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Assessing Ground-Water Vulnerability to Contamination: 
Providing Scientifically Defensible Information for Decision Makers
By Michael J. Focazio, Thomas E. Reilly, Michael G. Rupert, Dennis R. Helsel

INTRODUCTION 

Throughout the United States increasing demands 
for safe drinking water and requirements to maintain 
healthy ecosystems are leading policy makers to ask 
complex social and scientific questions about how to 
assess and manage our water resources.  This chal-
lenge becomes particularly difficult as policy and 
management objectives require scientific assessments 
of the potential for ground-water resources to become 
contaminated from anthropogenic, as well as natural 
sources of contamination.  Assessments of the vulner-
ability of ground water to contamination range in scope 
and complexity from simple, qualitative, and relatively 
inexpensive approaches to rigorous, quantitative, and 
costly assessments.  Tradeoffs must be carefully consid-
ered among the competing influences of the cost of an 
assessment, the scientific defensibility, and the amount 
of acceptable uncertainty in meeting the objectives of 
the water-resource decision maker.   

Background
The Safe Drinking Water Act as amended in 

1996 began a new era of prevention of drinking-water 
contamination and emphasized the importance of 
source-water management.  The U.S. Environmental 
Protection Agency (USEPA) source-water assessment 
program, which has arisen from the Act, requires States 
to “assess water systems’ susceptibility to contamina-
tion” (U.S. Environmental Protection Agency, 1997).  
Viewed as a first step in a ‘multiple barrier’ approach 
to protect drinking water, source-water assessments 
should consider the potential for contamination of 
ground-water resources and often incorporate existing 
wellhead protection programs.  The need for ground-
water vulnerability assessments is found in many other 
Federal, State, and local water-management programs, 
including the identification and location of sustainable 
sources of drinking water, ground-water disinfection, 
State pesticide management plans, underground injec-
tion of waste, and confined animal feeding operations.  
A National Research Council (1993) publication sum-
marizes the broad array of definitions and approaches 

that are used by government as well as private and 
academic organizations in assessing the vulnerability 
of ground water to contamination.  Based on specific 
objectives and resources available, assessments can 
be scoped to include individual wells or entire aquifer 
systems and target one contaminant, a group of similar 
contaminants, or contamination in general.  The dif-
ferences in the effectiveness of individual assessments 
will be linked to the degree to which the important 
physical/chemical processes for each particular situa-
tion have been identified and accounted for, uncertainty 
is addressed, and the original science and management 
objectives are appropriately met.

Purpose of this report 
This report provides an overview of some of the 

common approaches used to scientifically determine 
the important factors controlling the vulnerability of 
ground-water resources to contamination.  In addition, 
the report discusses the strengths and weaknesses of the 
various approaches as sources of scientifically defen-
sible information for the water-resource management 
decision-making process.  Descriptions of scientifically 
defensible methods are supported by example studies 
that have been conducted by the U. S. Geological Sur-
vey (USGS) often in cooperation with local, state, and 
regional water-resources agencies.  

Two hypothetical examples of ground-water vul-
nerability assessments are used to define differences 
between management and science objectives and to 
highlight the process towards scientifically defensible 
water-resource management decision making.  In this 
way, the report recognizes the broad array of appropri-
ate methodologies that maintain objectivity, are scien-
tifically defensible, and meet science objectives.  These 
examples provide the background to show how suc-
cessful ground-water vulnerability assessments blend 
scientifically defensible analyses with additional inter-
pretations by water-resource decision makers in order to 
meet management and policy objectives.    

The intended audience for this report includes expe-
rienced land- and water-resource managers, regulators, 
and policy makers (hereafter collectively referred to as 
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water-resource decision makers) who must use vulner-
ability assessments in their work, as well as managers 
of scientific agencies (including the USGS) who are 
responsible for the design and promotion of investiga-
tions to scientifically determine the important factors 
controlling the vulnerability of ground-water systems 
to contamination.  This report also may be useful as a 
primer to understand the science required by water-re-
source decision makers to assess ground-water vulner-
ability.  For more detailed information on the scientific 
aspects of ground-water vulnerability assessments, ex-
amples of various approaches, and guidance, the reader 
is referred to the National Research Council (1993), 
Alley (1993), Barbash and Resek (1996), Nolan (1998), 
the U.S. Environmental Protection Agency (1997), the 
American Society for Testing and Materials (2000), or 
any of the case studies presented or cited in this report.

UNDERSTANDING THE 
HYDROLOGIC SYSTEM AND THE 
ASSOCIATED BEHAVIOR OF CON-
TAMINANTS: A NECESSARY STEP 
IN SCIENTIFIC ASSESSMENTS OF 
GROUND-WATER VULNERABILITY 

Ground water occurs almost everywhere beneath 
the land surface.  The widespread occurrence of potable 
ground water and the natural processes that tend to pro-
vide barriers to some types of contamination are some 
of the reasons why ground water is used as a source of 
water supply by about one-half the population of the 
United States, including almost all of the population 
that is served by domestic water-supply systems (Alley 
and others, 1999). 

The ground-water-flow system, as defined in this 
report, includes effects of geologic deposits, interac-
tions with surface waters, pumping, and other stresses 
on movement of water controlling advective transport 
of contaminants.  Understanding the ground-water-flow 
system enables scientists to determine the potentially 
important factors controlling the intrinsic susceptibility 
of a ground-water resource.  For this report, a ground-
water resource is considered to be any aquifer or por-
tion of an aquifer (including a well or wells) regardless 
of whether it is presently used a source of public water 
supply.  In this way, the actual or potential source water 
for a public supply and(or) a public-supply well is in-
cluded in the definition of a ground-water resource, as is 
any ground water that is not presently used by humans.   

The geochemical system, as defined in this report, 
refers to all physical and chemical factors controlling the 
source, transport, and fate of natural and anthropogenic 
contaminants in a ground-water resource.  Understand-
ing the natural hydrogeologic and geochemical processes 
as well as the associated anthropogenic effects on a 
ground-water resource is required for complete scientific 
understanding of ground-water vulnerability.   

Ground-water vulnerability to contamination was 
defined by the National Research Council (1993) as “the 
tendency or likelihood for contaminants to reach a spec-
ified position in the ground-water system after intro-
duction at some location above the uppermost aquifer.”  
The National Research Council (1993) refined the defi-
nition based on whether the assessment was contami-
nant specific, defined as “specific vulnerability,” or for 
any contamination in general, “intrinsic vulnerability.”  
The National Research Council definition includes 
the phrases “a specified position in the ground-water 
system,” and “the uppermost aquifer” in recognition of 
the complexities of various hydrogeologic settings in 

What is scientifically defensible?

The scientific method can be defined as principles and procedures for the systematic 
and objective pursuit of knowledge involving the recognition and formulation of a prob-
lem, the collection of data through observation and experiment, and the formulation 
and testing of hypotheses.  The scientific method therefore requires the objective use of 
facts without distortion by subjective feelings or prejudices.  A scientifically defensible 
ground-water vulnerability assessment is one that follows the scientific method and 
includes adequate documentation of data, observations, and method of investigation to 
allow for independently reproducible results. 
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Intrinsic susceptibility and vulnerability of ground water.

The intrinsic susceptibility of a ground-water system depends on the aquifer properties 
(hydraulic conductivity, porosity, hydraulic gradients) and the associated sources of water and 
stresses for the system (recharge, interactions with surface water, travel through the unsatu-
rated zone, and well discharge).  In this way, intrinsic susceptibility assessments do not target 
specific natural or anthropogenic sources of contamination but instead consider only the 
physical factors affecting the flow of water to, and through, the ground-water resource.   

The vulnerability of a ground-water resource to contamination depends on intrinsic suscep-
tibility as well as the locations and types of sources of naturally occurring and anthropogenic 
contamination, relative locations of wells, and the fate and transport of the contaminant(s).  
Water-resource decision makers are often faced with a choice of deciding whether to manage 
a resource based on knowledge of intrinsic susceptibility or to target more comprehensive and 
contaminant-specific assessments of vulnerability.  

relation to used resources and the possibility that the 
assessment could include an entire aquifer, a portion of 
an aquifer system, or end at the wellhead.  Other rel-
evant definitions are more specific and have separated 
aquifer characteristics from the broader case of aquifer 
or water-supply vulnerability to specific contaminants.  
In this sense, “aquifer sensitivity” or “intrinsic suscepti-
bility” is a measure of the ease with which water enters 
and moves through an aquifer; it is a characteristic of 
the aquifer and overlying material and hydrologic con-
ditions, and is independent of the chemical characteris-
tics of the contaminant and its sources.  An analogous 
definition to “aquifer sensitivity” is “intrinsic vulner-
ability” (Rao and Alley, 1993) defined by the time of 
travel of water from the point of contaminant entry 
to the reference location in the ground-water system.  
Vowinkel and others (1996) defined vulnerability as 
sensitivity plus intensity, where ‘intensity’ is a measure 
of the source of contamination.  Clearly, ground-water 
vulnerability is a function not only of the properties of 
the ground-water-flow system (intrinsic susceptibility) 
but also of the proximity of contaminant sources, char-
acteristics of the contaminant, and other factors that 
could potentially increase loads of specified contami-
nants to the aquifer and(or) their eventual delivery to a 
ground-water resource.   

The vulnerability of a ground-water resource to 
contamination depends on intrinsic susceptibility as 
well as the locations and types of sources of naturally 

occurring and anthropogenic contamination, relative 
locations of wells, and the fate and transport of the 
contaminant(s).  Water-resource decision makers are 
often faced with a choice of deciding whether to manage 
a resource based on knowledge of intrinsic susceptibility 
or to target more comprehensive and contaminant-spe-
cific assessments of vulnerability.  

The Ground-Water-Flow System
To understand the flow of water to, and through, a 

ground-water resource one must take into account all 
physical factors controlling sources of water and water 
movement.  Therefore, it is necessary to understand the 
principles that govern ground-water movement and, ulti-
mately, the advective transport of potential contaminants.

a. Description of a ground-water-flow system
Under natural conditions, ground water moves in 

three dimensions along flow paths from areas of re-
charge to areas of discharge.  Recharge occurs every-
where precipitation that falls on the land surface soaks 
into the ground, moves through the unsaturated zone, 
and enters the saturated parts of the subsurface.  Re-
charge also can come from water in surface water bodies 
moving into the ground.  Discharge from the saturated 
subsurface material occurs at springs, streams, lakes, 
wetlands, bays, the ocean in coastal areas, and as tran-
spiration by plants whose roots extend to near the water 
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table.  The three-dimensional body of earth material 
saturated with moving ground water that extends from 
areas of recharge to areas of discharge is referred to as 
a ground-water-flow system (fig. 1).

The areal extent of ground-water-flow systems var-
ies from a few square miles or less to tens of thousands 
of square miles.  The length of ground-water-flow 
paths ranges from a few feet to tens, and sometimes 
hundreds of miles.  A deep ground-water-flow system 
with long flow paths between areas of recharge and dis-
charge may be overlain by, and in hydraulic connection 
with, several shallow, more local, flow systems (fig. 1).   

The age (time since recharge) of ground water var-
ies in different parts of ground-water-flow systems.  
The age of ground water increases steadily along a par-
ticular flow path through the ground-water-flow system 
from an area of recharge to an area of discharge.  In 
shallow flow systems, ages of ground water in areas of 
discharge can vary from less than a day to hundreds 
of years; and ground water in areas of recharge are 
younger than discharge areas.  In deep, regional flow 
systems with long flow paths (tens of miles), ages of 
ground water may reach thousands or tens of thousands 
of years (fig. 1).  Shallower and younger ground water 
tends to be more susceptible to current sources of con-
tamination from land surface.  Deeper and older ground 

water tends to be in contact with naturally occurring 
contaminants for long periods of time.  Understanding 
the direction and rate of ground-water movement in a 
ground-water system enables a better understanding 
and definition of where and why a system is intrinsi-
cally susceptible.   

b. Factors that control ground-water movement
Almost any information on the ground-water sys-

tem of interest will improve the ability to determine the 
intrinsic susceptibility of the ground-water system to 
contamination.  Of particular use, however, is informa-
tion that directly relates to the movement of ground 
water through the system.  Aquifer material can be 
composed of unconsolidated (e.g. sands and gravels) 
and(or) consolidated geologic material (e.g. granites or 
limestones; commonly called ‘bedrock aquifers’).  In ei-
ther case ground water flows through the void spaces or 
pores in the aquifer material.  Two major factors control 
ground-water movement in a porous media; factors that 
define the movement of water within the porous media, 
and factors that define the movement of water along the 
boundary of the porous media where water enters or 
leaves the ground-water system.

Darcy’s Law, which describes the flow of ground 
water within a porous media, defines the volumetric 
flow of ground water to be directly proportional to the 
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Figure 1.  The areal extent and thickness of unconfined and confined aquifers, the length and 
traveltime of ground-water flow paths, and the thickness of the unsaturated zone vary locally 
as well as regionally.  Figure modified from Heath (1983) and Winter and others (1998).
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hydraulic gradient and the hydraulic conductivity.  The 
hydraulic conductivity is a property of the porous media 
and the fluid that represents the ability of the geologic 
framework to transmit water.  The higher the hydraulic 
conductivity of a porous media, the easier it is for water 
to flow through it.  The hydraulic gradient (i) is the 
change in head per unit of distance in a given direction.

The average linear velocity is defined as the aver-
age velocity of ground water flowing through the pore 
spaces of a ground-water-flow system.  Darcy’s Law 
and considerations of the effective porosity are used to 
calculate the average linear velocity:

v = ( Ki ) / ne ,     eq. 1
where:

v is the average linear velocity (L/T),
K is the hydraulic conductivity (L/T),
i is the hydraulic gradient (difference in 
 hydraulic head / distance) 
 (dimensionless), and
ne is the effective porosity (dimensionless).

The porosity (sometimes called the ‘primary poros-
ity’) is a function only of the rocks or sediment of the 
aquifer, which may or may not be available for flow of 
ground water.

n = Vv /Vt ,        eq. 2
where:

n is the porosity,
Vv is the volume of voids (L3),
Vt is the total volume of voids and aquifer 
 material (L3). 

The effective porosity is a function of the intercon-
nectedness of the pore spaces, fractures, or other struc-
tures and can be similarly defined:

ne = Vvi/Vt ,     eq. 3
where:

ne is the effective porosity of the 
 aquifer (dimensionless),
Vvi is the volume of interconnected voids
 that are available for fluid 
 transmission (L3),
Vt is the total volume of voids and 
 aquifer material (L3).

The hydraulic conductivity, effective porosity, and 
hydraulic gradient are all, therefore, important in deter-
mining the volumes and rates of movement of ground 

water.  Hydraulic head is usually measured as water 
levels in wells.  Considerations of the three-dimensional 
aspects of flow and hydraulic properties require data 
from wells nested at different depths within an aquifer at 
a given location.  Nested wells are used to measure the 
amount and direction of ground-water flow in a vertical 
direction below land surface.  The spatial distribution of 
water levels can be mapped in two-dimensions to depict 
the potentiometric surface of the aquifer, which in turn 
shows the direction and rate of flow as limited by the 
hydraulic conductivity and the two-dimensional rep-
resentation.  Often scientists are able to simplify many 
ground-water-flow analyses to one or two dominant 
directions of flow, however, the assumptions necessary 
for these simplifications must be documented and inter-
pretations must be made within the limitations of those 
assumptions.  

Although the concepts and equations of flow in po-
rous media commonly are used for ground-water flow 
through unconsolidated aquifers, special considerations 
are necessary for flow through consolidated aquifers 
(where the majority of fluids moves through fractures, 
joints, or other secondary porosity features).  For ex-
ample, the density of fractures in an aquifer or portion 
of an aquifer is not always an indicator of the best water 
producing intervals in the rock.  Borehole geophysical 
techniques have been used to show that zones with the 
highest density of fractures did not necessarily corre-
spond to zones with the highest hydraulic conductivity 
(Allen Shapiro, U.S. Geological Survey, written comm., 
2001).  Fractures that produce large volumes of water 
will depend on the hydraulic conductivity of the frac-
tures, their interconnectivity with other fractures of high 
hydraulic conductivity, and the proximity to forma-
tions or portions of formations with large pore spaces.  
Fractures in most (but not all) formations account for 
relatively small porosities (pores constitute only a small 
volume of the formation) even though they may account 
for the majority of the volumetric flow rate.  Further-
more, hydraulic properties of fractures in consolidated 
aquifers can differ by many orders of magnitude over the 
length of boreholes (Shapiro and Hsieh, 1998).  It follows 
that the common practice of assigning a ‘representative’ 
hydraulic conductivity or porosity without prior knowl-
edge of the interconnectivity and associated hydraulic 
conductivity of fractures in a consolidated aquifer will 
contribute to uncertainties in the assessment.   

Other important factors that define the ground-
water-flow system are the sources of water (inputs) to 
the ground-water resource and the stresses (outputs, 
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Ground-water flow through fractured rock.

Much progress has been made in the development of techniques to characterize flow 
through fractured rock, however, the techniques tend to be costly and not typically incor-
porated in most ground-water vulnerability assessments.  Recently, however, conceptual 
similarities found in the distribution of hydraulic properties in fractured-rock aquifers in 
similar geologic settings suggest transfer value can be provided from one site to the next 
(Allen Shapiro, U.S. Geological Survey, written comm., 2001).  As models and conceptu-
alizations are developed for different hydrogeologic settings in fractured rock aquifers, new 
understandings and approaches will become available to assess ground-water vulnerability 
for these complex systems.  A thorough appreciation of the limitations in new, as well as 
conventional approaches that include simplifying assumptions of flow through fractured 
rock is a crucial component of any application of a ground-water vulnerability assessment.

Contributing areas.

The area contributing recharge to a discharging well (fig. 2) is the area at the water table 
(or top boundary) where water entering the ground-water-flow system will eventually 
be removed by the well.  The contributing area is a function of the interaction of natural 
sources and sinks with changes in the flow system due to pumping the well.  Note that 
the contributing area, while in proximity to the well, may or may not be contiguous with 
the well (fig. 2), pumping can reverse flow directions causing natural discharge areas to 
become sources of recharge (fig. 3), and the contributing area can change as stresses on the 
resource change.

including pumping wells) on the system.  The external 
boundaries of the ground-water system, such as streams 
and recharge areas, affect the paths of water movement 
and the hydraulic head distribution (Reilly, 2001).  The 
location of wells and rates of pumping also impact 
where water moves within the ground-water system.  
Therefore, a ground-water-flow system cannot be accu-
rately understood until spatial and temporal aspects of 
all flows including inputs and outputs (from natural as 
well as human influences) are assessed.

c. Advective transport of contaminants through 
the ground-water-flow system

The transport of contaminants through ground-
water systems is associated with the path taken by the 

water, the length of time the contaminant takes along 
the path, and the chemical transformations that occur 
along the path.  An accurate understanding of the po-
tential for advective transport (transport of contami-
nants due only to the flow of the water) in and through 
a ground-water resource requires a thorough depiction 
of the hydrogeologic framework and is an ultimate goal 
of assessments of intrinsic susceptibility.  The path 
taken by ground water as it transports contaminants 
through an aquifer is controlled by the ground-water-
flow system.  The hydraulic conductivity distribution 
will cause water to flow preferentially in parts of the 
system with high hydraulic conductivity and to move 
slower through or around parts of the system with low 
hydraulic conductivity.  The paths taken as ground 
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water moves from sources of contamination to other 
parts of the system will define the direction and rate of 
advective transport.  Conservative environmental tracers 
can be used to determine the age of ground water, which 
is an indication of the rate of advective transport of con-
taminants.  As water flows from the recharge boundary 
of the ground-water system (which can be a source of 
surficial contamination), the time it takes for water to 
reach different parts of the system or to reach wells is an 
indication of the ability of the ground-water system to 
advectivally transport contaminants.

Assessments of sources and sinks of water deter-
mine where water (and potential contaminants) enters 
the ground-water-flow system and where it may eventu-
ally leave the system.  The most common of source of 
water to ground-water systems is recharge from precipi-
tation.  With areal recharge, as illustrated in figure 1, 
water flows from the water table (where recharge enters 
the ground-water system for an unconfined aquifer and 
includes recharge areas associated with outcrops of con-
fined aquifers) and flows through the system to the dis-
charge area (which is a stream in figure 1).  The location 
where recharge enters the system and the rate of recharge 
are important controls on the quality of water that will 
ultimately discharge from supply wells. 

Surface-water features such as streams and lakes 
can be either sources of water entering the ground-water 
system (recharge area) or sinks for water leaving the 
ground-water system (discharge area).  Because surface 
water also can be a source of recharge (and potential 
contamination), understanding the interactions of sur-
face water and ground water is part of understanding the 

entire ground-water-flow system and vital to determining 
the intrinsic susceptibility of a ground-water resource.   

d. Unsaturated zone
As water (and potential contaminants) migrate from 

sources at land surface, it first moves through an unsatu-
rated zone before recharging the saturated ground-water 
system (fig. 1).  As water moves through the unsaturated 
zone, physical and chemical processes occur that can 
affect the volume and rate of movement of the water (and 
potential contaminants).  Aquifers associated with thick 
unsaturated zones (deep water tables) tend to have less, 
and slower moving, recharge than aquifers with thinner 
unsaturated zones.   

The Geochemical System
The addition of contaminant-specific information 

to an assessment of intrinsic susceptibility is required in 
order to develop a complete ground-water-vulnerability 
assessment.  General use of the word “contaminant” 
in this report can include any natural or anthropogenic 
chemical or physical property of the ground-water re-
source in question that is not desirable from a health or 
other perspective such as interference with water-treat-
ment practices.  Potential anthropogenic influences on 
contaminant sources, fate, and transport must be con-
sidered with the natural inherent interconnection of the 
geochemical system and the ground-water-flow system 
(Back and others, 1993).  For example, a water resource 
can become more vulnerable to a naturally occurring 
contaminant if land-use practices affect the ground-
water-flow system in such a way that enhances the solu-

Figure 2.  Cross-sectional (A) and map (B) views of the area contributing recharge to a discharging well in a 
simplified hypothetical ground-water system.  The contributing area is a function of the interaction of natural 
sources and sinks with changes in the flow system due to pumping the well.  Note that the contributing area, while in 
proximity to the well, may or may not be contiguous with the well.  Figure modified from Franke and others, (1998).
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bility or mobility of the contaminant beyond the ambient 
geochemical conditions.  Welch and others (2000) pro-
vide potential examples of anthropogenic practices that 
could increase arsenic concentrations in wells.

Contaminant-specific information includes: 
1) information on the potential sources of contamina-
tion, 2) chemical properties for targeted contaminants 
or groups of contaminants, and 3) the role of important 

fate and transport mechanisms as a contaminant moves 
through the ground-water-flow system.

a. Sources of contamination
Understanding the spatial and temporal interactions 

of land use, the associated potential sources of contami-
nation, and the intrinsic susceptibility of a ground-water 
resource are key to determining the geochemical sys-

Figure 3.  The contributing area to a well can change as stresses on the resource change.  
Pumping a well can reverse flow directions causing natural discharge areas to become sources 
of recharge to the well.  Figure modified from Heath (1983) and Winter and others (1998).
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tem, and ultimately, the vulnerability of ground water 
to contamination.  The potential sources of anthropo-
genic contamination usually exist along the boundary 
of the ground-water system with contaminants enter-
ing the ground-water system with recharge water.  
Sources of contamination such as poor well construc-
tion and underground point sources such as septic and 
storage tanks also can become significant issues on a 
local scale.  In addition, the source area for a ground-
water supply can change over time as stresses on the 
resource change (fig. 3-4).  Natural sources of contam-
ination depend on aquifer mineralogy and geochemical 
conditions, and can occur anywhere in an aquifer or 
water supply on local as well as regional spatial scales.   

The source of contamination is usually classified 
in space as either a point source or a non-point source.  
A point source is a contaminant release at one specific 
location, whereas a non-point source is released over 
a widespread area.  The source of contamination is 
also classified in time as either a continuous source 
or an instantaneous (one time) source.  A continuous 
source is contamination that is released over a long 
period of time, whereas an instantaneous source is 
contamination that is released at only one time.  The 
type of contamination source in space and time (that 
is, point source, non-point source, continuous source, 
instantaneous source) is important in determining the 
resulting spatial and temporal distribution of concen-
trations within a ground-water system.  In some cases, 
the cumulative effects of point sources in proximity 
with each other can have similar characteristics to one 
or more non-point sources of contamination.

b. Chemical properties
Contaminants can be transformed by geochemical, 

radiological, and microbiological processes as they 
are transported through various environments within 
the ground-water system.  Some chemical transfor-
mations can change harmful contaminants into less 
harmful chemical species, while other processes can 
produce compounds that are more harmful to eco-
systems or human health than the parent compound.  
The natural decay of some radionuclides can produce 
daughter products with different transport properties 
and health effects than the parent product (Focazio 
and others, 2000).  In some cases, transformation 
products are found in the environment more often 
than parent compounds (Kolpin, and others, 1997).  
For example, ground-water remediation programs are 
increasingly focused on natural attenuation processes 

controlled by mixing, advection, and biodegradation 
as these processes serve to decrease concentrations 
and(or) viability of contaminants (Chapelle and oth-
ers, 2000).  Similarly, some chemical transformations 
can change relatively immobile compounds into highly 
mobile compounds, and change parent compounds 
to transformation products.  Knowledge of the path 
and timing of ground-water movement as well as the 
chemistry and biology relevant for the contaminant 
present is important in determining the fate and trans-
port of a contaminant and its associated transforma-
tion products.  This is important for contaminants that 
rapidly change to other chemicals in the environment 
particularly when transformation or daughter products 
are more persistent than the parent compound.  In ad-
dition, the vulnerability of a ground-water supply to 
many contaminants is dependent on the solubility and 
subsequent mobility of the contaminant as influenced 
by the specific mineralogy and associated geochemical 
conditions within the aquifer and pumped well.  For 
example, naturally occurring arsenic can be tightly 
bound to aquifer materials in certain geochemical 
conditions but can be subsequently released to the pore 
waters of the aquifer if those conditions are changed, 
Welch and others, (2000).  The chemical properties 
of a contaminant are important in the unsaturated 
zone as well as the aquifer itself.  For example, some 
(hydrophobic) compounds strongly attach to soils in 
the unsaturated zone (as well as the saturated zone) 
before reaching the water table, and these compounds 
are attached until released by geochemical or other 
changes such as when the binding capacity of the soil 
is exceeded.   

c. Diffusion and dispersion
Diffusion and dispersion are among the important 

transport mechanisms that tend to spread contaminants 
as they move through the ground-water system.  This 
spreading tends to lower contaminant concentrations in 
some parts of the system and increase concentrations in 
other parts beyond which would be realized by advec-
tion alone.  Diffusion is the process by which both ionic 
and molecular species dissolved in water move from 
areas of higher concentration to areas of lower concen-
tration.  Dispersion is the process whereby solutes are 
mixed during advective transport due to velocity varia-
tions caused by flow variations within the pores and by 
heterogeneities in the hydraulic conductivity distribu-
tion (fig. 5).  Dispersion usually causes more mixing 
than simple molecular diffusion. 
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OVERVIEW OF METHODOLOGY

The methods described in this report can be divid-
ed into two major groups; subjective rating methods, 
and statistical and process-based methods.  The first 
group produces categories of vulnerability or intrinsic 
susceptibility (usually high, medium, and low) and 
the second group does not.  Most importantly, the first 
group produces final products (such as low to high 
categories) that are most appropriately developed by, 
and for, water-resource decision makers whereas the 
second group produces final products (such as delinea-
tions of contributing areas or probabilities of exceed-
ing targeted concentrations) that are most appropriately 
developed by scientists for decision makers.  In this 
way, results of the first group are closely tied to policy 
or management objectives whereas results associated 
with the second group are closely tied to science objec-
tives and typically require additional interpretation on 
the part of decision makers.   

Subjective rating methods
Subjective rating methods focus on policy or man-

agement objectives and range from basic index meth-
ods to subjective hybrid methods.  Relative degrees of 
ground-water vulnerability (or susceptibility) usually 
delineated as low, medium, and high are common end-
points for all subjective rating methods.  This broad 
definition includes ‘index’ methods and some forms 
of ‘hybrid’ methods, and is distinct from the statistical 
and process-based methods highlighted in this report 
that do not include subjective vulnerability ratings.  

a. Index methods
Index methods (and closely associated “overlay 

methods”) assign numerical scores or ratings directly 
to various physical attributes to develop a range of 
vulnerability categories.  The index method is one of 
the most commonly used categorical rating methods 
and was among the earliest methods used (National 
Research Council, 1993).  Overlay methods (National 
Research Council, 1993) will not be distinguished 
from index methods for the purposes of this report as 
they both combine maps of physical attributes by as-
signing scores that generally include subjective rank-
ings of vulnerability. 

The most widely used index method is DRASTIC, 
named for the seven factors considered in the method: 
Depth to water, net Recharge, Aquifer media, Soil 
media, Topography, Impact of vadose zone media, and 
hydraulic Conductivity of the aquifer (Aller and others, 

Figure 4.  Atrazine concentrations in shallow 
wells tapping an alluvial aquifer and at various 
distances from a nearby river.  The concentrations 
of the contaminant in the aquifer are clearly related 
to concentrations in the river.  Note the time lag 
in transport of atrazine contamination through 
the ground-water-flow system and associated 
attenuation of peak concentrations due to aquifer 
properties, chemical reactions, and dilution from 
surrounding ground water.  Interactions with surface 
water can be a crucial component in the assessment 
of the intrinsic susceptibility and vulnerability of 
a ground-water resource.  Figure modified from 
Duncan and others (1991).
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1985, p. iv).  The point rating system for DRASTIC 
was determined by the best professional judgment 
of the original method developers.  The DRASTIC 
method has been used to produce maps in many parts 
of the United States (Durnford and others, 1990), and 
in Israel (Melloul and Collin, 1998), Nicaragua (Jo-
hansson and others, 1999), Portugal (Lobo-Ferreira 
and Oliveira, 1997), South Africa (Lynch and others, 
1997), and South Korea (Kim and Hamm, 1999).  The 
index method has been used to develop maps at a vari-
ety of scales, including national, (Kellogg and others, 
1997; Lynch and others, 1994), statewide (Hamerlinck 
and Ameson, 1998; Seelig, 1994), and individual coun-
ties and townships (Regional Groundwater Center, 
1995; Shukla and others, 2000).  The index method is 
a popular approach to ground-water vulnerability as-
sessments because it is relatively inexpensive, straight-
forward, and uses data that are commonly available or 
estimated, and produces an end product that is easily 
interpreted and incorporated into the decision-making 
process (fig. 6). 

b. Subjective hybrid methods
In this report, hybrid methods in general are de-

fined as any methods that combine components of  
statistical, process-based, and(or) index methods.  Ob-
jective hybrid methods include combinations of sta-
tistical, process-based, or other objective components 
in the determination of explanatory variables or pro-
cesses.  On the other hand, subjective hybrid methods, 
which also include combinations of statistical, pro-
cess-based, or other objective components, incorporate 
subjective categorization and indexing of vulnerability.  
Subjective hybrid methods commonly do not rely on 
preconceived scoring systems such as DRASTIC or 
other index methods but instead produce project-spe-
cific categorizations.

Vowinkel and others (1996) used pesticide-use in-
tensity near public-supply wells, distance of the wells 
from aquifer outcrop (recharge) areas, soil organic 
matter content, well construction data, and land use to 
develop a map showing wells with low, medium, and 
high ground-water vulnerability to pesticides across 
the State of New Jersey.  They showed that pesticides 
were detected most frequently in one part of the study 
area (categorized as “the high vulnerability group”) 
and not at all in other parts of the study area (catego-
rized as “the low group”).  Nolan and others (1997) 
produced a map for the ‘risk’ of nitrate contamina-
tion in ground water using nitrogen loading, popula-
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Figure 5.  An instantaneous point source tends to spread out 
as the contaminant moves through the ground-water system. 
This is shown in the results of a tracer test conducted at Cape 
Cod, Massachusetts.  A conservative tracer (one which does 
not decrease in concentration due to chemical reactions along 
a transport pathway) was introduced into the aquifer by three 
injection wells.  As the plume of tracer moved down gradient 
with the ground water, the plume spread out due to dispersion.  
The dispersion caused the maximum concentration of bromide 
in the plume to decrease from 429 mg/L (milligrams per 
liter) at 33 days to 65.2 mg/L at 237 days to 39.0 mg/L at 
401 days since injection.  However, the area of the tracer in 
which bromide concentrations exceeded 1 mg/L tended to 
expand.  If there were no dispersion, the injected tracer cloud 
would not have changed shape and concentration as it moved 
with the ground water.  Thus, the effect of dispersion on the 
concentration of contaminants moving in a ground-water 
system can be important in determining the vulnerability of 
the aquifer to contamination.  As the contaminant disperses, 
the maximum concentrations decrease and areas of the 
ground-water system that are not directly in the flow path 
can become contaminated as the plume spreads out.  Figure 
modified from LeBlanc and others (1991).
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Figure 6.  Generally, the index method incorporates subjective judgment to assign a numerical index or score to 
pre-determined variables such as depth to ground water, land use, and soils which are then combined to produce 
a total rating of the ground-water vulnerability or susceptibility (fig. 6a).  Note that the maps overlaid in figure 6a 
do not include any data that quantify contaminant concentrations or chemical properties, although in some cases 
surrogate indicators of contaminant source strength (e.g. land use/cover) or other contaminant characteristics can 
be included.  The scoring system is used to provide a simple map of vulnerability categories subjectively categorized 
from low to high (fig. 6b).  These categories, while easily incorporated into management and policy decision making, 
can be difficult to defend scientifically because of inherent subjectivity. 
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tion density, soil hydrologic group, and woodland to 
cropland ratio.  A scoring system was developed by 
examining scatterplots and boxplots of nitrate con-
centrations for each of the four factors and determin-
ing where nitrate concentrations increased above an 
assumed background concentration of 2 mg/L.  The 
scoring system was then tested for statistical signifi-
cance by comparing nitrate concentrations in each of 
the score categories using Wilcoxon statistical tests.  
The final map showed ‘aquifer vulnerability’ to nitrate 
based on ‘increasing risk’ categories of low to high.  
Rupert (2001) used nonparametric statistical correla-
tions between nitrate concentrations in ground water 
and depth to ground water, land use, and soil drain-
age to develop a hybrid approach (fig. 7).  In addition, 
Rupert (2001) compared the map with an independent 
set of nitrate concentration data to further elucidate the 
strengths of the map. 

Other examples of subjective hybrid methods 
include those that combine the index method with a 

process-based model such as a contaminant-leaching 
model.  The results of the contaminant-leaching model 
(or other process-based model) are used to calculate a 
score that is combined with scores from other mapped 
data to produce a ground-water vulnerability category.  
For example, Morgan’s (1998) hybrid method used 
PATRIOT, or “Pesticide Assessment Tool for Rat-
ing Investigations of Transport” (U.S. Environmental 
Protection Agency, 1994).  PATRIOT uses the process-
based PRZM, or “Pesticide Root-Zone Model” (U.S. 
Environmental Protection Agency, 1993b) to calculate 
indexes for each polygon in the study area by quantify-
ing the leaching potential of a targeted pesticide. 

Statistical and process-based methods
Other methods focus on science objectives and 

range from statistical to deterministic or process-based 
approaches or hybrid approaches that do not produce 
subjective categorizations.  These methods commonly 
require additional interpretation by the water-resource 
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decision maker (in consultation with the scientists) in 
order to meet policy and management objectives, but 
ultimately help decision makers to scientifically defend 
their decisions because the scientist does not subjec-
tively determine indexes of vulnerability.   

a. Statistical methods
Statistical methods range from simple summary 

or descriptive statistics of concentrations of targeted 
contaminants to more complex regression analyses that 
incorporate the effects of several predictor variables.  
Maps showing concentrations of targeted contaminants 
measured in wells are often useful preliminary depic-
tions of the spatial extent of contamination or occur-
rence although the maps are limited to descriptive 
rather than diagnostic purposes.  Additional informa-
tion and data such as potential sources of contamina-
tion and factors affecting the intrinsic susceptibility of 

the resource are often included in more rigorous statisti-
cal analyses such as logistic regression which attempts 
to account for potential explanatory variables.

Simple descriptive statistics such as means, medi-
ans, and percentiles are often used to summarize the 
point locational information on these maps, which even-
tually can be useful for more detailed analyses such as 
exploring relations with geology.  For example, Ryker 
(2001) plotted arsenic concentrations analyzed in water 
samples collected from approximately 31,000 wells 
across the United States, developed a national-scale 
point map of arsenic concentrations, and used simple de-
scriptive statistics to summarize the data.  This limited 
approach addresses only occurrence and distribution and 
would require additional analyses to assess vulnerability 
or processes controlling vulnerability.  Welch and oth-
ers (2000) took the national-scale point map of arsenic 
concentrations one step further and overlaid maps of 

Figure 7.  Some hybrid methods incorporate objective measurements of, for example, concentrations 
of targeted contaminants in the calibration of a model.  However, in order to provide end products that 
are easily incorporated into water-resource decision making, subjective categorizations of vulnerability 
remain part of the method.  Figure modified from Rupert (1998).
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geochemical significance to illustrate potential natural 
controls on arsenic occurrence and distribution nation-
ally.  Maps of concentration data can be statistically 
associated with other maps of potential explanatory 
variables to provide a more comprehensive depiction 
of important factors influencing vulnerability.  A sim-
ple statistical summary such as this is often a crucial 
part of a more detailed assessment (below) or may be 
sufficient to meet objectives of some types of assess-
ment needs.  Other geostatistical mapping techniques 
such as kriging are not typically used for ground-water-
vulnerability assessments though may have potential 
for some objectives.

When a dataset of water-quality and potential ex-
planatory variables is available, statistical models in 
the form of regression equations can be used to predict 
probabilities of contamination.  Hypothesis tests allow 
elimination of insignificant variables that offer little 
to the assessment process.  The procedure produces 
weighting factors that optimize the use of important 
variables thereby removing the need for subjective in-
fluences of best professional judgment in determining 
the importance of each variable.  Logistic regression is 
a statistical method that predicts a probability of occur-
rence (Helsel and Hirsch, 1992).  For example, equation 
4, or one similar, is developed, where the left side of the 
equation is a probability scaled between 0 and 1.  Re-
expressing the equation by taking the logarithm of the 
odds ratio, log [ p/(1-p) ] of each side results in equation 
5, the right side of which looks like a standard regres-
sion equation:

p = Probability (event)      eq. 4
   = e (b0 + b1 *var1 + b2 *var2 + …) / (1 + e (b0 + b1 *var1 + b2 *var2 + …)).
log (p/(1-p))  =  b0 + b1*var1 + b2*var2 + …,   eq. 5

where 
var1, var2, … are independent variables, and
b0 , b1, … are statistically derived coefficients.

Logistic regression analysis returns a hypothesis 
test for each independent variable that determines 
whether the variable explains a significant amount of 
the contamination probability.  Variables that are sta-
tistically insignificant can be dropped.  The remaining 
variables are weighted by their slope coefficients to 
produce the final estimates of probability.

To illustrate the method, Erwin and Tesoriero 
(1997) modeled the probability of finding nitrate con-
centrations greater than 3 mg/L in ground water of 
the Puget Sound region using several independent 
variables.  Probabilities were significantly related to 

well depth, the type of surficial geology, and percents 
of urban and agricultural land use within a 2-mile ra-
dius of the well.  In addition, this approach can reveal 
other statistical relations.  For example, it was shown 
that the probability of elevated nitrate concentrations 
decrease with increasing well depth, and is higher in 
agricultural and urban basins with concentrations 
highest in coarse-grained glacial deposits as compared 
to the two other types of surficial geology.  As with 
any statistical model, these relations while statistically 
significant do not represent causality.  By computing 
the values for each independent variable across the en-
tire region and entering these into the equation, the pre-
dicted probabilities can be mapped for the entire region 
(figure 8).  Rupert (1998) completed two assessments 
using logistic regression for atrazine/deethylatrazine 
and nitrate, and was able to conclude that the difference 
in the two assessments could largely be attributed to 
differences in the chemical behavior of the compounds.  
Squillace and Moran (2000) assessed the probability of 
detecting MTBE in drinking water supplied by ground 
water.  Maps created by Tesoriero and Voss (1997), 
Rupert (1998), and Squillace and others (1999) delin-
eated probability areas representing the probability of 
detecting the contaminant(s) as opposed to subjective 
categories of vulnerability that are used with the more 
common index methods.  Nolan and others (2002) 
created a national-scale logistic regression model to 
simulate the probability of nitrate contamination in 
recently recharged ground water.  This analysis was 
used to develop a map of the conterminous United 
States showing the probability that nitrate concentra-
tion exceeds 4 mg/L (considered above natural back-
ground concentrations).   

Logistic regression equations can also be used to 
predict probabilities that more than one threshold is 
exceeded.  Two regression equations, each with their 
own probabilities, can place a prediction into one of 
three categories, below the first threshold, between the 
first and second, and above the second threshold.  For 
example, Mueller and others (1997) used basin charac-
teristics and land-use information to predict the proba-
bilities that nitrate concentrations in streams throughout 
the midwestern United States would exceed 3 and 10 
mg/L.  Predictive variables included the percent of corn 
grown in the basin as a surrogate for fertilizer applica-
tions throughout the area.  Certainly, results of probabi-
listic methods, although quantifiable, must necessarily 
avoid erroneous interpretations near the 0 or 100 per-
cent probability levels.  
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Predictions of the probability of contamination, 
or any other event, can be improved by using methods 
that produce estimates most closely matching measured 
data.  Predictive statistical models, calibrated with 
measured data, can be compared to observed values for 
a separate set of observations not used in establishing 
the coefficients.  This procedure will give a more com-
plete picture of the reliability of predictions.  A major 
strength of a statistical assessment method is its ability 
to use methods that mathematically assign empirical 
weights, thus allowing the possibility of eliminating 
statistically insignificant variables and highlighting 
those of most significance.  In addition, modeling the 
probability that contamination occurs can result in an 

end product (map) showing statistically derived indica-
tions of vulnerability as opposed to the more subjective 
categorical rating methods.  Statistical models produce 
coefficients that statistically best fit relations to ob-
served data and thereby avoid the use of subjective rat-
ings of vulnerability.   

b. Process-based methods
Process-based methods refer to approaches that 

either simulate or otherwise take into account physi-
cal processes of water movement and the associated 
fate and transport of contaminants in the environment.  
These approaches usually include the use of process-
simulating models that calculate the distribution of vul-

Figure 8.  Statistical methods such as logistic regression can use measured water-quality data and 
statistically significant independent variables (such as soil type, land use, and well depth) to objectively 
calculate the probability to exceed a targeted concentration (such as a Maximum Contaminant Level or 
other standard) in a study area.  Figure modified from Erwin and Tesoriero (1997)
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nerable or intrinsically susceptible areas based on the 
movement of water and solutes.  In this way, process-
based methods can be purely based on deterministic 
models or can be a type of hybrid method that is based 
on physical and chemical laws, but incorporates statisti-
cal components such as regression equations to facili-
tate the simulation of complex hydrologic or chemical 
processes.  The latter type of hybrid method is distinct 
from the subjective hybrid methods that include in-
dexes, as shown in the previous section.  As used in this 
report, process-based methods may be used to assess 
one or many underlying processes and can include di-
rect field observations of environmental tracers placed 
in the context of a ground-water-flow system.  Thus 
process-based methods include purely deterministic 
governing equations as well as other physically based 
techniques that are used to assess important underlying 
processes.  In addition, process-based methods do not 
attempt to subjectively score processes or factors, and 
therefore, do not rate vulnerability categories.  Instead, 
intrinsic susceptibility and vulnerability are typically 
represented by physically based ranges in model param-
eters or outputs.   

Process simulating ground-water models are usu-
ally used in two different ways: 1) to determine the 
intrinsic susceptibility of an aquifer and, 2) to assess 
the vulnerability of ground-water supply to a targeted 
contaminant or contaminants.  Process simulating mod-
els used to assess intrinsic susceptibility often focus 
on determination of the sources and(or) movement 
of water (including estimations of the age of water); 
whereas models used to assess vulnerability to a con-
taminant focus on the sources and(or) movement of the 
contaminant.  In this way, process-simulating models 
typically account for one, or a few, important processes 
but do not typically account for all processes that con-
trol vulnerability.  For example, Holtschlag and Luuk-
konen, (1997) used a process-based model to assess the 
potential for atrazine to leach to a water-table aquifer 
in Michigan, and thereby addressed an important com-
ponent of aquifer vulnerability.  Process-based as-
sessments can be used to highlight the most important 
factors controlling vulnerability that ultimately help 
water-resource decision makers design targeted man-
agement practices.

The governing equation of ground-water flow in-
corporates Darcy’s Law and the Law of Conservation 
of Mass.  In its basic form, the governing equation is a 
three-dimensional time-dependent partial-differential 
equation that must be solved numerically.  With ac-

curate boundary and initial conditions, inputs and out-
puts, the equation can be used to model the interacting 
components of a complex ground-water-flow system.  
Simplifying assumptions (for example, steady-state 
or two-dimensional flow) are often used to decrease 
mathematical and assessment complexity, and therefore, 
must be considered a potential source of uncertainty 
and dealt with accordingly.  MODFLOW (Harbaugh 
and others, 2000), a popular computer modeling code 
that solves the governing equations of ground-water 
flow, is often used for quantitative modeling of ground-
water flow and assessment of intrinsic susceptibility.  
MODFLOW includes several process-based modules to 
simulate the interactions of key interacting components 
of the ground-water-flow system.  In addition, recent 
advances in parameter estimation techniques (Hill 
and others, 2000) provide opportunities to objectively 
analyze various combinations of calibrated parameters 
in ground-water-flow models and assess uncertainty.  
Masterson and Walter (2000) delineated the source of 
water to a ground-water resource under current condi-
tions for the different discharge areas of western Cape 
Cod, Massachusetts, with a three-dimensional ground-
water-flow model in conjunction with particle tracking 
(Pollock, 1994) to determine flow patterns and assess 
intrinsic susceptibility.  This approach, although com-
plex, accounts for many interacting processes control-
ling intrinsic susceptibility and is not limited to one or 
a few key processes.  Their map (fig. 9) shows where 
water recharging western Cape Cod will eventually 
discharge, including contributing areas to pumping 
wells.  The map is useful in the determination of the 
intrinsic susceptibility of the aquifer as well as public 
supply wells and surface-water bodies to contamination 
by advective transport of contaminants. 

Other models and approaches to comprehensive 
assessment of interacting factors controlling intrinsic 
susceptibility are discussed throughout this report.  Pro-
cess-simulating models that combine assessments of the 
sources and movement of water as well as contaminants 
are not commonly used in ground-water-vulnerability 
assessments but could ostensibly account for all impor-
tant hydrologic processes controlling vulnerability.

In addition to the use of environmental tracers to 
aid in the calibration of ground-water models, environ-
mental tracers can be used directly to determine the 
source of ground water or the age of ground water (fig. 
10).  The stable isotopes of hydrogen and oxygen can 
be used to differentiate the source of water within a 
ground-water system (Coplen and others, 1999).  Tracer 
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Figure 9.  An appropriately calibrated ground-water-flow model can accurately and realistically account 
for the interaction of discharging wells with each other and simulate contributing areas to these wells that 
are consistent with the system-wide flow field.  This process-based method can address effects of partially 
penetrating wells and the concern that a contributing area for any one well depends on the interactions with 
other processes (e.g. pumping and recharge) that occur over the entire system.  For example, if the pumping rate 
of one well changes, it may affect the contributing area of another well that is maintaining a constant pumping 
rate.  The additional analysis of ground-water particle tracking is a powerful tool to objectively assess advective 
transport processes and intrinsic susceptibility while accounting for the effects of discharging wells and other 
factors.  Figure modified from Masterson and Walter (2000).
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techniques used to date ground water, such as car-
bon-14, chlorofluorocarbon (CFC), or tritium/helium 
dating (Plummer and others, 1993), can be used to 
assess a key component of the intrinsic susceptibil-
ity of a resource to modern sources of anthropogenic 
contamination.  In an ideal example, a ground-water 
resource that was recharged hundreds of years ago 
is not currently susceptible to modern sources of an-
thropogenic contamination if there is no mixing with 
modern waters.  For similar reasons, a ground-water 
resource that is recharged in modern times is suscep-
tible to modern sources of anthropogenic contamina-
tion.  In this way, quantification of the age of ground 
water and the degree of mixing of waters of various 
ages must be carefully quantified in order to represent 
surrogate indicators of the rates of flow and the resi-
dence time of the ground-water resource and ultimately 
the intrinsic susceptibility to modern sources of an-
thropogenic contamination.  Bohlke and Denver (1995) 
combined ground-water dating with chemical and iso-
topic analyses to assess the history and fate of nitrate 
contamination in Coastal Plain watersheds.  This ap-
proach addresses the vulnerability of a water resource 
to a targeted contaminant (nitrate) by moving one step 
beyond the preliminary assessment of intrinsic sus-
ceptibility obtained with only age dating and environ-
mental tracers.  Seiler and others (1999b) showed that 

the presence of caffeine and pharmaceuticals in well 
water might be indicative of wastewater contamination 
in an aquifer.  Shelton and others (2001) showed how 
the occurrence of low-level volatile organic compounds 
(VOCs) in public supply wells could be used as indica-
tors of ground-water vulnerability.  That study used 
VOCs as a tracer of postindustrial-aged ground water 
recharged after the onset of intense urban development 
in California.  Snyder and others (1998) used a ground-
water-flow model with particle tracking to evaluate the 
intrinsic susceptibility of an aquifer in Clark County, 
Washington.  In their analysis, ground-water age 
estimates obtained from chlorofluorocarbon (CFC) 
analyses were also used to help calibrate the effective 
porosity in the model.  This approach enabled investi-
gators to show where ground water with ages less than 
the time since the industrialization of the Clark County 
area are most likely to be affected by anthropogenic 
sources of contamination.  

For many objectives requiring ground-water-vul-
nerability assessments, advective transport may be the 
most important transport mechanism; however, it is 
important to assess the relative roles of various trans-
port mechanisms in the overall movement of a given 
contaminant because advection alone may not accurate-
ly portray important aspects of the transport pathways.  
For example, Reilly (1993) considered the relative 

Withlacoochee R.

Withlacooc
hee R.

2010

10

10

20

20

20

20

20

50

10

10

10

50

Valdosta

���������������
�����������������

��������
����

���������������������������
�����������������������������

EXPLANATION

0

0 5 KILOMETERS

5 MILES

Figure 10.  The Upper Floridan aquifer near 
Valdosta, Georgia is hydraulically connected 
by sinkholes and other conduits to flow in river 
channels.  Contaminants in the surface water can 
move rapidly through the ground-water system and 
contaminate water supply wells.  This is common 
in karst terrain and poses significant challenges for 
process-based assessments of intrinsic susceptibility.  
Plummer and others (1998) identified three basic 
sources of water in the area; river water, young 
regional infiltration water, and old regional water 
emphasizing the complexity of the flow system and 
difficulties in assessing intrinsic susceptibility of the 
ground-water resource.  Using the oxygen-18 stable 
isotope and chloride concentrations, the percentage 
of river water in the ground water was determined 
thereby providing an objective quantitative 
assessment of an important component of intrinsic 
susceptibility for the hydrologic conditions analyzed.  
Figure modified from Plummer and others (1998).
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Balancing objectivity, complexity, and accuracy under conditions of uncertainty.

Generally, process-based approaches are designed to provide the most accurate representa-
tions of interacting physical and chemical processes that control intrinsic susceptibility and 
ground-water vulnerability.  However, process-based approaches can be quite complex, 
are typically limited in spatial scale, and sources of uncertainty are difficult to quantify.  
Statistical approaches provide useful tools to assess the relative roles of important indepen-
dent variables or factors controlling vulnerability over various spatial scales, but cannot 
include all the deterministic components needed to address complex interacting processes 
of cause and effect.  In addition, statistical methods tend to be simpler to use than process-
based approaches and often provide quantitative measures of statistical uncertainty.  Index 
methods tend to be the most simple to apply and can be used over a range of spatial scales, 
but include subjective categorizations with uncertainty that cannot be quantified.  Properly 
designed hybrid methods that combine statistical and deterministic or process-based com-
ponents and exclude subjective categorizations can provide insights on important processes 
controlling vulnerability over a range of spatial scales while maintaining objectivity and 
hence scientific defensibility.  On the other hand, a subjective hybrid method that combines 
results of an objective model with a subjective categorization scheme to produce indexes 
of vulnerability would lose objectivity and ultimately may not be scientifically defensible 
(fig. 7).  It is clear that no one approach is better than the rest for all situations (fig. 12); 
however, a fundamental characteristic common to all scientifically defensible ground-
water-vulnerability assessments is that scientific approaches must remain accessible to the 
water-resource decision makers while not compromising the scientific method through use 
of subjective categorizations.

Land surface

Water table

Unsaturated Zone

Well

Moving water of 
variable density

Concentration
(density) contours

Fresher water

Saltier water

Confining Unit

Figure 11.  Whereas advective transport is a dominant 
control on the intrusion of saltwater into fresh water 
resources, it has been shown by many investigators 
that the differences in density between saltwater and 
freshwater and the effects of diffusion and dispersion 
can play an important role.  In many cases, it may be 
reasonable to assume that non-advective processes 
are insignificant.  However, the relative importance of 
non-advective transport processes and other physical, 
chemical, and biological factors that potentially control 
the concentrations of a given contaminant must be 
determined before deciding on the most appropriate 
approach to take for a ground-water-vulnerability 
assessment.  Figure modified from Reilly (1993).
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effects of density-dependent solute-transport (including 
advection and dispersion) to analyze the upconing of 
salty water in a coastal well (fig. 11)

SCIENTIFICALLY DEFENSIBLE 
GROUND-WATER-VULNERABILITY 
ASSESSMENTS

Occam’s razor is defined (Merriam-Webster, 
1996) as “a philosophical or scientific principle accord-
ing to which the best explanation of an event is the one 
that is the simplest, using the fewest assumptions or 
hypotheses.”  Accordingly, explanations of unknown 
phenomena should be sought first in terms of known 
quantities.  As stated previously, approaches to ground-
water-vulnerability assessments are determined by 
objectives and resources available with tradeoffs among 
scale, process, objectivity, and complexity.  In con-
sidering these tradeoffs, a ground-water-vulnerability 
assessment must maintain impartiality and objectivity 
commensurate with a reproducible, scientifically defen-
sible product that includes appropriate levels of com-
plexity in the face of uncertainty.   

Uncertainties in ground-water-vulnerability assess-
ments are unavoidable and are derived from model or 
data-related errors (National Research Council, 1993).  
The challenge of meeting specific science objectives 
of ground-water-vulnerability assessments while mini-
mizing uncertainty with limited resources requires 
careful considerations in design of the approach and 
realistic expectations of data and model performance.   

Uncertainties in any scientific assessment are a 
result of inaccuracies or errors related to data or input 
parameters (or model coefficients) and other inaccura-
cies in models themselves or numerical procedures.  
These errors must be addressed for the results to remain 
scientifically defensible.  Loague and others (1996) de-
fine the ‘total’ or ‘simulation’ error of a ground-water-
vulnerability assessment to be the sum of model, data, 
and parameter errors.  Uncertainties in model output 
can result from assumptions in the model itself, the 
wrong choice of models, the input data and numerical 
approximations.   

Inappropriate use of water-quality data can con-
tribute to inaccuracies in a ground-water vulnerability 
assessment.  Water-quality conditions represented by 
a single water sample collected from a given well may 
or may not represent the same water-quality conditions 
sampled from the same well at another time and(or) an-
other well even if the wells are in proximity.  The distri-

bution of chemical constituents in ground water varies 
horizontally, vertically, and temporally.  Wells, which 
provide access for the collection of ground-water sam-
ples, can be constructed many different ways with vari-
ous casing diameters and screen lengths (or open hole 
lengths) and with various construction material.  Thus, 
ground-water samples collected from wells usually rep-
resent water that has been mixed to some degree with 
waters of various ages and source locations.  The tem-
poral and spatial variability of sources of contamination 
over all relevant time and space scales and the mixed 
age of a water sample collected from a well will add 
uncertainty to any analysis of water-quality data unless 
accounted for accurately.  The effect and magnitude of 
these uncertainties on the analysis will depend upon 
how closely the construction of the wells, the flow paths 
of the ground water, and the timing of the introduction 
of contaminants are taken into account in the design of 
the study.  Even in the best designed studies with spe-
cially constructed wells, there will be variability in the 
concentration of chemical constituents among the water 
samples due to the inherent spatial and temporal het-
erogeneity of ground-water systems.  Therefore, many 
potential sources of uncertainty exist in water-quality 
data that are used to develop and test models of ground-
water vulnerability.  When using results of ground-
water vulnerability studies based on statistical analyses, 
it is important to consider the amount of underlying 
variability in the water-quality conditions, which could 
cause inaccuracies in the results of the analysis.  

In spite of the difficulties in obtaining the requisite 
data and interpretations to assess uncertainty a limited 
number of ground-water-vulnerability assessments 
have recently incorporated various types of uncer-
tainty analysis.  For example, Starn and others (2000) 
analyzed uncertainty in delineations of contributing 
areas to wells by comparing process-based contribut-
ing areas with probabilistic contributing areas using a 
Monte Carlo approach.  Other examples include tests 
of statistical significance.  For example, Tesoriero and 
Voss (1997), and Rupert (1998) used hypothesis tests to 
determine the statistical significance of various param-
eters in their assessments.  Holtschlag and Luukkonen 
(1997) analyzed uncertainties in an assessment of atra-
zine leaching to ground water in Michigan.  Through a 
series of statistical techniques known as Monte Carlo 
simulations, Holtshlag and Luukonen (1997) addressed 
simplifying assumptions in the leaching model, uncer-
tainties in hydrologic, lithologic, and pesticide charac-
teristics, and uncertainties in spatial interpolation.  A 
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Interpreting water-quality data in context with other important 
controls on ground-water vulnerability.

The use of measured water-quality data, while crucial for some purposes such as development, 
calibration, and verification of statistical and process-based models, can actually obfuscate a 
ground-water-vulnerability assessment if spatial and temporal variability in water quality is 
significant and the relation to sources is not accounted for in the assessment.  A simple example 
is when a contaminant is not detected in a given well even though a source is nearby.  The lack 
of detection may be the result of the lag in time of transport of the contaminant from the source 
to the well, imprecise analytical methods, chemical transformations, or other causes and conse-
quently may not be an accurate indication of vulnerability. 

Assessing statistical uncertainty.

Statistical uncertainty deals with estimation of population characteristics from samples of 
data.  Quantification of statistical uncertainty provides insight into limitations of using sub-
sets of data to represent an entire population; however the quality of a statistical analysis is 
no better than the quality of the data used – it can be worse, but no better (Haan, 1977).  In 
this sense, ‘data’ is used not only in the conventional sense of measurable quantities but also 
in this sense of simulations and, therefore, choice of model.  Statistical uncertainty, although 
quantifiable, does not include quantification of measurement errors, data transmission errors, 
data processing errors, errors associated with choice of model, and other errors in interpreta-
tions.  Therefore, although statistical approaches to ground-water-vulnerability assessments 
provide a means to quantify statistical uncertainty not available in process-based approaches, 
they do not provide any more insight to the other potential sources of error.   

thorough review of different approaches to uncertainty 
analyses associated with ground-water vulnerability 
assessment is beyond the scope of this report but can 
be found elsewhere (National Research Council, 1993, 
Nolan, 1998).   

Examples of considerations in designing a 
scientifically defensible assessment 

Two hypothetical examples of approaches used to as-
sess the important factors controlling ground-water vul-
nerability (regional and local in scope) with significantly 
different scopes and objectives are presented below.  The 
two examples can be used to compare scientific consid-
erations and major contributors to uncertainty inherent 

in some common approaches to ground-water-vulner-
ability assessments.  Whereas the reader is encouraged to 
explore the range of mathematical uncertainty analyses 
available, those techniques will not be detailed in this 
report.  Instead, the two examples are followed by a dis-
cussion of the potential contributions to uncertainty and 
additional approaches that are typically used to decrease 
and (or) elucidate uncertainty in order to provide scien-
tifically defensible results. 

Ways to reduce uncertainties and to maintain scien-
tific credibility without excessive use of fiscal resources 
are too numerous and case specific to be detailed here; 
however, a comparison of approaches for two hypotheti-
cal examples presented here provides insight into: 1) the 
quantitative indications of statistical uncertainty associ-
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Scientifically defensible water-resource management objectives require 
successful completion of the associated science objectives.

Water-resource management objectives are those required by water-resource 
managers, policy makers, and regulators in order to make decisions regarding man-
agement of the resource.  Science objectives are associated with hypothesis tests or 
other reproducible, objective approaches that provide a sound basis for scientifically 
defensible decision making, and ultimately help meet the associated water-resource 
management objective.  

Figure 12.  Although attempts to increase understanding of ground-water 
systems tend to add complexity to a given approach, additional complexity 
in an approach does not necessarily equate to increases in understanding of 
the ground-water system or the ability to meet the associated objectives.  The 
challenge in designing an objective scientific approach for a ground-water-
vulnerability assessment is to find a reasonable balance among model (or 
assessment) complexity, resources required, and decreases in uncertainty 
gained while reaching predetermined science objectives (quadrant III). 

Approach is commensurate with 
increases in understanding but 
may be too costly

Approach is too complex and costly 
and may increase uncertainty

(Occam's razor required)

I II

Increases in understanding and 
associated decreases in uncertain-
ty obtained with simplest models 
and minimal costs

Approach is not rigorous enough 
to provide necessary increases in 
understanding
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Decreases in Uncertainty of the Assessment

A SCIENTIFICALLY
DEFENSIBLE ENDPOINT

ated with statistical approaches as applied to a regional-
scale problem; and 2) the increases in understanding of 
the ground-water system gained with process-based ap-
proaches, which thereby decrease sources of uncertainty 
in the overall assessment of a local-scale problem.  Each 
hypothetical example is presented with a water-resource 
management objective and a science objective. 

The first hypothetical example shows how quan-
titative information obtained from a statistical model is 

used to provide a measure of uncertainty in a regional-
scale assessment by using measured water-quality data 
and statistical techniques that increase understandings 
of explanatory variables and their relative contributions 
to uncertainty.  The second hypothetical example 
shows how increases in the quality and understanding 
of the major physical and chemical data and processes 
governing ground-water vulnerability can decrease 
uncertainty in the assessment.   
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Hypothetical Example 1.  
Regional-scale mapping of ground-water resource 
vulnerability to a targeted contaminant.

Management Objective: Determine the impact* of 
a proposed new federal standard for contaminant X 
across a large region.
Science Objective:  Determine the probability of ex-
ceeding targeted concentrations of contaminant X and 
determine the spatial patterns of the most important 
factors controlling ground-water vulnerability to con-
taminant X across a large region.  
Approach:  Develop a regional scale map delineating 
portions of aquifer areas with known, or potential for, 
contamination by X.  

For simplicity, the following assumptions will be 
made (note that these assumptions should eventually 
be considered when addressing uncertainty in the as-
sessment):
 • Databases on use patterns of contaminant X exist 

at local and(or) state level.
 • Aggregated soil data are available for the region.
 • Depth to water table must be estimated by combi-

nations of various methods (e.g. measured water 
levels, topographic maps, etc.).
A common approach is the index method.  The 

index method will produce a map with areas delineated 
based on indexes of ranges of vulnerability to contami-
nant X (fig 6.).  As detailed in the section on subjective 
rating methods, the numerical index or score assigned 
to each factor and the relative weighting of scores be-
tween factors is based upon best professional judgment.  
For this hypothetical example, the depth to the water 
table, soil texture, and annual use of contaminant X 
have been determined by a panel of experts to be the 
most important factors in controlling the potential for 
the ground-water resource to become contaminated by 
X; relative indexes are assigned to a map of the region 
(fig. 6).  In order to develop regional maps of the depth 
to the water table, soil properties, and annual use pat-
terns of contaminant X, several sources of information 
and various state, county, and other, databases must 
be pieced together.  No data on concentrations of con-

taminant X in the ground water are used in developing 
or comparing to the vulnerability index map.  Relative 
categories such as low, medium, or high are then ap-
plied to the indexed areas for simplicity.  These relative 
categories indicate that areas with a high ranking have 
a greater pre-disposition to ground-water contamina-
tion by X than areas of medium or low ranking. 

Sources of uncertainty and limitations in the index 
method used for hypothetical example 1

The lack of concentration data for the contaminant, 
combinations of many databases with varying degrees 
of quality control, scale, and subjectivity in this ap-
proach are some major contributors to uncertainty in 
the overall assessment.  The categories of high, me-
dium, and low do not include any quantifiable informa-
tion or statistical significance that can elucidate the 
uncertainties in, for example, the important processes 
causing the difference in one ranking compared to 
another.  Although it is possible to meet the manage-
ment objectives with this approach, the lack of data and 
understanding of uncertainties limit defensible deci-
sion making (quadrant IV; fig. 12).  Consequently, 
the decision maker is faced with the task of determin-
ing how ‘reasonably’ the combination of depth to the 
water table, soil texture, and use patterns truly reflects 
the impact of the proposed rule in the indexed areas.  
Therefore, to the extent possible it is important to re-
move subjectivity from the assessment and to provide 
some quantifiable measure of the uncertainty or prob-
ability of actual contaminant occurrence in the catego-
rized areas.  Attempts to achieve this balance may not 
provide detailed information on physical and chemical 
processes but will provide objective measures of the 
performance of the assessment therefore, giving the 
decision maker crucial information that could be used 
in defense of the decisions.

Minimizing uncertainty by using sound statistical 
approaches to meet science objectives of 
hypothetical example 1. 

There are many different statistical approaches that 
can be used to minimize and(or) quantify uncertainty in 
meeting the science objectives.  Three approaches are:

1.  A regional-scale map of occurrence of the 
contaminant can be made by statistically summariz-
ing measured concentrations in wells, thus helping to 
determine spatial patterns of occurrence.  For example, 
plots of point locations of targeted contaminants sum-
marized by varying levels of concentration can help 

* The 1996 amendments to the Safe Drinking Water Act require 
the USEPA to perform cost/benefit analyses of proposed stan-
dards.  The example management objective above is presented 
as a preliminary step before a cost/benefit analysis in order to 
provide a general overview of the likely extent of the problem.  
In addition, the assessment used to meet the objective could 
eventually provide critical data for the cost/benefit analysis.
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to determine the significance of adding one or more 
new variables to each model (Helsel and Hirsch, 1992).  
In this way, Rupert (2001) developed four preliminary 
multivariate models of atrazine detection and tested the 
significance of several independent variables.  The addi-
tional insights gained through significance tests is cru-
cial to addressing uncertainty and meeting the science 
objective and, ultimately, to establishing the scientific 
credibility of management decisions.

b. Hypothetical Example 2.  
Local-scale process-based determination of the 
vulnerability of a public ground-water supply to 
a targeted contaminant.
Management objective:  Determine where limited re-
sources can be used most effectively to protect the local 
ground-water supplies from a specific contaminant ‘X’.  
Also, determine where monitoring waivers and(or) re-
duced monitoring for contaminant ‘X’ is most reasonable.
Science objective: Determine contributing areas of tar-
geted wells and identify potential sources of contaminant 
‘X’ in those contributing areas (fig. 13 a and b).  
Approach: Develop local-scale deterministic or process-
based model or models in conjunction with ancillary data 
on contaminant sources and monitoring data.

For simplicity, the following assumptions are made 
(note that these assumptions should eventually be con-
sidered when addressing uncertainty in the assessment):
   •  The prescribed time of travel is reasonable for the 

contaminant of interest. 
   •  An accurate pumping rate is known.
   •  The value used for porosity represents the entire 

contributing area of the aquifer (note the severe limi-
tations in flow through non-porous media mentioned 
in the section “Factors that control ground-water 
movement”).

   •  Well-construction problems such as faulty sanitary 
seals and cracked casings are not important to this 
assessment.

   •  Efforts to identify locations of sources and types of 
potential contaminants will be made.  

   •  The public-water system will be monitored periodi-
cally for contamination and the potential for sur-
face-water infiltration (such as microparticulate 
analysis, turbidity, or other surrogate indicators of 
surface water as suggested by USEPA (1997).

discern spatial patterns and be used to develop and test 
hypotheses about hydrogeologic factors controlling 
those patterns.  Ryker (2001) shows statistical sum-
maries of arsenic concentrations in 31,000 wells across 
the United States.  Although the data do not cover every 
county or aquifer in the Nation and were collected 
from various types of wells (those used for public sup-
ply as well as other purposes), the spatial patterns in 
concentration support the hypothesis that arsenic-rich 
aquifers tend to be found in the West and Midwest.  A 
major limitation in occurrence maps at regional and 
national scales is the potential for large variations in 
local occurrence patterns that could ultimately lead 
to erroneous conclusions about regional or national 
patterns.  This problem may be particularly acute for 
contaminants with anthropogenic sources that vary 
regionally or locally.  Regardless of the source of con-
tamination creating a high-quality occurrence database 
and associated map(s) is a crucial first step in a vulner-
ability assessment, and can reduce uncertainty associ-
ated with an index method that was developed without 
occurrence data.  Careful quality assurance and control 
measures along with data compatibility are important 
mechanisms in addressing uncertainty in the database.

2.  Occurrence data can be used in hybrid methods 
to develop maps.  Nolan and others, (2002) showed that 
factors affecting sources of nitrogen input combined 
with soil-drainage characteristics and land cover could 
be combined to produce a map showing the probability 
of nitrate contamination across the United States.  Ru-
pert (2001) used a hybrid approach to remove subjectiv-
ity in a ground-water-vulnerability assessment (fig. 7).  
Objectivity was added, and insights on the uncertainty 
of the assessment were gained by comparing measured 
concentrations of nitrate in wells to the categories gen-
erated in the assessment.

3.  Statistical methods such as logistic regression 
models can be developed (fig. 8).  This step would re-
veal the probability of detecting contaminant X based 
on statistically significant model coefficients.  In ad-
dition, various models can be tested by statistically 
comparing observed values to predicted values until a 
statistically acceptable fit is obtained.  Tesoriero and 
Voss (1997), Rupert (1998), and Squillace and Moran 
(2000) provide examples of successfully using statisti-
cal methods for three different regional areas.  The abil-
ity to address uncertainty in model performance and 
the relative influence of various independent variables 
together and alone is also possible with statistical meth-
ods.  Rupert (2001) compared nested models in order 
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A common approach used is the fixed-radius 
method (U.S. Environmental Protection Agency, 
1997).  The fixed-radius method uses a simplified 
process-based approach to delineate an area (a cir-
cular area is used for simplicity but other shapes are 
possible) around a pumped well.  The area is deter-
mined by the physically based premise that the time 
of travel of ground water through the aquifer to the 
well is a measure of the intrinsic susceptibility of the 
aquifer.  When the limiting time of travel is based 
on characteristics of targeted contaminants (for 
example, 2-year time of travel based on presumed 
pathogen viability: U.S. Environmental Protection 
Agency, 1997) the assessment is extended from one 
addressing intrinsic susceptibility to one addressing 
vulnerability of the well to contamination.   

A volume of water (Vw) equivalent to the amount 
pumped from the well in a given time period (often 
a 2-year time period is used for pathogens; though it 
is common to use various time periods and radii for 
assessments of general contamination) is calculated.  
This volume is converted to an equivalent cylindri-
cal volume of water Vt and aquifer material using 
the well as the axis of the cylinder and the screened 
interval of the well (or thickness of the water bear-
ing zone) as the height of the cylinder (h).  The 
equivalent volume of water and aquifer material is 
calculated by dividing the pumped volume (Vw ) by 
the porosity of the aquifer material (ne ):

Vt = Vw / ne.

Therefore, the radius ( r ) is calculated by:
r = (Vt /(πh))1/2.

This method requires estimated or known values 
of the average pumping rate over the time period of 
interest, the thickness of the screened interval, and 
the porosity of the aquifer material (for this example 
all are assumed to be known with certainty).  This is 
often the method of choice because where data 
on pumping rates and well construction are avail-
able, the calculation of the radius is limited only by 
the porosity, which can be obtained from published 
tables.  As shown previously, porosity is the ‘ef-
fective’ porosity in consolidated, fractured rock 
aquifers.  In practice, this method is often used in 
conjunction with other indicators of vulnerability 
such as water-quality monitoring and potentiomet-
ric-surface mapping as part of a more comprehen-
sive effort, and is presented here for comparative 
and illustrative purposes.

Sources of uncertainty and limitations in the fixed 
radius method used for hypothetical example 2 

The obvious major limitations in the radius method 
that result from a lack of understanding of the ground-
water-flow system include: 1) the potential for an in-
accurate representation of the contributing area and 
associated sources of water and contamination for the 
well, 2) the method generally is not applicable for many 
contaminants or important processes of contaminant 
transport, 3) no component of the assessment addresses 
uncertainty, and 4) the use of a circular or any other 
geometric shape is subjective.  In the absence of consid-
eration of the limitations and uncertainties, the radius 
method would appear to meet the science and manage-
ment objectives because using a process-based approach, 
it results in clearly delineated areas associated with the 
public water system and therefore, would help to focus 
decision making where limited resources can be com-
mitted to protect the water supply.  The radius method is 
also a relatively inexpensive approach.  When including 
the limitations and uncertainties inherent in this ap-
proach however, it would likely fall into quadrant IV 
of fig. 12 because the decision maker is burdened with 
the responsibility of determining how scientifically de-
fensible the delineated areas are without the benefit of 
any further understanding of the ground-water system or 
assessment of uncertainty.  

Minimizing uncertainty by using sound process-
based approaches to meet science objectives of 
hypothetical example 2

The following example illustrates a step-by-step 
procedure to meet the science objectives that can re-
duce uncertainty in the overall assessment by increasing 
understanding of the important processes.  Figure 13 
depicts this procedure for hypothetical wells underlain 
by flow through an aquifer composed of unconsoli-
dated sediments (note that different considerations can 
be required if the aquifer is composed of consolidated 
material).  The step-by-step process-based approach 
that follows is one example that can be undertaken to 
increase understandings of the flow system and provide 
a more scientifically defensible product.

A step-by-step process-based approach is as follows:
1.  Develop potentiometric-surface maps of the 

aquifer, or portions of the aquifer, near the public-water 
system(s) of interest.  These maps increase understand-
ing of the flow patterns including well interference and 
recharge/discharge areas, likely boundaries, and relative 
volumes of flow through the system.  Potentiometric-sur-
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face maps aid in developing a conceptual model of the 
flow system and are particularly useful when sources 
of contamination are also located on the map (although 
it is not a substitute for an accurate depiction of the 
contributing area of the well).  This is a required first 
step before developing a ground-water-flow model.  This 
helps to decrease uncertainties associated with the source 
of contamination at ‘A’ because the source is located 
outside the ground-water basin in the unconfined system 
(fig. 13a).  It is worth noting that similar reasoning could 
be used in determining a step-by-step procedure for a 
fractured rock or karst aquifer, however, careful attention 
to violations of porous media flow assumptions and con-
siderations as discussed previously must be maintained 
and different techniques may be required.  For example, 
Taylor (1997) used dye-tracing tests to confirm the pres-
ence and location of ground-water divides inferred from 
potentiometric-surface maps in order to delineate the 
ground-water basins and recharge areas for municipal 
water-supply springs in a karst aquifer.   

2.  Define the ground-water-flow system.  This next 
step involves development of a hydrogeologic frame-
work that defines location, thickness, and extent of the 
confining layer in cross section ‘b’ (fig. 13b), the distri-

bution of hydraulic conductivity and porosity zones, 
recharge and discharge areas and other boundaries of 
the system.  This information not only helps define the 
physical flow system and intrinsic susceptibility, but 
also helps assess geochemical controls when used as a 
starting point for a geochemical system.  For example, 
Bohlke and Denver (1995) showed that denitrification 
processes, and therefore nitrate transport, were largely 
controlled by the hydrogeologic framework in a coastal 
plain setting.  Again, where consolidated aquifers 
are found, special considerations may be necessary.  
Depiction of the ground-water-flow system helps to 
define the intrinsic susceptibility of the aquifer and 
is a crucial first step in a process-based vulnerability 
assessment.

3.  Develop a ground-water-flow model with par-
ticle tracking analysis of the aquifer and pumped wells.  
These tools can be used to more accurately determine 
contributing areas to the wells and address the sources 
of uncertainty due to flow patterns and boundaries, 
effects of additional stresses including pumping condi-
tions on the flow patterns, and provide general insight 
on timing and other characteristics of advective trans-
port of contaminants.  For example, Masterson and 

Figure 13.  A hydrogeologic cross section through an unconfined (water-table) aquifer (a) and a cross section 
through an unconfined aquifer with an underlying confined aquifer (b).  Both hypothetical cross sections contain 
public-supply wells with potential sources of contamination (A,B,C,D, and E).  The commonly used fixed-radius 
method is applied to Wells 1 and 2 to delineate a subjectively chosen circular area representing the contributing 
area around each well.  With sources of contaminants overlaid on the cross section (indicated by arrows), Well 1 is 
depicted as vulnerable to the source of contamination at C in the unconfined (a) as well as the confined (b) aquifers.  
Although this would meet the objectives of the assessment, the conclusions are erroneous because the actual 
contributing areas do not coincide with the fixed-radius method.  In addition, important sources of uncertainty in 
the fixed-radius method are revealed because the method does not identify potential threats that could be caused 
by the potential sources of contamination at A, B, D, or E.  For example, ‘D’ is clearly within the contributing area 
of Well 2. Consequently, an objective and accurate depiction of the contributing areas to Wells 1 and 2 is minimally 
required for a scientifically defensible assessment with reduced uncertainty.
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Walter (2000) delineated the areas contributing ground 
water to pumping wells, ponds, streams, and coastal 
areas using particle tracking analysis (fig. 9).  A similar 
model developed for Hypothetical Example 2 would use 
information gathered in steps 1 and 2 above.  Vulner-
ability of Well 1 to the source of contaminantion at ‘B’ 
was a source of uncertainty before the model was devel-
oped; increased understanding of the flow system would 
remove some of this uncertainty.  In addition, the con-
tributing area of Well 2 not only includes the source of 
contaminantion at ‘D’ but also reveals interaction with 
the stream (which may be a source of contamination 
from upstream sources that have not been accounted 
for).  The flow model of the confined aquifer reveals a 
leaky confining unit and source of contaminantion ‘A’ 
previously isolated from the flow system by a presumed 
ground-water divide, is now within the contributing area 
of Well 1.  Recharge areas for confined aquifers and the 
associated contributing areas to wells are commonly 
located in outcrop areas that may be far removed (many 
miles) from a given well (Vowinkel and others, 1996).   

4.  Assess the geochemical system for the ground-
water resource.  Locate existing and planned sources of 
contamination and identify fate and transport properties 
for each targeted contaminant.  Associate the potential 
retardation, degradation, and other chemical attenuation 
processes in unsaturated and saturated zones in asso-
ciation with the delineated contributing areas.  These 
characteristics would be useful in assessing the likely 
transport pathways and fate of contaminants from 
sources ‘A’ and ‘B’, as well as determining whether to 
focus on the parent or degradate compounds.  Detailed 
information on the viability (or half lives in the case 
of other contaminants) of the contaminants can be 
considered in conjunction with travel times generated 
by the model in the contributing areas of each well to 
further remove uncertainty on the 2-year time used for 
the radius method.  If the chemical characteristics of 
the contaminant indicate that non-advective transport 
mechanisms may be important, consider step 5 below, 
if not, proceed to step 6. 

5.  Use solute-transport models to assess the 
importance of non-advective transport mechanisms 
such as dispersion and chemical reactions.  Uncertainty 
in the time of travel of contaminant ‘X’ caused by 
considering only advection can be addressed if solute-
transport simulations are performed.  For example, 
depictions of concentration gradients associated with 
upconing (fig. 11) are not possible with advective trans-
port simulations alone.

6.  Use environmental tracers to determine ages 
and sources of water withdrawn from the well(s).  
This information can help decrease uncertainties as-
sociated with time of travel to the well(s) and can 
provide insights about the flow system.  Tracers used 
to determine the ages of ground water can also be 
used with the flow model to strengthen the analysis of 
travel times.   For example, Reilly and others (1994) 
compared ages of ground water estimated with CFC 
analysis to travel times simulated with the flow model 
as one step in calibrating the model.  Rowe and others 
(1999) used environmental tracers to compare ages of 
ground water and temporal trends in water quality in a 
buried-valley aquifer.  Besides providing information 
about the age of water, environmental tracers can help 
determine sources of water such as the amount of mix-
ing of Well 2 with the stream (fig. 13a).  For example, 
Stute and others (1997) used environmental tracers to 
quantify the amount of surface water from the Danube 
River that infiltrates the associated alluvial aquifer.  
Environmental tracers are also useful in consolidated 
aquifers.  Katz and others (1999) used environmental 
tracers to assess the sources and chronology of nitrate 
contamination in spring waters in a karst area, and 
Greene (1997) used stable isotopes of oxygen and hy-
drogen to trace the source of recharge from sinking 
streams to wells and springs several kilometers down 
gradient in a karst aquifer.  

7.  If movement through the unsaturated zone is 
deemed important, use unsaturated zone models or 
some other method to simulate and assess the effects 
and timescales of key chemical and physical processes.  
As depicted in figure 13a and b, contaminant ‘X’ from 
locations ‘A’, ‘B’, ‘C’ and ‘D’ must first travel through 
the unsaturated zone before reaching the water table.  
Transport through the unsaturated zone may enhance, 
impede, or simply delay movement of the contaminant 
to the water table.  Holtschlag and Luukkonen (1997) 
used a physically based steady-state pesticide leach-
ing model (Rutledge and Helgesen, 1991) to portray 
the potential for atrazine to leach to the water table in 
Kent County, Michigan.  Output from the model was 
subsequently mapped to show relative spatial vari-
ability in concentrations of atrazine reaching the water 
table.  (Rupert, 1998) attempted to account for the 
unsaturated zone indirectly by including soil hydraulic 
properties as independent variables in a logistic regres-
sion model.  Models such as PRZM (U.S. Environmen-
tal Protection Agency, 1993b) are presently used as a 
compromise between the simplest depictions of unsatu-
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Chemical processes in the unsaturated zone.

Deterministic or physically based modeling of contaminant transport through the 
unsaturated zone based on the governing equations of unsaturated flow is typically 
not included in ground-water vulnerability assessments (Barbash and Resek, 1996).  
However, physically based simulation could provide crucial insights into one of 
the most important components of the transport pathway for many contaminants, 
and hence ground-water vulnerability, particularly for those contaminants that are 
impeded or transformed in the soil.  

rated zone transport and the sophisticated deterministic 
models.  As shown previously, the PRZM model can 
be used to quantify the leaching potential of a pesticide 
and to simulate the mass transported to the water table.  
It is important to note, however, that soil hydraulic 
properties are most closely related to transport through 
the unsaturated zone and not necessarily the aquifer (or 
saturated zone) because aquifer sediments can be de-
rived from parent rocks and(or) geologic processes not 
associated with those of the overlying soils.  Thus, soil 
properties commonly are not adequate surrogates for 
aquifer properties.  

SUMMARY OF SCIENTIFICALLY 
DEFENSIBLE APPROACHES

Quantitative estimates and(or) other indications of 
uncertainty can be incorporated in process-based and 
statistical approaches.  It is common, and often benefi-
cial, to methodically phase in components of a ground-
water-vulnerability assessment over time regardless of 
the approach.  In this way, one can constantly re-evalu-
ate the balance among increases in understandings of 
the system and resources needed (fig. 12) in meeting 
the science objectives while accounting for sources of 
uncertainty.  For process-based approaches, the steps 
provide additional insights on targeted processes; for 
example, a rudimentary understanding of the poten-
tiometric surface can lead to changes in design of a 
conceptual model of the flow system that will, in turn, 
be used to develop a deterministic mathematical model 
of ground-water flow.  Certainly, additional detailed 
work such as development of solute transport mod-
els can incorporate the properties of the contaminant 
identified above and be designed for the unsaturated 
and(or) the saturated zones.  As with any mathematical 
model that requires large amounts of data and careful 

interpretations of results, it is important to avoid undue 
complexity not commensurate with the objectives of the 
assessment (quadrant I; fig. 12).  On the other hand, too 
many simplifying assumptions introduced to an assess-
ment in order to avoid complexity can create inaccurate 
depictions of ground-water vulnerability and a lack of 
scientific defensibility (quadrant IV; fig. 12). 

A step-by-step procedure is often part of a statis-
tical technique because significance of independent 
variables is determined through hypothesis testing, 
although many preliminary steps for data gathering and 
interpretation such as simple summary and descriptive 
statistics also provide valuable insights and understand-
ings for the next phase of the approach.  Probabilistic 
statistical techniques such as logistic regression can be 
used, for example, to develop maps of probabilities of 
detections of targeted contaminants, and their associat-
ed statistical significance.  It is important to remember, 
however, that statistical significance does not necessar-
ily imply causal relation.   

Regardless of the approach, each step in meeting 
the science objectives can increase understandings of 
the ground-water system and assessment accuracy.  In 
this way, success in meeting science objectives is linked 
to success and reduced uncertainty in meeting the man-
agement objectives, and ultimately provides scientifi-
cally defensible information for management decisions.  
In the statistical approach to Hypothetical Example 
1, the probability maps will show the decision maker 
where a contaminant is most likely to be detected based 
on occurrence data rather than subjective indexes of rel-
ative vulnerability.  In addition, the statistical approach 
to Hypothetical Example 1 can provide statistical sig-
nificance tests about independent variables and model 
performance that will be crucial in making and defend-
ing management decisions about the overall impact of 
a proposed new standard.  In Hypothetical Example 
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2, the manager will know the strengths and limitations 
of the vulnerability assessment based on a reasonably 
complete understanding of the ground-water system.  
An objective vulnerability assessment supports and 
helps defend the decisions a manager must make in 
determining such things as protection areas and moni-
toring waivers associated with political boundaries, 
jurisdictions, and competition for fiscal resources.   

CONCLUSIONS

Scientists can provide water-resource decision 
makers scientifically defensible information for the 
assessment of ground-water vulnerability and(or) 
intrinsic susceptibility.  To the extent that uncertainties 
in the assessment can be elucidated either quantita-
tively or qualitatively, the scientific defensibility and 
ultimate usefulness of the product will increase.  Sci-
ence objectives should be clearly distinguished from 
water-resource management objectives.  Ultimately, 
successful ground-water-vulnerability assessments 
blend scientifically defensible analyses used to meet 
science objectives with additional interpretations by 
water-resource decision makers to meet management 

or policy objectives (fig. 14).  Therefore, careful com-
munication and feedback between the water-resource 
decision makers and scientists are required during all 
phases of a ground-water-vulnerability assessment 
from planning to interpretation of results.  The infor-
mation, citations, and hypothetical examples provided 
in this report highlight how basic underlying hydro-
logic and chemical principles and various assessments 
of the important factors that control ground-water 
vulnerability are essential components of a scientifi-
cally defensible regulatory and policy decision-making 
process. 
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Figure 14.  The interpretation and practical use of an assessment is best served by interactions 
and feedback between the scientists and the decision makers.  This is particularly true as the 
complexity of an assessment increases.  These interactions and feedback can remove some of 
the need for overly simplistic assessments that produce subjective categorizations.  Successful 
ground-water-vulnerability assessments blend scientifically defensible analyses based on clear 
science objectives with additional interpretations by water-resource decision makers to meet 
management or policy objectives. 
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