include chlorobenzenes, chlorinated pesticides (e.g., chlordane), PCBs and
chlorinated cyclic hydrocarbons (e.g., pentachlorophenol), oxidizers such as perchlorate
and chlorate, explosive and ordnance compounds, dissolved metals (e.g., hexavalent
chromium), and nitrate and sulfate (Parsons, 2004).

Anaerobic reductive dechlorination is the degradation process targeted by enhanced
anaerobic bioremediation. Through the addition of organic substrates to the subsurface,
enhanced anaerobic bioremediation converts naturally aerobic or mildly anoxic aquifer
zones to anaerobic and microbiologically diverse reactive zones, making them conducive
to anaerobic degradation of CAHs. Examples of easily fermentable organic substrates
typically used include alcohols, low-molecular-weight fatty acids (e.g., lactate), carbo-
hydrates (e.g., sugars), vegetable oils, and plant debris (e.g., mulch). The substrates most
commonly added for enhanced anaerobic bioremediation include lactate, molasses, Hy-
drogen Release Compound (HRC®), and vegetable oils. Substrates used less frequently
include ethanol, methanol, benzoate, butyrate, high-fructose corn syrup (HFCS), whey,
bark mulch and compost, chitin, and gaseous hydrogen.

Table 9.8 summarizes the attributes of several substrate types. These substrates are
classified as soluble substrates, viscous fluids and low-viscosity fluids, solid substrates,
and experimental substrates. The physical nature of the substrate dictates the frequency
of addition, the addition technique, and potential system configurations. The selected
organic substrate should be suitable for the biogeochemical and hydrodynamic char-
acter of the aquifer to be treated. A common goal is to minimize overall project cost
by minimizing the number of required injection points, the number of injection events,
and substrate cost (Harkness, 2000). The physical and chemical characteristics of the sub-
strate (e.g., phase and solubility) may make certain substrates more suitable than others in
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Typical Delivery Frequency of
Substrate Techniques Form of Application Injection

Soluble substrates
Lactate and

butyrate
Injection wells or

circulation
systems

Acid or salts diluted in
water

Continuous to monthly

Methanol and
ethanol

Injection wells or
circulation
systems

Diluted in water Continuous to monthly

Sodium benzoate Injection wells or
circulation
systems

Dissolved in water Continuous to monthly

Molasses, high
fructose corn
syrup

Injection wells Dissolved in water Continuous to monthly

Viscous fluid substrates
HRC® or HRC-XTM Direct injection Straight injection Annually to biannually

for HRC® (typical);
every 3–4 yr for
HRC-XTM; potential
for one-time
application

Vegetable oils Direct injection or
injection wells

Straight oil injection with
water push, or high
oil:water content
(>20% oil) emulsions

One-time application
(typical)

Low-viscosity fluid substrates
Vegetable oil

emulsions
Direct injection or

injection wells
Low oil content (<10%)

microemulsions
suspended in water

Every 2–3 yr (typical);
potential for
one-time application

Solid substrates
Mulch and

compost
Trenching and

excavation
Trenches, excavations, or

surface amendments
One-time application

(typical)
Experimental (few applications)
Whey (soluble) Direct injection or

injection wells
Dissolved in water or

slurry
Monthly to annually

Chitin (solid) Trenching or
injection of a
chitin slurry

Solid or slurry Annually to biannually;
potential for one-
time application

Hydrogen (gas) Biosparging wells Gas injection Pulsed injection (daily
to weekly)

Humic acids
(electron
shuttles)

Direct injection or
injection wells

Dissolved in water Unknown; potentially
semiannually to
annually

From Parsons, 2004.

TABLE 9.8 Substrates Used for Enhanced Anaerobic Bioremediation
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particular applications. Furthermore, combinations of various substrates are becoming
more common. For example, an easily distributed and rapidly degraded soluble sub-
strate such as lactate may be combined with a slow-release substrate such as vegetable
oil. HRC® is also available from the manufacturer as both a fast-acting primer and a
longer-lasting HRC-XTM product (Parsons, 2004).

The most commonly used methods to deliver liquid substrates are via installed injec-
tion wells or direct-push well points, or by direct injection through temporary direct-push
probes. Direct-push methods are commonly used for shallow groundwater applications
in unconsolidated formations at depths less than approximately 50 ft. This technique is
constrained by soil characteristics such as grain size or degree of cementation (i.e., gravel
and cobbles, or caliché inhibits use of direct-push technology). Direct injection of liquid
substrates can be made through direct-push probes (e.g., Geoprobe®). This technique
does not leave well points in place and is only practical for long-lasting substrates such
as HRC®, vegetable oil emulsions, or whey slurries. These substrates release carbon over
periods of 6 months to several years and typically require injection on 7.5 to 15-ft centers
to treat the target zone (Parsons, 2004).

Permanent wells are typically used for continuous or multiple injections or recir-
culation of soluble substrate. Use of permanent injection wells is also necessary where
direct-push technology is impractical, such as greater treatment depths and difficult
lithology. Existing monitoring or extraction wells from previous investigation or reme-
diation activities may also be used where applicable.

Recirculation systems, consisting of closely spaced injection and extraction wells,
are sometimes used to increase the retention time of contaminated groundwater in the
treatment zone and to promote mixing of the substrate with the contaminant. The rate
at which groundwater passes through the system depends on the rate of recirculation
and the natural groundwater flux through the recirculation system. Therefore, design of
recirculation systems must consider hydraulic conductivity, aquifer heterogeneity, and
hydraulic gradient. Recirculation approaches may be the only effective method to achieve
more uniform distribution of substrates and amendments at sites with difficult hydro-
geological conditions (e.g., lack of a natural hydraulic gradient or pronounced hetero-
geneity). Recirculation may also be considered for shorter-term applications that cannot
be achieved through less aggressive, more passive methods. For example, recirculation
may be useful to circulate groundwater from the greater contaminant plume through
an established bioaugmented treatment zone (Parsons, 2004). The most critical design
element of recirculation systems is prevention of biofauling and clogging of well screens.

Effective mixing of substrate with the contaminant plume is one of the most difficult
design challenges for enhanced anaerobic bioremediation. Injection of large volumes
of substrate may cause significant displacement of the contaminant plume, and some-
times a decrease in permeability of the porous media adjacent to injection points due to
biofauling.

Depending on the frequency of substrate delivery to the subsurface, bioremediation
systems can be grouped into passive, semipassive, and active. Passive biobarriers typi-
cally use slow-release, long-lasting substrates (e.g., HRC c©, vegetable oils, or mulch) that
can be either injected or otherwise placed in a trench and that are designed to remain in
place for long periods to maintain the reaction zone. Contaminant mass is delivered to
the treatment zone via natural groundwater flow.

Semipassive or active biobarriers are similar to passive biobarriers except that a solu-
ble substrate is typically injected periodically (semipassive) or via a recirculation system
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FIGURE 9.53 Reducing zones established downgradient of substrate injection. (From Parsons,
2004.)

(active). Soluble substrates migrate with groundwater flow, are depleted more rapidly,
and require frequent addition. However, these systems offer the advantage of being able
to adjust the rate or type of substrate loading over time, and soluble substrates may be
easier to distribute throughout larger volumes of the contaminant plume.

Biodegradation of an organic substrate depletes the aquifer of DO and other terminal
electron acceptors (e.g., nitrate or sulfate) and lowers the oxidation-reduction potential
of groundwater, thereby stimulating conditions conducive to anaerobic degradation pro-
cesses. After DO is consumed, anaerobic microorganisms typically use native electron
acceptors (as available) in the following order of preference: nitrate, manganese and fer-
ric iron oxyhydroxides, sulfate, and finally carbon dioxide. Figure 9.53 illustrates a CAH
plume where substrate has been injected into the source area. An anaerobic treatment
area is created with the development of progressively more anaerobic zones closer to
the source of organic carbon as electron acceptors are depleted. Anaerobic dechlorina-
tion has been demonstrated under nitrate-, iron-, and sulfate-reducing conditions, but
the most rapid biodegradation rates, affecting the widest range of CAHs, occur under
methanogenic conditions (Bouwer, 1994).

Enhanced anaerobic bioremediation will not be effective in the following conditions:

� Sites with impacted receptors, or with short travel time or distance to potential
receptors.

� The contaminant cannot be anaerobically degraded.
� Strongly reducing conditions cannot be generated.
� A microbial community capable of driving the process is not present or cannot

be introduced to the subsurface.
� A fermentable carbon source cannot be successfully distributed throughout the

subsurface treatment zone.
� There are unknown or inaccessible DNAPL sources.
� Difficult hydrogeologic characteristics that preclude cost-effective delivery of

amendments, such as low permeability or a high degree of aquifer heterogeneity.
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� Geochemical factors (e.g., unusually low or high pH) that inhibit the growth and
development of dechlorinating bacteria.

Settings with the extremes of very high and very low rates of groundwater flow
impose significant limits to applying bioremediation. It may be impractical to maintain
reducing conditions in high flow settings, due to the magnitude of groundwater and
native electron-acceptor flux. On the other hand, it may be difficult to inject substrates into
tight formations, and, under low-flow settings, mixing of substrate with groundwater
due to advection and dispersion may be limited (Parsons, 2004). Table 9.9 provides a
summary of site characteristics related to suitability of enhanced bioremediation.

Engineered bioremediation is typically used to address the following remedial ob-
jectives: (1) remediation of source zones where good substrate/contaminant contact is
possible, (2) reduction of mass flux from a source zone or across a specified boundary
(e.g., plume containment), and (3) plume-wide treatment. Total treatment of an entire
dissolved plume with active bioremediation may be feasible in some cases; ultimately,
however, there will be an economic limit to the size of a plume that can be treated. For
plume sizes greater than 10 to 20 acres, use of containment strategies combined with
other remedial approaches may be more feasible (Parsons, 2004).

While anaerobic dechlorination may be effective in degrading chlorinated solvents,
secondary degradation of groundwater quality may occur. Degradation reactions or ex-
cessive changes in groundwater pH and redox conditions may lead to solubilization of
metals (e.g., iron, manganese, and potentially arsenic), formation of undesirable fermen-
tation products (e.g., aldehydes and ketones), and other potential impacts to secondary
water quality (e.g., total dissolved solids). Many of these changes are not easily reversed,
and, in the case of a slow-release carbon source, it may take many years for the effects of
the substrate addition to diminish. These issues should be considered during technology
screening (Parsons, 2004).

In many cases, the sole use of an organic substrate (biostimulation) is sufficient to
stimulate anaerobic reductive dechlorination. However, bioaugmentation may be con-
sidered at a site when an appropriate population of dechlorinating microorganisms is
not present or sufficiently active to stimulate complete anaerobic reductive dechlorina-
tion of the CAH constituents present. As shown with examples presented by Suthersan
and Payne (2005), at quite a few sites, biostimulation results in accumulation of cis-
DCE and VC, which is not a desirable outcome and has to be addressed separately.
To date, experience with bioaugmentation is limited, and there is some disagreement
among practitioners as to its benefits. Bioaugmentation involves the injection of a mi-
crobial amendment comprising non-native organisms known to carry dechlorination of
the targeted CAHs to completion. For example, the presence of Dehalococcoides-related
microorganisms has been linked to complete dechlorination of PCE to ethene in the field
(Major et al., 2001; Hendrickson et al., 2002). Commercial bioaugmentation products that
contain these microorganisms are available.

Independent field studies demonstrating the effectiveness of in situ stimulation or
augmentation with degrading bacterial consortia to remediate contaminant plumes are
still relatively limited. Lendvay et al. (2003) performed a carefully controlled field ex-
periment comparing the effects of biostimulation and bioaugmentation at the Bachman
Road site in Michigan. The site had a PCE plume derived from former dry-cleaning
operations along the Lake Huron shoreline. The plume showed evidence of natu-
rally occurring reductive dechlorination, as indicated by the appearance of reductive
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Suitable for Suitability Unclear—Possible
Site Enhanced Suitability Red Flag—Requires
Characteristics Bioremediation Uncertain Further Evaluation

DNAPL presence Residual DNAPL
or sorbed
sources

Poorly defined
sources may
require
additional
characterization

May not be appropriate for
aggressive treatment of
pools of DNAPL

Plume size Small, a few
acres or less

Medium to large, a
few acres plus

May require
concurrent
technology

Large plumes of many acres
May require concurrent

technology

On-site or
near-site
infrastructure

The risk of vapor
intrusion from
contaminants
or biogenic
gases is
deemed
acceptable

Target treatment
zone in close
proximity to
sensitive
infrastructure

Target treatment zone in an
area where known vapor
intrusion or high methane
problem exists

Evidence of
anaerobic
dechlorination

Slow or stalled
dechlorination

Limited evidence
of anaerobic
dechlorination

No evidence of any degradation

Depth <50 ft to water >100 ft to
groundwater

Deep groundwater and deep
contamination

Hydraulic
conductivity

>1 ft/d (>3 ×
10−4 cm/s)

0.01–1 ft/d (>3 ×
10−6 to 3 ×
1−4 cm/s)

<0.01 ft/d (<3×10−4 cm/s)

Groundwater
velocity

30 ft/yr to
5 ft/d

10–30 ft/yr
5–10 ft/d

<10 ft/y
>10 ft/d

pH 6.0–8.0 5.0–6.0
8.0–9.0

<5.0
>9.0

Solute
concentration

<500 ppm 500–5000 mg/L
(with caution)

>5000 mg/L or presence of
mineral gypsum may not be
suitable

ft/d, feet per day; ft/yr, feet per year; cm/s, centimeter per second; mg/L, milligrams per liter.
From Parsons, 2004.

TABLE 9.9 Suitability of Site Characteristics for Enhanced Anaerobic Bioremediation

dechlorination products (TCE, cis-DCE, and VC) and the presence of culturable pop-
ulations capable of complete dechlorination of PCE to ethene from the site provided
impetus for a controlled comparison of side-by-side biostimulation and bioaugmenta-
tion strategies for plume control. The study showed that the bioaugmentation phase took
43 days, and the biostimulation phase took at least 121 days and probably longer, since
the pumping during the control phase, which stimulated the indigenous microflora, is
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not included in this number. The shorter time and more complete detoxification sug-
gest that significant savings are possible with the bioaugmentation approach, albeit at a
higher cost, to produce the dechlorinating inoculum (Lendvay et al., 2003).

9.5.4 Monitored Natural Attenuation
MNA, sometimes referred to as passive bioremediation, is defined as use of natural
F&T processes, such as contaminant dilution, volatilization, degradation, adsorption,
diffusion, dispersion, immobilization, and chemical reactions with subsurface materials
to reach site-specific remediation goals (Wiedemeier et al., 1998; USEPA, 1999a; Chapelle
et al., 2007).

In current engineering practice, the effectiveness of MNA is evaluated on a site-by-
site basis by considering three lines of evidence: (1) historical monitoring data showing
decreasing concentrations and/or contaminant mass over time, (2) geochemical data
showing that site conditions favor contaminant transformation or immobilization, or
(3) site-specific laboratory studies documenting ongoing biodegradation processes. Var-
ious field and laboratory methods for assessing these three lines of evidence have been
developed and are currently in use (Wiedemeier et al., 1998, 1999; Gilmore et al., 2006).

A major difficulty in confirming and measuring natural attenuation lies in its com-
plexity and in the fact that most of the dominant and critical attenuation mechanisms
cannot be determined directly. For example, in current practice, there is no direct measure
that biodegradation is occurring. Instead, indicators that measure conditions suitable for
biodegradation and breakdown products are collected to provide evidence that biodegra-
dation is occurring. Therefore, multiple parameters are needed, plus an understanding
of their relationships to accurately assess MNA. The stakeholder or decision makers
determine the amount of evidence needed in order to make a defensible decision. The
question then arises, how much evidence is enough? Direct field measurement of key
processes and degradation rates is, therefore, one of the research priorities because it
would eliminate the question of where biodegradation is actually occurring along the
groundwater flow path (Gilmore et al., 2006).

It has been emphasized by regulatory agencies and practitioners alike that MNA is
not a “do-nothing” approach because it involves (ITRC, 1999)

� Characterizing the F&T of the contaminants to evaluate the nature and extent of
the natural attenuation processes

� Ensuring that these processes reduce the mass, toxicity, and/or mobility of sub-
surface contamination in a way that reduces risk to human health and the envi-
ronment to acceptable regulatory levels

� Evaluating the factors that will affect the long-term performance of natural at-
tenuation

� Monitoring of the natural processes to ensure their continued effectiveness

MNA has been the favorite first option for consideration at most (if not all) ground-
water contamination sites for more than a decade now. Although it has been approved as
the sole remedy at a relatively few complex sites, it is always very attractive as a supple-
mental remedy for three main reasons: it is noninvasive, does not require use of energy
and working equipment, and has a much lower implementation cost compared to vari-
ous engineered groundwater remediation systems. However, installation of monitoring
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wells, which is a necessary part of any MNA remedy, may involve a significant initial
cost. One of the potentially most attractive aspects of MNA to general public is that it
is “noninvasive”: unlike many elaborate engineered site cleanup facilities, it is “quietly”
working below ground so that the land surface aboveground may continue to be used. In
its effort to educate the public on the benefits of natural attenuation and bioremediation
in general and to alleviate concerns that MNA is not a “do-nothing” groundwater reme-
dial alternative, USEPA has published various pamphlets (e.g., USEPA, 1996c, 1996d),
which include general explanations such as the following:

Bioremediation, is a process in which naturally occurring microorganisms (yeast, fungi, or bacteria)
break down, or degrade, hazardous substances into less toxic or nontoxic substances. Microorganisms,
like humans, eat and digest organic substances for nutrition and energy. (In chemical terms, “organic”
compounds are those that contain carbon and hydrogen atoms.) Certain microorganisms can digest
organic substances such as fuels or solvents that are hazardous to humans. Biodegradation can oc-
cur in the presence of oxygen (aerobic conditions) or without oxygen (anaerobic conditions). In most
subsurface environments, both aerobic and anaerobic biodegradation of contaminants occur. The mi-
croorganisms break down the organic contaminants into harmless products—mainly carbon dioxide
and water in the case of aerobic biodegradation (Figure 1). Once the contaminants are degraded, the
microorganism populations decline because they have used their food sources. Dead microorganisms
or small populations in the absence of food pose no contamination risk.

Many organic contaminants, like petroleum, can be biodegraded by microorganisms in the under-
ground environment. For example, biodegradation processes can effectively cleanse soil and ground
water of hydrocarbon fuels such as gasoline and the BTEX compounds—benzene, toluene, ethylben-
zene, and xylenes. Biodegradation also can break down chlorinated solvents, like trichloroethylene
(TCE), in ground water but the processes involved are harder to predict and are effective at a smaller
percentage of sites compared to petroleum-contaminated sites. Chlorinated solvents, widely used
for degreasing aircraft engines, automobile parts, and electronic components, are among the most
often-found organic ground-water contaminants. When chlorinated compounds are biodegraded, it
is important that the degradation be complete, because some products of the breakdown process can
be more toxic than the original compounds.

Many chemicals will undergo zero- or first-order degradation in the dissolved, solid,
and/or gaseous phase. A first-order degradation is described by the following equation:

C = C0e−kt (9.8)

where C = concentration at time t
C0 = initial concentration at time t = 0

k = first-order rate constant (units = time−1)
t = time

First-order degradation can also be stated in terms of a chemical’s half-life. The half
life is the time it takes for half the contaminant to degrade:

C
C0

= 0.5 = e−kt (9.9)

t1/2 = ln 2
k

= 0.693
k

(9.10)

As can be seen, the contaminant half-life and the first-order degradation constant can
both be used in quantitative analyses, but consistently, so that there is no confusion. For
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example, a 2-year half-life is equivalent to a first-order rate constant of 0.35 per year. Most
practitioners, and most analytical equations, consistently use the first-order degradation
constant in the same units of time as all other time-dependent parameters.

Some chemicals undergo zero-order degradation, which is described by the following
equation:

C = C0 − k0t (9.11)

where k = zero-order rate constant (units = mass/volume-time). Zero-order kinetics
does not typically occur for most common organic compounds found in groundwater.

Obviously, the key parameter in all calculations involving contaminant degradation
is the degradation constant. Unfortunately, it is also very difficult to be accurately deter-
mined in the field, and it may change in time as geochemical conditions at the site change.
It is also the least likely parameter to be accepted by regulatory agencies in case all other
abiotic parameters, such as advection, recharge (very important when considering effects
of potential dilution), sorption, and dispersion, are not reasonably accurately established
for the particular site. In the case of sequential decay reactions, such as those involving
chlorinated solvents and munitions constituents, degradation constants are certain to
vary for different daughter products and may not even be applicable for some of them.
In other words, some daughter products may be less biodegradable or not biodegradable
at all in certain conditions.

The USEPA published an informative work on different methods commonly used to
determine the degradation rate constant including discussions on associated uncertain-
ties and applicability of individual methods (Newell et al., 2002). The key point is that
this constant may mean different things to different people and in different context. It
is, therefore, very important to make a clear distinction between the general attenuation
constant and the (bio)degradation constant. Although either constant can be used to
quantitatively describe a general decrease in contaminant concentration in time (a first-
order decay process), the degradation constant should be used only if the associated
biological process is confirmed, and its rate quantified. The more general attenuation
constant includes both abiotic and biotic processes, without making distinction between
them. It is relatively easily determined from the measured contaminant concentrations at
monitoring wells, at multiple times, by establishing a quantitative relationship between
the concentration decrease and the time.

In summary, the biodegradation rate constant applies to both space and time, but
only to one degradation mechanism. Quantification of this parameter is arguably the
most critical part of contaminant F&T studies and remediation projects that consider
biodegradation, in any form, as a potentially viable alternative. It can be performed in
the laboratory, using controlled microcosm studies with soil and groundwater samples
from the site, or in the field using extensive (and expensive) tracer studies. It can also
be estimated during model calibration of all other abiotic F&T parameters. Whatever
the case may be, selecting a literature value should be the last option, and only for the
“screening” purposes. Since every site will have a very specific degradation rate for any
particular contaminant, and this rate may change in time, the author deliberately did
not include any table of “literature values” of degradation rate constants. This is, again,
simply because every organic chemical may or may not degrade at any particular site.
Every effort should be made to avoid using literature values because it may result in
very misleading results, whatever any particular stakeholder were hoping for.
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A detailed explanation of various biodegradation processes and their characterization
in the field and in the laboratory are beyond the scope of this book (a brief discussion is
provided in Chap. 5). As a result of the ever-increasing interest in the bioremediation of
contaminated groundwater, there are many publications and resources available in the
public domain and accessible via free download at various Web sites maintained by the
United States Government agencies. A good starting point is works by Wiedemeier et al.
(1998, 1999), Azdapor-Keeley et al. (1999), Lawrence (2006), and Gilmore et al. (2006).

Sustainability of MNA
The effectiveness of natural attenuation is typically assessed over relatively short peri-
ods of time, often only a few months or years. When MNA becomes part of a long-term
remediation strategy, however, it must be assumed that processes observed during site
assessment will remain intact over the system’s operational lifetime. This operational
lifetime depends on the length of time that contaminants are released from source ar-
eas to groundwater (NRC, 2000), a period of time that may encompass decades or even
centuries. This, in turn, raises an important question. Will the natural attenuation pro-
cesses observed during site assessment continue with the same efficiency in the future? In
other words, will MNA be sustainable throughout the operational life of the remediation
system? (Newell and Aziz, 2004; Chapelle et al., 2007).

The sustainability of MNA over time depends on (1) the presence of chemical and
biochemical processes that transform contaminants to harmless by-products and (2) the
availability of energy to drive these processes to completion. The presence or absence of
contaminant-transforming chemical (biochemical) processes can be determined by ob-
serving contaminant mass loss over time and space (mass balance). The energy available
to drive these processes to completion can be assessed by measuring the pool of metab-
olizable organic carbon available in a system, and by tracing the flow of this energy to
available electron acceptors (energy balance). Natural attenuation is sustainable when
the pool of bioavailable organic carbon is large, relative to the carbon flux needed to drive
biodegradation to completion (Chapelle et al., 2007).

There are two approaches to quantify mass and energy balance of MNA in ground-
water systems:

1. Empirical, using field monitoring data to directly calculate the mass loading of
contaminants to a system and the system’s natural attenuation capacity (NAC);
similarly, the energy flow through a groundwater system can be determined in
the field by evaluating the succession of electron-accepting processes along the
plume.

2. Deterministic, by using numeric models (equations) that describe the physics
and biochemistry of a system.

Given a well-characterized plume, the flux of contaminants across a given cross-
sectional transect of an aquifer can be estimated from the following equation:

Mass Fluxtransect = Cave × Q (9.12)

where Cave = average contaminant concentration in units of mass per volume and Q =
groundwater flux in units of volume per time. When this flux is calculated for a given
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FIGURE 9.54 The empirical approach to describing the contaminant mass balance (mass flux) and
natural attenuation capacity using site-specific monitoring data.

transect of the aquifer, it gives contaminant mass flux in units of mass per time (e.g.,
mg/d). The ambient NAC can be quantified as the difference in contaminant mass flux
between two transects (Fig. 9.54):

NAC = Mass Fluxtransect1 − Mass Fluxtransect2 (9.13)

In this formulation, NAC is expressed in units of contaminant mass attenuated per unit
time (e.g., kg/d or kg/yr).

As discussed by Chapelle et al. (2007), the main advantage of using the empirical
mass-balance approach is that no a priori assumptions need to be made about the pro-
cesses contributing to contaminant loading, contaminant attenuation, or the consumption
of electron donors and acceptors. As a description of the present behavior of a system,
therefore, the empirical approach is highly useful. Because the individual processes con-
tributing to contaminant loading and natural attenuation are not explicitly considered,
however, the empirical approach cannot predict how a system will respond if conditions
change at some point in the future. Therefore, the utility of the empirical approach for
assessing long-term questions, such as the sustainability of natural attenuation, is limited.

Chapelle et al. (2007) demonstrate the use of the three-dimensional sequential electron
acceptor model (SEAM3D; Waddill and Widdowson, 2000) to quantify mass and energy
balance of the sequential reduction of PCE, TCE, DCE, and VC at the Kings Bay Naval
Submarine Base in southeastern Georgia, the United States. This model was selected
because it explicitly calculates a mass balance for the amount of contaminant NAPL
present in a system and because it tracks the flow of energy from electron donors (organic
carbon) and the various competing electron-accepting processes. This, in turn, makes it
possible to simultaneously track the dissolution of NAPL over time and to couple the
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biotransformation of dissolved contaminant mass to the organic carbon and electron
acceptors available in an aquifer.

In order to use a deterministic model such as SEAM3D for quantifying mass and
energy balance at any given site, a large number of parameters describing NAPL disso-
lution, advective and dispersive transport of contaminants, biotransformation of contam-
inants, and the delivery and utilization of electron donors and acceptors are required.
The model-building process begins with conceptualizing the hydrologic system, fol-
lowed by estimating values for the various parameters required, and then constraining
these estimated values by using available hydrologic, geochemical, and microbiologic
data. Once the model has been adequately constrained, it can be used to evaluate how
the sustainability of natural attenuation in a particular hydrologic system responds to
various environmental conditions over time (Chapelle et al., 2007).

An important capability of the SEAM3D code is that it includes an NAPL package
designed to simulate the dissolution and mobilization of chlorinated ethenes from the
NAPL present in the contaminant source area. This feature, when combined with the
biodegradation and reductive dechlorination packages, allows simulation of a global
mass balance that includes mineral and dissolved electron acceptors, dissolved organic
carbon substrate, and the dissolution and natural attenuation of chlorinated ethenes.
This capability, in turn, makes it possible to estimate times of remediation associated
with NAPL dissolution and, thus, to assess the sustainability of natural attenuation.

9.6 Measuring Success of Remediation
The task of evaluating the efficiency and effectiveness of a remedial action in meeting
the remediation and operational objectives established for the project is termed “perfor-
mance assessment.” System effectiveness is the ability of the system to achieve remedia-
tion goals at a given site, while “efficiency” refers to the optimization of time, energy, and
cost toward the achievement of effectiveness. The USEPA defines performance monitor-
ing as “the periodic measurement of physical and/or chemical parameters to evaluate
whether a remedy is performing as expected.” In terms of DNAPL source-zone treatment,
performance assessment involves the collection and evaluation of conditions following
treatment and the comparison of that information to pretreatment or baseline conditions
(ITRC, 2004).

Goals for an NAPL source-zone cleanup usually differ from goals of cleaning a dis-
solved plume without a continuous source. An NAPL zone cleanup goal commonly falls
into three categories: short-term, intermediate, and long-term performance goals. Short-
term goals focus on controlling NAPL mobility and mitigating the potential for further
contaminant migration. Long-term goals typically target the achievement of compliance
with regulatory criteria applicable to contaminated media at the site, such as restora-
tion of groundwater to drinking water standards. Intermediate performance goals are
appropriate when guiding cleanup at an NAPL source zone, where complete removal
of the source in one aggressive remedial effort is typically not feasible, yet the levels
of contamination left behind are unacceptable. Examples of intermediate performance
goals might include depleting the source sufficiently to allow for natural attenuation,
preventing the migration of contaminated fluids beyond the treatment zone, reducing
dissolved-phased concentrations outside the source zone, or reducing the mass discharge
rate or flux emanating from the source (ITRC, 2004).
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Assessing the performance of NAPL source-depletion technologies is necessary in
order to determine whether such intensive, costly measures are capable of achieving
remedial goals. However, assessing performance is complicated by the variation in re-
medial goals and metrics used to determine whether those goals are met (ITRC, 2004;
Kavanaugh et al., 2003). At few sites, measurements of the change in NAPL mass and/or
contaminant flux are used as a performance metric. However, the remedial goals at most
sites with impacted groundwater are based on reducing groundwater concentrations to
regulatory standards (e.g., MCLs or risk-based values). Since remedial goals are usu-
ally based on dissolved contaminant concentrations, most sites where source depletion
has been applied rely on groundwater concentrations to track remediation performance.
Unfortunately, as discussed earlier, there are very few, if any, sites with complex hy-
drogeologic conditions and NAPL sources that have achieved drinking water standards
throughout groundwater contamination zones after attempts at NAPL removal have
been made. It is for this reason that the scientific, engineering, and, more recently, regu-
latory communities are looking at contaminant mass flux reduction as a potential measure
of the effectiveness and, ultimately, the success of groundwater remediation.

Methods for estimating contaminant flux include the use of hydraulic parameters and
measured concentrations from traditional monitoring wells, the use of flux meters, total
plume capture by a well, integrated pumping tests (steady- and unsteady-state using
single and multiple wells), and recirculation zones. These methods have been described
in detail by ITRC (2004).

The most common approach of calculating contaminant mass flux is to estimate
the mass of solute at two cross-sectional areas perpendicular to the flow direction (Fig.
9.54). The basis of this approach is the law of continuity of groundwater flow (i.e., flow
in equals flow out). The integrated mass flux of a solute across two separate plume
transects intersecting the entire plume must be equal unless there is removal of solute
through attenuation. For this approach to be accurate, however, the plume must be at
steady state (i.e., the concentrations at the downgradient edge are not changing and
the plume is not expanding or shrinking) and the aquifer geometry and groundwater
flow conditions are known well enough to capture the entire plume (Gilmore et al.,
2006).

The University of Florida’s passive flux meter (PFM) is a self-contained permeable
device inserted into a well or boring that acts as an integrating sampler. Groundwater
flows through it and is not retained. The interior of the device is a matrix of hydrophobic
and hydrophilic permeable sorbents that retain dissolved organic and inorganic contam-
inants present in fluid intercepted by the unit. The sorbent matrix is also impregnated
with known amounts of water-soluble resident tracers (typically benzoate), which are
leached from the sorbent at rates proportional to the fluid flux. Following exposure
to groundwater flow for a period ranging from days to months, the passive flux indi-
cator is removed from the monitoring well and the sorbent extracted to quantify the
masses of contaminants intercepted and residual masses of resident tracers. The contam-
inant masses are used to calculate time-averaged contaminant mass fluxes; residual resi-
dent tracer masses are used to calculate time-averaged groundwater flux (Hatfield et al.,
2002). The passive flux indicator is being validated through the Environmental Security
Technology Verification Program (ESTCP) demonstrations at several Department of De-
fense sites and is being demonstrated as part of the Monitored Natural Attenuation and
Enhanced Attenuation for Chlorinated Solvents Technology Alternative Project sup-
ported by Department of Energy (Gilmore et al., 2006).
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The largest source of error in traditional transect and PFM methods of measuring
flux is associated with aquifer heterogeneity and the subjective process of interpolating
solute distribution. These flux measurement techniques rely on multiple point measure-
ments from monitoring wells and subsequent interpolation, which potentially create
error. For example, Fraser et al. (2005) evaluated mass flux versus sampling density for
a naphthalene plume at the Borden research aquifer. When the sampling grid density
was reduced from 1.7 points per meter squared (m2) to 0.7 points per m2, the range (as a
standard deviation) in mass discharge increased to more than 50 percent. Guilbeault et
al. (2005) showed that 75 percent of the mass flux occurred within 5 to 10 percent of the
transect cross-sectional area for three plumes in Ontario, New Hampshire, and Florida
and that a spacing no larger than 15 to 30 cm was needed at some locations to identify
high-concentration zones. In any case, however, when the vertical distribution of the
mass flux is needed, point measurement techniques are currently the best option.

The Mass Flux Toolkit developed for ESTCP by Farhat et al. (2006) is an easy-to-use,
free software tool that allows comparison of different mass flux approaches, calculates
mass flux from transect data, and applies mass flux to calculate downgradient dissolved
concentrations. In this software, the term mass flux is used to describe the mass discharge
rate in a groundwater plume in units of mass per time passing across a plume transect.

The Mass Flux Toolkit provides three methods for analyzing uncertainty in the total
mass flux estimates derived from the transect method. One option utilizes the Monte
Carlo-type approach to analyze uncertainty in the actual concentration, hydraulic con-
ductivity, and gradient measurements. The second option provides a tool for estimating
the contribution of each individual observation to the total mass flux. If a single mon-
itoring point represents a high percentage of the total mass flux, then the uncertainty
in the calculation is high and additional monitoring points should be added to reduce
the uncertainty. The third method shows the uncertainty involved in the interpolation
scheme that is used to calculate mass flux (Farhat et al., 2006).

The University of Tübingen, Germany, has developed a method to estimate mass
flux using a transect of extraction wells or a single well capturing the entire plume.
The integrated pumping test has two stages. In the first stage, each monitoring well
in the transect is pumped at a constant rate and the time-varying concentration of the
contaminant of interest is recorded. In the second stage, the concentration versus time
data for all of the wells are combined using a numerical inversion technique to estimate
the mass flux of contaminant across the transect. Unlike the PFM, it allows the maximum
and average concentrations over the transect to be estimated. As an active method, the
integrated pumping test overcomes localized issues (e.g., borehole damage) that interfere
with passive methods and can obtain measurements over a length greater than the well
diameter. On the other hand, water pumped from the wells must be disposed of, perhaps
as hazardous waste, and multiple chemical analyses are required (Gilmore et al., 2006).
This method has been tested at dozens of sites in Europe (e.g., Bayer-Raich et al., 2004,
2006; Jarsjö et al., 2005).
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Tübinger Geowissenschaftliche Arbeiten: Tübingen, Germany, Reihe C. Institut und
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