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PLAN TO EVALUATE THE EFFECTS OF HDYDROGEOLOGIC CONDITIONS
AND HUMAN ACTIVITIES ON WATER QUALITY IN THE
COASTAL PLAIN OF NEW YORK AND NEW JERSEY

By Eric F. Vowinkel and Steven F. Siwiec
ABSTRACT

The U.S. Geological Survey has developed a plan of study to
characterize, quantify, and improve the understanding of the influence of
human activities on ground- and surface-water quality in urban, suburban,
and agricultural land-use areas in the Atlantic Coastal Plain of New York
and New Jersey. The Coastal Plain of New York and New Jersey has been
chosen for this study because it contains among the most densely populated
urban and suburban land in the United States interspersed with agricultural
and undeveloped land. The unconsolidated sediments underlying the Coastal
Plain of New York and New Jersey have been designated as sole-source
aquifers--more than 5 million people in this area rely on ground water as
their source of drinking water.

The plan describes three major research objectives and associated
research topics. The major objectives of this regional study are to (1)
quantify the sources of contamination at a level of detail appropriate for a
regional study, (2) develop an understanding of the movement of nonreactive
and reactive chemical constituents along regional flow paths, and (3)
improve methods for regional water-quality-data collection and
interpretation. Water-quality constituents to be studied include nutrients,
volatile organic compounds, pesticides, and trace elements.

Seven research topics, which would address the objectives listed above,
include (1) evaluation of the transferability of the land-use methods and
statistical results which were developed to quantify the relation between
shallow ground-water quality and human activities to other areas of similar
hydrogeology, climate, and land use; (2) assessment of the effects of
spatial and temporal variability of water-quality, land-use, and
hydrogeologic data on the relation between land use and a particular ground-
water quality constituent; (3) evaluation of the effect of using various
methods to estimate the area contributing water to a well when quantifying
human activities on the statistical relation between land use and a water-
quality constituent; (4) a test of the usefulness of additional
hydrogeologic and human-activity variables for quantifying the relation
between shallow ground-water quality and human activities; (5) assessment of
the relation between the extent of contamination resulting from human
activities and regional patterns of ground-water flow; (6) evaluation of the
relation between surface-water quality and human activities and quantify the
contribution of ground-water constituents to surface-water contamination;
and (7) a determination of methods for improving the efficiency of sampling

for regional water-quality investigations by using available hydrogeologic
data.



INTRODUCTION

Contamination of ground and surface water by human activities is a
major environmental problem facing the Nation today. For example, in 1985,
estimated annual discharge of wastes from 22 million septic systems to the
Nation’'s shallowest aquifers was 820 to 1,460 billion gallons. In addition,
more than 42 million tons of fertilizers are applied annually to more than
360 million acres of agricultural land nationwide (U.S. Geological Survey,
1985, p. 140). As a result of these and other human activities that
introduce nitrogen into the hydrologic system, more than 20 percent of
nearly 124,000 wells studied nationwide contain water with concentrations of
dissolved nitrate greater than 3.0 mg/L (milligrams per liter). About 6
percent of these wells contain water with nitrate concentrations greater
than 10.0 mg/L (U.S. Geological Survey, 1988, p. 95), the Federal and State
maximum contaminant level (U.S. Environmental Protection Agency, 1986).
These estimates of ground-water contamination by nitrates can be misleading,
however, because they identify neither the types and parts of aquifers that
are most susceptible to contamination, nor the land uses that are associated
most frequently with nitrate contamination.

Contamination of ground and surface water can be derived from point and
nonpoint sources. Point sources of contamination are localized areas,
generally a few acres or smaller in size. Common point sources include
injection wells, landfills, pipelines, leaky storage tanks, and surface
impoundments. Nonpoint sources of contamination are broad geographic areas,
ranging from a few acres to tens or hundreds of square miles. Examples of
nonpoint sources include agricultural and residential land to which
fertilizers and pesticides are applied, mininé areas, animal feedlots, and
roadways on which deicing salts are applied. Multiple point sources, such
as on-site septic systems in residential areaq and leaky underground storage

tanks in industrial areas, can be considered nonpoint sources of
contamination.

In addition to the size of the geographic areas from which they
originate, point and nonpoint sources differ with respect to the volume of
water they affect and the resulting constituent concentrations. Point
sources generally affect small volumes of water. A plume of contaminated
ground water can be hundreds to thousands of feet in length and tens to
hundreds of feet wide. Concentrations of contaminants that originate from a
point source often are several orders of magnitude greater than those in
ambient water. Contamination from nonpoint sdurces typically affects large
volumes of water at low concentrations. Contaminant loads from point
sources generally can be measured or estimated more easily than loads from

nonpoint sources. |
1
|

Because of the dynamic and heterogeneous nature of the hydrogeologic

system and the spatial and temporal variability of contaminant sources
resulting from human activities, the association of a particular constituent
in the ground-water flow system with a specific source at a regional scale
is difficult. Human activities such as land use and population density can
be used as a surrogate measure of nonpoint and point sources of
contamination.









contributing water to a shallow well when quantifying human activities on
the statistical relation between land use and a water-quality constituent;
(4) a test of the usefulness of additional hydrogeologic and human-activity
variables for quantifying the relation between shallow ground-water quality
and human activities; (5) assessment of the relation between the extent of
contamination resulting from human activities and regional patterns of
ground-water flow; (6) evaluation of the relation between surface-water
quality and human activities and quantify the contribution of ground-water
constituents to surface-water contamination; and (7) determination of
methods for improving the efficiency of sampling for regional water-quality
investigations by using available hydrogeologic data.

Methods developed as part of this research will be useful in the
interpretation of the influence of human activities on water quality in
other regional investigations, such as the U.S. Geological Survey'’s National
Water Quality Assessment Program (NAWQA). The information gained from this
research will be useful for regulatory agencies as they establish management
priorities and may provide the basis for developing new management tools to
help prevent or mitigate potential adverse effects of human activities on
water quality. These tools can be used by State and local government
agencies for the design and implementation of wellhead-protection programs,
agricultural land-use best-management practices, and other strategies to
protect the Nation’'s potable-water supply from contamination.
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Environmental Protection Agency. Hydrologists from the USEPA's Robert S.
Kerr, Environmental Research Laboratory in Ada, Oklahoma, and Office of
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needs related to nonpoint-source contamination of ground and surface water.

PREVIOUS INVESTIGATIONS

Considerable research has been conducted on point sources of
contamination and the transport and fate of chemicals from these sources in
the hydrogeologic system. Until recently, however, data on the effects of
contamination of water from nonpoint sources have been sparse. In 1984, the
USGS began preliminary regional appraisals of shallow ground-water quality
in 14 areas of the United States as part of the Toxic Substances Hydrology
Program (Helsel and Ragone, 1984, p. 1).

Results of 6 of the 14 studies demonstrated a relation between the
quality of shallow ground water and human activities. In a paper
summarizing the preliminary results of these six studies, Cain and others
(1989) report that the frequency of detection of volatile organic compounds
(VOC's) in shallow ground water from the upper glacial aquifer on Long
Island, New York (Eckhardt and others, 1989a), and from the Potomac-Raritan-
Magothy aquifer system in New Jersey (Barton and others, 1987), was
significantly higher in urban and industrial areas than in less developed
areas. Similar patterns were observed in ground water from stratified-drift
aquifers in western Connecticut (Grady and Weaver, 1988) and in the
surficial and Upper Floridan aquifers in central Florida (Rutledge, 1987);
however, statistical significance could not be established in these two



study areas because of insufficient data. 1In|the High Plains aquifer of
Nebraska, concentrations of nitrate and the detection frequencies of
triazine herbicides were significantly higher in ground water from
intensively irrigated agricultural areas thanl!in ground water from less
intensively irrigated areas (Chen and Druliner, 1987). Ground-water quality
in the Fountain Creek alluvial aquifer in Colorado was found to be affected
to a greater extent by ground-water withdrawals and consumptive ground-water
use than by land use (Cain and Edelmann, 1986).

The results of these reconnaissance studies provided the basis for the
experimental phase of research in these six areas. In each area, a
conceptual model was developed to determine the predominant factors
affecting ground-water quality, and hypothese$ were formulated to test the
validity of the conceptual models. Additional ground-water-quality,
hydrogeologic, and human-activity data were collected, and experiments were
designed to test each hypothesis statistically. The hydrogeologic and
human-activity data provided a means of stratifying data sets prior to
statistical analysis. These experimental-phase studies, initiated in 1987,
are nearing completion. A summary of the findings of the New York and New
Jersey studies is provided here as an indicatlon of current knowledge and a
description of the foundation from which further research can proceed.

The primary objective of the experimental-phase studies in New York and

New Jersey was to determine whether statistically significant relations
exist between shallow ground-water quality and land use. Although the two
studies had a common objective, they were conducted independently. Each
study was limited by the availability, types, and sources of ground-water-
quality and land-use data in each area. Where considerable data were
available, much information was discarded to ensure a sample in which
statistical and other biases were minimized (Vowinkel and Battaglin, 1989a;
Barringer and others, 1990). Because the design of each study was adapted

to these limitations, the approaches and methods used in each study were
different.

Preliminary results of the Long Island, New York (fig. 2A), study are
reported by Eckhardt and others (1989b). Water-quality data from 90 shallow
wells screened in the upper glacial aquifer in 5 study areas located in
ground-water-recharge areas along the regional ground-water divide of Long
Island were compared to assess the effects of|human activities on ground-
water quality. Each of the five study areas is characterized by a unique
land use, which included (1) a highly suburbanized area which has been
sewered for more than 22 years; (2) a highly suburbanized area that has been
sewered for less than 8 years; (3) a moderately suburbanized, unsewered
area; (4) an agricultural area; and (5) an undeveloped area. Statistical
procedures used in this study included exploratory data analysis,

nonparametric procedures, contingency-table analysis, and logistic
regression.

The major findings of the New York study were that concentrations of
nitrate and most inorganic constituents in shallow ground water were lowest
and least variable in samples from the undeveloped area and highest and most
variable in samples from the agricultural area. Inorganic trace elements in
ground water were detected infrequently in all five study areas, with the
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exception of boron, which was detected most frequently and at the highest

concentrations in ground water in agricultural areas and in the two highly
suburbanized, sewered areas. Boron is a constituent of some laundry soaps
and row-crop fertilizers. '

Results of contingency-table analyses indicated statistically
significant differences in the frequency of detection of VOC’s among the
five study areas. VOC'’s were detected in all three suburban areas, but not
in the agricultural or undeveloped area. The frequency of detection of
VOC's was related to population density; the highest detection frequency was
in areas of 6 to 8 people per acre, and the lowest frequency was in areas of
fewer than 6 people per acre. Carbamate insecticide residues were detected
almost exclusively in the agricultural area, whereas organochlorine
insecticide residues were detected most frequeptly in the two sewered,
suburban areas. |

Logistic-regression analysis was used in the New York study to predict
the probability of VOC detection in shallow ground water as a function of
population and land use. A geographic information system (GIS) was used to
compute values of population density and percentages of each land-use
category within an 800-meter-radius (1/2-mi-radius) buffer area centered on
each of the 90 sampled wells. These variables then were regressed in a
stepwise manner on the binary-response varlablp, the detection or
nondetection of any VOC at each well. Two separate logistic-regression
equations with statistically significant (alpha < 0.01) slopes were
obtained: a single-variable model with population density as the
explanatory variable, and a two-variable model with percentage of
residential land and percentage of commercial/industrial land as the
explanatory variables.

In the New Jersey study area (fig. 2B), e relation of ground-water
quality to land use was evaluated by using data from the Potomac-Raritan-
Magothy aquifer system and the Kirkwood-Cohansey aquifer system. The water-
quality data base was expanded to include 616 wells screened in unconfined
and confined parts of the Potomac-Raritan-Magothy aquifer system and 350
wells screened in the unconfined parts of the Kirkwood-Cohansey aquifer
system. Methods were developed to stratify the data sets to make them
homogeneous and to minimize statistical problems such as spatial
autocorrelation (Barringer and others, 1990).

Data compiled for 616 wells screened in the Potomac-Raritan-Magothy
aquifer system in the New Jersey Coastal Plain were used to evaluate the
presence of VOC's in ground water and their rellation to selected
hydrogeologic conditions, well-construction characteristics, and land use
(Vowinkel and Battaglin, 1989a). The 616-well sample was stratified into
two subsamples; a set of 369 wells located in 'the outcrop area and a set of
247 wells located downdip from the outcrop. Water from wells located in the
outcrop area was assumed to have recently recﬁgrged the aquifer, whereas

water from wells located downdip of the outcrop area was assumed to be too
old to have been affected by human activities. VOC's were detected in water
from 96 of 369 wells (26 percent) in the outcrop area. Water from only 12

of 247 wells (5 percent) downdip from the outcrop contained VOC's (Vowinkel
and Battaglin, 1989%a).




The 369 wells in the outcrop area were stratified further. Water-
quality data from a stratified subsample of 98 wells screened in the outcrop
area of the Potomac-Raritan-Magothy aquifer system were used to
statistically compare water quality and land use (Vowinkel and Battaglin,
1989b). The criteria used to select wells in the subsample were distance
between wells and well depth. A minimum distance of 1,600 meters between
wells was chosen to minimize statistical problems of autocorrelation and
double accounting of land uses. Three methods of quantifying land use near
a well were explored: (1) the predominant method, in which the predominant
land use within a specified radius of each well was assigned to that well;
(2) the presence-or-absence method, in which land use was treated as a
binary variable determined by its presence or absence within a specified
radius of each well; and (3) the percentage method, in which the percentage
of each land use within a specified radius of each well was assigned to that
well. For each of these methods, land-use percentages for seven buffer-zone
sizes were calculated for each well at radii of 1, 100, 250, 400, 600, 800,
and 1,000 meters. The objective of using several buffer-zone sizes was to
determine which radius provided the most statistically significant relation
between a given water-quality constituent and land use.

Nonparametric procedures were used to test for statistically
significant (alpha = 0.05) relations between water quality and land use.
Statistical tests indicate that concentrations of nitrate are significantly
higher in ground water beneath agricultural and urban land than in ground
water beneath undeveloped land for both the Potomac-Raritan-Magothy and
Kirkwood-Cohansey aquifer systems. The detection frequency of VOC’s is
significantly higher in water from wells in urban land than in water from
wells in agricultural areas. For all comparisons, statistically significant
relations were not obtained for all three methods or at all seven radii used
to calculate land-use variables. These findings indicate that both the
method of characterizing land use at wells and the radial area within which
land-use variables are calculated influence the statistical results. In
most cases, the relation between the water-quality constituent and land use
was most significant at radii of 600 and 800 meters.

Water samples were collected from 81 wells in 7 counties during the
summers of 1986 and 1987 to determine whether agricultural chemicals,
including pesticides and nutrients, are present in ground water beneath the
outcrop areas of the Potomac-Raritan-Magothy and Kirkwood-Cohansey aquifer
systems in New Jersey (Louis and Vowinkel, 1989). The samples were analyzed
for triazine and acetanilide herbicides, and carbamate, organochlorine, and
organophosphorus insecticides. Pesticide residues were detected in water
from 33 percent of the 81 wells. Residues of 21 pesticides and 3 pesticide
metabolites were detected in concentrations ranging from 0.01 to 13 ug/L
(micrograms per liter). The most frequently detected pesticides were
carbofuran, atrazine, alachlor and the metabolites of aldicarb. The median
dissolved-nitrate concentration was 5.1 mg/L, and nitrate exceeded 10 mg/L
in water from 32 percent of the wells.

The results of these studies in New York and New Jersey indicate that
statistically significant relations exist between shallow ground-water
quality and human activities, and that the findings were similar in the New
York and New Jersey study areas. In both study areas, nitrate
concentrations in ground water were highest in agricultural areas and lowest
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in undeveloped areas. VOC's were detected mosL frequently in ground water
beneath urban land, especially in industrial and commercial areas.
Pesticides were detected most frequently in agricultural areas. 1In both
study areas, trace elements such as lead, chromium, or cadmium were detected
infrequently in ground water and the detection frequency of most trace
metals did not differ significantly among land-use areas.

RESEARCH PLAN

On the basis of results of the previous investigations, seven research
topics that need further investigation have been identified:

(1) Evaluation of the transferability of the land-use methods and
statistical results used to quantify {the relation between shallow
ground-water quality and human activities to other areas of similar
hydrogeology, climate, and land-use.

(2) Assessment of the effects of spatial jand temporal variability of
land-use and water-quality data on th se land-use methods and
statistical results;

(3) Evaluation of the effect of using varﬁous methods to estimate the
area contributing water to a shallow well in quantifying human
activities near a well on the statistical relation between a water-
quality constituent and land use;

(4) Testing of the use of additional hydrogeologic and human-activity
variables for quantifying the relation between shallow ground-water
quality and human activities;

(5) Assessment of the relation between the extent of contamination
resulting from human activities and regional patterns of ground-
water flow;

(6) Evaluation of the relation between surface-water quality and human
activities and quantify the contribution of ground-water
constituents to surface-water contamination; and

(7) Determination of methods for improving the efficiency of sampling
for regional water-quality investigatiions by using available
hydrogeologic data.

In the following sections, each research topic is introduced with a
statement of the problem. The background section that follows each problem
statement focuses on the relations among each research topic, previous
studies, and the other research components. A generalized approach for
addressing each problem is presented to provide a foundation for initiating
research activities.

10




Transferability of Land-Use Methods

Problem

Several methods were developed independently as part of previous
studies in the New York and New Jersey study areas to test the relation
between shallow ground-water quality and human activities. In some cases,
the results of hypothesis testing in each study area appear to be similar.
Additional investigation is needed to determine the ability of each method
to reproduce results within the original study area and to determine the
transferability of each method to other areas with similar land use,
hydrogeology, and climate.

Background

Verification of the statistical results from a method used to quantify
the relation between shallow ground-water quality and human activities
provides a test of the transfer value of the method to other areas of
similar land use in the same hydrogeologic and climatic setting. The
verification procedure includes the "comparison of data collected in one
area to those from other areas to determine whether inferences about those
factors affecting ground-water quality can be extrapolated beyond the
original study area" (Helsel and Ragone, 1984, p. 5).

Three methods were developed to assign a land-use class to the area
surrounding a well--the predominant, the presence-or-absence, and the land-
use percentage methods. Nonparametric statistical procedures were used to
test hypotheses about the relation between a particular ground-water
constituent and land use. Logistic regression was used to predict the
probability of the presence of a contaminant based on land-use percentages
or population density within the circular buffer zones surrounding a well.

In certain cases, one method might be more appropriate for quantifying
land use than the others. 1In the New Jersey study area, the predominant-
land-use method was inadequate when testing the relation between VOC'’'s and
industrial land use because industrial land use was rarely the predominant
land use within an 800-meter circular buffer zone. The presence-or-absence
and land-use-percentage methods were more useful than the predominant method
in the New Jersey study area because industrial areas are small in
comparison to other land uses.

Direct comparison of the results from the New York and New Jersey study
areas is inappropriate because the procedures used to select sites to test
hypotheses were different in each study area. Well depths and types of
wells used in each study area also differed. In some cases, different
analytical laboratories and detection limits were used. These
inconsistencies need to be considered prior to comparing results between the
two areas. Additional data collection in each study area may be necessary
to make meaningful comparisons between study areas.

11
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The following example illustrates the proklems that need to be
considered before the results from the two study areas can be compared. The
land-use percentage method was used to determine whether the presence of
VOC's in water from wells is independent of the percentage of industrial and
commercial land within 800-meter-radius buffer zones of wells (fig. 3). 1In
both study areas, the percentage of industrial and commercial land is
significantly greater (alpha < 0.05) near wells in which VOC's were detected
than the percentage of industrial and commercial land near wells in which
VOC's were not detected.

Although the same source of land-use data and the same buffer-zone
radius were used in the two studies to characterize land use near a well,
the method of selecting wells differed. The wells used for statistical
analyses in the New York study were exclusively observation wells which were
selected randomly by use of a grid system. The wells used in the New Jersey
study were mostly withdrawal wells selected to provide a minimum separation
distance between wells. The screened intervals of wells used in the New
Jersey study were deeper than those of wells used in the New York study.
Different analytical laboratories were used to analyze samples, and the
reported minimum detection limits were different between the two studies.
These differences in methods may affect the interpretation of the data sets
in the two areas.

Approach

The predominant, presence-or-absence, and land-use-percentage methods
will be tested consistently by using data from both study areas to determine
the conditions and constituents for which each method is most appropriate.
The verification procedure will include a test of the ability of each method
to reproduce results within the original study area and a test of the
transferability of the method to other study areas.

The ability of each method to reproduce results within the original
study area will be evaluated first. Collection of additional hydrogeologic
and water-quality data in areas where none currently are available will be
necessary in some cases. To further test the ability of the method to
reproduce results, predicted concentrations of water-quality constituents
will be compared with field data in areas for which no information
previously was available. In those areas where water-quality data are
lacking, samples will be collected and analyzed. The analytical results
will be compared with the expected values to determine the reliability of
the land-use method to predict water quality.

|

The next step is to compare the results between the two study areas.
Identical procedures will be used to develop the data sets for hypothesis
testing in the New York and New Jersey study areas. The data sets will be
selected to ensure that hydrogeologic conditions, well-construction
characteristics, sources of land-use data, methods of characterizing land
use at a well, laboratory methods, detection limits for each water-quality
constituent, and well-selection criteria are consistent between the areas
being compared.

12
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Figure 3.--Boxplots showing the percentage of industrial land within
800-meter-radius buffer zones of wells and the presence of
volatile organic compounds in the New York and New Jersey
study areas.
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Effects of Spatial and Temporal Variability of{Data on Statistical Results
|

Problem i

Preliminary results indicate that statistfical relations between shallow
ground-water quality and human activities depend on the scale of the land-
use data. The methods need to be tested in study areas of various sizes to
determine whether these methods produce consistent results at regional and
local scales. In addition, little is known about the effects of seasonal
and long-term variability of water quality and human activities on the
relation between a ground-water constituent and land use.

Background

Water-quality conditions, as do human activities, vary in space and
time. In water-quality investigations, problems of spatial variations can
result from the distribution of, and variations in hydrogeologic conditions,
human activities, and water quality with respect to study-area size and map
resolution. Temporal variations can result from either seasonal trends in
water quality or changes in land use and water quality over time.

Water-quality investigations can be conducted at regional, local, or
site-specific scales. Regional water-quality studies can cover areas
ranging in size from hundreds to thousands of Isquare miles; they provide a
general evaluation of the water-quality conditions at the multi-county,
state, or multi-state level. Local studies can focus on water-quality
problems at the county or township level. Site-specific studies generally
focus on known contamination sites in order to determine the mass balance of
contaminants within the hydrogeologic system. | Most of the previous research
in the New York and New Jersey study areas hag been conducted at the
regional scale in areas comprising more than 1,000 mi? (square miles). More
research is needed to determine whether the land-use methods can be used to
predict water quality at the local scale in areas of 10 to 100 miZ?.

The spatial resolution of the land-use data can affect the magnitude of
the statistical relation or whether a hypothegis is accepted or rejected.
At certain scales, the minimum-sized mapping unit may exclude or misclassify
some land-use classes (Fitzpatrick-Lins, 1980). For example, two different
sources of digital land-use data were used to test the relation between
VOC’'s in shallow ground water and industrial 4nd residential land use in
Long Island, New York. Differences in land-use classification within the
Huntington, New York, quadrangle were analyzed using a GIS (Siwiec and
Stackelberg, 1989). Figure 4A is a map of regidential land in the
Huntington quadrangle in 1973 at a scale of 1:250,000 (Fegeas and others,
1983). Figure 4B is a map of industrial and commercial land at a scale of
1:24,000 from a 1981 base (Long Island Regional Planning Board, 1982).
Figure 4C shows land classified as industrial or commercial at a scale of
1:24,000 but as residential at a scale of 1:250,000--approximately 4 percent
of the total area of the quadrangle.
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procedure also will include a comparison of results of the shallow ground-
water-quality/land-use models with the results of the surface-water-
quality/land-use models. Because most of the water in surface-water bodies
in the Coastal Plain is derived from ground water, results of the ground-
water and surface-water models are expected to be similar.

Water-Quality Sampling Strategies

Problenm

The design of a field sampling network for regional water-quality
studies should be based on sound physical and statistical principles. While
some attention has been paid to the need for statistically sound designs in
a regional assessment, the use of available information about hydrogeology
to improve the efficiency of sampling has not been addressed.

Background

Most regional assessments of ground-water quality are designed to
estimate the distribution of a specific constituent within an area and also
to relate ground-water quality to some explanatory variables. Usually,
these regional studies involve some type of grid-based random sampling,
stratified random sampling, or systematic sampling designed to be unbiased
toward any particular constituent, problem area, or geographic feature
within the aquifer being sampled. Random sampling is simply the selection
of either existing wells or potential well sites on a purely random basis
throughout a study area. Random sampling can be improved further by
stratifying the population (study area) by some factor such as land use, age
of water, or range of hydraulic gradient. Systematic sampling is considered
to be a type of probability sampling and usually is carried out in a
regularly spaced grid pattern.

It remains to be shown, however, whether knowledge-based sampling that
formally incorporates hydrogeologic information about a study area, can lead
to further improvements in design. Knowledge-based sampling is the
selection of sampling locations on the basis of available information that
relates one location to other locations through assumptions of continuity in
the medium, hydrologic processes, and causative factors. For example,
knowledge of recharge rates, hydraulic gradients, and flow paths might
justify the spread of samples among waters of different ages. In other
words, a conceptual hydrologic model provides a physical basis for
stratified sampling. Knowledge-based sampling, as defined here, is a subset
of probability sampling that is based on available information about the
physical system to the greatest possible extent.

If the objectives of a regional assessment can be quantified in terms
of either the estimation of summary water-quality statistics or the testing
of hypotheses about correlative relations between water quality and other
factors, then sampling can be explicitly designed to maximize the
appropriate type of information and at the same time minimize cost. This
proposition needs to be tested on a data-rich study area for which extensive
knowledge of the hydrogeology is available. The Coastal Plain areas of Long
Island and New Jersey are ideal sites to compare methods of knowledge-based
sampling with other sampling-design methods.
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Approach

First, a description of water quality forl a few selected constituents
will be assembled by using all available data for a given time period.
Then, three types of probability-based sampling methods will be compared:
stratified-random sampling, systematic sampling on a regularly spaced grid,
and knowledge-based sampling. Small subsets of the data will be selected
according to each of the sampling methods and inferences will be drawn about
water-quality conditions on the basis of this limited information. These
descriptions will be compared to the description derived from the set of all
available data.

This research is expected to result in the development of a simulation
tool for evaluating regional sampling strategies on the basis of
hydrogeologic knowledge (D.S. Knopman, U.S. Geological Survey, written
commun., 1990). This tool will take the form of a general methodology that
will be sufficiently flexible to be adapted for use in other study areas.
The methodology will be a modular flow model linked to a GIS, and a set of
computer programs to select sampling designs, levaluate summary statistics
and spatial distribution of constituents, compare effectiveness of designs,
and produce graphical output.

The purpose of using a three-dimensional flow model is to integrate
hydrogeologic information into the design of a regional sampling strategy.
The flow model can be used to create coverages of travel time along flow
lines, recharge and discharge areas, and hydraulic gradients. The McDonald-
Harbaugh finite-difference model (McDonald and Harbaugh, 1988) is best

suited for this purpose because of its simplicity, flexibility, and
availability. ‘

A GIS will be used to organize and integriate the hydrologic information
with the information from field sampling to determine constituent
concentrations. Available GIS based algorithms for choosing sampling sites
on the basis of fixed and randomly placed grids will be used whenever
possible (J.C. Scott, U.S. Geological Survey, written commun., 1990). Sites
will be chosen either from an available population of wells or from a
potential population generated by the user. The algorithms also offer
several options for stratifying the population by any user-defined factor;
several of these options will be explored. }
i
SUMMARY !

The U.S. Geological Survey has developed a plan of study to
characterize, quantify, and improve the understanding of the effect of human
activities on ground- and surface-water quality in urban, suburban, and
agricultural land-use areas in the Atlantic Coastal Plain of New York and
New Jersey. The Coastal Plain of New York and New Jersey has been chosen
for this study because it contains among the most densely populated urban
and suburban land in the United States interspersed with agricultural and
undeveloped land. The unconsolidated sediments underlying the Coastal Plain
of New York and New Jersey have been designated as sole-source aquifers--
more than 5 million people in this area rely on ground water as their source
of drinking water.
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The plan describes three major research objectives and associated
research topics. The major objectives of this planned regional study are to
(1) quantify the sources of contamination at a level of detail appropriate
for a regional study, (2) develop an understanding of the movement of
nonreactive and reactive chemical constituents along regional flow paths,
and (3) improve methods for regional water-quality-data collection and
interpretation. Water-quality constituents to be studied include nutrients,
volatile organic compounds, pesticides, and trace elements.

Seven research topics, which would address the objectives listed above,
include (1) evaluation of the transferability of the land-use methods and
statistical results which were developed to quantify the relation between
shallow ground-water quality and human activities to other areas of similar
hydrogeology, climate, and land use; (2) assessment of the effects of
spatial and temporal variability of water-quality, land-use, and hydrogeo-
logic data on the relation between land use and a particular ground-water
quality constituent; (3) evaluation of the effect of using various methods
to estimate the area contributing water to a well when quantifying human
activities on the statistical relation between land use and a water-quality
constituent; (4) a test of the usefulness of additional hydrogeologic and
human-activity variables for quantifying the relation between shallow
ground-water quality and human activities; (5) assessment of the relation
between the extent of contamination resulting from human activities and
regional patterns of ground-water flow; (6) evaluation of the relation
between surface-water quality and human activities and quantify the
contribution of ground-water constituents to surface-water contamination;
and (7) determination of methods for improving the efficiency of sampling

for regional water-quality investigations by using available hydrogeologic
data.
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