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A Comparison of Wellhead
Protection Area Delineation Methods
for Public Drinking Water Systems
in Whatcom County, Washington

Groundwater protection is a critical issue on a global scale. A

Abstract

relatively recent strategy for reducing the potential for conta-
mination has been to establish wellhead protection areas on the land surface above
aquifers. One method of delineating groundwater flow around public supply wells is the
calculated-fixed-radius (CFR) method. The purpose of this study was, with a geographic
information system (GIS), to create spatial-data overlays based on CFRs and to compare
the areas captured with the results of more complex methods (i.e., analytical methods,
hydrogeologic mapping, and numerical flow/transport models).

The overlays showed that as distance from the well decreased, the areas captured by the
CFRs hecame more similar to those captured by the noncircular (more complex) methods.
In the one-year overlay, only 20 percent of the noncircular areas were not captured by the
CFR method, while 42 percent were not captured in the 10-year overlay. The one-year CFR
had a 57 percent overcapture area outside the noncircular area, while the 10-year over-
capture was very high, at 75 percent.

Study results indicate that local health departments can successfully incorporate both
existing formal wellhead protection areas and CFRs into various land use permitting
processes, with emphasis placed on six-month and one-year time-of-travel areas. Where
time, money, and personnel are limited, the CFR method is an effective starting point for
improved protection of groundwater quality.

Introduction

Wellhead Protection Areas—Defined
A wellhead protection area (WHPA) is
defined as the land surface that lies directly

over and recharges the aquifer that con-
tributes water to the well. Under normal
pumping conditions, this area is also known
as the zone of contribution. Recharge zones
also are known as “capture areas.” A capture

Chris Miller, M.S,, REILS.
Paul Chudek, RS.
Scott Babcock, Ph.D.

area defines a surface beneath which infil-
trated water will be “captured” by a well or
well field. When a time-of-travel (TOT) cri-
terion is applied to capture areas, a time-
related capture area is delined. This capture
area is delineated as an area surrounding the
well (Hansen, 1991).

It has been found that “designating well-
head protection areas around public water
supply wells provides one of the best ways to
protect groundwater supply systems [rom
possible contamination, because the empha-
sis has shifted toward the protection of
groundwater supplies rather than the regula-
tion of potential contamination threats”
(Texas Water Commission and
Department of Health, 1990).

Texas

Governmental Agency Involvement and
Public Health

For years, state agencies across the United
States have been adopting wellhead protec-
tion programs. The focus of many of these
programs has been Lo protect water supplies
by delineating and recognizing the area con-
tributing recharge to the water supply wells
so that land use decisions can be made
accordingly. Often, these programs are used
locally to specify regulations in order to min-
imize contamination of the recharge water by
various land surface activities (Reilly &
Pollock, 1996).

Section 1428 of the 1986 Amendments to
the Federal Safe Drinking Water Act states
that all federally defined Group A public
water systems using groundwater as their

September 2003 + Journal of Lovironmental Health 17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sources are required to complete a wellhead
protection plan. A wellhead protection area
is one component of such a plan.

Methods of Delineating Welthead
Protection Areas

Several methods of delineating wellhead pro-
tection areas around public supply wells can
serve as the first step in safeguarding against
chemical and microbial contamination of
groundwater (Hansen, 1991). Those meth-
ods, from least to most costly and complex,
are as follows:

1. calculated-fixed-radius (CFR) method,

2. analytical models,

3. hydrogeologic mapping methods, and

4. numerical flow/transport models.

Public water systems have employed each of
the four methods. The numerical and analyt-
ical models more closely reflect actual hydro-
logic conditions than does the CFR method
because they allow for water table and varia-
tions in hydraulic conductivity (Hansen,
1991). The numerical/transport model is the
most credible method, but others can be
more cost-efficient and yield similar results
where flow rates are constant and flow paths
are simple (Hansen, 1991).

Choosing the appropriate method
requires specific procedures that take into
account the amount of hydrogeologic data,
the complexity of the hydrogeology, the
funding available, and the required accura-
cy of the results (Rifai, Hendricks, Kilborn,
& Bedient, 1993). Comparative research
into the various flow models using the one-
year capture areas for each method (Bogue,
1994) has shown that the numerical model
most accurately represents the flow system.
On the other hand, the semi-analytical and
analytical models seem to perform ade-
quately in delineating wellhead capture
areas. It is important to remember that the
analytical method requires less time,
expense, and effort than the numerical
method, but that the analytical methods
cannot be upgraded and improved as addi-
tional data are gathered.

Studies show that the standard 100-foot
area for well protection used by many local
health departments often underestimates
the up-gradient flow of groundwater to the
pumped well (Landemeyer, 1994). An over-
estimation of the contributing land area
could lead to the establishment of a well-
head protection plan that involves the man-
agement of excessive time-of-travel (TOT)
boundaries, ultimately wasting important
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EYGURE 1

Noncircular Wellhead Protection Areas (Numerical Model) for the
City of Sumas,Washington
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Annual Pumped Volumes™ and Time-of-Travel Radii

Annual Volume
Pumped (gallons)

e Time-of-Travel (feet)

6-Month Radius [-Year Radius 5-Year Radius 10-Year Radius

<5,000,000 20 310 700 980
10,000,000 310 440 980 1,390
20,000,000 440 620 1,390 1,970
50,000,000 100 980 2,200 3,10
100,000,000 980 1,390 3,110 4,400
250,000,000 1,550 2,200 4,920 6,950
500,000,000 2,200 3,110 6,950 9,830
* All calculations assumed a screened interval of 10 feet,
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Calculated Fixed Radius

GPS Point Location Data

(in feet) (in Decimal Degrees)
P ‘ ic ."'S-,Yéar " _10-Year Easting Northing
System L
Glenhaven Llakes A 561 40,953,000 980 2,200 3,110 549707.9 3890447
Gooseberry Point A 134 9,782,000 440 980 1,390 524659.1 397901.1
Ridge Water Association B 5 730,000 310 700 980 5228474 395699.7
Grandview Beach A 6 2,336,000 310 700 980 515796.0 4147113
Vande Kamp Water B 6 876,000 310 100 980 547354.0 412021.0

time and money in the identification and
regulation of potential
(Bogue, 1994).

Lack of a comprehensive wellhead protec-
tion program has led to critical problems for
various states throughout the country. At one
point, according to Noake (1989), “Over
forty municipalities in Massachusetts had
lost all or part of their municipal groundwa-
ter supplies to chemical and bacteriological
contamination due to the citing of inappro-

contaminants

priate land uses in the primary recharge areas
of their public supply wells.”

In Whatcom County, Washington, it was
determined that it was important to conduct
a comparative analysis of methods used for
the delineation of wellhead areas before orga-
nizing a wellhead protection program. The
comparative analysis would enable the coun-
ty to note the differences between simple and
sophisticated methods—potentially finding
that the sophisticated methods are not worth
the cost, as when the geology is homoge-
neous (Cleary & Cleary, 1991).

The operating hypothesis for this study
was that as distance from the well decreas-
es, the volumetric CFR method for delineat-
ing groundwater flow around a public sup-
ply well captures land areas increasingly
similar to those found by more complex
methods of groundwater mapping. This
hypothesis was based on area-by-area GIS
time-of-travel comparisons. In other words,
the CFR method may provide protection
similar to that provided by more complex
groundwater mapping methods for wells in
the land areas that are most likely to affect
groundwater quality (i.e., land areas closer
to the well). Confirmation of the hypothesis
would validate the CFR method as a simple

but valid method of delineating a wellhead
protection area.

Paper maps have been the most common
form of map delineation and representation
for coordinate-based wellhead protection
areas. The small amounts of data provided by
maps and the inability to determine complex
relationships have become a problem for
recognition of wellhead protection areas
(WHPAs) (Marble, 1987). Furthermore,
these cumbersome maps are a time-consum-
ing form of data maintenance and storage.

Previous WHPA comparison research
indicates that it is important to see how
well more complex delineation methods
compare with the numerical-modeling
method since the latter method is generally
considered the most accurate way of delin-
eating groundwater flow (Bogue, 1994).
Land use, hydrologic, geologic, and conta-
mination source data were required to
assess the risk to groundwater quality in
wellhead protection areas of Whatcom
County. As has been noted in other studies,
base maps do not provide these data with
similar accuracy or at the same scale.
Furthermore, the data may lack geographi-
cally similar attributes (Olimpio, Flynn,
Tso, & Steeves, 1990).

Through the development of a geographic
information system, these data have been
linked with existing electronic land use plan-
ning and related spatial groundwater models.
This organized electronic system will allow
state and local health, planning, water
resources, public water system, emergency
response, and water utility managers to use
the data layers for technically reliable
groundwater-related  programs (Moore,
1993). Tt will also allow local and state agen-

cies to quickly retrieve and review wellhead
protection areas when considering various
land use and emergency decisions.

Methods

Initial Public Water System Data

The authors initiated data collection by
obtaining a public water system database for
Whatcom County (for June 1999). Since
groundwater sources were the main focus of
this study, all systems that were inactive, that
used surface water, or that purchased water
from another system were deleted from the
database.

Initial fieldwork recorded the positions of
all Whatcom County public water system
sources (wellheads, springs, and surlace-
water sources) using a Trimble GeoExplorer
[T GPS. All positions were differentially cor-
rected via Pathfinder Office software through
local Internet base stations for +10-foot
accuracy. Over 410 (Group A and Group B)
sources were located (some systems have
multiple sources).

Following differential correction, the GPS
point data were imported into a GIS
(ArcView GIS, Version 3.2a), and a full coun-
ty map was created. In order to work with
existing county mapping data, the authors
recorded GIS coverage on the Universal
Transverse Mercator (UTM) grid, Zone 10
Projection with a =5,000,000 shift in the y-
axis (North American Datum ol 1927).

Initial Wellhead Protection Area Data

Current wellhead protection area data for
Whatcom County, either in paper or elec-
tronic form, were not available in an orga-
nized fashion. A June 2000 database was
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obtained from the Washington State
Department of Health listing the total service
connections for each system. The system
[iles were sorted to ascertain which systems
might have an approved plan. Next, a data-
base of the 50 largest public water systems
(June 2000), based on total service connec-
tions, was created; again, the authors made
sure to eliminate systems that did not have a
groundwater source. Plans and maps were
located and compiled for systems that had a
wellhead protection area accepted by the
Washington State Department ol Health
(WSDOH).

Map Digitizing and Current Electronic
Wellhead Protection Area Data

Each engineer or hydrogeologist who had
completed a wellhead protection plan was
contacted for possible electronic data. The
digitizing for all remaining WHPA paper
maps (a majority of the maps) was accom-
plished by “heads-up” editing on the screen
with a mouse using absolute coordinates via
information such as source GPS points, sec-
tion lines, hydrology, and street data. Figure
1 shows the multiple wellhead protection
areas for the city of Sumas water system. This
system is unique because the majority of its
protection areas (six-month and one-, two-,
five-, 10-, 15-, and 20-year areas) cover terri-
tory in a province of another country—
British Columbia, Canada.

Calculating CFRs and Time-of-Travel
Comparisons

For all sources countywide, the authors cre-
ated wellhead protection areas by using the
volumetric-flow equation of the calculated-
fixed-radius model (U.S. Environmental
Protection Agency, 1987). The CFR model
used in this study is based on one-, {ive-, and
10-year time-of-travel criteria so as to deter-
mine the outer boundary of the contributing
areas. Because of the simplicity ol the CFR
method, WSDOH recommends that it be
used for moderate or smaller systems
(Jennings, 1995). The majority of the water
systems in Whatcom County are either mod-
erate or smaller in size.

WSDOH considers 400 gallons per day per
connection 1o be an average rate of consump-
tion. This study assumed the WSDOH-recom-
mended default screened interval of 10 feet (a
screened interval is the length of metal or
plastic slotted tube used to maintain a well
opening in unconsolidated aquifer formations
and to admit water being pumped [rom the

20

Volume 66 * Number 2

EAVGURE 2

Example of a Graphical Display (One-Year Time of Travel only) of the
Three Areas Used to Calculate the Effectiveness of the CFR Method

~ Area#1:
 What the CFR captured
~ of the noncircular area

- Wellhead

Area #3:
What the CFR overcaptured
outside of the noncircular area

Area | + Area 2 = x Area I/x = percentage captured.

overcaptured.

Area | + Area 2 = x; Area 2/x = percentage not captured.
Area | + Area 3 = x Area 3/x = percentage overcaptured.
Note: The best CFR has the highest percentage captured, the lowest percentage not captured, and the lowest percentage

aquifer) (Jennings, 1995). Since annual vol-
ume pumped was required to select the appro-
priate radius in feet, the following formula
was used for the calculations:
Annual volume pumped =
# of water system service connections
X 400 gallons per day per connection
X average days per year (365 days)

The resulting calculations allow one to
select the travel-time areas listed in Table 1.
A spreadsheet was created that calculated
the annual volume pumped per system
(based on the equation above) and, on the
basis of these values, estimated the one-,
five-, and 10-year time of travel radii (Table
1). These data were joined with the existing
GPS data and brought into a GIS. The total
gallons per year for each system and the
one-, five- and 10-year radii, in feet, were
recorded in a CFR database. Using June
2000 total service connections data sepa-
rately for each system, the CFRs for all sys-
tems in Whatcom County (excluding inac-
tive and surface water systems) were calcu-

lated. All public water system point posi-
tions were buffered with these new radii.
Table 2 shows a small portion of the data-
base created with these new bulflers.
Further steps were taken to create even
more realistic CFR areas for the time-of-trav-
el area comparisons. If a system had more
than one well in the same area, or well field,
the total gallons per year were either
1. combined for that area (o create one calcu-
lated fixed radius, including all wells, or
2.evenly divided by the number of wells
(utilizing the values given in Table 1 to
define the radii) so that the methods could
be compared.
For example, the city of Blaine has two west-
erly wells in which the 10-year TOTs coa-
lesce. The two CFRs that were calculated
were combined into a single area.

GIS Polygons and Data Overlay Methods

A data-overlay approach was used to analyze
these data. CFR areas were compared in the
GIS to the analytical areas on a time-of-
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BLE 3

GIS Overlay Results for One-Year Wellhead Protection Areas

Public Water System NC NC Outside CFR Outside  Shared Area % Captured % Not % Over-
CFR NC Captured captured

Blaine, city of (west well) 20.7 0 48.2 20.7 100.0% 0.0% 10.0%
~ Ind well going east 62.55 4.48 10.82 58.07 92.8% 127% AST%
~ 3rd well going east 31.02 9.12 5.67 219 10.6% W40 20.76%7”7

4th (wellfield) 7 2513 19.01 114.95 7 2312 92.4% 1.6% BA%
Custer, WA. i1.21 1 1427 9.29 82.3% 11.1% 60.6%
Deer Creek, WA. 60.76 45.11 54.49 14.99 24.1% 15.3% 184%
Everson, city of 91.97 10.54 67.17 71.43 11.1% 12.3% 7 48}% -
Glenhaven Lakes Club 1437 0 54.53 1437 100.0% 00 9%
Hemmi Road, W.A. 19.22 .17 5.84 8.05 41.9% 58.1% 06
Joe Louie, WA. 15.5 0.02 53.41 [5.48 99.9% 0.1% TS
Pole Road, W.A.—W. Guide 14.6 7 0 12.97 14.6 100.0% ~0.0% 41.0%
Pole Road, WA—E. Guide 60.77 [4.46 92.29 46.31 16.2% B 66.6%
Sandy Point Improvement Co. 3438 - 021 3473 34.17 99.4% 0.6% 504%
Sumas Water Dept. 203.9 159.02 93.68 44.91 2.0% 18.0% 61.6%
Upper Baker, W.S. 11.55 0.88 16.91 10.67 92.4% 1.6% 613%
Whatcom Meadows 1.27 0 137.33 1.27 100.0% 0% 9%
Average of TOT percentages 19.52% 20.48% 51.35%
NC = total area of the noncircular one-year wellhead protection area.
NC Outside CFR = the area that the one-year noncircular area captures outside of the one-year CFR area.
CFR Outside NC = the area that the one-year CFR captures outside of the one-year noncircular area.
Shared Area = the area that the one-year CFR shares with the one-year noncircular area.

INMBLE 4

Averaged Time-of-Travel Percentages
Area #1 Avrea #2

Not Captured by CFR
(Best If Low %)

Area #3

Overcaptured
(Best If Low %)

Captured by CFR
(Best If High %)

[-year 19.52% 20.48% 51.35%
5-year 62.62% 31.38% 69.45%
10-year 57.55% 42.45% 14.83%

The one-year calculated fived radius captured the best overall percentages; as distance from the well increased, the CFRs
became (spatially) less accurate.

travel area-by-area basis. A process called
unioning was utilized to separate CFR and
noncircular TOT areas (areas derived by ana-
lytical or more complex methods), one area
at a time (Figure 2). Unioning simply allows
the GIS user to select areas of a graphic as
separate polygons. According to Hutchinson
and Daniel (2000), “This (union) process
combines features of an input theme with the

polygons from an overlay theme to produce
an output theme that contains the attributes
and full extent of both themes.” This tech-
nique enabled each polygon (i.e., the areas
where the CFR lines crossed over the noncir-
cular lines) to be selected separately and its
area Lo be recorded in acres.

With the polygon acres for each WHPA
recorded, it was possible to spatially compare

time-of-travel areas as percentages (by divid-

ing polygons) of the recorded GIS-based

areas. Three areas were utilized to calculate

these percentages (description of the areas

utilized for these comparisons can be found

in the legend to Figure 2):

1. Area 1 = what the CFR captured of the
noncircular area,

2. Area 2 = what the CFR missed of the non-
circular area,

3. Area 3 = what the CFR overcaptured out-
side of the noncircular area.

When Area 1 was added to Area 2, the
result was the total noncircular TOT area.
When Area 1 was added to Area 3, the result
was the total CFR TOT area. A list of the
waler systems that were compared is given in
Table 3. Table 3 also compares arcas of cap-
ture, noncapture, and overcapture found for
the water systems. Comparisons were made
for each TOT area.

The percentage of the noncircular area
captured by the CFR is recorded in Table 4
(“best il high percentage”), as are the per-
centage not captured by the CFR (“best if
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low percentage”) and the percentage over-
captured (“best if low percentage”).

This process was completed for each TOT
area. After these areas were compiled and
averaged into percentages, the data were dis-
played for the one-, five-, and 10-year areas
as a whole, in Table 4.

Results

Wellhead protection areas for 12 systems
were used for this study (Table 3). A total of
16 separate wellhead protection areas (sever-
al public water systems have numerous
WHPAs covering multiple sources) were uti-
lized for the data overlay portion of this
research (Table 3).

Graphical Representations and Data
Overlay Results

Figure 3 displays the one-year TOT graphi-
cal overlay for the city of Blaine’s multiple
wellhead protection areas. Figure 4 is a
graphical representation of the CFR over-
lays for the one-, five-, and 10-year TOT
areas for the city of Blaine. The results of
the GIS overlay comparisons (for the one-
year TOT only) also can be found in Table
3. The results of all of the paper and elec-
tronic file conversions are found in the full
Whatcom County Wellhead Protection Area
map, including the new WHPAs extending
into British Columbia via Canadian baseline
data (Figure 1, Figure 4). Table 4 offers the
results for each of the one-, five- and 10-
year TOT data overlay comparisons as an
average for each area.

When all TOT areas are compared, the
one-year overlay areas are more alike than
the 10-year overlay areas on the basis of
overall percentages, indicating a trend
toward lower viability of the CFR method at
greater distances from the well. These per-
centages are fully consistent in each area
averaged, as shown in Table 4 (one-, five-,
and 10-year averages are given). When TOT
areas are compared one area to the next
(i.e., one-year versus five-year, or five-year
versus 10-year), the difference between the
one- and five-year percentages is greatest.
This result further indicates that as distance
[rom the well increases, the “best percent-
ages” become more similar [or the time-of-
travel areas. The main conclusion is that the
closer the area is to the well the more simi-
lar results from the CFR method becone to
results from more complex methods (i.e.,
there is good correspondence for one-to-
five-year TOT areas).

22 Yolume 66 + Number 2

GURE 3

One-Year Noncircular Wellhead Protection Areas (Numerical Model) for

the City of Blaine, Overlaid with One-Year CFR Areas

— ;

Canada - British Cotumbia

[

United States - Washington :

A

112 Mile

Inactive well

Use of Wellhead Protection Areas for
Local Land Use Decisions

Whatcom  County Health Department
(WCHD) staff have begun to use GIS to
quickly and easily determine if an applica-
tion for a proposed land use pertains to land
within a wellhead protection area. This capa-
bility includes both the existing WHPAs and
the calculated fixed radius areas created for
all systems by the study results. Notification
also could include subdivision plat applica-
tions, surface-mining operations, and any
other activity that might be detrimental to
water quality—a process already taking place
in Whatcom County. Since this study indi-
cates that CFR time-of-travel areas closer to
the well are more similar to areas found by
more complex groundwater delineation
modeling, WCHD staff are more confident in
the one- and five-year TOT areas than in the
10-year area. Furthermore, six-month CFRs
were created from the data overlay results for
all sources because the six-month TOT areas
are most likely to closely resemble those
delineated by more complex methods of
groundwater modeling.

Discussion

Extensive time was saved in retrieval and
analysis of GIS data over conventional paper
mapping—specifically, in circumstances

under which the CFR method would be pre-
ferred (i.e., small systems with few resources).
On the other hand, the overcapture of large
areas as a result of the CFR method can waste
time and money both of the water system and
of government agencies.

Data problems included the unavoidable
use of cartographically inaccurate base maps
with different scales, multiple versions of
databases that did not correlate, and the need
to convert huge amounts of nongeographical-
ly referenced map and tabular data to digital
databases. Postproject evaluation revealed
that too much time was spent on data gather-
ing, verification, and compilation.

Most of the responsibility for the imple-
mentation of a wellhead protection program
lies at the local level, as does land use plan-
ning. Thus, local officials can select and
implement the steps necessary to protect
public water supplies. Furthermore, local
planning and community development agen-
cies play a key role in ensuring that public-
drinking-water wellhead protection areas are
recognized and that the recognition is inte-
grated into the overall planning process. In
areas with many medium- to small-sized sys-
tems (e.g., Whatcom County) however, a
higher degree of coordination is necessary,
including growth and watershed manage-
ment programs,
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of Blaine, Overlaid with CFR Areas

Noncircular Wellhead Protection Areas (Numerical Model) for the City

Canada - British Columbla

Wellhead Protection Areas

Drayton Harbor w
N

1-year
§-year
EFy 10-year

1/2 Mile

United States - Washington

L

Some public water systems gain authority
to protect groundwater through zoning deci-
sions, building and operating standards, land
use controls, and public health ordinances
since they are owned and operated by local
jurisdictions. On the other hand, many sys-
tems have no land use authority. These sys-
tems should be especially aware of the need
to work with local jurisdictions and regula-
tory agencies that have land use control
authority.

Aside from the measures outlined in this
study, which will be taken to protect ground-
water supplies through wellhead protection,
further work will include provision of calcu-
lated-fixed-radius areas for all sources that
do not have a formal wellhead protection
area. This information will be used for sur-
face-mining, subdivision review, binding site
plans, conditional use permits, and critical-
areas ordinance planning.

Access to mapping will help agencies
respond to inquiries of the various types that
typically arise with respect to a specific water
system—such as those from developers,
individual property owners, water system
managers, and engineers. As Lennox,
Adams, and Chaplik (1990) argue,
“According to the public utility, a technically

sound recharge area map and education of
both municipal officials and residents are the
key elements for convincing a town to adopt
a wellhead protection strategy.”

Further Research

Further research into a GIS groundwater
model is currently being conducted on a
method-by-method basis. Instead of looking
at how the CFR areas compare with results
from more complex models as a whole, the
authors are breaking down the area compar-
isons into the following pairs: CFR versus
analytical, CFR versus hydrogeologic, and
CFR versus numerical modeling. At least 10
new wellhead protection areas will be cov-
ered by these upcoming study results.

As Miller (1992) writes, “A thorough
knowledge of groundwater flow systems and
an understanding of how contaminants
migrate through geologic formation leads to
(even more) successful wellhead protection
programs. Once there is a thorough under-
standing of the mechanics involved, areas of
contribution can be mapped and (more spe-
cific) controls, such as limitations on land
use, can be imposed.” Recent GIS software
developments such as ArcFlow GIS (Blum,
2000) are opening up new avenues to

groundwater modeling. As Blum (2000)
explains, “The specific reason for the devel-
opment of ArcFlow is the need to rapidly
assemble and test regional groundwater flow
models to define capture areas of pumping
wells. The purpose of (the ArcFlow GIS
effort) is the protection of groundwater qual-
ity and public health, [through] wellhead
protection. Many scientists seeking a better
understanding of the natural world experi-
ence a great frustration resulting from having
masses ol data and a distinct lack of afford-
able tools to analyze that data quickly.” A
researcher could use this software for further
analysis of the wellhead protection area data
organized and created in this study.

Conclusion

This study has shown that the development
and documentation of wellhead protection
plans can be significantly enhanced with a
spatial data overlay approach that uses a GIS.
It also demonstrates that for one-to-five-year
times of travel, the calculated-fixed-radius
method defines wellhead protection areas
comparable to those found by much more
complex hydrogeologic models. Overlay
comparisons show that 80 percent of the
one-year time-of-travel area defined by a
hydrogeologic model was captured by the
CFR at the same well. There was, however,
an overcapture of 57 percent. For a 10-year
TOT, the CFR still captured 58 percent of the
hydrogeologic model area, with an overcap-
ture of 75 percent.

Because time-of-travel protection areas
can be quickly and inexpensively calculated
with a CFR, this method is an effective first
step for small water systems lacking financial
or personnel resources to establish more
sophisticated wellhead protection programs.
Incorporating six-month and one-to-five-
year TOT calculated-fixed-radius protection
areas on a GIS overlay also allows for effi-
cient interagency cooperation in identifying
land use practices such as residential devel-
opment or surface mining that could threat-
en water quality. Under circumstances that
pose such a threat, more rigorous wellhead
protection schemes could be required. s
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