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Abstract
Previous site-specific studies designed to assess the impacts of unsewered subdivisions on ground water quality

have relied on upgradient monitoring wells or very limited background data to characterize conditions prior to devel-
opment. In this study, an extensive monitoring program was designed to document ground water conditions prior to
construction of a rural subdivision in south-central Wisconsin. Previous agricultural land use has impacted ground
water quality; concentrations of chloride, nitrate-nitrogen, and atrazine ranged from below the level of detection
to 296 mg/L, 36 mg/L, and 0.8 lg/L, respectively, and were highly variable from well to well and through time.
Seasonal variations in recharge, surface topography, aquifer heterogeneities, surficial loading patterns, and well
casing depth explain observed variations in ground water chemistry. This variability would not have been detected
if background conditions were determined from only a few monitoring wells or inferred from wells located upgra-
dient of the subdivision site. This project demonstrates the importance of characterizing both ground water quality
and chemical variability prior to land-use change to detect any changes once homes are constructed.

Introduction
Residential development of rural areas has become

a significant land-use issue in many parts of the United
States. Between 1999 and 2003, ~800,000 new single-
unit residences were constructed beyond urban and subur-
ban boundaries in the United States (U.S. Census Bureau
2004). Although residential developments near urban
centers typically use city water and sewer services, rural
developments often rely on private water supply wells and
on-site waste water treatment systems. Almost 26 million
of the estimated 121 million homes (21%) in the United
States are served by on-site systems, including ~12
million of the 26 million homes (45%) located beyond
urban and suburban boundaries (U.S. Census Bureau

2004). Local county or township officials are charged
with regulating unsewered residential development, and
regulation in some areas is driven by concerns about the
impacts of development on ground water quality. On-site
treatment of waste water can release contaminants such as
nitrate, bacteria, viruses, and hazardous household chem-
icals to the subsurface (Canter and Knox 1985), posing
potential threats to nearby wells and surface water. As-
sessing these potential threats and the overall impact of
unsewered residential development on ground water qual-
ity should be of interest not only to the hydrogeologic
community but also to public officials in charge of zoning
and natural resource protection.

Previous studies have combined water quality and
land-use data to draw conclusions about the effects of re-
placing agricultural land with unsewered subdivisions on
local ground water quality (Gold et al. 1990; Goetz et al.
1991; Anderson 1993; Trojan et al. 2003). A limited num-
ber of site-specific field studies have documented ground
water conditions beneath existing unsewered subdivisions
(Tinker 1991; Shaw et al. 1993; Thomas 2000) and sug-
gest that septic systems can sometimes impact ground
water quality. However, none of these studies have
benefited from the availability of a background water qual-
ity data set, and instead, either assumed minimal impacts
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from previous land-use or inferred background conditions
on the basis of upgradient monitoring wells. In a different
study, five wells were drilled and sampled during sub-
division construction in 1989 and sampled again 4 years
later (Carleton and Vowinkel 1996). Initial sampling
showed high nitrate concentrations as a result of previous
agricultural land use. Nitrate concentrations decreased
over the time period of the study, which the authors attri-
bute to a decrease of nitrogen input during subdivision
construction.

New unsewered subdivisions are often constructed
on land formerly used for agriculture, where elevated
concentrations of nitrate, chloride, phosphorus, and pesti-
cide residues in ground water and surface water may
have resulted from previous applications of fertilizers and
pesticides (e.g., Saffigna and Keeney 1977; Bohlke and
Denver 1995; Fuhrer et al. 1999). In addition to elevated
concentrations of these constituents, there may be signifi-
cant temporal and spatial variability in ground water
chemistry beneath agricultural land (Anderson 1993;
Hallberg and Keeney 1993; Kelly 1997; Landon et al.
2000; Delin and Landon 2002). In this study, an extensive
background monitoring program was designed to docu-
ment chemical variability in time and space for a full year
prior to construction of a rural subdivision. In doing so, it
tested the assumptions from previous studies that effects
from former land uses are negligible, can be inferred by
upgradient wells, or limited monitoring during the land-
use change.

Site History
In the summer of 2001, a 31.7-ha (78 acre) parcel

~20 km from the city of Madison, Wisconsin, was chosen
as the site for a new residential development (Figure 1).
The final plat for a 30-home unsewered subdivision,
named Savannah Valley, was approved in the summer of
2002. Site improvement began in September 2002, and
construction of new homes began in early 2003. When
selected for development, the site contained farmed and
wooded areas as well as a small wetland. Its agricultural

history dates back at least a century, with corn, soybeans,
wheat, and hay as the dominant crops in recent years. The
site has been fertilized with manure as recently as May
2002; the historical use of synthetic fertilizers is
unknown. A drain tile beneath the center of the property
(Figure 2) empties into a drainage ditch just north of the
site. Overall, the site has rolling topography, with two
glacial kames providing the greatest relief. The surround-
ing area is predominantly agricultural, although Drover’s
Woods, an existing 54-home unsewered subdivision, is
located ~1.3 km to the east. Precipitation in the area aver-
ages almost 84 cm/year (Midwestern Regional Climate
Center 2003).

Methods

Well Installation
A monitoring well network on the subdivision prop-

erty allowed determination of the water table configura-
tion and provided sampling points for monitoring ground
water chemistry (Figure 1). Eleven water table wells were
installed using hollow stem augers and were constructed
of 5-cm, polyvinyl chloride (PVC) pipe with 1.5-m
screened intervals. The tops of the screens were designed
to be placed just below the water table, although the exact
water table depth was not always evident during drilling.
Slug tests were performed on the seven wells that were
screened below the water table, and estimates of hydrau-
lic conductivity were determined using the Hvorslev
method (Fetter 1994). Eight additional wells were installed
using Geoprobe ‘‘direct-push’’ technology (Geoprobe
Systems, Salinas, Kansas) to monitor the effects of newly
created drainage basins on recharge patterns and water
quality and to characterize the southern portion of the
property where drill rig access was difficult. These wells
were constructed of 2.5-cm PVC pipe, with a 1.5-m
screened interval placed just beneath the water table. Five
deeper wells were installed into bedrock using mud rotary
drilling. These 15-cm-diameter wells were constructed
similarly to most potable water wells in the area, with 12 to

Figure 1. Location, layout, and monitoring well locations for the Savannah Valley subdivision site.
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18m (40 to 60 feet) of casing above a 12- to 30-m (40 to 100
feet) open interval. Additional wells used in the study
included 18 existing residential wells, of which 8 are
located in the Drovers Woods subdivision. The remain-
ing wells provide potable water to farmers and other rural
residents.

Sample Collection and Analysis
The existing residential wells were sampled at out-

door faucets prior to treatment by any water softeners.
Sampling occurred after the temperature and conductivity
of the running water stabilized or after the pump had
turned on. Monitoring wells at the study site were sampled
using bailers or submersible pumps. To avoid sampling
stagnant water, at least three well volumes were removed
from each monitoring well prior to sample collection.

Water temperature, conductivity, and pH were mea-
sured in the field prior to sample filtration. Water samples
intended for chemical analyses were vacuum filtered
through 0.45-lm nylon membranes. Samples intended for
dissolved metal analyses were preserved with concen-
trated nitric acid, and all samples were kept on ice until
they could be refrigerated. Field duplicates were col-
lected on three occasions.

The University of Wisconsin Soil and Plant Analy-
sis Laboratory analyzed samples for major ions using
ion chromatography and inductively coupled plasma

spectrometry. Laboratory-fortified blanks were analyzed
with each set of samples, and instrument performance
check solutions and calibration blanks were analyzed for
every 10 samples. Alkalinity was measured by titration
with hydrochloric acid according to Standard Method
2320B (American Public Health Association, American
Water Works Association, and Water Environment Feder-
ation 1998), and concentrations of parent atrazine were
analyzed at the Wisconsin State Laboratory of Hygiene in
Madison using triazine immunoassay method T750ALT.

The University of Waterloo Environmental Isotope
Laboratory analyzed seven ground water samples for the
isotopic composition of nitrogen (d15N) in dissolved inor-
ganic nitrate. Samples collected for isotopic analyses
were filtered, frozen, and shipped overnight to the lab.
Isotope analyses have been used in a number of previous
studies as a tool for identifying nitrate sources (Gormly
and Spalding 1979; Kreitler and Browning 1983; Aravena
et al. 1993; Komor and Anderson 1993; Fogg et al. 1998;
Shanley et al. 1998). The basis of this method is that
nitrate derived from different sources will have different
15N/14N ratios, which are reported as d15N with units of
‘‘per mill’’ (&). In order to evaluate the suitability of this
tool for the Savannah Valley subdivision project, samples
were collected for nitrogen isotope analysis during a rou-
tine sampling round in October 2002.

Results

Hydrostratigraphy and Ground Water Flow
The site is characterized by a thin (0 to 1.5 m) silt-loam

soil overlying a sequence of unlithified glacial sediments.
The glacial unit is composed primarily of sandy gravel
and interbedded sands and gravels, although finer sedi-
ments are also present. Grain size ranges from fine clays
to erratic boulders >3 m in diameter. Pebbles and cobbles
are predominantly dolomite, although smaller amounts of
other rock types are also present. The glacial deposits cover
>100 m of interbedded sandstones and dolomites of Ordo-
vician and Cambrian age. The depth to bedrock across the
site ranges from 6 m along the western ridge to ~20 m
below the kames on the northern edge of the site.

Two aquifers are present at the site: a shallow unli-
thified aquifer composed of glacial sediment and a bed-
rock aquifer composed of the sedimentary units discussed
previously. Water levels in site wells ranged from 2.1 to
16.5 m below the land surface. Static water levels ob-
tained from local well construction reports suggest that
regional ground water flow is from west to east. Local
ground water flow converges toward a surface ditch just
north of the site across Highway 19. The drain tile running
beneath the site appears to have minimal impact on ground
water flow, and the tile and connected drainage ditch were
dry for much of the study period. The tile might affect
ground water flow direction during wetter years when the
water table is higher. However, during the course of this
study, the configuration of the water table remained rela-
tively constant (Figure 2).

Overall, ground water flow is relatively rapid through
the glacial aquifer, with horizontal velocities on the order

Figure 2. Water table map, December 20, 2002.
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of 15 to 30 cm/d estimated on the basis of hydraulic con-
ductivities measured via slug tests and a representative
value of 0.30 for effective porosity in mixed sand and
gravel (Fetter 1994). Hydrographs for water table wells
show that most recharge in the unlithified aquifer occurs
during the spring months, with declining water levels the
rest of the year. During spring recharge, the aquifer re-
sponds rapidly to precipitation, snowmelt, and ground
thaw, although the magnitude of this response varies with
location (Figure 3). In 2002, the shallow aquifer received
recharge from mid-February through mid-June; however,
after an extremely dry winter, water levels did not begin
to rise significantly in 2003 until May. Water level rise in
the shallow bedrock aquifer occurred later and over a lon-
ger time than in the unlithified aquifer. Water levels in all
monitoring wells were lower in early 2003 than they were
at the same time in 2002, which is not surprising because
the fall and winter of 2002 were much drier than in 2001.

Ground Water Chemistry
Background chemical data were collected for a full

year before significant site improvements began in the
fall of 2002. Selected water chemistry data collected from
the four well sets are listed in Table 1. Isotope analyses
revealed the d15N values of nitrate from seven sampled
wells that ranged from 14.2& to 18.9&, with a mean of
15.6& ± 1.7&.

Discussion
The parameters of primary interest in this study are

those commonly associated with domestic waste water,
including nitrate, sodium, chloride, and conductivity.
Almost all the water samples collected from shallow
wells showed evidence of previous human impact on the
basis of these constituents. Although highly variable,
median concentrations measured in this study were higher
than average values found in a survey of shallow ground
water in the county (Dane County Regional Planning

Commission [RPC] 1999) and median values beneath
undeveloped forest or preservation areas in the Anoka
Sand Plain in Minnesota (Trojan et al. 2003) (Table 2).
Nitrate concentrations were consistent with other surveys
in agricultural areas of Wisconsin (Saffigna and Keeney
1977; Chern et al. 1999) but were generally higher than
2 mg/L, which is frequently assumed to be the maximum
concentration in natural ground water unaffected by
anthropogenic sources (Hallberg and Keeney 1993).

Nitrogen Isotopes as a Tool for Distinguishing
Nitrate Sources

Nitrogen isotope analyses were employed in an effort
to identify the source of high background nitrate concen-
trations at the Savannah Valley subdivision site. Typical
d15N values for animal waste nitrate and commercial
fertilizers, the major past sources of nitrate at the sub-
division site, are 110& to 120& and 22& to 14&,
respectively (Aravena et al. 1993). Nitrate derived from
soil nitrogen has typical d15N values between 13& and
18& but is not likely to be a significant component of
the nitrogen budget at this site. While denitrification can
cause an increase in d15N in residual nitrate, high dis-
solved oxygen concentrations make it unlikely that this
process is occurring in ground water sampled by the shal-
low monitoring wells.

Ground water nitrate beneath the subdivision site ap-
pears to have originated from both synthetic and organic
(cow manure) fertilizers as the measured d15N values fall
between the typical values for the two sources (Figure 4).
However, the four wells with the highest nitrate concen-
trations (>10 mg/L as N) had the lowest d15N values,
ranging from 14.2& to 15.2&. These low d15N values
suggest that the primary source for high background
nitrate concentrations was synthetic fertilizer and not ani-
mal waste. Nitrate derived from human waste water
should have higher d15N values (between 110 and 120),
so nitrate sampled from any wells that are significantly

Figure 3. Hydrograph of monitoring well MW-08 (b), showing how warming temperatures during the spring thaw season
(a) and large storm events (c) precede water level peaks.
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impacted by septic systems in the future should exhibit an
upward shift in d15N values.

Controls on Variability in Chemical Composition
Significant temporal and spatial variability in ground

water chemistry existed across the field site prior to sub-
division construction. This variability can be explained
by seasonal variations in recharge, surface topography,

aquifer heterogeneities, surficial loading patterns, and
well construction.

Seasonal Recharge

Seasonal fluctuations in recharge appear to be the
major control on temporal variations in shallow ground
water chemistry, a relationship that has been observed in
numerous previous studies (Hallberg and Keeney 1993).
As water levels rose rapidly during the spring months,
concentrations of nitrate and chloride in many of the water
table monitoring wells decreased (Figure 5). The ‘‘dilu-
tion effect’’ by infiltrating snowmelt and precipitation in
spring is greatest where the water table is closest to the
ground surface; temporal variability was minimal in the
deep bedrock wells.

Eleven water table wells were sampled for parent
atrazine in May 2002, with median and maximum con-
centrations of 0.2 and 0.8 lg/L. When the same wells
were sampled again in October 2003, concentrations had
risen to 0.4 and 1.5 lg/L, respectively. The increasing
concentrations likely reflect redistribution of atrazine in
the shallow ground water system over time rather than an
overall increase in herbicide mass in the subsurface
because atrazine was not applied at the site after the study
began in 2001. These data illustrate the importance of
timing on sample collection; spring recharge appears to
have diluted atrazine concentrations in the May 2002
sample set. The data also indicate that atrazine, and pos-
sibly other agricultural chemicals, can be very persistent
in ground water, even after a change in land use.

Table 1
Selected Water Quality Data Prior to Construction of Homes at Savannah Valley,

December 2001 to October 2002

Parameter Number of Samples Minimum Maximum Median Average Standard Deviation

Savannah Valley water table wells
Nitrate1 65 <0.1 36.4 4.6 7.5 7.9
Chloride2 65 0.3 296.0 12.3 35.8 57.0
Sodium2 65 3.9 163.2 19.4 36.2 41.8
Atrazine3 11 <0.1 0.8 0.2 0.3 0.3
Conductivity4 65 531 1839 851 904 246
Savannah Valley bedrock wells
Nitrate1 13 <0.1 12.6 4.2 5.0 3.8
Chloride2 13 1.5 70.0 14.1 22.5 21.5
Sodium2 13 3.6 34.9 12.9 16.4 10.8
Atrazine3 5 <0.1 0.3 0.3 0.2 0.1
Conductivity4 13 608 921 782 771 99
Drovers Woods subdivision residential bedrock wells
Nitrate1 8 <0.1 8.8 7.3 6.3 2.9
Chloride2 8 0.3 35.9 19.7 19.4 11.3
Sodium2 8 4.4 20.7 11.3 12.9 5.8
Conductivity3 8 540 823 769 739 91
Rural residential bedrock wells
Nitrate1 10 0.2 25.6 5.0 8.2 8.0
Chloride2 10 4.4 76.8 23.4 27.6 23.1
Sodium2 10 4.5 46.0 8.6 12.1 12.2
Conductivity3 10 664 1025 782 835 148

Concentrations are listed as: 1mg/L nitrate-nitrogen, 2mg/L and 3lg/L parent compound, and 4lS/cm at 25�C.

Table 2
Concentrations of Key Water Quality Parameters
Were Higher in This Study Than in Surveys of

Shallow Ground Water in the County
(Dane County RPC 1999) and beneath

Undeveloped Areas of the Anoka Sand Plain
in Minnesota (Trojan et al. 2003)

Parameter
This
Study1

Dane
County,

Wisconsin2

Anoka
Sand Plain,
Minnesota1

Nitrate-nitrogen
(mg/L) 4.6 2.8 0.6

Chloride (mg/L) 12.3 8.1 1.8
Sodium (mg/L) 19.4 3.8 5.6
Conductivity
(lS/cm at 25�C) 851 — 442

1Median values.
2Mean values.
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Surface Topography

Contaminant concentrations appeared to be elevated
at low points in the landscape. Shallow wells located at
some of the topographically lowest points of a cropped
field had the highest nitrate and atrazine concentrations.
One reason for this correlation could be that runoff of
applied fertilizers resulted in focused recharge of contam-
inants at topographic lows. This process has been docu-
mented in the sand plains of Minnesota (Delin and
Landon 2002). Another possible explanation is that
because the water table is closer to the ground surface at
topographic lows, it is more susceptible to contaminants
applied at the surface in those locations. Mehnert et al.
(1995) found that the occurrence of agricultural chem-
icals in small-diameter wells in Illinois increased as the
thickness of the unsaturated zone decreased.

Aquifer Heterogeneities

Small-scale heterogeneities may play a large role in
determining the relative distribution of contaminants at
the study site. For example, wells MW-02 and MW-10
(Figure 2) are screened at about the same elevation and
located along the eastern boundary of the site. However,
samples collected from the two wells had distinctly differ-
ent chemical compositions (Table 3). Nitrate concen-
trations in well MW-02, which is screened in medium to
coarse sand (K = 1.7 m/d), were much higher and more
variable than in MW-10, which is screened in clay-rich
sand (K = 0.06 m/d). It is likely that nitrogen fertil-
izer applied at the ground surface near both wells has
a shorter transit time to ground water through the coarse
sediments near MW-02. Well MW-10 also had consis-
tently higher sulfate concentrations than any of the other

wells probably due to the weathering of sulfide minerals in
the surrounding clay lens that was absent at well MW-02.

Surficial Loading Patterns

Local loading patterns are a significant control on the
spatial distribution of shallow ground water constituents.
Fertilizers, pesticides, and road salt were the local sources
of contamination at this site. Water table wells located at
the edge of or beyond the cropped area had consistently
lower nitrate and atrazine concentrations than those in the
middle of the fertilized field. In addition, wells drilled
near Highway 19 or Twin Lane Road, both of which were
salted with NaCl during the winter months, had the highest
sodium and chloride concentrations at the site. Both exam-
ples illustrate how local loading patterns can affect shallow
ground water chemistry.

Samples collected from residential water supply wells
within Savannah Valley and the nearby Drovers Woods
subdivisions showed less chemical variability than the shal-
low water table wells. Bedrock wells had smaller concen-
tration ranges and lower standard deviations for nitrate,
chloride, sodium, and conductivity (Table 1). This is likely
because the bedrock wells have long open intervals and
sample ground water chemistry over that entire interval.
Because the wells within each of the subdivisions are close
together, they probably sample water originating from
a common source area. However, rural residential wells not
located in subdivisions had variable nitrate, chloride, and
conductivity levels. For example, nitrate-nitrogen concen-
trations ranged over two orders of magnitude (0.2 to 25.6
mg/L). These homes were far enough apart that the wells
likely sampled water originating from distinct source areas
with varying agricultural loading rates.

Figure 4. Sample locations with nitrate concentrations and d15N-NO3 values. Samples (*) had d15N values between the ranges
associated with commercial fertilizers and human or animal waste, although high nitrate concentrations were correlated with
significantly lower d15N values.
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Well Construction

Well casing depth has been documented in many
studies to play a role in the water quality sampled from
water supply wells (Hallberg and Keeney 1993; Panno
et al. 1996). Although nitrate-nitrogen concentrations
were consistently between 2.0 and 6.5 mg/L in Savannah
Valley subdivision wells and between 4.0 and 9.0 mg/L in
Drovers Woods subdivision wells, two notable exceptions
appear to be caused by differences in well construction.

Most bedrock wells in the area are cased 12 to 18 m
below ground surface, with total well depths ranging
from 30 to 50 m. One well at the Savannah Valley site
was cased 11 m below land surface but <15 cm into the
uppermost bedrock unit. Caliper logs suggest that this
sandstone is highly fractured, and it was difficult to lower
a pump down this well through the caving formation

material. Elevated nitrate and chloride levels in this well
suggest that preferential contaminant transport may be
occurring in the upper bedrock fractures, particularly con-
sidering that the total depth of thewell, 49.4 m (162 feet), is
consistent with other wells having lower nitrate concentra-
tions. A second well, located in Drovers Woods subdivi-
sion, was cased 63.4 m (208 feet) below ground surface,
with a total depth of 76.8 m. This well had undetectable
nitrate-nitrogen and by far the lowest chloride concentra-
tion. These data suggest that even if ground water chemis-
try beneath a rural subdivision has a uniform vertical profile
across the site, differences in well construction can result in
significant variations in water quality among private wells.

Conclusions and Recommendations
For this study, we installed monitoring equipment

and acquired a full year of ground water monitoring data
prior to construction of new homes at a rural subdivision
site in Southern Wisconsin. The most important finding is
the high variability, in both space and time, of predevelop-
ment ground water quality across this relatively small site.
Thus, assumptions of negligible or uniform effects of pre-
vious agricultural land use would be inappropriate for this
site and would limit the potential to assess the impacts of
subdivision development on ground water quality. Con-
centrations of chemical parameters just below the water
table exceeded the drinking water standard for nitrate in
some wells and showed other evidence of land-use impacts
(agricultural use and highway salting) in many wells. Con-
centrations in deeper bedrock wells, although lower and
less variable, also showed evidence of impacts from land
use. Temporal variability is primarily caused by recharge
patterns because infiltrating precipitation can either dilute
existing concentrations or bring in additional contami-
nants, depending on local conditions at the surface. Spatial
variability is caused by aquifer heterogeneities, nonuni-
form agricultural loading patterns, and runoff of agricul-
tural chemicals to topographically low points in the
landscape. Ground water quality is much more variable
near the water table than deeper in the aquifer; samples
collected from bedrock wells are much more consistent
over time. Well construction, particularly casing depth,
apparently controls chemical variability in these wells.

These observations have several implications for the
success of ground water studies attempting to identify the
effects of land-use change.

1. A detailed characterization of both background ground

water chemistry and chemical variability in space and time

prior to land-use change can be accomplished with multiple

wells and frequent sampling intervals. This is particularly

important in areas where ground water chemistry is

unknown or where previous land use may have resulted in

groundwater contamination. Thevariability observed in this

study would not have been detected if background ground

water chemistry had been determined using just a few

monitoringwellswithin the subdivision site or inferred from

wells located upgradient. However, identifying and quanti-

fying this variability will be essential to confidently assess

any future effects caused by land-use change.

Figure 5. Seasonal variability in nitrate and chloride con-
centrations. (a) Nitrate concentrations in well MW-11
decreased during the spring recharge season and (b) chlo-
ride concentrations in MW-08 increased in early spring due
to infiltrating road salt before dropping in late spring. Well
locations are shown in Figure 2.

Table 3
Selected Ground Water Chemistry for Wells

MW-02 and MW-10, December 2001 to May 2003

NO3
2 Cl2 SO4

22 Na K Hardness Alkalinity

MW-02 21.6 3.1 5.7 4.4 2.2 376 275
MW-10 1.5 5.2 50.0 8.9 3.3 311 244

Concentrations are median values in mg/L, except for hardness and alkalinity
(mg/L as CaCO3) and NO3

2 (mg/L as nitrogen).
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2. Sampling frequency during both pre- and postconstruction

time periods should account for the effects of seasonal

variations and individual recharge events on ground water

quality. In this study, ground water chemistry was highly

variable throughout the year, and characterizing back-

ground conditions based on only one ‘‘preconstruction’’

sampling round would have been insufficient. A full year

of background data was necessary to document seasonal

variability in this study, although a multiyear data set

would be even more useful to document variability

between wetter and drier years.

3. Shallow monitoring wells with short screens should be

used if the contaminants of interest are applied at or near

the ground surface. Shallow wells are much more suscep-

tible to local loading patterns and small-scale changes in

contaminant concentrations.

4. Surface topography may be an important consideration

when designing monitoring well networks. Although

focused recharge in topographic lows may dilute waste

water in those areas, contaminants may be transported

more quickly to the water table before adequate degrada-

tion can occur in the unsaturated zone.

5. Although it may not be economical to conduct such a

detailed background characterization in every study, it

may be possible to focus limited resources based on

expected variability. For example, at the site of this study,

contaminant concentrations across the site will likely be

highest during drier seasons and years when decreased

precipitation will limit dilution in the aquifer. Therefore,

installing wells and collecting ground water samples from

the most vulnerable areas of the site during the driest

times of the year would provide a ‘‘worst-case scenario’’

for ground water quality beneath the subdivision.
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