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Abstract

The protection of groundwater quality is an important issue
confronting much of the world’s populace. Geographic infor-
mation systems (GIS) have been shown to be useful tools for
assessing groundwater pollution hazard. Efforts to use GIS in
implementation of the DRASTIC groundwater vulnerability
model and its derivatives are reviewed. Problems related to
data quality, model formulation, and model validation are
discussed, and suggestions for augmentation and enhance-
ment of the model are offered. It is recommended that addi-
tional research be focused upon (1) determination of the
relative importance of, and possible interdependencies
among, parameters considered in the model; (2) incorpora-
tion of other factors (e.g., land use) in the model, and link-
age of DRASTIC with complementary models (e.g., capture
zone models); (3) investigation of scaling issues; (4) expan-
sion of DRASTIC through GIS-based 3D, finite-element, solute
transport, and temporal modeling; (5) use of expert systems;
(6) validation and verification of model performance; and (7]
means to assist decision-makers in using model results.

Introduction
During the last decade groundwater quality has emerged as
one of the most important environmental issues confronting
citizens of the United States (Conservation Foundation,
1987). There are good reasons for concern. Groundwater is
the principal source of drinking water for about 53 percent
of the nation’s total population, and for 97 percent of those
persons residing in rural areas (Moody, 1990). Nationwide,
approximately 40 percent of the public water supply, serving
over 74 million people, and at least 34 percent of the water
used in agriculture, is withdrawn from groundwater (Nielsen
and Lee, 1987). On a regional basis, dependence upon
groundwater is especially great in areas such as California,
Arizona, Florida, and the Great Plains (Moody, 1990).
Because aquifer recharge rates are typically exceedingly
slow, groundwater is considered a finite resource in most lo-
cations. Increasing evidence of groundwater contamination
in recent years, coupled with uncertainties regarding long-
term human health effects, has heightened pressure on pub-
lic agencies to better manage groundwater resources
(Bouwer, 1990; Conservation Foundation, 1987). Manage-
ment of groundwater quality, however, presents environmen-
tal scientists and policy-makers with particularly difficult
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problems. Detection of contamination and monitoring of wa-
ter quality, often conducted employing observation wells, are
difficult and costly. Clean-up of contamination, if possible at
all, is often technically complex, extraordinarily expensive,
and only partially effective. Because restoration of groundwa-
ter quality is such a formidable and cost-prohibitive task,
great emphasis is being placed upon protection of the re-
source (i.e., prevention of contamination) (O’Neill and
Raucher, 1990; Nielsen and Lee, 1987).

Existing data on groundwater contamination clearly
show that problems vary spatially. Not all regions are
equally vulnerable. Effective protection strategies, therefore,
need to be targeted so that limited staff, funds, and technol-
ogy can be focused upon those areas most threatened so as
to provide the greatest benefit for the investment (Great
Plains Agricultural Council, 1992; Duda and Johnson, 1987;
Nielsen and Lee, 1987). In recent years, many states and the
federal government have adopted legislation directed to-
wards management and protection of groundwater resources
(Morandi, 1989). In most instances, mapping of aquifer sus-
ceptibility to pollution is considered a critical first-step in
implementing groundwater management programs.

Geographic information systems (GIS) have been used in
many aspects of groundwater management and modeling
(see, for example, Maidment (1994); Harlin and Lanfear
(1993); Schoolmaster and Marr (1992); Kilborn et al. (1992);
and Estes et al. (1987)). Perhaps, because it is so critical for
public agencies to assess and map groundwater pollution
hazard, spatial models designed to evaluate groundwater vul-
nerability to contamination have been more widely imple-
mented in GIS than any other single type of groundwater-
related model. One such model, DRASTIC, has been used with
exceptional frequency. Developed by the National Water
Well Association (NWWA) in collaboration with the U.S. En-
vironmental Protection Agency (EPA), DRASTIC provides a
systematic, standardized, nationally-applicable method for
assessing and mapping groundwater pollution potential
(Aller et al., 1985).

A perusal of the literature on GIS-based groundwater pol-
lution hazard assessment suggests that modeling is often not
being conducted with sufficient regard for assumptions, re-
quirements, and limitations of the models themselves; poten-
tial impacts of data deficiencies; or possible error introduced
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through GIS analytic procedures. On the other hand, one ob-
serves that the great strengths of GIS are capitalized upon
only infrequently to augment and enhance modeling efforts.
This paper presents a critical review of extant GIS applica-
tions in groundwater pollution hazard assessment, with par-
ticular focus on the DRASTIC model. The principal objectives
of the paper are to (1) review major contemporary efforts to
employ GIS in groundwater pollution hazard assessment, (2)
illuminate problems in such work, (3) suggest modifications
and alternatives to current approaches, and (4) propose fu-
ture research directions. In a larger context, this paper ad-
dresses issues often encountered in adapting environmental
models for use in GIS.

Background

The DRASTIC Model
Although a number of spatial models designed to assess
groundwater pollution hazard have been proposed, DRASTIC
is arguably the model most widely used for such efforts
(Committee on Techniques for Assessing Groundwater Vul-
nerability, 1993). Aller et al. (1985) offer a detailed account
of the DRASTIC methodology, its evolution, and guidelines for
applications. The model was designed to be a simple, easy-
to-use, nationally applicable tool for groundwater pollution
hazard assessment.

The acronym, DRASTIC, is derived from the seven factors
considered in the model:

Depth to water table,

Recharge (net),

Aquifer media (geologic characteristics),

Soil media (texture),

Topography (slope),

Impact of the vadose zone (unsaturated zone above the
water table), and

Conductivity (hydraulic) of the aquifer.

The model is formulated as an equation using a linear com-
bination methodology (Hopkins 1977):

Pollution Potential = D, D, + R.R, + A, A, + S, S,
+ T L+ GG,

where r is the rating and w is the weight for each factor.
Ratings, varying from 1 to 10, are intended to reflect the
relative significance of classes within each factor. For exam-
ple, fine textured (e.g., clay) soils are assumed to be less per-
meable to water than coarse (e.g., sandy) soils. Fine textured
soils are, therefore, assigned a lower rating than soils having

TaBLE 2. RANGES AND RATINGS FOR DEPTH TO WATER

Depth to Water
(feet)

Range Rating

0-5
5-10
15-30
30-50
50-75
75-100
100+
Weight: 5

Source: Aller et al., 1985

fury
= NWwONe o

Agricultural Weight: 5

a coarse texture because, all other things being equal, they
are less likely than sandy soils to allow infiltration of a pol-
lutant (Table 1). Likewise, areas where depth-to-water is
great are assigned low ratings because it is assumed that, all
other things being equal, pollutants are less likely to reach
the water table when it is deep (Table 2). Weights, ranging
from 1 to 5, are designed to indicate the relative importance
of the seven factors with respect to one another. Higher
weights indicate greater importance. Note that weights are
assigned differently in agricultural and non-agricultural
regions to reflect perceived differences in impacts of the fac-
tors in cropped areas (Table 3) (for details, see Aller et al.
(1985)).

The index value computed by the model is considered a
relative indicator of pollution potential. Higher scores indi-
cate greater vulnerability. The index must, however, be inter-
preted within a specific hydrogeologic setting, “‘a composite
description of all the major geologic and hydrologic factors
which affect and control groundwater movement into,
through, and out of an area ... a mappable unit with common
hydrogeologic characteristics, and as a consequence, com-
mon vulnerability to contamination” (Aller et al., 1985). Use
of the index without reference to its hydrogeologic setting
may lead to erroneous interpretation of results.

The design and formulation of DRASTIC was predicated
on several assumptions: (1) that data required by the model
are available; (2) that the variables included in the model are
critically related to groundwater vulnerability; and (3) that
the ratings, weightings, and mathematical relationships be-
tween variables are adequately set forth in the DRASTIC pro-
cedure. Furthermore, the model is to be used only for
regional (not site-specific) studies.

The Harvey County, Kansas Prototype GIS Study
It is important to note that, although the DRASTIC model was

TaBLE 1. RANGES AND RATINGS FOR SoiL MEDIA 2 / : A
intended to be used in mapping applications, it was not ex-
Soil Media
Range Rating TaBLE 3. AsSIGNED WEIGHTS FOR DRASTIC FacTORS
Thin or Absent 10 Agricultural
g;?l‘ée' lg Feature Weight Weight
Shrinking and/or Aggregated Clay 7 Depth to Water Table 5 5
Sandy Loam 6 Net Recharge 4 4
Loam 5 Aquifer Media 3 3
Silty Loam 4 Soil Media 2 5
Clay Loam 3 Topography 1 3
Nonshrinking and Nonaggregated Clay 1 Impact of the Vadose Zone 5 4
Weight: 2 Agricultural Weight: 5 Hydraulic Conductivity of the Aquifer 3 2

Source: Aller et al., 1985

Source: Aller, et al., 1985
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pressly designed for use in a GIS. In fact, initial application
employed a manual map overlay and computation procedure
(National Water Well Association, 1985). Nonetheless, it ob-
viously lends itself to implementation in GIS, and there are
now many examples of such efforts.

Merchant et al. (1987) were probably the first to use GIS
to implement DRASTIC (see, also, Martinko et al. (1987)).
Their work focused on an 800 square mile area including
Harvey County, Kansas and environs. The region includes a
portion of a major aquifer (the Equus Beds) that, in terms of
groundwater resources, probably supplies the largest number
of people in Kansas for an area of equivalent size. The
groundwater supports both irrigation and municipal users.
The well field (public water supply) for the City of Wichita
(population 400,000) and a major portion of the Equus Beds
Groundwater Management District (EBGMD) are within the
study site.

The data required by DRASTIC, and ancillary data, were
entered into a raster-based GIS. Data were obtained from a

multitude of sources, originally having many different for-
mats and scales (Table 4). Some data were in tabular format
(i.e., well locations) or had not yet been mapped (land use).
The process of transforming these data into digital spatial in-
formation required interpretation of aerial photographs.
Other data existed as maps, but at differing scales (recharge,
soils, geology, oil/gas fields). Some data were available in a
digital format (bedrock and water-table elevations, and sur-
face hydrography), but required rectification. Finally, certain
databases (e.g., depth to groundwater, saturated thickness of
aquifer) were derived using automated techniques. For exam-
ple, the file for depth-to-groundwater was generated by com-
puter subtraction of water-table elevation from
ground-surface elevation at observation wells. The results
were then processed using a surfacing program to generate
contours of depth-to-groundwater.

A nested multiple-resolution raster data structure was
used for database development. At the finest resolution, cells
had a dimension of 165 square feet (0.625 acre). Much of the

Tagle 4. HARVEY COUNTY PROTOTYPE GIS—CHARACTERISTICS OF SOURCE DATA

Date of

File Data Source Format Scale Information
Generalized Well Yields KGS-USGS Map M-4A 1:500,000 1967 - Revised 1975
Specific Yield for Source KDHE Tabular NA Variable'
Elevation of Water Table KGS-USGS Digital Variable 1980
Depth to Water KGS-USGS Digital (Derived?) Variable 1980
Annual Recharge KGS-USGS Map 1:50,000 1980
Quality (Brine Pollution) KGS Report Map 1:70,000 1983
Storage Coefficient

(Hydraulic Conductivity) KGS-USGS Map 1:50,000 1980
Public Water Supply Wells KDHE Tabular NA Variable®
Publicly Owned Wastewater
Treatment Plants KDHE Tabular NA Variable®
Landfills/Dumps KDHE Tabular NA Variable?
Hazardous Waste Generators,
Storage, Disposal Sites KDHE Tabular NA Variable?
Industrial Lagoons KDHE Tabular NA Variable?
Agricultural Feedlots KDHE Tabular NA Variable?
Qil/Gas Fields KGS Map M-17 1:500,000 1982
Land Use USGS/ASCS Aerial 1:58,000 May 1985

Photography

Soil Series SCS — County Soil Survey Map 1:20,000 Variable*
Elevation USGS Digital 1:250,000 1955 — Revised 1966 and 1969
Surface Hydrography KGS Digital 1:24,000 Variable®
Geology KGS Map M-1 1:500,000 1964
Transportation Routes

(U.S. Highways/Railways) KGS Digital 1:24,000 Variable®
Public Land Survey

(Township-Range-Section) KGS Digital 1:24,000 Variable®
County Boundaries KGS Digital 1:24,000 Variable®
Wichita Water Field Boundary Included on Public Wells

Map)
1:20,000 Variable*

Slope

(Derived from Soils Data)

Date based on monitored wells.

“Derived from contoured points of elevation of land surface and water table at wells.

iDate based on issuance of permit.

“Harvey County 1969, Reno County 1969, Sedgwick County 1975.
sDate based on last revision of quadrangle.

KDHE - Kansas Department of Health and Environment

KGS — Kansas Geological Survey

USGS — United States Geological Survey
SCS — United States Soil Conservation Service
ASCS — United States Agricultural Stabilization and Conservation Service

NA — Not Applicable

Source: Martinko et al., 1987
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source data, however, did not warrant use of such a fine cell
size. Subsequent to database development, the DRASTIC
model was computed for each of the 15 USGS 7.5-minute
quadrangles in the study area (Plate 1).

Subsequent and Related Research

Since 1987 many other investigators have reported on efforts
to use GIS for groundwater pollution hazard assessment.
These efforts fall generally into three categories: (1) small-
area demonstration studies utilizing DRASTIC, (2) large-area
operational implementations of DRASTIC, and (3) modifica-
tions or derivatives of the DRASTIC concept. A brief overview
of such studies is provided below.

A number of projects, focusing on relatively small areas
for which data were readily available, have demonstrated
that DRASTIC can be used with a variety of GIS software. Gri-
ner (1989), for example, employed an Intergraph system to
run the DRASTIC model in southwest Florida. Regan (1990)
used ARC/INFO on an Arizona study site. Hickey and Wright
(1990) discussed DRASTIC applications with the GRASS soft-
ware. Evans and Myers (1990) used ERDAS and DRASTIC in
southeastern Delaware. These studies have largely taken a
“‘cookbook” approach, attempting to carefully follow the
model implementation as outlined by Aller et al. (1985).
They tend to focus on the mechanics of using a GIS to estab-
lish digital databases and to run the model. In that respect,
they differ little from one another or from the Harvey County
project outlined above. It is disconcerting to note that few of
these papers make reference to, or explicitly build upon, the
efforts of others doing work on GIS-based groundwater vul-
nerability assessment. Neither do they, in most cases, seek to
enhance DRASTIC or capitalize on strengths of GIS beyond
those, such as “overlay,” required for running the model.
The authors frequently cite advantages (e.g., speed, ease, and
“increased accuracy’’) of GIS over manual methods of model-
ing, but there are few cautions or concerns expressed.

Several researchers have used DRASTIC to develop state-
wide assessments of groundwater vulnerability. Rundquist et
al. (1991) employed ERDAS software and DRASTIC to map
groundwater pollution hazard in Nebraska at a scale of 1:
250,000. Trent (1993) developed a 1:500,000-scale map of
Georgia. Atkinson and Thomlinson (1994) carried out similar
work in Texas. These studies differ somewhat from the
“demonstration” projects cited above. For example, because
the investigations covered large areas, adequate data were
sometimes unavailable, and a variety of compromises were
made in implementing the DRASTIC model. While an attempt
was made to follow guidelines presented by Aller et al.
(1985), these efforts cannot by any means be characterized as
cookbook approaches. The potential implications of this ob-
servation are discussed below.

More than a dozen multifactoral spatial models and
methods for assessing groundwater vulnerability have been
developed over the last decade (see Committee on Tech-
niques for Assessing Ground Water Vulnerability, 1993; Min-
nesota Department of Natural Resources, Division of Waters,
1991). While not always truly DRASTIC derivatives in the lit-
eral sense, most of these clearly owe much to the DRASTIC
concept, at the very least sharing common characteristics
such as the variables considered and the general approach to
groundwater hazard assessment (Christy, 1993; Hamerlinck
et al., 1993; Lemme et al., 1990). Attention here is focused
primarily on statewide studies which are similar in many
respects to those of Trent (1993) and Rundquist et al. (1991).

Lusch (1992), for example, reported on the development
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of a GIS-based methodology for mapping aquifer vulnerability
to surface contamination in Michigan at a scale of 1:500,000.
His work was based on consideration of data on soils associ-
ations, bedrock geology, aquifer characteristics, and glacial
drift lithology. Riggle (1988) and Riggle and Schmidt (1991)
describe the preparation of a 1:1,000,000-scale map portray-
ing groundwater contamination susceptibility in Wisconsin
(Wisconsin Geological and Natural History Survey, 1987).
Data on characteristics of soils associations, type of and
depth to bedrock, depth to water, and Quaternary geology/
surficial deposits were employed in a linear combination
model similar to DRASTIC. A modified DRASTIC model, used
to construct a similar vulnerability map of Minnesota, was
based on consideration of aquifer materials, recharge poten-
tial, and soils characteristics (Minnesota Pollution Control
Agency, 1989).

Some have attempted to determine average county-level
DRASTIC scores, usually for purposes of national investiga-
tions of groundwater vulnerability (Mullen; 1991; Nielsen
and Lee, 1987). A study of such estimates conducted by the
U.S. General Accounting Office (1991) warned that there is
as much variability in hydrogeologic vulnerability within
counties as between counties. This paper will not deal with
county-level DRASTIC approximations.

Discussion

Research such as that cited above has clearly demonstrated
the benefits of using GIS in modeling groundwater pollution
hazard. Nonetheless, there are some concerns and potential
limitations raised by such efforts. The use of GIS has, for ex-
ample, illuminated a number of issues related to model for-
mulation and performance that have seldom been addressed
in the literature. It is also apparent that there are ways in
which GIS might be used to enhance and augment models
such as DRASTIC in order to foster groundwater quality pro-
tection and decision-making.

Model Formulation and Performance

The literature is replete with discussion of error and accu-
racy issues in GIS (see Veregin (1989) for an excellent over-
view). Here, we will examine but a few concerns specific to
the DRASTIC model. These include potential impacts of varia-
bility in database quality, potential interfactor correlation
and redundancy matters in model execution, and issues re-
lated to model validation.

Database Quality

Among the assumptions made in formulation of the DRASTIC
model were (1) that the data required by the model are avail-
able and (2) that the data possess sufficient precision, resolu-
tion, and accuracy for assignment of ratings following
guidelines set forth in Aller et al. (1985). Even in many of
the small-area demonstration studies cited above, these as-
sumptions have not been upheld. In large-area (e.g., state-
wide) studies, additional problems are encountered. For
example, county-level digital soils data (e.g., USDA/SCS
SSURGO data), required by the DRASTIC model, are not cur-
rently available for most of the U.S. While generalized soils
association data (USDA/SCS STATSGO) are commonly obtaina-
ble, and have frequently been used in large-area studies, the
methods by which to assign appropriate ratings and weight-
ings to such data are far from clear (for additional discussion
of STATSGO data, see Bliss and Reybold (1989) and Commit-
tee on Techniques for Assessing Ground Water Vulnerability
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(1993)). Moreover, when soils association data are employed
in DRASTIC, the effects on model execution are uncertain (see
Loague and Green, 1990). It is noteworthy, however, that
soils data are some of the very best data one normally can
obtain for implementing the DRASTIC model.

Some of the issues revolving around variable data qual-
ity were apparent in the Harvey County, Kansas project sum-
marized above, and are illustrated in Plate 1 showing the
Halstead 7.5-minute quadrangle. The relatively high quality
of the county-level soils data is obvious. An area of coarse-
textured sand dunes overlying silty clays is present in the
northwest portion of the quadrangle (note high DRASTIC in-
dex values). In some regions of the map, however rectangular
areas are evident. These result from the character of the
other data files used to generate the index values (Table 4).
For example, the best available source data for recharge and
hydraulic conductivity had a spatial resolution of 1 mile?.
The rectangularly shaped areas, therefore, reflect the coarse
spatial resolution of the data.

There are also problems with data precision. Often,
source data are of insufficient quality to permit assignment
of ratings according to guidelines presented by Aller et al.
(1985). Although the DRASTIC documentation suggests that
interpolation and adjustments to reflect local, specialized,
or updated information may be warranted, the actual im-
plementation is rather subjective and obviously dependent
upon other aspects of data quality. For example, DRASTIC
guidelines suggest that net aquifer recharge be expressed
in inches of water and be divided into, and rated as, five
classes. In Harvey County, however, aquifer recharge char-
acteristics were not well-known, and thus were estimated
by hydrogeologists as only high, moderate, or low (Plate
1).

In the Harvey County study, all data required by the
DRASTIC model were available, albeit at different levels of
precision, resolution, and quality. For large-area (e.g., state-
wide) projects, data issues become more serious. It may, for
instance, be economically infeasible to obtain digital data at
high precision and resolution over large areas even when
source materials are available. For example, consider compu-
tation of the slope factor required by DRASTIC. Aller et al.
(1985) suggest that slopes be expressed in five percentage
classes ranging from 0 to 18+ percent. In a GIS, such esti-
mates might best be made by deriving slope from a high-res-
olution (e.g., USGS 7.5-minute) digital elevation model (DEM).
For many parts of the U.S., however, few adequate DEMs cur-
rently exist. As a consequence, it is not uncommon in large-
area DRASTIC projects to use available coarse-resolution
digital data, such as USGS 1-degree (3-arc-second) DEMs, in
spite of their level of generalization. Similarly, as mentioned
above, digital STATSGO soils association data may be substi-
tuted for county-level soils data, even though the procedures
for assignment of DRASTIC ratings are obscure (see, for exam-
ple, Rundquist et al. (1991) and Trent (1993)).

It is interesting to note that the DRASTIC guidelines indi-
cate that the model should not be used on sites smaller than
100 acres (Aller et al., 1985). This might lead to the conclu-
sion that small scale data (e.g., STATSGO or 3-arc-second
DEMs) are well-suited for use in the model. Yet, the stated re-
quirements for rather precise intrafactor classification and as-
signment of ratings are not consonant with that conclusion.
In addition, in their discussion of sources of data, Aller et al.
(1985) make reference to data sets having relatively large
scale (high resolution). In short, there are significant ambigu-
ities with regard to scaling issues, and these become espe-
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cially evident when implementing the model in a GIS
(Loague and Green, 1990; van der Heijde, 1988).

Issues such as those discussed here are, of course, com-
monly encountered in GIS-based spatial modeling. Compro-
mises are frequently required to overcome difficulties with
data quality or availability. Some authors writing on ground-
water vulnerability assessment (e.g., Baker and Panciera,
1990) warn that source data may be of questionable reliabil-
ity and effects on models hard to predict. It is, however, dis-
turbing to note how infrequently authors detail the rationale
and methods used to resolve problems such as assignment of
DRASTIC ratings to STATSGO soils association classes. More-
over, few acknowledge, or express concerns about, the possi-
ble impacts of database quality or scaling issues on the
outcome of groundwater vulnerability modeling.

Model Formulation and Execution

As noted above, the DRASTIC model is formulated as a linear
combination equation. Although widely used, such models
have certain limitations that are especially apparent when
they are implemented using GIS. Hopkins (1977), for example,
cautions that linear combination models are inherently prone
to uncertainties about the possible interdependence of factors.
Although one cannot be certain about possible interdependen-
cies among factors in DRASTIC, there are some indications that
the matter needs to be more thoroughly explored. It is, for in-
stance, not uncommon for soils textural characteristics and
terrain slope, two of the seven factors used in DRASTIC, to be
closely associated. In fact, when high-resolution DEMs are not
available for use in GIs-based slope computation, slope attrib-
utes of county-level soils classes are sometimes used as a sur-
rogate (see, for example, Martinko et al. (1987)).

It is interesting that states which have used “modified
DRASTIC” methodologies (e.g., Michigan, Minnesota, Wiscon-
sin) for groundwater vulnerability mapping have not used
both a soils and a slope factor. In fact, as noted above, the
hydrogeologists who developed these maps generally em-
ployed only four or five factors rather than seven (Lusch,
1992; Riggle, 1988; Riggle and Schmidt, 1991; Minnesota
Pollution Control Agency, 1989). There are no direct asser-
tions that such decisions stemmed from concerns about pos-
sible redundancy or interdependency among the DRASTIC
variables. On the other hand, these maps clearly suggest that
DRASTIC-equivalent results can be obtained using fewer than
seven factors, and this observation, in itself, has implications
for GIS-based modeling (Evans and Myers, 1990).

Newcomer and Szajgin (1984) discuss the potential for er-
ror propagation in overlay analysis. They conclude that the
accuracy of composite map products, such as DRASTIC, is gen-
erally less than the accuracy of the least accurate map layer
used in the analysis. Some evidence for this argument can be
seen in Plate 1, where the rectilinear artifacts serve to remind
map users that some of the DRASTIC factors are rather coarsely
estimated. Newcomer and Szajgin (1984) furthermore assert
that, as the number of layers increase, the number of possible
error combinations increases rapidly. Thus, there are potential
advantages in using the fewest number of factors required to
produce an acceptable result, particularly when, as in the case
of DRASTIC, one is employing data having varying scales, and
often unknown, levels of accuracy and precision (Loague and
Green, 1990). Moreover, there are potential benefits to be real-
ized in costs for database acquisition and development when
the number of variables is restricted.

Composite mapping issues such as those noted above are
compounded when weighting schemes are used. The inter-
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Plate 1. Map of the DRASTIC index for the Halstead 7.5-
minute USGS quadrangle, Harvey County, Kansas. Colors
indicate values of the index (high to low = red, orange,
yellow, light green, dark green, violet). Areas having the
highest scores are considered especially vulnerable to
groundwater contamination. The seven variables used to
compute the index are shown as smaller maps. Notice
the great variation in spatial resolution and class num-
ber.

factor weighting and intrafactor rating assignments employed
in the DRASTIC model were developed through consultation
with a broad range of hydrogeologists and other experts
(Aller et al., 1985), and probably represent reasonable hy-
potheses regarding the relative importance of the factors.
Nonetheless, it should be recognized that research has dem-
onstrated that even small changes in weightings can result in
large differences in the outcome of modeling, and that there
are important, though ill-defined, relationships between
weighting factors, the spatial distribution of input maps, and
model results (Heinen and Lyon, 1989).

Lodwick et al. (1990) suggest a means to deal with some
of these issues through sensitivity analysis. They specifically
discuss error propagation issues in GIS-based groundwater
contamination vulnerability modeling. Though DRASTIC is not
mentioned in their study, the model they use is virtually iden-
tical. In a study of the Denver metropolitan area, the outcome
of their modeling effort was a map that portrayed (1) vulnera-
ble areas biased by heavily weighted layers, (2) non-vulnerable
areas biased by low weighted layers, and (3) variations in in-
dices that are area and/or population biased. In addition, the
methods can be used to identify which layers require more
detailed information and precision. Additional research is,
however, clearly warranted (Lodwick et al., 1990).

Model Validation

When one considers how widely DRASTIC has been used, it is
rather surprising to observe that few attempts have been
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made to determine how well the model and its kin perform,
or to guide users in proper interpretation of the model re-
sults. It is common for researchers to emphasize that ground-
water vulnerability maps developed through use of DRASTIC
and its derivatives are meant to be used as educational or
planning tools and should not be employed in site-specific
applications (Lusch et al., 1992; Wisconsin Geological and
Natural History Survey, 1987; Minnesota Pollution Control
Agency, 1989). Nonetheless, there are concerns that such
cautions are not being heeded, and that many users neither
understand the meaning of the DRASTIC index nor properly
interpret the index in the context of a specific hydrogeologic
setting (Trent, 1993). Moreover, some suggest that use of GIS
may lend unusual, but perhaps unwarranted, credibility to
the outcome of spatial modeling (Bailey, 1988).

There are, of course, inherent difficulties in validating a
model targeted towards assessment of ‘““hazard” rather than
identification of actual groundwater pollution occurrence.
The usual evidence for performance has been ‘‘visual valida-
tion;” that is, a judgement by experts that the maps resulting
from groundwater vulnerability modeling look reasonable
(Riggle, 1988; Kalinski et al., 1994). This type of assessment
should not be discounted. However, additional, more quanti-
tative research needs to be undertaken.

An important new study by Kalinski et al. (1994) sug-
gests that, in fact, the DRASTIC model appears to perform
well in Nebraska. Using the statewide DRASTIC map prepared
by Rundquist et al. (1991), they found a positive correlation
between groundwater vulnerability as indicated by DRASTIC
and the frequency of occurrence of volatile organic chemical
(vOC) contamination in groundwater-supplied community
water systems. Their results suggest that the link between
DRASTIC scores and incidents of VOC contamination is the
probable correlation between these scores and vadose zone
time-of-travel (Kalinski et al., 1994).

This study has two important implications. First, it
seems to indicate that DRASTIC is relatively robust in the
sense that, despite likely errors in data and compromises
(such as using STATSGO and 3-arc-second DEM data) dis-
cussed above, the model still performed well. Second, there
is a suggestion in the study results that a hypothesis posed
above is supported. Specifically, the postulated relationship
between DRASTIC scores and vadose zone time-of-travel ap-
pears to lend weight to the observation that just a few of the
seven factors (e.g., characteristics of the soils media and
depth-to-water) seem to exert an extraordinary influence on
index computation in current implementations of DRASTIC
(see, also, Evans and Myers (1990)). This may stem from the
weightings assigned the factors, quality of the data, or other
reasons. The matter, however, deserves further evaluation.

Augmentation and Enhancement of the DRASTIC Model

In spite of legitimate concerns about model formulation and
performance, it is evident that DRASTIC and its derivatives
have been used to substantial benefit, especially when imple-
mented employing a GIS. It must be recognized that most
groundwater models have not been developed specifically for
use in GIS. Some investigators have, however, begun to dem-
onstrate that models such as DRASTIC can be made more ef-
fective when expanded or augmented by other data or
analytic capabilities often available in GIS software.

Point Sources and Wellhead Protection

There is considerable evidence that major groundwater con-
tamination events are often strongly associated with local-
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sented by an ellipse. The capture zone changes from a circle
around a well in an aquifer with no regional flow to an ellip-
tical shape with increasing eccentricity the greater the re-
gional flow rate. The well is located near the down-gradient
focus of an elliptical approximation of the capture area (Plate
2).

The approach used to determine a capture area involved
averaging the hydrogeologic parameters involved in the cap-
ture computation over the area of interest, i.e., generalizing
the aquifer to a homogeneous, uniform-flow system. An in-
teractive program was developed to allow computation of in-
dividual capture zones. The program requires information on
(1) the latitude and longitude of the northwest corner of the
map area, (2) the average values of the aquifer parameters for
the map (hydraulic conductivity, saturated thickness, poros-
ity, flow direction, and hydraulic gradient), (3) the capture
zone time, (4) the number and coordinates of the pumping
wells, and (5) the average pumping rates of the wells. Some
of the required information can be drawn from databases in
the GIS. Aquifer parameters for the desired study area can be
computed using an averaging routine. As an example, cap-
ture-area boundaries generated for the 52 public water sup-
ply wells serving the city of Wichita, Kansas were computed.
The results were superimposed on a DRASTIC map (Plates 2
and 3). Areas within the capture zones, especially those hav-
ing high DRASTIC scores, are areas that may demand special
observation and protection.

Plate 2. Capture zones plotted on DRASTIC Index. The
area shown, in Harvey County, Kansas, consists of six
7.5-minute USGS quadrangles including the well field serv-
ing the city of Wichita, Kansas. Individual wells are
indicated by light blue crosses. The capture area bounda-
ries (black ellipses) represent the area from which a well
would be expected to draw water assuming a 25-year
pumping period at an average pumping rate of 1000 gal-
lons/minute. Capture areas overlap and coalesce when
wells are closely spaced. The color scheme for the DRAS-
Tic index is described in Plate 1. Areas within the capture
zones that have high DRASTIC scores merit special protec-
tion.

Land Use and Land Management

Land use is clearly related to groundwater pollution hazard
and needs to be accounted for in modeling risk of contami-
nation (Harper et al., 1992; Helgesen et al., 1992; Moody,
1990; Hallberg, 1986). Spalding and Exner (1993), for
example, document the association of nitrate contamination
with irrigated cropland, especially when such cropland is
situated on well-drained soils having permeable vadose

ized pollution sources (Great Plains Agricultural Council,
1992; Moody, 1990). Not surprisingly, a number of authors
have found that the utility of groundwater vulnerability
maps can be enhanced by overlaying locations of likely con-
tamination sources (e.g., feedlots, oil field brine pits, under-
ground storage tanks, septic systems, injection wells) and/or
water supply wells from which aquifer withdrawals are
made (e.g., Merchant et al., 1987; Evans and Myers, 1990;
Baker and Panciera, 1990; Evans and Myers, 1990; Hamer-
linck et al., 1993). Sometimes buffering is used to define
zones around water supply wells that merit special protec-
tion. The difficulty and expense involved in cleaning up
groundwater contamination has, in fact, provoked substantial
interest in wellhead protection programs designed to ensure
that municipal well fields and rural water supplies are kept
pollution-free.

Wells typically draw water from a “capture zone,”
conceived, in two dimensions, as an ellipse. McElwee (1991)
developed a “time-related capture zone” model used in con-
junction with the DRASTIC model in the Harvey County study
summarized above (Merchant et al., 1987; Martinko et al.,
1987). Previous methods for wellhead zoning have often in-

volved definition of circular capture zones based on a radius Plate 3. This map is identical to Plate 2 except that the
defined without consideration of the specific hydrogeologic assumed pumping period has been extended to 50 years
characteristics of the aquifer. A “time-related capture zone" at an average withdrawal of 1000 gallons/minute. Water
is defined as the aquifer volume from which groundwater flow in the aquifer is generally west to east, so capture
flows to reach a pumping well within a given time, although zones extend further to the west.

it is usually delineated on a map as a capture area repre-
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zones (Moody, 1990; Chen and Druliner, 1987). Moody
(1990) notes that heavy applications of nitrogen-based fertil-
izers on corn, wheat, and sorghum in the Midwest deserve
special attention. Information on the types of crops grown in
a given area may also allow estimation of the kinds and ap-
proximate quantities of pesticides used (Perry et al., 1988).

Land management can also influence groundwater qual-
ity in important ways (Heinzel et al., 1990). For example,
about 25 to 30 percent of the cropped areas in the Great
Plains now use some type of conservation tillage (“low till”)
(Great Plains Agricultural Council, 1992). On such areas it is
common to observe greater use of herbicides to compensate
for less tillage to control weeds. In addition, these areas tend
to have lower surface runoff, providing greater opportunity
for farm chemicals to leach into and infiltrate the soil, thus
potentially contaminating groundwater (Great Plains Agricul-
tural Council, 1992; Hallberg, 1986).

Terracing, another practice commonly used to reduce
surface runoff and soil erosion, may also have detrimental
impacts on groundwater quality. One of the seven factors
used in the DRASTIC model is slope. Steep slopes are given
low ratings in computing DRASTIC scores based on the as-
sumption that surface contaminants deposited on sites hav-
ing steep slopes will tend to runoff rather than sit long
enough to infiltrate (Aller et al., 1985). Yet, large areas of the
U.S. are now terraced. In Nebraska, for example, terraces are
installed on more than 50 percent of the cropped land in
many counties. Terracing, of course, dramatically alters
slope, converting a formerly steep slope to a nearly flat area.

In DRASTIC computation, slopes are generally determined
from topographic maps (1:24,000 or 1:250,000 scale) or
small-scale DEMs. However, these data sources rarely depict
terracing. It is arguable that the slope factor used in most
DRASTIC efforts to date has, at least in heavily cropped areas,
been substantially underrated. Ratings ought to be adjusted
upwards to account for terracing,

Issues such as these can be dealt with in several ways.
Aerial photography or satellite imagery can, of course, be
used to prepare digital map layers portraying certain aspects
of land-use, land-cover, and land-management practices. In
the Harvey County, Kansas project outlined above, aerial
photography was used to improve the positional accuracy of
potential pollution sources. Tabular (paper) records on feed-
lots, industrial waste sites, hazardous waste sites, and land-
fills were available from the Kansas Department of Health
and Environment (Table 4); however, locations were only ap-
proximated using Public Land Survey System descriptors. In
building the GIS, all such sites were located more precisely
on aerial photography and encoded using geographic coordi-
nates (Martinko et al., 1987).

A few investigators have begun to explore modifications
of GIS-based groundwater vulnerability models that incorpo-
rate land-use information in the modeling process. Erikson
(1993) used Landsat Thematic Mapper data to map crop
types in eastern Nebraska, Subsequently, the crops were
rated to reflect average amounts of nitrogen fertilizer likely
applied to each crop. The database was then assigned a
weight and incorporated in the DRASTIC model to prepare a
map that projected groundwater pollution potential with re-
spect to nitrogen fertilizer applications. The modified DRAS-
TIC map, evaluated by the Nebraska Department of
Environmental Quality, was found to be a significant im-
provement over the original DRASTIC. Evans and Myers
(1990), working in Delaware, developed a modified DRASTIC
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model that incorporated both septic system density and land
use and land cover. These factors were assigned ratings and
weightings in order to compute the final groundwater con-
tamination hazard index.

In a national study of the economic and social costs of
groundwater contamination, Nielsen and Lee (1987) related
county-level estimates of the DRASTIC index to population
distribution in order to determine human health risks, and
also explored relationships between DRASTIC scores and
probable farm chemical applications (e.g., pesticides, nitro-
gen-based fertilizers). Mullen (1991) found that he could im-
prove county-level DRASTIC indices for Nebraska by adjusting
the raw DRASTIC score using intensity of Atrazine use and
occurrence of leachable soils.

Harper et al. (1992) developed a GIS-based empirical
methodology to identify the predominant land use contribut-
ing specific pollutants in an area. It would be worthwhile to
try to link this approach to both the DRASTIC model and the
capture-zone model presented above.

Other Enhancements

The DRASTIC approach is only one of many possible ap-
proaches to modeling groundwater vulnerability (Committee
on Techniques for Assessing Groundwater Vulnerability,
1993). Other modeling strategies, used alone or in combina-
tion with DRASTIC, may improve vulnerability assessment, or
may suggest ways in which DRASTIC can be improved. GIS
technology facilitates testing of new modeling alternatives.

Khan and Liang (1989), for example, developed a GIS-
based pesticide-specific model for determining groundwater
contamination potential in Hawaii. Their approach involved
use of soils and climatic data along with pesticide chemical
properties and a computed “‘attenuation factor,” an index of
the relative likelihood of groundwater contamination by a
specific chemical. Meeks and Dean (1990) proposed to assess
groundwater vulnerability using a Leaching Potential Index
(Lp1) designed to overcome perceived shortcomings of the
DRASTIC model, including the subjectivity of ratings and
weightings. Their approach attempts to directly model physi-
cal processes, especially those that involve interaction be-
tween the chemical of concern and the physical
environment. Factors considered include soils characteristics,
crop types, evapotranspiration, precipitation, and hydrogeo-
logic data. Pickus and Hewitt (1992) have adapted the LPI for
use in a GIS environment.

Kellogg et al. (1992) developed a Ground Water Vulnera-
bility Index for Pesticides (GWVIP) based on soil leaching po-
tential, pesticide leaching potential, precipitation, and
chemical use. The model was implemented in a GIS and used
to develop a national assessment of contamination potential.
Unlike national studies that have used county-level DRASTIC
estimates, the GWVIP draws on but a few existing national da-
tabases, especially the USDA/SCS National Resource Inventory
consisting of over 360,000 sampling units.

In implementing the DRASTIC model, expert knowledge
held by hydrogeologists is typically required to provide rat-
ings for the variables. Decision-making is especially difficult
when data quality or availability issues such as those dis-
cussed above emerge. Rundquist et al. (1989) developed an
expert system to facilitate implementation and execution of
DRASTIC in Nebraska. The system includes expert knowledge
encoded as production rules.

Yet another expert-based methodology has been em-
ployed to map groundwater vulnerability regions of lowa
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(Hoyer and Hallberg, 1991; Hoyer, 1991). The procedure is
essentially founded on estimation of the travel time of water
from the land surface to a well or aquifer. Factors considered
included thickness of overlying materials which provide nat-
ural protection to groundwater, aquifer type, patterns of well
location and construction, and known contamination
sources. A GIS was used to aid in data analysis, but the re-
searchers had little confidence in existing mathematical mod-
els such as DRASTIC. Consequently, they employed expert
judgement and logical rules to develop a map portraying
regions having similar combinations of physical characteris-
tics that affect groundwater recharge (Hoyer, personal com-
munication; Committee on Techniques for Assessing Ground
Water Vulnerability, 1993). Though more difficult to repli-
cate than a mathematical approach, this strategy has the vir-
tue of being adaptable to specialized local knowledge and
relationships difficult to quantify.

It cannot be said with certainty that modeling strategies
such as these improve upon DRASTIC. Clearly they suffer
from some of the same uncertainties in regard to modeling
assumptions, data availability and quality, and validation.
On the other hand, they may be better suited for certain
types of analyses, they may complement DRASTIC, or they
may offer ideas regarding means to enhance DRASTIC.

Modeling in Four Dimensions

Groundwater modeling is especially complex because of its
inherent *four dimensional” nature (Mason et al., 1994). Op-
timally, water movement should be modeled in both the
three spatial dimensions and through time. Only recently,
however, have GIS and environmental modeling specialists
begun to develop means to incorporate 3D and temporal
components in spatial models (see Goodchild et al. (1993)
for a good overview of the state-of-the-art). Only infrequently
have such efforts been wed. Nonetheless, the prospects for
improving modeling of groundwater processes through such
work are promising.

Summary and Conclusions

The protection of groundwater quality is an important issue
confronting much of the world’s populace. Geographic infor-
mation systems have been shown to be useful tools for as-
sessing groundwater pollution hazard. This paper has
reviewed efforts to use GIS in implementation of the DRASTIC
model and its kin. Problems related to data quality, model
formulation, and model validation have been identified, and
suggestions for augmentation and enhancement of the DRAS-
TIC model have been offered.

Many of the issues discussed above are, of course, not
unique to GIS-based models or to DRASTIC. The Great Plains
Agricultural Council (1992) reported that water quality mod-
els, in general, are currently limited by

® overextension of models or inappropriate applications;

® lack of a sufficient databases;

e insufficient number of scientists properly trained to apply
and interpret the models and make management decisions;

® many processes that are poorly understood, improperly or not
quantified;

e risk and uncertainty issues beyond the scope of some models;
® scale issues in that most models are developed for laboratory
or plot conditions while large-scale (i.e., regional, national,

global) problems are of greatest political concern;
® lack ofdcummunir:ation between modelers and field research-
ers; an
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e lack of graphics capabilities where models are used as educa-
tional and guidance tools.

Many of these ideas have emerged in earlier discussion spe-
cific to the DRASTIC model and are supported by findings of
the Committee on Techniques for Assessing Ground Water
Vulnerability (1993).

The problems and issues brought forth above should, in
no way, be considered an indictment of GIS-based groundwa-
ter vuinerability assessment. Newcomer and Szajgin (1984)
stress that modeling results may be valuable even when data
quality and model formulation concerns have not been com-
pletely resolved, and this has certainly been true in regard to
DRASTIC and its derivatives. Furthermore, there are initial in-
dications (Kalinski et al., 1994) that the DRASTIC model may
perform relatively well in spite of problems noted above.

Yet, GIS specialists can contribute to improvement of
groundwater vulnerability assessment modeling in a number
of ways. First, we need to better document assumptions,
compromises, and decisions made in adapting models such
as DRASTIC for use in GIS. The lineage of each database used
needs to be explicitly presented, and users of model results
need to be forewarned about reservations we may have re-
garding interpretation and application of model results. Oof
course, we need also, over time, to incrementally improve
the quality of data used in modeling, the formulation of
models, and our understanding of error propagation.

It is specifically recommended that research be focused

upon

® comparative studies to determine if results equivalent to
DRASTIC can be obtained using (1) fewer variables and/or (2) a
model formulation less prone to reflect possible interdepen-
dencies among factors;

e further exploration of the modification of DRASTIC by
incorporation of other factors (e.g., land use, land cover, farm
chemical applications, well density, irrigation type and inten-
sity, and conservation practices such as terracing), or linkage
with complementary models such as capture zone (McElwee,
1991) or risk assessment models (Suter et al., 1987);

e investigation of scaling issues, including research on impacts
of compromises in data types, rating, and weightings schemes
on modeling outcomes;

e expansion of DRASTIC through utilization of advanced GIs-
based tools being developed for three-dimensional,
finite-element and solute transport modeling, and temporal
modeling (Maidment, 1994; Mason et al., 1994; Harlin and
Lanfear, 1993; Harris et al., 1993);

e cooperative work with water scientists (Burkart et al., 1990)
to ensure that models reflect our best current knowledge of
processes, and that water modelers are using the full poten-
tial of GIs;

e use of expert systems to enable incorporation of specialized
knowledge held by hydrogeologists through fuzzy logic and
logical rules (especially in assignment of ratings/weightings,
expression of interfactor relationships, and proper interpreta-
tion of the DRASTIC index in the context of a specific hydro-
geologic setting);

e investigation of means to use GIS in validation and
verification of model performance; and

® means (e.g., multimedia) to assist policy-makers and other
decision-makers in understanding and effectively using DRAS-
TIC model results.
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