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POTENTIAL PUBLIC WATER-SUPPLY AREAS IDENTIFIED ON CAPE COD

Potential areas for public water supplies on Cape Cod are presented in a new report released by the
U.S. Geological Survey (USGS), Department of the Interior. The report discusses identification of potential
public water-supply areas using a geographic information system (GIS). Areas identified as potential public
water supply are presented on a plate; the identified areas comprise about 6 percent of Cape Cod’s area. The
report also discusses a GIS menu application that was developed to allow study results to be easily accessi-
ble to regional planners. The map-based, menu-driven application provides interactive display and query
of study results and other data layers in the GIS data base.

Ground water is the sole source of drinking water to most municipal and domestic supplies on Cape
Cod. However, protection of the ground-water resources necessary to support present and future drinking-
water needs is often in conflict with increased land development. Results of this study provide tools to aid
in regional and local ground-water resource management. Several criteria were selected, on the basis of con-
cerns and requirements for the siting of new public water-supply wells, to identify areas with limitations on
the potential for public water supply. Remaining areas, those with no limiting criteria, are the primary areas
of potential public water supply; these areas range from 0.5 to 7.9 percent of the Cape Cod flow cells, or 5.6
percent of the total area analyzed. The menu application can be used to provide detailed information from
the Cape Cod data base for distinguishing between potential public water-supply areas identified by the
analysis.

The study was done by the USGS in cooperation with the Cape Cod Commission (CCC). Results of
the study will provide information needed by the CCC to implement a regional aquifer protection strategy,
as part of the Regional Policy Plan for Barnstable County.

Copies of the report titled “Identification of potential public water-supply areas of the Cape Cod
aquifer, Massachusetts, using a Geographic Information System,” by S.L. Harris and PA. Steeves, has been
released as U.S. Geological Survey Water-Resources Investigations Report 94-4156. Copies are available for
inspection at the U.S. Geological Survey, Massachusetts-Rhode Island District Office, 28 Lord Road, Suite
280, Marlborough, Massachusetts 01752. The report can be purchased at cost from the Open-File Services
Section, U.S. Geological Survey Federal Center, Box 25286, MS 517, Denver, Colorado 80225 (telephone:
(303) 236-7476). Orders must include checks or money orders payable to U.S. Department of the Interior,
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IDENTIFICATION OF POTENTIAL PUBLIC
WATER-SUPPLY AREAS OF THE CAPE COD
AQUIFER, MASSACHUSETTS, USING A
GEOGRAPHIC INFORMATION SYSTEM

By Sandra L. Harris and Peter A. Steeves

Abstract

Potential public water-supply areas were iden-
tified for five ground-water basins or flow cells of
the Cape Cod aquifer, Massachusetts. A geo-
graphic information system (GIS) was used in all
steps of the analysis. Criteria were selected on the
basis of data availability, in addition to State
requirements for siting new public water-supply
wells, Federal or local restrictions on land use, and
general hydrogeologic or water-quality concerns.
The criteria selected for use in the analysis are
restricted use, wetland zones, agricultural land use,
residential land-use zones, business/utility land-
use zones, ground-water contamination zones, and
the potential saltwater intrusion zone. Data layers
were created for each criterion and overlaid in a
process that sequentially eliminated areas from
consideration as potential water supplies. Areas
remaining after the overlay analysis are the primary
areas for potential public water supply.

The overlay analysis was completed for five
flow cells in the study area. The analysis for the
mainland areas of Barnstable County and the Prov-
incetown flow cell is limited by a lack of regionally
consistent data. The potential public water-supply
areas identified by the analysis are those areas not
included in the applied criteria—these areas have
no limitations on the potential for public water
supply. The potential public water-supply area
ranges from 0.5 to 19.3 percent of the total area in
each of the five flow cells, or 13.7 percent of the
total area of the five flow cells. Adjustments to the

West Cape flow cell decreased the range from 0.5
to 7.9 percent of the total area in each of the five
flow cells, or 5.6 percent of the totaled flow cells.

The criteria and their respective data layers
were ranked so that areas with criteria most limit-
ing to potential public-water supplies were given a
higher rank than other criteria. The ranking
scheme allows for the inclusion of areas with lower
ranked criteria as potential public water supplies,
after evaluation of potential water-quality concerns
in these areas.

Study results also can be accessed using a GIS
application developed for this study. The map-
based, menu-driven application provides interac-
tive display and query of study results, and other
digital data layers, to users with little or no GIS
expertise. The approach and tools developed for
this study eould be transferred to areas of similar
hydrogeologic setting, providing a digital data base
is available.

INTRODUCTION

Ground water is the sole source of drinking water
to most municipal and domestic supplies on Cape Cod,
Massachusetts (fig. 1) (Ryan, 1980). In general, ground
water underlying Cape Cod is abundant and of good
chemical quality for drinking (Frimpter and Gay, 1979).
However, Cape Cod has relatively shallow depths to
ground water and sandy permeable soils that cause the
aquifer to be highly vulnerable to contamination from
human activities or natural sources. Wastewater from
domestic and municipal sewage, landfill leachates,

Introduction 1
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Figure 1. Study area and location of six ground-water-flow cells of the Cape Cod aquifer,
Massachusetts.
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highway runoff, and other constituents can all reach the
ground water quickly, with little or no attenuation of
constituents in the overlying unsaturated soil zone. Past
contamination and changing land use, in particular, the
rapid development of open land, may seriously limit the
water-supply potential of the ground-water resource
through the degradation of water quality. Before 1970,
most land-use and zoning decisions did not consider
water-quality protection needs (Zoto and Gallagher,
1988). Consequently, many land uses that could poten-
tially cause contamination of a public water supply,
such as landfills, sewage-treatment facilities, and indus-
try, are present in the zones of contribution to water-
supply wells (Olimpio and others, 1991). Current
zoning regulations may in some cases allow future
development to increase the potential contamination
risk to existing water-supply wells (Olimpio and others,
1991).

The protection of the ground-water resources nec-
essary to support present and future drinking-water
needs is often in conflict with increased land develop-
ment. In response to this and other issues, the voters of
Barnstable County approved the creation of the Cape
Cod Commission in 1990. The Cape Cod Commission,
the regional planning and regulatory land-use agency of
Barnstable County, is responsible for balancing
resource protection and economic growth on Cape Cod.
Results of the study reported here will provide informa-
tion needed by the Cape Cod Commission to implement
a regional aquifer protection strategy, as part of the
Regional Policy Plan for Barnstable County (Cambareri
and others, 1989; Cape Cod Commission, 1991a; Belfit
and others, 1993). This study was conducted by the U.S.
Geological Survey (USGS) from October 1990 to
September 1993 in cooperation with the Cape Cod
Commission.

The authors gratefully acknowledge the assistance
provided by David DeLorenzo of the Massachusetts
Department of Environmental Protection—Division of
Water Supply who provided access to the Water Supply
Protection Atlas Handbook for digitization. Several
staff members of the Cape Cod Commission provided
guidance and data throughout this study.

Purpose and Scope

This report describes identification of potential
water-supply areas of the Cape Cod aquifer,
Massachusetts, using a geographic information system

(GIS). The report also describes the development of a
GIS menu-driven application that allows study results
to be easily accessible to regional and local planners. A
GIS was used to create, store, and manipulate spatial
hydrogeologic, land-use, and other data, and to display
study results.

The study area includes the six ground-water
basins or flow cells of the Cape Cod aquifer as shown in
figure 1, and a small area of Barnstable County on the
mainland side of the Cape Cod Canal. The overlay anal-
ysis for the mainland areas of Barnstable County and
the Provincetown flow cell is limited by a lack of
regionally consistent data.

Approach

Olimpio and others (1991) demonstrated the use of
GIS in the evaluation of several ground-water manage-
ment issues for selected areas of Cape Cod. In that
study, the siting of wells to minimize the risk from
potential contamination sources was assessed for the
town of Eastham. For this study, GIS was used to iden-
tify potential public water-supply areas for all of Cape
Cod in a regionally consistent analysis. Existing and
some newly digitized data for the entire Cape were
compiled into a regional data base of consistent accu-
racy. Based on available data, a uniform analysis was
developed and applied to each of the six flow cells of the
Cape Cod aquifer and the mainland area of Barnstable
County. Specific steps in this study included: develop-
ment of a regionally accurate data base; selection of cri-
teria for use in the analysis; enhancement of available
data or creation of new data for each criterion; manipu-
lation of these data in an overlay analysis; development
of an interactive menu application; and preparation of a
large-scale map to display analysis results. The GIS
used in this investigation was ARC/INFO! Rev 6.1,
developed by the Environmental Systems Research
Institute, Inc. (1992).

Regional Hydrogeologic Setting

Cape Cod is a hook-shaped peninsula extending
from southeastern Massachusetts into the Atlantic
Ocean and separated from the mainland by the Cape

lAny use of trade, product, or firm names in this
publication is for descriptive purposes only and does not
imply endorsement by the U.S. Government.
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Cod Canal. Cape Cod is composed of unconsolidated,

~ glacially derived sediments underlain by bedrock. The
bedrock surface has a complex topography that ranges
in altitude from 80 ft below sea level near the Cape Cod
Canal to more than 900 ft below sea level in a deep
valley near Pilgrim Heights (Oldale, 1969). In general,
the bedrock surface slopes gently south to southeast
from Buzzards Bay to Nantucket Island.

The unconsolidated sediments comprising the
Cape Cod aquifer consist primarily of extensive plains
of outwash and high ridges of moraine deposited during
the last glaciation (Oldale, 1976). Moraines were
formed during periods of ice margin re-advance;
advancing ice pushed pre-glacial strata and older glacial
sediments into ridges (Oldale and O’Hara, 1984). Lobes
of ice, occupying Buzzards and Cape Cod Bays, formed
the intersecting segments of the Buzzards Bay and
Sandwich moraine (fig. 1). Moraines are composed of
deformed and thrusted deposits veneered in many
places by till; the till can range from coarse, poorly
sorted gravel and sand to compact silts (Oldale and
O’Hara, 1984). Outwash or stratified drift was depos-
ited by glacial meltwater in front of ice margins and
generally is composed of well-sorted gravel and sands.
Most water for public water supply on Cape Cod is
pumped from wells completed in the outwash
sediments.

The Cape Cod aquifer is defined as the zone of
fresh ground water within the porous and permeable
sediments underlying Cape Cod: The aquifer is com-
prised of six ground-water basins or flow cells (LeBlanc
and others, 1986): the West Cape, East Cape, Eastham,
Wellfieet, Truro, and Provincetown flow cells. The flow
cells are locally referred to as the Sagamore, Monomoy,
Nauset, Chequesset, Pamet, and Pilgrim lenses, respec-
tively (Janik, 1987). Aquifer boundaries include the
water table, saline surface-water bodies, and either the
bedrock surface or the interface between fresh and
saline (chloride concentrations greater than 250 mg/L)
ground water (Guswa and LeBlanc, 1985). The aquifer
is maintained in dynamic equilibrium by recharge from
infiltrated precipitation and discharge to streams,
surface-water bodies, and the sea (Guswa and LeBlanc,
1985). Septic systems, sewage-treatment facilities, and
ponds may recharge ground water locally. On a regional
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scale, ground water flows radially from water-table
highs in the middle of the peninsula to the edge of the
aquifer near the coast (LeBlanc and others, 1986).

DEVELOPMENT OF GIS DATA BASE

An abundance of data are available for Cape Cod
due to Federal, State, and regional data-collection
efforts. Data were compiled from various sources to
form a digital data base for Cape Cod (see Appendix A).
Some spatial data were digitized and added to the data
base for use in this study. Considerable time was spent
to ensure a consistent scale of data layers in the data
base, so that the data layers could be used at either
regional or local scales without compromising data
quality. This means that, in most cases, specific features
from one data layer should coincide with features from
another data layer with little overlay registration error.
For example, the data layers for land use and protected
open space were first digitized at a scale of 1:25,000, but
using a coastline at a scale of 1:100,000. Data layer
enhancements included adjusting the land-use and pro-
tected open-space data layers to a coastline at a scale of
1:25,000 (Allder and Elassal, 1985).

The data base was managed using ARC/INFO’s
spatial data base management software that provides
access and view capabilities from any directory. A large
data base or library is partitioned into smaller, more
easily managed units using data layers and tiles. A data
layer consists of a single-data theme defined over the
entire spatial extent of the library, in this case Cape Cod.
Tiling is used to partition the data base into smaller spa-
tial units. Multiple data layers can be present within a
tile (directory); however, the data layers will have the
same spatial extent.

Flow cells are the basic hydrologic unit of the Cape
Cod aquifer. For this reason, the data base was parti-
tioned into tiles according to flow-cell boundaries.
Under predevelopment and present pumping condi-
tions, each of the flow cells are considered to be hydro-
logically independent; it is assumed that ground water

‘from one flow cell is unlikely to flow to an adjoining

flow cell (Guswa and LeBlanc, 1985). Tiles based on
flow-cell boundaries resulted in a data base organized
into seven separate directories; one directory for each of



the six flow cells and one directory for the mainland
area. Each tile includes all data layers available for a
flow cell.

After developing the tile structure, data layers were
loaded one at a time into the library. Most data layers
include the entire Cape; therefore, the data layers were
split into the seven directories. When complete, the
directory for each flow cell contained files of the data
layers (for example, land use, protected open space, and
roads) for the area represented by the flow cell. The
directories varied in size because of differences in flow-
cell areas or other factors, but the data structure
remained the same.

ANALYSIS CRITERIA

Criteria were selected for use in a regionally
consistent analysis to identify potential public water-
supply areas of the Cape Cod aquifer. The criteria were
selected on the basis of data availability, in addition to
State requirements for siting new public water-supply

wells, Federal or State restrictions on land use, and

general hydrogeologic or water-quality concerns. The
specific criteria selected for use in the analysis were:
(1) restricted use, (2) wetland zones, (3) agricultural
land use, (4) residential land-use zones, (5) business/
utility land-use zones, (6) ground-water contamination
zones, and (7) potential saltwater intrusion zone. After
selection of the analysis criteria, criteria-specific data
layers were created and overlaid to identify potential
public water-supply areas. Formulation and subsequent
data-layer development are described for each criterion
in the following sections. The three criteria based on
land use (agricultural land use, residential land-use
zones, and business/utility land-use zones)
are described as a group under the section entitled
‘Land-Use Based Criteria.’

Restricted Use

Cape Cod contains areas that have been reserved
for the conservation and enjoyment of natural, scenic, or
recreational resources. These areas, called protected
open space, include a National Park, National Wildlife
Refuge, State parks, town parks and nature areas, and
privately owned nature preserves and sanctuaries. Most
of the land in the Eastham, Wellfleet, and Truro flow
cells is a part of the Cape Cod National Seashore. The
National Park was created under Public Law 87-126 so

that the unique flora, fauna, and physiographic setting,
including ponds, wetlands, and estuaries in the area
would be preserved. Restricted development of land
within Park boundaries has protected ground water
from the adverse effect of human activities of more
developed areas of Cape Cod. Federal law generally
prohibits the removal of water resources from Federally
protected open space such as a National Park. Because
of restrictions on the use of protected open space for
potential water-supply development, these areas were
incorporated into the restricted-use criteria. All
National, State, or privately owned protected open
space areas were included in the restricted-use criteria
of the analysis and in the resulting RESTRICTED data
layer. Town-owned areas of open space were not
included in the RESTRICTED data layer, so that town
ownership of potential well sites could be maximized
(Olimpio and others, 1991).

Wetland Zones

Regulations imposed by the Massachusetts Wet-
lands Protection Act restrict activities in wetlands and
within a 100-foot buffer zone extending horizontally
from any wetland (310 Code of Massachusetts Regula-
ttons 10.00). No person may remove, dredge, fill, or
alter a wetland without a permit granting permission for
action from the local conservation commission or the
Massachusetts Department of Environmental Protec-
tion (DEP). Any lake, pond, creek, stream, river, fresh-
water wetland, coastal wetland, beach, dune, tidal flat or
coastline is included in the definition of a wetland in the

~Act. Projects requiring more than 5,000 ft? of wetland

fill can receive a variance directly from the DEP
Commissioner, if minimal wetland impacts from the
project are proven (Michael Stroman, Massachusetts
Department of Environmental Protection, Division of
Wetlands and Waterways, oral commun., 1993). Future
revisions to the regulations may allow limited access to
water suppliers developing wells in wetlands (Michael
Stroman, Massachusetts Department of Environmental
Protection - Division of Wetlands and Waterways, oral
commun., 1993).

As a consequence of the restrictions on activities in
wetland areas, all wetland areas and a 100-foot buffer
are included in the wetland-zones criteria. Wetlands
were identified from 1:25,000-scale USGS digital line
graph (DLG) data (Allder and Elassal, 1985). All
surface-water bodies included in the legal wetland

Analysis Criteria  §



definition (Massachusetts Wetland Protection Act)
were selected and merged to form a wetland data layer

from the DLG data layer. The wetlands and

coastline data layers were buffered 100 ft to create
the WETLAND_BUFF and COAST_BUFF data
layers, respectively. The coastline data layer was
buffered separately from the wetlands due to size and
processing-time constraints. These buffered data layers
together comprise the wetland-zones criteria for use in
the overlay analysis.

Land-Use Based Criteria

Land-use based criteria are used to account for
regional ground-water-quality conditions resulting from
nonpoint human sources. These criteria also are used to
comply with State regulations concerning land use near
public water supplies.

Recent, regionally consistent water-quality data
were not available to determine general water-quality
conditions; consequently, land use was used as an esti-
mator of ground-water quality in the aquifer. Several
statistical studies in aquifers composed of unconsoli-
dated glacial sediments have shown a correlation
between regional ground-water quality and human
activities, expressed as land use (Persky, 1986; Grady
and Fisher-Weaver, 1988; Cain and others, 1989;
Eckhardt and others, 1989). Although ground-water
constituents may vary between agricultural, residential,
commercial, and industrial land-use areas, results of the
cited publications indicate that all these areas are sus-
ceptible to significantly higher concentrations or detec-
tion frequencies of dissolved inorganic and organic
constituents than undeveloped land-use areas. In accor-
dance with these results, land use was categorized into
four broad groups, business/utility, residential, agricul-
tural, and undeveloped, according to the similarity of
potential water-quality constituents.

In addition to general water-quality coneerns, State
law prohibits siting new public water-supply wells
within 400 ft of any land use that may pose a threat to
water quality (Drinking Water Regulations, 310 Code of
Massachusetts Regulation 22.21). The business/utility
land-use group is affected by this regulation, and as a
result, areas in this land-use group were buffered 400 ft
to form the business/utility land-use zones criteria.
Areas in the residential land-use group were buffered
400 ft to create the residential land-use zones criteria.
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Residential land-use areas were buffered to minimize
potential water-quality degradation at new public water-
supply wells. The agricultural land-use group is the final
land-use based criteria used in the analysis; agricultural
land-use areas were not buffered.

The three land-use based criteria, the business/
utility land-use zones, residential land-use zones, and
agricultural land use, were developed for use in the
analysis to identify potential public water-supply areas.
Undeveloped land use, the fourth land-use group, was
not used to develop a criteria. Other non-land-use based
criteria limit the potential of undeveloped land-use
areas for public water supply.

Several steps were needed to create data layers for
the three land-use based criteria. The original land-use
data layer for Cape Cod, LANDUSE, classified land use
according to 25 categories (Massachusetts Geographic
Information System, 1993). The original data layer was
interpreted from 1:25,000-scale, color infrared photog-
raphy taken in the spring of 1990. A new data layer,
LU_GROUP, was created in which all areas were cate-
gorized according to the four land-use groups—
business/utility, residential, agricultural, and undevel-
oped—as shown in table 1. Because of conflicts evident
between known landfill locations and the interpretation
of some landfills as gravel operations in the land-use
data layer, the mining land-use category was included in
the business/utility land-use group. In addition, the
accurate location of previously and presently operating
landfills was ensured using the separate LANDFILLS
data layer to correct the grouped land-use data layer.
Future updates of the land-use data layer may have a
separate category for power lines, presently included in
the open-land category (Massachusetts Geographic
Information System, 1993). The use of herbicides and
pesticides around power lines may warrant the inclusion
of this land-use category in a different land-use group
such as agricultural. The business/utility land-use group
was selected and buffered 400 ft to create the business/
utility land-use zone of the BUS_LU_BUFF data layer.
Similarly, the residential land-use group was selected
and buffered to create the residential land-use zone for
the data layer, RES_LU_BUFF. The agricultural land-
use group was not used to create a new data layer; these
areas were selected from the LU_GROUP data layer for
the analysis.



Table 1. Land-use groups used in land-use based criteria to estimate regional ground-water quality of the Cape

Cod aquifer, Massachusetts

[Land-use categories and definitions from Massachusetts Geographic Information System (1993). Land-use categories are

grouped according to the similarity of potential water-quality constituents]

Land-use group Land-use category Definition
Undeveloped

Forest Forested areas

New ocean Areas of accretion

Open land Abandoned agriculture, power lines, and areas of no vegetation

Participation recreation Tennis and playgrounds

Salt wetland Salt marsh

Water Freshwater and coastal embayments

Water-based recreation Beaches and swimming pools

Wetland Non-forested, freshwater wetland
Agricultural

Cranberry bog Cranberry bogs

Cropland Intensive agriculture

Golf Golf courses

Pasture Extensive agriculture

Spectator recreation Stadiums and racetracks

Urban open Parks, cemeteries, public and institutional greenspace,

and vacant undeveloped land

Woody perennial Orchards and nurseries
Residential

Residential (R0) Multi-family residential

Residential (R1) Residential lots smaller than 1/4 acre

Residential (R3) Residential lots 1/4 to 1/2 acre ‘

Residential (R4) Residential lots larger than 1/2 acre
Business/utility

Commercial General urban and shopping centers

Industrial Light and heavy industry

Marina Marinas

Mining Sand, gravel, and rock

Transportation Airports, docks, divided highway, and railroads

Waste disposal Landfills and sewage lagoons

Ground-Water Contamination Zones

Ground-water contamination has been identified at
several areas in the Cape Cod aquifer. Sources of con-
tamination include sites on the Massachusetts Military
Reservation of the West Cape flow cell (LeBlanc, 1984;
ABB Environmental Services, Inc., 1992), hazardous
waste disposal sites (Massachusetts Bureau of Waste
Cleanup, 1991), and plumes from landfills and sewage-
treatment facilities (Cape Cod Commission, 1991b).
For public water-supply wells to be approved for use,
water suppliers must comply with State requirements
(Massachusetts General Laws 310 CMR 22.02, 22.21;
Massachusetts Division of Water Supply, 1991a). The
regulations specify that a land use that will have a

significant adverse effect on water quality cannot be
located within 400 ft of a new public water-supply well.
For this reason, all known contamination sources were
identified and buffered by 400 ft to create the ground-
water contamination zones criteria for the analysis, and
the data layer CONTAM_ZONE.

In a preliminary assessment, 76 possible sources of
contamination were identified on the Massachusetts
Military Reservation (ABB Environmental Services,
Inc., 1992). The full or partial extent of ground-water
contamination has been delineated for 12 of these
sources (LeBlanc, 1984; ABB Environmental Services,
Inc., 1992). Contaminants in the ground water include
chlorinated solvents, primarily tetrachloroethylene

Analysis Criteria 7



(PCE), trichloroethylene (TCE), 1,2-dichloroethylene
(DCE), and carbon tetrachloride (CCly), and fuel
components such as benzene, ethylbenzene, toluene,
and xylenes (ABB Environmental Services, Inc., 1992).
The extent of contamination plumes associated with the
12-sources from the Massachusetts Military
Reservation were digitized for this study to create the
MMR_PLUMES data layer. The plume extents were
buffered 400 ft and included as part of the data layer for
the ground-water contamination zones criterion.

Eighteen ground-water contamination plumes
have been identified by the Cape Cod Commission
(1991b). These plumes are the result of waste disposal
at landfills and sewage-treatment facilities throughout
Cape Cod. The extent of these plumes are included in
the data base as the data layer CCC_PLUMES. The data
layer shows plume paths projected downgradient to the
nearest major water body (Thomas Cambareri, Cape
Cod Commission, written commun., 1993). The plume
extents were buffered 400 ft and also were included as
part of the data layer for the ground-water
contamination zones criterion.

Barnstable County has 96 confirmed disposal sites

where petroleum and/or hazardous waste have been-

released, 15 remedial disposal sites, and 76 locations
considered to be likely disposal sites (locations to be
investigated) (Massachusetts Bureau of Waste Cleanup,
1991). Of the confirmed sites, 45 are listed as priority
because they are considered to pose a substantial hazard
to health, safety, public welfare, or the environment.
Priority sites meet any one of the priority criteria listed
in Massachusetts General Law 310 CMR 20.544 (Mas-
sachusetts Bureau of Waste Cleanup, 1991). The
remaining confirmed sites consist of 35 non-priority and
16 unclassified sites.

Hazardous waste sites were digitized from an atlas
of site locations (Massachusetts Division of Water
Supply, 1991b) and joined to a data base of site descrip-
tors supplied by the Massachusetts Department of Envi-
ronmental Protection (Massachusetts Bureau of Waste
Cleanup, 1991). More locations were listed in the data
base than identified in the atlas. Consequently, not all
known hazardous waste site locations could be included
in the data layer HW_SITES. There are 14 priority
waste-disposal sites missing from the data layer, with 9
of these sites located on the Massachusetts Military
Reservation. The point locations of the 31 known
priority hazardous waste-site locations were buffered

400 ft, in accordance with State requirements, and were

‘included in the data layer for the ground-water

contamination zones criterion.

Potential Saitwater Intrusion Zone

Wells pumped near the interface between fresh
and saline water may be subject to contamination from
saltwater intrusion. For instance, heavy pumping of a
well in the Truro flow cell resulted in increased sodium
and chloride concentrations attributable to saltwater
intrusion (Frimpter and Gay, 1979). Studies in the Truro
flow cell indicate that changes in the position of the salt-

. water interface are greatest beneath the pumped well

(LeBlanc, 1982). By maximizing the vertical distance
from a well to the saltwater interface, the potential for
saltwater intrusion from vertical and horizontal flow
into a public water-supply well is decreased.

The potential saltwater intrusion zone criterion
was developed for the analysis to identify areas where
saltwater intrusion is most likely to result. The depth to
the bottom of water-supply wells completed in the Truro
flow cell range from 22 to 55 ft below sea level
(LeBlanc, 1982), and generally less than 80 ft below sea
level in the West Cape and East Cape flow cells (J.P.
Masterson, U.S. Geological Survey, oral commun.,
1993). Assuming a maximum well depth of 80 ft below
sea level and adding an 80-foot vertical buffer, a depth
of 160 ft below sea level to the saltwater interface was
used as the criterion for the potential saltwater intrusion
zone. For example, all areas with depths to the saltwater
interface less than or equal to 160 ft below sea level
would be included in the criterion for the potential
saltwater intrusion zone.

In order to determine the horizontal extent of the
potential saltwater intrusion zone, a correlation between
depth to the freshwater/saltwater interface and altitude
of the water table was developed. The location of the
freshwater/saltwater interface was calculated using the
Ghyben-Herzenberg principle, which assumes a station-
ary boundary between freshwater and saltwater that is
reflective of undisturbed conditions in the aquifer
(Fetter, 1988, p. 151). The Ghyben-Herzenberg
principle is an approximation; local hydrologic condi-
tions may result in differences from the calculated
freshwater/saltwater interface. The Ghyben-
Herzenberg principle states that at a given location, the
depth of freshwater below sea level divided by 40 is

8 ldentification of Potential Public Water-Supply Areas of the Cape Cod Aquifer, Massachusetts, Using A Geographic Information System



equal to the height of freshwater above sea level. Thus,
a depth of 160 ft to the saltwater interface would
indicate 4 ft of freshwater above sea level. All areas
. with water-table altitudes less than or equal to 4 ft above
sea level are included in the data layer for the potential
saltwater intrusion zone criterion, SALTZONE.

The potential saltwater intrusion zone was derived
from the water-table data layer, GWCONTOURS.
Model-calculated water-table altitude contours were
used from a simulation of the Cape Cod aquifer using a
three-dimensional finite-difference ground-water-flow
model (Masterson and Bariow, 1994). The model-
calculated contours provide information on the regional
behavior of the aquifer, which is consistent with the
regional-scale of the analysis in this study. Because of
data discretization in the regional-scale model, the loca-
tion of model-calculated water-table contours may devi-
ate from actual contours by several miles. For example,
data discretization resulted in some discrepancies
between water levels in hydrologic features such as
ponds and the water-table altitude contours. Modifica-
tions were made to water-table altitude contours around
large ponds in order for contours to be consistent with
known hydrologic features.

Because the saltwater intrusion zone was derived
from model-based, water-table altitude contours, it is
subject to the limitations of that data. The saltwater
intrusion zone represents a general area in which salt-
water intrusion is more likely to result in and near public
water-supply wells than in areas farther upgradient in
the flow system. The possibility for saltwater intrusion
beyond the delineated zone may result due to (1) the
regional scale of the ground-water-model data used to
derive the water-table altitude contours, (2) larger
pumping rates of present and possible wells than simu-
lated in the model, (3) wells not included in the ground-
water model, and (4) possible changes in the recharge
rate to the aquifer due to climate or other changes. For
example, decreased recharge rates to the aquifer would
result in a lower freshwater head and increased likeli-
hood of saltwater intrusion upgradient of the potential
saltwater intrusion zone.

IDENTIFICATION OF POTENTIAL PUBLIC
WATER-SUPPLY AREAS

Once the criteria-specific data layers were created,
they were used in an overlay analysis to identify poten-
tial water-supply areas. Initially, all areas of Cape Cod

“were considered to have the potential for public water

supply. As the criteria were applied, or the data layers
overlaid, areas with limitations on the potential for
public water supply were successively eliminated from
consideration. After application of the seven criteria,
any remaining areas—those with no criteria or no
limitations—are the primary areas for potential public
water supply.

The criteria were ranked based on the degree to
which a criterion may impose a limitation on the
potential for public water supply. Criteria indicative of
potentially poor water quality were considered more
limiting than other criteria on potential public water
supply and were therefore given a higher rank. Consid-
ering the consequences of saltwater intrusion, the
expense of desalinization and potential loss or negative
effects on water-supply wells, the potential saltwater
intrusion zone was determined to be the most limiting
criterion for potential public water supply. The criteria
in order of increasing limitations on the potential for
public water supply (or increasing rank) are: restricted
use, wetland zones, agricultural land use, residential
land-use zones, business/utility land-use zones, ground-
water contamination zones, and the potential saltwater
intrusion zone.

The data layers were ranked or overlaid in a spe-
cific order to increase the usefulness of the analysis.
Although a particular area may be included in more than
one criterion, the ranking of the criteria results in only a
single criterion, the criterion with the most limitations
on the potential for water supply being shown after
overlay of all criteria. The ranking scheme allows areas
with lower ranked criteria, or areas with less limiting
criteria, to be considered for potential public water
supplies after taking into account relevant land-use
restrictions or water-quality concerns.

The overlay analysis is illustrated in figure 2 for a
generalized area, and on the insets of plate 1 for a
specific area. Areas with restricted use are shaded green
in figure 2A, with ocean and bay areas shown in light
blue. The remaining area, shown in figure 2A as white,
consists of areas not included in the applied criterion.
The next ranked data layer, wetland zones, is overlaid
on the previous data layer in figure 2B. The two compo-
nents of the wetland zones criterion, the buffered coast-
line and wetlands, are clearly visible. Some restricted-
use areas and some white areas have been covered by
area included in the wetland zones criterion. As all the
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Figure 2. Example of overlay analysis for a generalized area; data layers are overlaid in order
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EXPLANATION

Area of potential public water supply

Restricted use

Wetland zone

Agricultural land use
Residential land-use zones
Business/Utility land-use zones

Ground-water contamination zones

EEECEEEC

Potential saltwater intrusion zones

of increasing limitations on the potential for public water supply.
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data layers are overlaid, the shaded areas expand, leav-
ing only small areas of white (figs. 2 A-G). The areas
identified by the analysis as potential public water sup-
plies are the areas not included in the seven applied cri-

teria, or the white areas, in figure 2G. Because of the

ranking scheme, only the highest ranked criterion for a
shaded area is shown in the final data layer (fig. 2G).

Potential Public Water-Supply Areas

The results of the overlay analysis for Cape Cod
are shown on plate 1. Most of the area on the plate is
shaded because it is included within a criterion; how-
ever, there are many areas on the plate with no shading
(white). These white areas are not included in the
applied criteria—the analysis indicates that these areas
have no limitations on the potential public water supply.
These areas consist primarily of undeveloped land;
ground water that underlies undeveloped land generally
has the lowest and least variable concentrations of con-
taminants from human activities. The areas identified as
potential public water supplies range from 0.5 to 19.3
percent of the total area of each of the five flow cells, as
shown in table 2. Results are not included in table 2 for
the Provincetown flow cell and mainland areas of Barn-
stable County due to limited data; although available
data were included in the analysis and are shown on the
plate for these areas. Potential public water supplies
account for 13.7 percent of the total area of the five flow
cells.

The percentage of potential public water-supply
area is higher for the West Cape flow cell than for other
flow cells. As discussed in the section “Ground-Water
Contamination Zones,” several sources of contamina-
tion have been identified but not fully delineated on the
Massachusetts Military Reservation. These sources of
contamination and associated buffer areas could not be
included in the ground-water contamination zone data
layer, which contributes to the higher percentage of
potential public water-supply area for the West Cape
flow cell. The Massachusetts Military Reservation
accounts for 13.7 percent of the total area of the West
Cape flow cell (fig. 3). If the contribution of the Massa-
chusetts Military Reservation is subtracted, the poten-
tial public water-supply area of the West Cape flow cell
would decrease from 19.3 to 9.6 percent.

Additionally, 22.6 percent of the aquifer in West
Cape flow cell is composed of moraine (fig. 3). Because
of highly variable lithology and generally large depths
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Table 2. Percentage of area in each overlay criteria
for five flow cells of the Cape Cod aquifer,
Massachusetts

[Results are not shown for the Provincetown flow cell and
mainland areas of Barnstable County due to limited data.
Percentages do not sum to 100 due to rounding. Percentages
in parentheses have been adjusted for area of the West Cape
flow cell included in the Massachusetts Military Reservation
and moraines. <, actual value is less than value shown]

Percentage of flow cell

Overlay

L West  East East- Well-

t

criteria Cape Cape ham fleet Truro Total
Area of 19.3 7.9 07 05 13 137
potential (5.8) ' (5.6)
public water
supply.
Restricted 1.5 25 175 266 16.7 4.5
use. .
Wetland 35 5.0 1.5 20 <005 36
zones.

Agricultural 2.3 1.3 0.5
land use.

<0.05 04 1.7

Residential 30.7
land-use
zones.

Business’ 135 118 102 46 91 122
utility land-
use zones.

406 334 185 209 324

Ground- 7.1 33 29 24 03 54
water con-

tamination

zones.

Potential 222 277 333
saltwater

intrusion

zone.

454 513 264

to water, moraines are considered a poor source of
ground water for public water-supply wells (Guswa and
LeBlanc, 1985). Most public water-supply wells on
Cape Cod are located within outwash plains
or stratified-drift deposits. If areas of moraine are sub-
tracted from the areas identified as potential public
water supplies outside of the Massachusetts Military
Reservation, the potential public water-supply area of
the West Cape flow cell would decrease to 5.8 percent.
When summed for the entire area included within the
five flow cells considered, the potential public water-
supply area decreases to 5.6 percent after adjustments to
the West Cape flow cell.
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Figure 3. Primary potential public water-supply areas of the Cape Cod aquifer, Massachusetts.

After adjustments to the West Cape flow cell, a dis-
tinction between the West Cape and East Cape flow
cells, and the Eastham, Truro, and Wellfleet flow cells
can be identified. As compared to the latter three flow
cells, the West Cape and East Cape flow cells have sim-
ilar sized areas of potential public water supply and also
a similar proportion of area within each criterion
(table 2). Because the Eastham, Wellfleet, and Truro

flow cells have considerably less percentage of their
total area identified as potential public water supplies
than do the West Cape and East Cape flow cells, siting
public water-supply wells requires the balancing of dif-
ferent priorities. For example, the restricted-use
criterion accounts for a relatively large percentage of
total area in the three smaller flow cells.
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New public water-supply wells could be located in
defined wellhead protection areas; however, these areas
may already be protected as public water-supply
sources and have some land-use restrictions. Because
the emphasis of this investigation is on identifying
potential water-supply areas, defined wellhead protec-
tion areas and sites of present public water-supply wells
(DEP and CCC-defined Zone II) are shown on plate 1.
Water-table altitude contours, based on ground-water
flow simulations as discussed in the previous section,
are shown on plate 1 so that the downgradient effects of
contamination sources can be assessed at potential
water-supply areas. The distribution of contaminants in
one plume, the result of 45 years of sewage disposal at
the secondary sewage-treatment facilities at the Massa-
chusetts Military Reservation, indicates that ground-
water plumes generally align and move with the
regional pattern of ground-water flow (LeBlanc, 1984).

As discussed previously, the analysis for the Prov-
incetown flow cell and mainland parts of Barnstable
County is limited. Ground-water quality in the
Provincetown flow cell generally is poor due to high
concentrations of iron (Frimpter and Gay, 1979), and
high potential for saltwater intrusion. Provincetown has
obtained drinking water from wells screened in the
Truro flow cell since 1908 (LeBlanc, 1982). Study
results are presented for the Provincetown flow cell for
consistency with other flow cells. The area of
Bamnstable County located on the mainland side of the
Cape Cod Canal pumps water supplies from areas out-
side of the Cape Cod aquifer. Areas upgradient of the
flow cells, possibly affecting the quality of ground water
in these mainland areas, are not presented in the results
of this study but should be considered when siting
public-water supplies.

Limitations of the Analysis

The overlay analysis provides a regional, qualita-
tive identification of potential public water-supply areas
for the Cape Cod aquifer. Known and potential contam-
ination sources are considered in the analysis only at the
land surface of the aquifer. However, ground water
flows in three dimensions within the materials of the
Cape Cod aquifer, and contaminants are transported by
ground water in three dimensions. The criteria used in
the overlay analysis meet minimum siting standards
(Massachusetts Division of Water Supply, 1991a)
in order to identify all potential public water-supply
areas. A proposed public water-supply site would be
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required to meet more stringent criteria as part of the
Massachusetts Division of Water Supply’s (1991a)
public water-supply approval process, which requires
detailed site analysis of local hydrologic and water-
quality characteristics. Detailed site analyses are
beyond the scope of this study and presently available
GIS data; however, the approach used in this study at
the regional scale can be applied at a more detailed scale
if appropriate data become available. In addition, the
two-dimensional contaminant source information pro-
vided in this study could be utilized in subsequent three-
dimensional analyses. For instance, contaminant

- sources within the wellhead protection areas of specific

wells could be identified using a three-dimensional
analysis of ground-water flow to water-supply wells.

Aquifer characteristics need to be considered when
assessing the potential of areas for water supply. Local
geologic variations can result in variable hydraulic con-
ductivities of aquifer, which affect the ability of an aqui-
fer to transmit water to a well. The effects of these local
heterogeneities were not evaluated in this study.

Domestic-supply wells may require a different set
of criteria than those used in the analysis because of
their shallow depth and lower withdrawal rates. Several
of the criteria are formulated using State requirements
for siting new public water-supply wells: domestic-
supply wells may have less restrictive requirements. -
Also, in a study of the extent and composition of a con-
taminated ground-water plume on Cape Cod, contami-
nation was not detected in shallow domestic-supply
wells along the path of a plume, because these wells
pumped uncontaminated ground water above the plume
(LeBlanc, 1984). A public water-supply well near the
domestic-supply wells produced water with sub-stan-
dard water quality and had to be shut down (LeBlanc,
1984). The results of this study should not be applied to
water quality of domestic supply wells. Domestic and
other wells pumping relatively small quantities of water
may provide water of good quality in areas not consid-
ered for potential public water supply as determined in
this study.

The land-use data layer, at a 1:25,000 scale, was
used as an estimator of potential nonpoint contamina-
tion in the aquifer. Use of more detailed data layers, in
a similar analysis, would provide greater resolution than
presented here. Land-parcel maps are currently being
digitized for the entire Cape at detailed scales of 1:1,200
to 1:7,200 (Gary Prahm, Cape Cod Commission, oral



commun., 1993). The land-parcel data base includes a
State class code for each parcel. The State code
identifies the exact use of the land parcel and could be
used to group parcels with similar potential constitu-
ents. In addition, there are many large data bases that are
not geographically referenced and use a local street
address to specify site location. The only practical way
to use this data in a GIS is to match site locations using
a street address. This capability, termed address match-
ing, is available through land-parcel data. Land-parcel
data were included.in the interactive menu application
for the town of Brewster to demonstrate the analysis
possibilities such a detailed data layer could provide.

DEVELOPMENT OF INTERACTIVE GIS
APPLICATION

A second objective of this study was to design an
interactive application to assist in the viewing of digital
data layers available for Cape Cod (see Appendix A). A
menu-driven application was developed to provide
interactive graphics display and query of the Cape Cod
data base similar to the menu-applications programs of
Liebermann and others (1993). The application operates
on a UNIX-based workstation and uses ARC/INFO
Version 6.1 (Environmental Systems Research Institute,
Inc., 1992) GIS software.

ARC Macro Language was used extensively to
create the user-friendly, menu-driven application. Cur-
rently, 30 files make up the directory that controls the
application. Throughout an interactive session, a mouse
is used to select from menu options, to click features on
or off, open temporary windows to view detailed infor-
mation on a feature, or to set particular areas of interest
for display. With the menu-driven application, it is pos-
sible for a user with little or no GIS experience to view
available digital data layers.

At the start of a graphics session, a main display
screen showing the six flow cells of Cape Cod, a map
extent window, the main menu, and an explanation
appear (fig. 4). The map extent window shows the Cape
with the geographic location of the area drawn in the
main display screen. Initially, the entire Cape is shown
shaded; the shaded area changes as new display areas
are selected. The explanation shows the shading pat-
terns, line types, and marker symbols of all data layers
available for display from the data base. After a data
layer has been selected and drawn on the screen, the text

associated with the data layer in the explanation will
change color. This feature aids in distinguishing which
data layers are currently selected.

Data can be displayed for all six flow cells of the
Cape Cod aquifer, the mainland, or any area of interest.
After an area has been selected, it is drawn on the main
display screen with the overlay analysis data layer
shown. The map extent window will show the new area
of display. There are many options available through the
main menu (fig. 4). Aside from the area selection
options, the menu design is mostly combined into three
main subheadings with the titles—map display, tools,
and custom made. Additional submenus provide more
detailed features.

Map Display. The submenus listed below Map
Display, on the right side of the graphics screen, allow
data layers to be selected from the data base and dis-
played on the main display screen. Data layers can be
drawn by using the mouse to activate or deactivate each
data layer. The submenus are land use, Digital Line
Graph (DLG) data, hazardous-waste data, overlay data,
other data, and parcels. Each submenu lists all available
data layers, and allows any combination of the data to
be selected and drawn on the main display. Any data
layer that has been selected during the session will
remain active when changing the map view. An active
data layer can be deactivated with the submenu and
deactivating the data layer or by returning to the default
settings in the main menu.

Tools. The submenus and options listed below the
Tools option on the main menu (fig. 4) are used for
locating, identifying, and displaying specific areas of
interest. Map Window, the first of these submenu
options allows an area to be enlarged, movement to an
adjacent area, or return to the original view. The area
can be selected by entering a lower left and upper right
coordinate on the map, or by moving in to a center-point
using a specified scaling factor. At certain scales, differ-
ences in detail between some of the data layers will be
noticeable when viewed together. These differences are
most noticeable when the land-parcel data layer (Cape
Cod Commission, written commun., 1993) is drawn
with any other data layer. The differences are due to the
scale at which the original data layer was digitized or
scanned.

Measure is a submenu with many options. A
latitude/longitude coordinate can be identified by using
a cursor. A latitude/longitude coordinate can be located
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Figure 4. Main display screen of the interactive GIS application.

by typing in the location in question and having it
appear on the screen. A 400-foot radius around any
cursor-entered location can be drawn on the screen. The
Reselect Parcels option will allow a point to be entered
on the map and all parcels within a 400-foot radius are
automatically reselected and listed. State law prohibits
siting new public water-supply wells within 400 ft of
any land use that may pose a threat to water quality
(Drinking Water Regulations, 310 Code of Massachu-
setts Regulation 22.21). Statistics for available data can
be determined, including maximum and minimum
values, and mean and standard deviations. Other mea-
surements include length and area values from the main
map window. The Identify option provides access to
data layer attributes such as determining what an area,
line, or point represents for the given layer. Identifying
a land-use polygon, for example, outlines the selected
polygon and provides a list of the land-use attributes for
that polygon (fig. 5).
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Custom Made. The menus and options in this sub-
heading were designed to expand the available data-
base, create maps, change or add symbology, and
update the menu interface.

Documentation. This submenu option gives
detailed historical information on every data layer in the
data base. The documentation data layer was created
using a program discussed by Sonenshein (1992). The
documentation provides detailed information about
source maps and their scale, precision, date of creation,
the organization responsible for data-layer creation,
whether the data layer has been updated, the number of
points, polygons or lines in the data layer, and detailed
information on attributes in the data layer.

Help. Help is available in the main menu and each
of the submenus. Selecting the Help option will give
detailed information on how to use menu options within
the given menu or submenu.
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Figure 5. Use of the Identify tool-option from the interactive GIS application.

SUMMARY AND CONCLUSIONS

Ground water is the sole source of drinking water
to most municipal and domestic supplies on Cape Cod,
Massachusetts. Past contamination and changing land
use adversely affect the water-supply potential of the
ground-water resource. The protection of the ground-
water resources necessary to support present and future
drinking-water needs is often in conflict with the pres-
sures for increased land development. This study iden-
tified potential public water-supply areas of the Cape
Cod aquifer. Results of this study will be used by the
Cape Cod Commission in the implementation of a
regional aquifer protection strategy.

A geographic information system was used to
create, store, and manipulate the large spatial data base
required for this study. A scale-consistent data base was
created from available regional-scale data layers and
newly digitized data. Seven criteria were selected for

use in a regionally consistent analysis to identify poten-
tial water-supply areas of Cape Cod. Criteria were
selected on the basis of data availability, in addition to
State requirements for siting new public water-supply
wells, Federal or local restrictions on land use, and gen-
eral hydrogeologic or water-quality concerns. The
specific criteria used in the analysis were: restricted use,
wetland zones, agricultural land use, residential land-
use zones, business/utility land-use zones, ground-
water contamination zones, and potential saltwater
intrusion zone. Data layers were created for each
criterion and overlaid in a process that sequentially
eliminated areas from consideration as potential public
water supplies. The areas remaining after the overlay
analysis are the primary areas for potential public water

supply.

The areas identified as potential public water
supply range from 0.5 to 19.3 percent of the total area in
each of the five flow cells considered, or 13.7 percent of
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the total area of the five flow cells. Adjustments to the
West Cape flow cell decrease the range from 0.5 to 7.9
for the five flow cells, or 5.6 percent of the total flow-
cell area. Results are not included for the Provincetown
flow cell and mainland areas of Barnstable County due
to limited data.

The potential public water-supply areas reflect the
elimination of any area included within a criterion. The
criteria were ranked so that criteria most limiting to
potential public water supplies—the criteria indicative
of potentially poor water quality—were given higher
rank than other criteria. Many areas may be included
within several of the criteria; however, only the highest
ranked criterion is shown for a shaded area. The ranking
scheme allows for the inclusion of areas with lower
ranked criteria as potential public water supplies, after

the evaluation of potential water-quality concerns in

these areas.

This study demonstrated the use of geographic
information system technology to aid regional and local
planners in making ground-water resource management
decisions. An interactive menu-driven application,
developed for this study, allows access to study results
and many other data layers for Cape Cod. Access to this
information can decrease the time needed to investigate
planning and management decisions and identify effec-
tive solutions to planning problems. The data base and
menu-driven application were designed to be adaptable
to future needs and the availability of more refined data
layers. The approach used in this study is readily trans-

~ ferable to areas of similar hydrogeologic setting if a GIS
data base is available. The menu-driven application is
adaptable for use with any GIS data base.
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