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CONVERSION FACTORS, VERTICAL DATUM, AND
ABBREVIATED WATER-QUALITY UNITS

Pl | b Iy By Ta obtain
Length
inch [in.) 254 centimeter
fosat [FE) 0348 mete r
pound Q4536 kilogram
Area
acre 1007 square meber
square mile (mi®) 2590 square kilometer
Yolume
mil lion gallons [Mgal) 3785 cubic meter
El oo
inch per year [in/yr) 254 i llimeter per year
foot per day [ft/d) 03042 meber per day
mil lion gallons per day [Mgal,/d} 004381 cubic meter per second
Temperatu e
degree Fahrenheit [°F) C=5/9x(°F-32 de gree Celsius (°C)

Hydraulic cond uctiviby

foot per day [fL/d) 03HE meber per day
Tmnsmissivity
square foot per day [thfd.:I] 009290 square meber per day

Vertical datum: In this report "sea level™ refers bo the Mational Geodetic Mectical Datum of 1929--
a geodetic datum derived froma general adjustment of the first-order lev el nets of the Unibed
States and Canada, formerly called Sea Level Datum of 1929,

Wvia be r-gqua lity abbrevia tioms:

mgi L - milligrams per liter

HgiL - microgmms per liter

mS,fom - microsiemens per centimeber at 25 degrees Celsius
YOC - volatile organic compound

LThis unit is used lo express transmissivity, the c@pacity of an aquifer to tmnsmit water.
Conceptually tmnamiasivity is cubic feet [of waber) perday peraguare foot [ of aguiferarea) times
feet [of aguifer thickness), or [Ft3.."-:lf|.."Ft x ft. In this report, this expression is reduced to its
simplest form, FE .



FOREWORD

The mission of the U.S. Geological Survey
(USGS) isto assess the quantity and quality of the
earth resources of the Nation and to provide infor-
mation that will assist resource managers and policy-
makers at Federal, State, and local levelsin making
sound decisions. Assessment of water-quality condi-
tions and trends is an important part of this overall
mission.

One of the greatest challenges faced by water-
resources scientistsis acquiring reliable information
that will guide the use and protection of the Nation’s
water resources. That challengeis being addressed by
Federal, State, interstate, and local water-resource
agencies and by many academic institutions. These
organizations are collecting water-quality datafor a
host of purposesthat include: compliance with permits
and water-supply standards; development of remedi-
ation plans for specific contamination problems;
operationa decisionson industrial, wastewater, or
water-supply facilities; and research on factors that
affect water quality. An additional need for water-
quality information is to provide a basis on which
regional- and national-level policy decisions can be
based. Wise decisions must be based on sound infor-
mation. As a society we need to know whether certain
types of water-quality problems are isolated or
ubiquitous, whether there are significant differencesin
conditions among regions, whether the conditions are
changing over time, and why these conditions change
from place to place and over time. The information
can be used to help determine the efficacy of existing
water-quality policies and to help analysts determine
the need for and likely consequences of new policies.

To address these needs, the U.S. Congress appro-
priated fundsin 1986 for the USGS to begin a pilot
program in seven project areas to develop and refine
the National Water-Quality Assessment (NAWQA)
Program. In 1991, the USGS began full implemen-
tation of the program. The NAWQA Program builds
upon an existing base of water-quality studies of the
USGS, as well as those of other Federal, State, and
local agencies. The objectives of the NAWQA
Program are to:

* Describe current water-quality conditions for a

large part of the Nation’s freshwater streams, rivers,
and aquifers.

Vi

* Describe how water quality is changing over
time.

* Improve understanding of the primary natural
and human factors that affect water-quality
conditions.

Thisinformation will help support the devel-
opment and evaluation of management, regulatory,
and monitoring decisions by other Federa, State, and
local agencies to protect, use, and enhance water
resources.

The goals of the NAWQA Program are being
achieved through ongoing and proposed investigations
of 59 of the Nation’s most important river basins and
aquifer systems, which are referred to as study units.
These study units are distributed throughout the
Nation and cover adiversity of hydrogeol ogic settings.
More than two-thirds of the Nation's freshwater use
occurs within the 59 study units and more than two-
thirds of the people served by public water-supply
systems live within their boundaries.

National synthesis of data analysis, based on
aggregation of comparable information obtained from
the study units, is a major component of the program.
This effort focuses on selected water-quality topics
using nationally consistent information. Comparative
studies will explain differences and similaritiesin
observed water-quality conditions among study areas
and will identify changes and trends and their causes.
Thefirst topics addressed by the national synthesisare
pesticides, nutrients, volatile organic compounds, and
aguatic biology. Discussions on these and other water-
quality topics will be published in periodic summaries
of the quality of the Nation’s ground and surface water
as the information becomes available.

Thisreport is an element of the comprehensive
body of information devel oped as part of the NAWQA
Program. The program depends heavily on the advice,
cooperation, and information from many Federal,
State, interstate, Tribal, and local agencies and the
public. The assistance and suggestions of all are
greatly appreciated.

ﬂo&u‘ /. Werae

Raobert M. Hirsch
Chief Hydrologist



COMPARISON OF NITRATE, PESTICIDES, AND VOLATILE
ORGANIC COMPOUNDS IN SAMPLES FROM MONITORING
AND PUBLIC-SUPPLY WELLS, KIRKWOOD-COHANSEY
AQUIFER SYSTEM, SOUTHERN NEW JERSEY

by Paul E. Stackelberg, Leon J. Kauffman, Arthur L. Baehr, and Mark A. Ayers

ABSTRACT

The number and total concentration of
volatile organic compounds (VOCs) per
samplewere significantly greater in water from
public-supply wells than in water from shallow
and moderate-depth monitoring wellsin the
aurficial Kirkwood-Cohansey aquifer systemin
the Glassboro area of southern New Jersey. In
contrast, concentrations of nitrate (as nitrogen)
and the number and total concentration of
pesticides per sample were statistically similar
in samples from shallow and moderate-depth
monitoring wellsand those from public-supply
wells.

VOCsin ground water typically are
derived from point sources, which commonly
exist in urban areas and which result in
gpatially variable contaminant concentrations
near thewater table. Because larger volumes of
water are withdrawn from public-supply wells
than from monitoring wells, their contributing
areas are larger and, therefore, they are more
likely to intercept water flowing from VOC
point sources. Additionally, public-supply
wells intercept flow paths that span alarge
temporal interval. Public-supply wellsin the
Glassboro study area withdraw water flowing
along short paths, which contains VOCs that
recently entered the aquifer system, and water
flowing along relatively long paths, which
contains VOCs that originated from the
degradation of parent compounds or that are
associated with past land uses. Because the
volume of water withdrawn from monitoring
wellsis small and because shallow monitoring

wells are screened near the water table, they
generaly intercept only relatively short flow
paths. Therefore, samples from these wells
represent relatively recent, discrete time
intervals and contain both fewer VOCs and a
lower total VOC concentration than samples
from public-supply wells.

Nitrate and pesticides in ground water
typically are derived from nonpoint sources,
which commonly arefound in both agricultural
and urban areas and typically result in low-
level, relatively uniform concentrations near
the water table. Because nonpoint sources are
diffuse and because processes such as
degradation or sorption/dispersion do not occur
at rates sufficient to prevent detection of these
constituents in parts of the aquifer used for
domestic and public supply in the study area,
concentrations of nitrate and pesticides and
numbers of pesticide compounds are likely to
be similar in samples from shallow monitoring
wells and samples from public-supply wells.

Results of acomparison of (1) thegeneral
characteristics of, and water-quality datafrom,
public-supply wellsin the Glassboro study area
to available data from public-supply wells
screened in the Kirkwood-Cohansey aquifer
system outside the study area, and (2) land-use
settings, soil characteristics, and aquifer
propertiesin and outsidethe study areaindicate
that the findings of this study likely are
applicableto the entire extent of the Kirkwood-
Cohansey aquifer system in southern New

Jersey.
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Figure 1. Location of Glasshoro, New Jersey, study area.

INTRODUCTION

In ground-water sampling conducted as
part of the U.S. Geological Survey’s National
Water-Quality Assessment (NAWQA)
program, elevated concentrations of nitrate-
nitrogen (hereafter referred to as nitrate) and
generally low concentrations of pesticides and
VOCs were frequently detected in recently
recharged ground water from the surficial

Kirkwood-Cohansey aquifer system beneath
the Glasshoro areain southern New Jersey (fig.
1) (Stackelberg and others, 1997). Because this
water was recently recharged and, therefore,
vulnerableto contamination, itisrarely, if ever,
intentionally targeted for domestic or public
supply. With time, however, this water will
migrate deeper into the aquifer system and, in
the absence of complete degradation or
substantial sorption and dispersion, will



eventually affect the quality of deeper ground
water that is a current source of domestic and
public supply. In addition, some of the water
withdrawn by public-supply wellsin the study
areaisyoung (lessthan 5 years old) (Kauffman
and others, U.S. Geological Survey, unpub.
data accessed August 15, 1999, on the World
Wide Web at URL http://nj.usgs.gov/nawqa/
jpg/leonposter.agu.jpg) even though thisyoung
water isnot intentionally targeted asasource of
domestic or public supply. Thefate of nitrate,
pesticides, and VOCs in recently recharged
ground water and the likelihood that they will
ultimately affect the quality of water used for
domestic and public supplies are issues of
concern as use of the surficial Kirkwood-
Cohansey aquifer system increases to meet
current and future water-supply demands.

Historically, much of the study area has
relied on the confined Potomac-Raritan-
Magothy aquifer system for most of its public
supply; however, excessive pumping from this
aquifer system has resulted in substantial
water-level declines. These water-level
declines prompted the New Jersey Department
of Environmental Protection (NJDEP) to
identify this part of the State as a Water-Supply
Critical Area (N.J. Department of
Environmental Protection, 1993) and to restrict
further withdrawal s from the Potomac-Raritan-
Magothy aquifer system. Water supply isa
critical issuein this area, one of the fastest
growing regionsin the State, where suburban
development is expanding outward from the
metropolitan Philadel phiaarea. The population
of thisareain 1990 was estimated to be
250,000 (N.J. Department of Environmental
Protection, 1993). The growing popul ation and
State-imposed restrictionsonwithdrawalsfrom
the Potomac-Raritan-Magothy aquifer system
have caused local water managers to seek
alternative sources of water supply. One
aternativeis further development of the
aurficial Kirkwood-Cohansey aquifer system.
Water withdrawal sfrom thisaquifer systemfor

public supply in the Glassboro study area have
nearly doubled since 1980 (fig. 2). Since 1989,
15 public-supply wells have been installed in
the Glassboro study area. Each of these wells
withdraws, on average, 86 Mgal/yr from the
Kirkwood-Cohansey aquifer system
(unpublished dataon fileat the U.S. Geological
Survey office in West Trenton, N.J.). During
this same period, more than 1,500 domestic-
supply wells were completed in the Kirkwood-
Cohansey aquifer system in the study area
(unpublished dataon fileat the U.S. Geological
Survey officein West Trenton, N.J.).

Because the Kirkwood-Cohansey aquifer
system consists of highly permeable,
unconsolidated sands and gravels and has a
generaly shallow water table, itisvulnerableto
contamination introduced at or near land
surface. Contaminants can enter the aquifer
system from either point or nonpoint sources.
(Inthisreport, a“contaminant” isany manmade
compound detected or any compound that
occurs naturally but whose concentration is
greater than can be attributed to natural
sources.) Point sources are local sources of
contaminants, such as leaking underground
storage tanks, sewer lines, effluent from
cesspools and landfills, accidental spills, and
areas where chemicals have been disposed of
improperly. Individual point sources typically
contaminate relatively small volumes of an
aquifer system; however, they may introduce a
wide variety of chemicals at highly elevated
concentrations to the ground-water system.
Nonpoint sources, in contrast, are areally
extensive sources of contaminants, such asthe
widespread application of fertilizers and
pesticides in agricultural areas and automobile
emissionsin urban areas. Nonpoint sources
typically contaminate large, aredlly extensive
volumes of the aquifer with low-level
concentrations of specific compounds.

On occasion, water-quality problemshave
been recognized in water withdrawn for public



5,500 ‘

3,000
4,500
4,000

3,500

-1l

1980 1985 1990 1995 2000
YEAR

VOLUME OF WATER PUMPED, IN MILLION GALLONS PER YEAR

Figure 2. Volume of water withdrawn from the
Kirkwood-Cohansey aquifer system by public-
supply wells in the Glassboro study area, N.J.,
1981-98. (Unpublished data on file at the U.S.
Geological Survey office, West Trenton, N.J.)

supply in the study area. When water-quality
problems are encountered, remedial actionsare
taken to ensure a safe drinking-water supply.
These remedial actions have included the
blending of waters from multiple sources and
the retrofitting of public-supply wellswith air
strippers or carbon filters to reduce
contaminant concentrations. In afew cases,
however, public-supply wellsin the study area
have had to be abandoned as aresult of severe
water-quality problems. Because of the
potential for contamination, some purveyorsin
the study areaproactively install air strippersor
carbon filters on new supply wells. These
systems are expensive and can substantially
increase the cost of producing and distributing
public-supply water. Therefore, water
purveyors need information on the occurrence
of contaminants within the aquifer system, the
factors governing their distribution, and the
vulnerability of current and future domestic
and public supplies so that they can anticipate
water-quality problems.

Results of laboratory analyses of water
samples collected from three well networks
were coupled with a three-dimensional

computer model of ground-water flow in the
Kirkwood-Cohansey aguifer system in the
Glasshoro study area to assess the occurrence
and fate of nitrate, pesticides, and VOCson a
regional scale to facilitate management
decisionsregarding the continued devel opment
of the aquifer system as a source of drinking-
water supply. The transferability of the water-
quality findings of this study to the entire
outcrop area of the Kirkwood-Cohansey
aquifer system in southern New Jersey was
evaluated by comparing (1) the construction
and water-quality characteristics of public-
supply wellsin the Glassboro study areato
those of more than 180 public-supply wells
throughout the Kirkwood-Cohansey aquifer
system and (2) the land-use settings, soil
characteristics, and aquifer properties of the
study area to those outside the study area.

This study, conducted as part of the
USGS's NAWQA program, is part of an
ongoing investigation of the occurrence and
movement of contaminants throughout the
hydrologic system and the effects of their
presence on the use of ground water for
domestic and public supplies in the Glassboro
study area. Thisreport (1) describes the
chemical quality of water from shallow and
moderate-depth monitoring wells and public-
supply wellsin the Kirkwood-Cohansey
aquifer system; (2) examines the fate of
contaminants as they migrate from the water
table to parts of the aquifer system used for
domestic and public supply; (3) relates the
occurrence of selected constituents to current
and historical use, mode of introduction (point
or nonpoint), and source-area and well-type
characteristics; and (4) evaluates the
transferability of these findings to the entire
areaof the Kirkwood-Cohansey aquifer system
in southern New Jersey. The report focuses on
residential and urban parts of the study area
because most of the existing and proposed
public-supply wells are located in these areas.



SIMULATION OF GROUND-
WATER FLOW

Patterns and rates of ground-water flow
must be known in order to rel ate the occurrence
of contaminants to source-area and well-type
characteristics and to determine the
vulnerability of current and future domestic
and public suppliesto contamination
introduced at or near thewater table. Therefore,
athree-dimensional ground-water flow model
of the study area (Kauffman and others, 1998),
developed by using a three-dimensional finite-
difference model (MODFLOW) (McDonald
and Harbaugh, 1988) coupled with aparticle-
tracking program (MODPATH) (Pollock,
1989), was used to simulate ground-water flow
rates and paths and to estimate ground-water
residence timesin the study area. The finite-
difference grid consists of 343 rows and 214
columns; each grid cell is492 by 492 ft. The
Kirkwood-Cohansey aquifer system was
modeled as one hydrogeol ogic unit with 12
model layers used to provide vertical
discretization. Model parameters were uniform
among al 12 model layers. The model is
bounded on the bottom by a composite
confining unit, which rangesin thickness from
50 to 600 ft within the study area (Zapecza,
1989) and which serves as a continuous and
competent confining unit. It is bounded on the
northwestern edge by the outcrop of the aquifer
and on the remaining sides by ground-water
divides, which are represented as no-flow
boundaries. The water-table boundary is
represented by a uniform recharge rate of
17 infyr. The model was calibrated by
comparing simulated and observed water levels
and base flows.

The ground-water flow model was used
to approximate (1) the rates and paths of
ground-water movement through the aquifer
system, and (2) the time required for water to
move from the water table at the point of
rechargeto the point of discharge at a stream or

well. Resultsare showninfigure 3 (a, b, and c).
A plane view of select ground-water flow
patternsin the study areais shownin figure 3a.
Flow patterns were devel oped by starting a
particle in each grid cell and tracking the
particle forward until it discharged at a stream
or well. In this way, the discharge point of
ground water originating at any location on the
water tablein the study areawas approximated.
Therate of flow along each flow path also can
be determined; thus, the amount of time
required for water to flow from the water table
to its discharge point also could be
approximated (fig. 3b). A vertical section
through the modeled area (fig. 3c) showsthe
distribution of ground-water residence times
with depth in the aguifer system.

WELL NETWORKS

This section describes the monitoring-
and public-supply well networks from which
water samples were collected as part of this
investigation. Details on the procedures and
protocols used for selecting the well sites and
installing the monitoring wells are described in
Squillace and Price (1996) and Lapham and
others (1995) and are summarized below. Well-
construction datafor wells sampled during this
study and the depth to water at the time of well
installation are presented in appendix 1.

Shallow monitoring wells

Fifty shallow monitoring wells were
installed in the study areato provide data
representative of the chemical quality of water
recharging the Kirkwood-Cohansey aquifer
system in areas of urban development (fig. 4).
Thirty of these wellswereinstalled in areas of
residential and commercial development less
than 30 years old (new urban) and 20 were
installed in areas where urban devel opment
was more than 30 years old (old urban). New-
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urban wells were |ocated in areas where
development was at least 5 years old; more
recently developed areas were avoided to
ensure that water samples would be
representative of current rather than previous
land uses. Well locations were selected
randomly by using a grid-based random site-
selection program (Scott, 1990) to ensure that
water-quality data collected from the network
would be unbiased. Well |ocations were
separated by at least 1,000 meters (3,280 ft) to
ensure sample independence and to avoid
gpatial autocorrelation (Barringer and others,
1990). Land use within a 500-meter-
(1,640-ft-) radius zone surrounding each well
site is predominantly urban, further ensuring
that samples from the shallow network are
representative of the chemical quality of
recently recharged water underlying urban
land. Each well is constructed with 2-in-
diameter threaded polyvinyl chloride (PVC)
pipe and typically is screened over a 2-ft
interval about 10 ft below the water table.
Because well sitesin the study area that met
criteriafor well-site selection werelimited, two
shallow monitoring wells were installed
outside the study-area boundary (fig. 4).

Shallow monitoring wells screened over
ashort interval near the water table are
designed to provide samples of water that was
recharged in close proximity to the well site
during arelatively discrete, recent time
interval. These assumptions are supported by
the results of particle-tracking and by tritium/
helium-3
(®H/®He) age estimates determined from water
samples. The ratio of 3H to 3He concentrations
provides reliable estimates of the time elapsed
since awater sample was recharged and
isolated from the atmosphere (referred to asthe
apparent age of the sample) (Plummer and
others, 1993; Ekwurzel and others, 1994,
Szabo and others, 1996; Cook and Solomon,
1997). Samples for 3H/°He age dating were
collected at nine of the shallow monitoring
wells. Apparent agesranged from lessthan 1 to
7.5 years (fig. 5) with amedian of 1.4 years,
confirming that the samples collected from the
network of shallow monitoring wells were
young.

Monitoring wellsare pumped only during
sampling (and then at very low rates) and, thus,
capture water that originatesin relatively small
areas at land surface. To determine the area
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Figure 4. Land use and well locations in the Glassboro study area, N.J.
(Land-use data from New Jersey Department of Environmental Protection, 1996)



Table 1. Percentage of land use within simulated contributing areas of monitoring and public-supply
wells, Glassboro study area, N.J.
[Average area of simulated contributing areas shown in parentheses; --, none reported]

Moderate-
Shal IO\.N depth Public-supply
monitoring .
L and-use category monitoring wells
wells
(1.2 acres) wells (230 acres)
' (1.8 acres)
URBAN
Residential 67.03 77.38 33.49
Commercial and services 5.61 5.40 3.16
Industrial 6.74 -- .65
Other (miscellaneous) urban 9.97 10.82 281
Transportation, communication, and utilities -- -- 1.40
Total 89.35 93.6 41.51
AGRICULTURAL
Cropland and pastureland 3.65 6.15 21.09
Orchards - .08 3.74
Total 3.65 6.23 24.83
UNDEVELOPED
Open park, recreational, and athletic fields -- -- 77
Forest, brushland, and wooded wetlands 7.00 A7 31.59
Altered wetlands, reservoir, marsh -- -- 14
Total 7.00 0.17 32.50
most likely contributing water to each of the (table 1).
shallow monitoring wells, particles were
placed along the screened interval of each well
and tracked back to the location of recharge. Moderate-depth monitoring wells
The traces of particles at land surface were
buffered by 50 meters (164 ft) to accommodate Thirty moderate-depth monitoring wells

uncertaintiesin preciserechargelocation. Inal  wereinstaled in the study area (fig. 4). These
cases, thesmulated particle pathsindicatethat ~ wells were (1) co-located with shallow
recharge isderived from within the 500-meter- ~ monitoring wells in areas where urban
(1,640-ft-) radius zone surrounding each well development was known to be more than 20
site, confirming that samples obtained fromthe  yearsold, (2) constructed with 2-in-diameter
shallow monitoring wells were recharged near  threaded PV C pipe, and (3) typically screened
the well site in areas of urban development over a 2- to 2.5-ft interval. The screened
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intervals of the moderate-depth monitoring
wells were located to capture water that
recharged the aquifer system about 15 years
agoin areasof urban development. Well-screen
depthswere sel ected by using theground-water
flow model and particletracking. The chemical
quality of 15-year-old water is of concern
because particle-tracking results indicate that
water withdrawn from the Kirkwood-Cohansey
aquifer system for domestic and public supply
is composed partly of water from this age
interval and becauseitisanindicator of thefate
of contaminants known to be contributing to
the contaminant load at the water tablein areas
of urban development.

Samples for 3H/°He age dating were
collected from 12 of the moderate-depth
monitoring wells. Apparent ages ranged from
6.3 to 30 years (fig. 5) with amedian of 14
years, illustrating the utility of the ground-
water flow model and particle tracking in
approximating the rate of ground-water
movement and the time elapsed since recharge.
To determine the area most likely contributing
water to each of themoderate-depth monitoring
wells, particles were placed along each well’s
screened interval and tracked back to the
location of recharge. The traces of particles at
land surface were buffered by 50 meters (164
ft) to accommodate uncertaintiesin precise
recharge location. In most cases, the particle-
tracking results indicate that recharge was
derived from within the 500-meter- (1,640-ft-)
radius zone surrounding each well site where
land use has been urban for at least 20 years.
For those sites where particles apparently
recharge from beyond the 500-meter-radius
zone, land use near the site of apparent recharge
also had been urban for at least 20 years. Thus,
samples from the moderate-depth monitoring
wells (1) are representative of the chemical
quality of water that recharged the aquifer
system about 15 years ago in areas of urban
development (fig. 5, table 1), (2) are
representative of the chemical quality of water

wj
Q 100 ¢ 4
o) 50 F B
Ll L
k20 .
I
2 g 10 | =
= <€ C
ow S5F B
o > [
OZ 2| 5
= 1e E
L E
@ 0.5 - ]
< L
[a N
<< 0.1 1 1 1
Shallow Moderate-  Public-
monitoring  depth supply
wells monitoring wells
wells
EXPLANATION
O Outlier data value more than 3 times the
interquartile range outside the quartile
Outlier data value less than or equal to 3
¥ and more than 1.5 times the

interquartile range outside the quartile

Data value less than or equal to 1.5 times the
interquartile range outside the quartile

75th percentile
Median

25th percentile

Figure 5. Distribution of apparent age of
water samples from monitoring wells and
simulated age of water discharging from
public-supply wells, Glassboro study area
N.J.

in parts of the aquifer system that are used for
domestic and public supplies, and (3) are
indicative of the fate of contaminants known to
be contributing to the contaminant load at the
water table.

Public-supply wells

Thirty public-supply wells, located in the
same vicinity as the monitoring-well networks
(fig. 4), wereincluded in this investigation to
provide data representative of the chemical
quality of water in parts of the aquifer system
from which water is withdrawn for public
supply. Samplesfrom these public-supply wells
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were collected prior to any water-treatment
procedures and thus consisted of raw, untreated
water. The 251-, 50-, and 75M-percentile
depths of these public-supply wellsare 97, 142,
and 160 ft below land surface, respectively; the
25t 50t and 75M-percentile screen lengths
are 25, 30, and 33 ft, respectively.

Unlike monitoring wells, public-supply
wells withdraw large volumes of water from
the aquifer system. The average pumping rate
for these public-supply wells was 97 Mgal/yr
during 1992-96 (unpublished dataonfile at the
U.S. Geological Survey officein West Trenton,
N.J.). Consequently, these wells capture
recharge from relatively large areas at land
surface. For instance, if aregional rechargerate
of 17 infyr is assumed, the resulting
contributing areafor awell producing 100
Magal/yr would be about 200 acres (Baehr and
others, 1999b). Water discharging at public-
supply wells, therefore, typically isamixture of
waters of different ages that were recharged
beneath various land-use settings (Franke and
others, 1998).

Because pumping public-supply wells
generaly integrates waters of different ages, it
isdifficult to obtain a meaningful age estimate
by using environmental tracers such as 3H/He.
Ground-water flow modeling and particle
tracking, however, can be used instead of
environmental tracers to estimate the age of
water discharging to public-supply wellsand to
determine the areamost likely contributing
water to these wells. To determine these aress,
aparticle was placed at the water table in each
model cell and tracked forward to the location
of discharge--in this case, the screened interval
of each public-supply well. The particle-
tracking resultsindicatethat recharge generally
is derived from large, elongate contributing
aress (fig. 6). Flow paths defined by forward-
tracking particles and captured by public-
supply wells contain water that rangesin age
from less than 3 to more than 180 yearswith a
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median age of 19 years (fig. 5), demonstrating
thewiderange of ages of water withdrawn from
public-supply wells. A full continuum of land

uses may be present in these contributing aress,
including undevel oped, agricultural, and urban
settings (table 1; fig. 6).

COMPARISON OF NITRATE,
PESTICIDES, AND VOLATILE
ORGANIC COMPOUNDS

Sampling and analytical methods
recently developed by the USGS alow for the
quantification of pesticide concentrations at
0.01 pg/L and less and VOC concentrations at
0.1 pg/L and lessin samples of environmental
water. Protocols and procedures used for
sample collection during this study are
described in Koterba and others (1995);
analytical methods are described in Zaugg and
others (1995) and Connor and others (1998).
Quality-assurance samples, including blanks,
spikes, replicates, duplicates, and surrogates,
were collected inthefield (Koterba and others,
1995) and (or) the laboratory (Zaugg and
others, 1995; Connor and others, 1998) to
ensure the integrity of environmental data
Review of results of analyses of quality-
assurance samples indicates that chemical
results reported herein are reproducible and
that field and laboratory procedures did not
introduce contamination to environmental
samples (unpublished data on file at the U.S.
Geological Survey office in West Trenton,
N.J.).

In accordance with procedures described
in Zaugg and others (1995) and Connor and
others (1998), concentrations of compounds
that were confirmed to be detected but were
below minimum reporting levels (MRLS) were
estimated. These estimated concentrations of
confirmed detections are included in figures
and tablesin this report and in the calculation
of detection frequencies. Results of analyses of
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Figure 6. Simulated area contributing water to a public-supply well, Glassboro study area, N.J.

water samples for pesticides and VOCs are
shown in appendixes 2 and 3, respectively.

Constituent properties, sources,
occurrence, and fate

The potential for nitrate, pesticides, or
VOCsto leach to ground water depends on
many factors, including (1) their use and
manner of introduction to the environment, (2)
their physical and chemical characteristics, and
(3) the characteristics of the soil and aquifer
materialsthey penetrate. This section provides
ageneral discussion of these factors and
describes the occurrence and fate of these

constituentsin all three well networks.

Nitrate

Nitrate is a stable species of nitrogen in
oxygenated subsurface environments and was
the most frequently detected nutrient in
samples from the three well networks.
Concentrations of other nitrogen species, such
as nitrite, were negligible (generally less than
0.02 mg/L) and are not discussed further inthis
report.

Natural sources of nitrogen, such as
precipitation and plant residue, generally
contribute small amounts of nitrate to ground
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water. Nitrate concentrations in 41 samples of
precipitation collected in the Glassboro study
areafrom December 1996 to May 1999 ranged
from 0.05t0 2.6 mg/L (unpublished dataonfile
at the U.S. Geological Survey officein West
Trenton, N.J)). The 251-, 50-, and 75t-
percentile concentrations were 0.2, 0.4, and
0.6 mg/L, respectively, indicating that nitrate
concentrations in ground water due to
precipitation generally are less than 1.0 mg/L.
Nitrate concentrations in 13 samples of
recently recharged ground water underlying
undeveloped (forested) land in the Glassboro
study arearanged from less than 0.05 mg/L to
0.33 mg/L with a median concentration of
0.07 mg/L (Stackelberg and others, 1997),
providing additional evidence that natural
sources of nitrogen in the study arearesult in
nitrate concentrations less than 1.0 mg/L in
ground water.

Human sources of nitrogen, such as
agricultural fertilizers, lawn and garden
fertilizers, and effluent from leaking sewer
lines, cesspools, and septic tanks, can
significantly increase nitrate concentrationsin
ground water beneath agricultural and urban
areas. Concentrations of nitrate greater than 10
mg/L in drinking water can pose a health threat
to infants, whose digestive systems convert
nitrate to nitrite, which reduces the oxygen-
carrying capacity of blood and resultsin the
disease methemoglobinemia (“ blue-baby
syndrome”). The U. S. Environmental
Protection Agency (USEPA), therefore, has
established a maximum contaminant level
(MCL) for nitrate of 10 mg/L as nitrogenin
water that is delivered to any user of a public-
supply system (U. S. Environmental Protection
Agency, 1996). In addition, nitrate
concentrations of 4 mg/L or morein rural
drinking-water supplies have been associated
with increased risk of non-Hodgkin's
lymphoma (Ward and others, 1996).
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The cumulative distributions of nitrate
concentrations in samples from the three well
networks are shown infigure 7. Thisgraph can
be used to compare constituent-concentration
distributions among the well networks. The
percentage of samples from each network of
wellsin which nitrate concentrations were less
than (or greater than) agiven concentration can
be determined by locating the point on the y-
axisat which the cumulative-distribution curve
intersects the given concentration. The
relations shown were cal culated by ranking the
constituent concentrations from smallest (i=1)
to largest (i=n, where n is the number of
samplesin the data set) (Helsel and Hirsch,
1992) and then plotting them along the
horizontal axis. Cumulative frequency, a
function of therank i and the sasmple sizen, is
calculated by using the formula

pi=i/(n+1)

(Helsel and Hirsch, 1992). Concentrations
reported as “less than” are assigned a
concentration value of zero. When the above
formulais used, two or more samples with the
same reported concentration are assigned
different positionson the vertical axis, forming
vertical sopes. Samples with nearly equal
concentrations form nearly vertical sopes. For
example, nitrate concentrations in most of the
samples from each of the three well networks
are between 1 and 8 mg/L ; therefore, the
cumulative-distribution dopesin thisrangeare
steep (fig. 7). In contrast, alarge gap between
two reported concentrations will result in a
nearly horizontal dope. For example, one
sample from both monitoring-well networks
contained a nitrate concentration greater than
30 mg/L. The next highest reported nitrate
concentrations for the two networks were
between 8 and 12 mg/L ; therefore, the slopes of
the cumulative-frequency curvesbetween these
samples are nearly horizontal (fig. 7).
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The cumulative distribution of nitrate
concentrations in samples from 57 public-
supply wells located throughout the entire
Kirkwood-Cohansey outcrop areain New
Jersey (fig. 1) but excluding the study area also
isshowninfigure7. These dataareincluded to
show how the concentrations of nitrate in
samples from public-supply wellsin the
Glassboro study area compare with thosein
samples from other public-supply wellsin the
Kirkwood-Cohansey aguifer system. Nitrate-
concentration data were considered to be
appropriatefor comparisonif the public-supply
well from which the sample was collected was
located in an unconfined part of the aquifer
system and the analysis had been performed
after 1987. In addition, nitrate-concentration
data were not considered for comparison if the
associ ated dissol ved-oxygen concentration was
less than 1.5 mg/L. Samples with dissolved-
oxygen concentrationslessthan 1.5 mg/L were
considered to be anoxic and subject to
denitrification, a process that would deplete
nitrate concentrations.

The median nitrate concentrationsin
samples from the shallow and moderate-depth
monitoring wells and public-supply wellsin
and outside the study areawere 2.6, 2.45, 3.5,
and 2.4 mg/L, respectively. Results of analysis
of variance (ANOVA) on rank-transformed
nitrate concentrations indicate that mean
ranked nitrate concentrations are similar
among the four well networks at a 95-percent
confidence level. ANOVA on rank-
transformed data is a robust, nonparametric
method that isinsensitive to outlying values
and assumptions of equal variance or
normality (Helsel and Hirsch, 1992). The
concentrations of nitrate in samples from the
Glassboro study area public-supply wells,
therefore, are similar to those in samples from
the shallow and moderate-depth monitoring
wells and those in samples from public-supply
wells located throughout the Kirkwood-
Cohansey aquifer system. Nitrate
concentrationsin only four samples--one from
the shallow monitoring wells, two from the
moderate-depth monitoring wells, and one
from a public-supply well outside the
Glassboro study area--exceeded the USEPA
MCL of 10 mg/L.

Because public-supply wells withdraw
water that was recharged in a variety of land-
use settings (table 1), the concentration of
nitrate in a given sample represents a
composite concentration from all areas that
contribute water to the public-supply well. For
instance, whereas the concentration of nitrate
in samples of water withdrawn from shallow
monitoring wellslocated in undevel oped areas
generaly islessthan 1.0 mg/L, the median
concentrations of nitrate in samples of water
withdrawn from shallow monitoring wells
located in agricultural and urban areaswere 13
and 3.0 mg/L, respectively (Stackelberg and
others, 1997). The median concentration of
nitrate in samples of water withdrawn from
public-supply wells for this study was
3.5 mg/L.
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Pesticides

Synthetic organic pesticides were first
introduced in the 1940's; however, reliable
records on their manufacture and use were not
compiled until the 1960’s. Since then, their
manufacture and use have increased steadily
(Smith and others, 1988; Barbash and Resek,
1996). Pesticides have long been used in
agricultural settings but, in the last several
decades, their use in nonagricultural settings,
such as urban and undeveloped areas, has
increased as well. Pesticides are used in urban
Settings to control insects, weeds, and fungi on
lawns and golf courses, in cemeteries, parks
and private and public gardens, and in and
around homesand commercia buildings. They
are also used to control vegetation on railroad,
transmission-line, and roadway rights-of-way.
Insecticides are used to control mosqguito and
other pest populations in urban and
undeveloped areas for the protection of public
health and for nuisance reduction (Barbash and
Resek, 1996). More than 10,000 products
containing more than 400 major active
ingredients are currently registered for use as
pesticidesin New Jersey (Hamilton and Meyer,
1994).

As part of its Pesticide Control Program,
the NJDEP has monitored the types and
amounts of pesticides applied by licensed
applicatorsin New Jersey sincethemid-1980's.
Data for selected pesticides compiled by the
NJDEP (table 2) indicatetrendsin pesticide use
for agricultural purposes and current pesticide
use for the maintenance of lawns, golf courses,
and rights-of-way, and the control of termites
and mosguitoes. The pesticideslisted in table 2
are those detected in 10 percent or more of
samplesfrom at least one of the well networks,
excluding degradation byproducts. Information
summarized in table 2 is from licensed
applicators only and does not take into account
the use of pesticides that are available to and
used by non-licensed applicators (for example,
homeowners).
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In New Jersey, agriculture accounts for
the largest use of pesticides by volume by
licensed applicators. More than 1.6 million
pounds of active ingredients was applied to
New Jersey cropsin 1994 (New Jersey 1994
Agricultural Pesticide Use Survey;
unpublished data on file at N.J. Department of
Environmental Protection, Pesticide Control
Program, Trenton, N.J.). Residential lawn care
accountsfor the second largest use of pesticides
in New Jersey by licensed applicators. More
than 370,000 pounds of active pesticide
ingredient, mostly herbicides with smaller
amounts of insecticides and fungicides, were
applied in 1995 (New Jersey 1995 Lawn Care
Pesticide Use Survey; unpublished dataonfile
at N.J. Department of Environmental
Protection, Pesticide Control Program,
Trenton, N.J.). Maintenance of golf courses,
termite and mosquito control, and control of
weedsin right-of-way areas account for most of
the remaining pesticide use in New Jersey by
licensed applicators.

Forty-seven pesticides and pesticide
degradation byproducts were analyzed for in
samplesfrom al three well networksto obtain
a comprehensive analysis of the occurrence,
distribution, and concentration of pesticidesin
the Kirkwood-Cohansey aquifer systemin the
Glasshoro study area (table 3). Pesticides
selected for analysis were targeted because of
their widespread use in the United States and
(or) concerns about their effects on human
health, and their amenability to measurement
with available analytical techniques (Zaugg
and others, 1995). Although thislistis
comprehensive, these pesticidesdo not account
for all pesticide use within New Jersey and,
thus, some pesticides whose use is significant
were not analyzed for in samplesfrom all three
well networks. Pesticides that account for 10
percent or more of total use by category in New
Jersey as reported by licensed applicators but
that were not analyzed for in samples from al
threewell networksarelistedintable4. Four of
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Table 3. Pesticide compounds analyzed for in samples from all three well networks, Glassboro study
area, N.J.
[CAS, Chemical abstract service number; MRL, minimum reporting level; ug/L, micrograms per liter]

Compound CAS (I\:;::) Compound CAS (I\:gFj::)
Herbicides Insecticides

Acetochlor 34256-82-1 0.002 Azinphos-methyl 86-50-0 .001
Alachlor 15972-60-8 .002 Carbaryl 63-25-2 .003
Atrazine 1912-24-9 .001 Carbofuran 1563-66-2 .003
Benfluralin 1861-40-1 .002 Chlorpyrifos 2921-88-2 .004
Butylate 2008-41-5 .002 Diazinon 333-41-5 .002
Cyanazine 21725-46-2 .004 Dieldrin 60-57-1 .001
Dacthal 1861-32-1 .002 Disulfoton 298-04-4 .017
EPTC 759-94-4 .002 Ethoprophos 13194-48-4 .003
Ethalfluralin 55283-68-6 .004 Fonofos 944-22-9 .003
Linuron 330-55-2 .002 Lindane 58-89-9 .004
Metolachlor 51218-45-2 .002 Malathion 121-75-5 .005
Metribuzin 21087-64-9 .004 Parathion 56-38-2 .004
Molinate 2212-67-1 .004 Parathion-methy! 298-00-0 .006
Napropamide 15299-99-7 .003 cis-Permethrin 52774-45-7 .005
Pebulate 1114-71-2 .004 Phorate 298-02-2 .002
Pendimethalin 40487-42-1 .004 Propargite 2312-35-8 .013
Prometon 1610-18-0 .018 Terbufos 13071-79-9 .013
Pronamide 23950-58-5 .003 Degradation Byproducts
Propachlor 1918-16-7 .007 2,6-Diethylaniline  579-66-8 .003
Propanil 709-98-8 .004 Deethylatrazine 6190-65-4 .002
Simazine 122-34-9 .005 alpha-HCH 319-84-6 .002
Tebuthiuron 34014-18-1 .010 p,p’-DDE 72-55-9 .006
Terbacil 5902-51-2 .007

Thiobencarb 28249-77-6 .002

Triallate 2303-17-5 .001

Triflurain 1582-09-8 0.002



Table 4. Pesticides that constitute 10 percent or more of use by category as reported by licensed applicators
but not analyzed for in all samples from all three well networks, Glassboro study area, N.J.

[Data on file at N.J. Department of Environmental Protection, Pesticide Control Program, Trenton, N.J.; percent

of category shown in parentheses; --, none]

Termite Mosquito Golf-course
Agriculture Lawn care Rights-of-way control control mai ntenance
(1994) (1995) (1992) (1992) (1993) (1993)
Herbicides
2,4-D (19) Diuron (56) Bensulide (12)
Mecoprop (13) Glyphosate (24) Mecoprop (11)
MCPA (12)
Insecticides
Sodium aluminoflur Trichlorfon (34) Isophenphos (26) Oil (53) Trichlorfon (34)
(31) Bendiocarb (25)
Oil (20)
Fungicides
Sulfur (40) Chlorothalonil Chlorothalonil
Chlorothal onil (16) (38) (38)
Captan (15) Iprodione (12)

these compounds (2,4-D, MCPA, diuron, and
chlorothalonil) were analyzed for in samples
from the 50 shallow monitoring wells. 2,4-D,
MCPA, and chlorothal onil were not detected in
any of thesesamplesand diuronwasdetectedin
only 2 (4 percent) of the 50 samples. Although
these results indicate that these compounds
probably would not be frequently detected in
samples of shallow ground-water from the
Kirkwood-Cohansey aquifer system, they may
be present in samplesfrom the moderate-depth
monitoring wells, which represent the chemical
quality of water that recharged the agquifer
system about 15 years ago in urban areas, or in
samples from the public-supply wells, which
represent the chemical quality of water that isa
mixture of waters of different ages that were
recharged beneath various land-use settings,
including agricultural areas (table 1).

Because pesticides are applied to large
tracts of land in agricultural, suburban, and
urban settings, pesticides generally are
considered to have a diffuse or nonpoint

source. Introduction of pesticides, however, is
likely a process that is intermediate between
the diffuse introduction of nitrate and the
predominantly point-source introduction of
VOCs. For instance, whereas most agricultural
fields are treated with nitrogen to enhance
productivity, not all agricultural fields are
treated with each pesticide compound. Rather,
the application of pesticides tends to be crop-
and (or) season-specific. In areas such as New
Jersey where awide variety of cropsisgrown,
the application of pesticides also is diversified
and results in diffuse, nonpoint-source
introduction of contaminants characterized by
alternating and overlapping application of
various pesticide compounds. In addition,
differencesin land use may result in the
introduction of different pesticide compounds
(pesticides applied in urban areas may differ
from those applied in agricultural settings),
further increasing the type and number of
pesticides introduced to the environment.
Finally, accidental spills, improper disposal,
and (or) therinsing of tanks used for storing or
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applying pesticides may result in the
introduction of pesticides from point sources
in areas otherwise dominated by nonpoint
Sources.

Atmospheric deposition is another
potential diffuse, nonpoint source by which
pesticides can be introduced to the
environment. Pesticides applied at or near land
surface can be introduced to the atmosphere by
spray drift and (or) evaporation. The amount of
apesticide that isvolatilized to the atmosphere
during spray drift or by evaporation depends
on many factors, including the physical and
chemical properties of the pesticide, the
manner in which it is applied, and weather
conditions (Mg ewski and Capel, 1995).
Recent studies indicate that, under certain
conditions, 75 percent or more of a pesticide
applied at land surface may belost to the
atmosphere (Majewski and Capel, 1995) and
that even a small percentage of certain high-
use pesticides | ost to the atmosphere may
congtitute a substantial quantity. Once in the
atmosphere, pesticides can be reintroduced to
land surface through either wet (precipitation)
or dry (the deposition of vapors or pesticide
particles) deposition. Precipitation, therefore,
can introduce pesticides in the atmosphere to
land areas where they were not directly
applied. Because dry deposition of pesticides
and other constituents was not measured as
part of thisinvestigation, it is not discussed
further in this report.

Precipitation as a potential nonpoint
source of pesticidesin shallow ground water in
the Glassboro study areais currently being
evaluated (A.L. Baehr, U.S. Geological
Survey, oral commun., 1999). Thirty-four
samples of precipitation collected from
December 1996 to May 1999 were analyzed
for the same 47 pesticide compounds as
ground-water samples (table 3). Many of the
pesticides detected most frequently in ground
water also were detected in precipitation
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samples, and at similar concentrations. The
occurrence of pesticides in precipitation was
seasonal, however, with most of the detections
coinciding with spring and early summer
pesticide applications. Samples from the 50
shallow monitoring wells were collected once
during two sampling eventsin late summer to
early winter (September-December 1996 or
November 1997). These samples were
collected about 10 ft below the water table and
had amedian apparent age of 1.4 years (fig. 5);
therefore, they areinappropriate for evaluating
potential seasonal fluxes of pesticides at the
water table.

Physical and chemical properties that
determine, in part, the likelihood that a
pesticide will leach to ground water for
pesticides detected in 10 percent or more of the
samples from at least one of the well networks
arelisted in table 5. Values listed for these
properties are considered approximations and
may vary grestly as aresult of variationsin
soils, climate, and other site-specific
characteristics. Nonetheless, they can be used
to distinguish those pesticides most likely to
contaminate ground water from those least
likely. Pesticides that are highly water-soluble,
poorly sorbed, and highly persistent pose the
greatest risk of contaminating ground water.
Each pesticidein table 5 isassigned a
“movement rating” based on its persistence in
soil (aerobic soil half-life) and its tendency to
sorb to soil (Koc) by using the formula

10910 (soil half-life) x [4-1og10(Koc)]

(Vogue and others, 1994). Pesticides with
movement ratings less than 1 are classified as
having an extremely low potential for leaching
to ground water. Pesticides with movement
ratings of 1 to 2 are classified as having alow
potential, 2 to 3 as having a moderate
potential, 3 to 4 as having a high potential, and
greater than 4 as having a very high potential
to leach to ground water (Vogue and others,



Table 5. Physical and chemical characteristics of selected pesticides
[Data from U.S. Department of Agriculture (1995b) unless otherwise noted; Ibs a.i./acre: pounds active

ingredient per acre; mg/L, milligrams per liter; mPa, millipascals; Pa m®/mol, Pascal cubic meter per mole;
log Kow, logarithm of the octanol-water partition coefficient; Kd, soil-sorption coefficient; Koc, soil-sorption
coefficient normalized to organic-carbon content; °C, degrees Celsius; --, no data]

Pesticide
Characterigtic Atrazine Simazine Prometon Metolachlor Dieldrin  Alachlor Terbacil Carbaryl Carbofuran
Application rate!
(Ibs ai./acre) 1.6-4 1.6-9.6 210-60 1.25-4 - 1-4 0.4-8 0.53-6.4 0.13-2.0
Water solubility
(mg/L) 33 6.2 720 488 14 240 710 110 350
Vapor pressure
(mPaat 20-25 °C) .038 .003 1.028 4.2 .024 29 4.2 .156 .082
Henry's law constant
(Pam?mol at
20-25°C) 25x10%  9.8x10°  3.2x10* 2.44x10° .065 21x10°  12x10°  2.8x10* 5.2x10°°
Octanol-water
partition coefficient
(log Kow at
20-25°C) 2.68 21 2.69 2.6 3.69 29 1.9 231 141
Soil sorption (Kd) 2-2.46 .48-4.31 .38-2.9 1.54-10 - 337 39-1.3 44469 .096-1.25
12,000
Sail sorption (Koc) 147 140 95 70 (3,982- 124 63 288 22
median (range) (38-288)  (103-230)  (32-300) (22-307) 38,700)  (43-209) (41-120) (26-1,054)  (9-158)
Hydrolosis rate
(per day at 20-25 °C) Stable Stable Stable Stable 1.81x10™ -- Stable .066 .0024
Photolysis rate, soil
(per day at 25 °C) 015 45x10°° 026 .087 . . on . 0154
Photolysisrate,
water (per day at
25°C) .002 1.8x10°3 Stable .0097 -- .058 Stable .0154 124
Aerobic soil half- life
(days) 146 91 932 26 31,000 315 520 17 350
Anerobic soil half-
life (days) 77 58 557 37 . . -- 46 .
Extremely
Movement rating® High High Very high High low Moderate  Very high Low Very high

1U.S. Geological Survey (1999)

2Capel and others (1999)
3Vogue and others (1994)
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1994). Additional factors, such as current and
historical use patterns, the classification of a
pesticide as a general- or restricted-use
compound, and other physical and chemical
properties, most notably water solubility, may
also beimportant in determining thelikelihood
that a pesticide will leach to ground water.
Like the values listed for individual properties
in table 5, each pesticide’s movement rating is
only an approximation and can appropriately
be used only to distinguish those pesticides
most likely to leach to ground water from
those least likely.

Soil and aquifer characteristics that
affect the movement of pesticides and other
contaminants include soil texture, organic-
matter content, number and size of poresin the
soil, and depth to water from the land surface.
A coarse-textured (sandy) soil low in organic
matter will allow pesticides to move easily
from the land surface to the underlying aquifer.
Pesticides are more likely to reach ground
water if the water tableis shallow thaniif itis
deep. Sailsin the study area generally consist
of sandy loams with organic-matter contents
less than 1 percent (U.S. Department of
Agriculture, 1995), and the organic-matter
content of sedimentsin the unsaturated zone
beneath the soil zoneislikely even less. The
average depth to water in the Glassboro study
areaisonly about 15 ft; therefore, the
Kirkwood-Cohansey aquifer systemis
considered to be vulnerable to contamination
from pesticides and other chemicals
introduced at or near land surface.

One or more pesticides were detected in
75 to 80 percent of samples from each of the
three well networks. Concentrations, however,
generally were low (lessthan 1.0 ug/L). The
high detection frequencies result, in part, from
the sensitive analytical methods recently
developed by the USGS, which allow for the
measurement of pesticide concentrations of
0.01 pg/L and less (Zaugg and others, 1995).
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Ten pesticide or pesticide-degradation
byproductswere detected in 10 percent or more
of samples from at least one well network;
these include atrazine, deethylatrazine,
simazine, prometon, metolachlor, dieldrin,
alachlor, terbacil, carbaryl, and carbofuran
(table 6). The use of these pesticides (except
deethylatrazine, a degradation byproduct) in
New Jersey, asreported by licensed applicators,
islisted in table 2.

Five of these pesticides (atrazine,
simazine, metolachlor, dieldrin, and alachlor)
are classified by the USEPA as probable or
possible human carcinogens, and four
(atrazine, ssimazine, alachlor, and carbofuran)
have been assigned MCL s by the USEPA.
Although enforceable Federa drinking-water
regulations in the form of MCLs do not
currently exist for deethylatrazine, metolachlor,
prometon, dieldrin, terbacil, or carbaryl, four of
these pesticides (metolachlor, prometon,
terbacil, and carbaryl) have been assigned
lifetime health advisories (HALS) by the
USEPA. A HAL isthe concentration of a
chemical in drinking water that is not expected
to cause any adverse carcinogenic effects over
alifetime (70 years) of exposure, withamargin
of safety (U.S. Environmental Protection
Agency, 1996). None of the samples contained
apesticide at a concentration greater than an
established MCL or HAL (table 6).

Five of these pesticides (atrazine,
simazine, dieldrin, alachlor, and carbofuran)
have been assigned Ground Water Quality
Criteria (GWQC) by the NJDEP (table 6).
GWQCs are concentrations that, when not
exceeded, will not prohibit or significantly
impair the use of ground water for potable
water or conversion to potable water through
conventional water treatment (N.J. Department
of Environmental Protection, 1999). GWQCs
are human-health risk-based criteria based on
the available evidence regarding each
constituent’s carcinogenicity or toxicity, as
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Figure 8. Cumulative frequency of pesticide
concentrations in water samples from all three
well networks, Glassboro study area, N.J.

appropriate for the protection of potable-water
use. Because GWQCs are risk-based criteria,
they sometimes are set at concentrations less
than the analytical capabilities of routine
laboratory procedures. In such cases a default
standard is established at the practical
quantitation limit (PQL), which isthe lowest
concentration that can reliably be quantitated
using routine laboratory procedures. Sampling
and analytical methods recently developed by
the USGS allow for the quantitation of
pesticides in water samples at concentrations
relevant to risk-based GWQCs. Dieldrin was
the only pesticide compound detected at
concentrations greater than its established
GWQC (table 6).

Five of these pesticides also have been
assigned aquatic-life criteria by either the
USEPA or the Canadian Council of Resource
and Environment Ministers. An aquatic-life
criterion isthe estimated highest concentration
of achemical that aguatic organisms can be
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exposed to for a4-day period, once every 3
years, without deleterious effects. Aquatic-life
criteriaareincluded in table 6 because most of
the baseflow instreamsin southern New Jersey
is derived from ground-water discharge.
Consequently, aquatic communities and
surface-water resources are affected by the
chemical quality of ground water. Dieldrin was
detected at concentrations greater than its
established aguatic-life criterion (table 6).

Cumulative distributions of total
pesticide concentrations in samples from the
three well networks areshownin figure8. This
figure was developed as described in the
discussion of nitrate. For each sample, the total
pesticide concentration was calculated by
summing the concentrations of each pesticide
detected. Samplesin which no pesticides were
detected were assigned aconcentration of zero.
No pesticide-concentration data suitable for
comparison with those collected as part of this
investigation were available for public-supply
wells outside the Glassboro study area.

The median total pesticide concentration
for samples from the shallow and moderate-
depth monitoring and public-supply wellswas
0.02, 0.026, and 0.035 ug/L, respectively; the
median number of pesticides per samplewas 2,
1, and 1, respectively; and the maximum
number of pesticides per samplewas 9, 5, and
7, respectively. Resultsof ANOVA ontherank-
transformed number and total concentration of
pesticides per sample indicate that the mean
ranked number and mean ranked total
concentration of pesticides per sample were
statistically similar among all three well
networks at a 95-percent confidence level.
Nevertheless, detection frequencies for
individual pesticide compounds differed
substantially among the networks as aresult of
differencesin their use and physica and
chemical properties and in source-area and
well-type characteristics.



Atrazine and simazine, both widely used
herbicides, and the atrazine degradation
byproduct deethylatrazine were detected in 24
to 50 percent of samples from the three well
networks (fig. 9; app. 2). Reactions such as
photolysis and hydrolysis do not account for a
substantial loss of atrazine or simazine in the
environment (table 5). Both compounds are
moderately persistent in aerobic and anaerobic
soils and have alow tendency to sorb to soil
particles on both a mass basis and an organic-
carbon-normalized basis and, thus, have high
movement ratings (table 5). Atrazine, however,
ismore soluble than ssmazine (table 5), and the
usage patterns of these compounds differ.

Atrazineisarestricted-use pesticide and,
as such, may be purchased and used only by
licensed applicators. Atrazine use by licensed
applicatorsin New Jersey isalmost exclusively
for the control of weedsin agricultural settings,
where it congtitutes about 10 percent of total
herbicide use (table 2). Atrazine was detected
at concentrations greater than 0.01 pg/L more
frequently in samplesfrom public-supply wells
than in samples from the monitoring-well
networks (fig. 9), reflecting atrazine's primary
use for agricultural purposes and the greater
amount of agricultural land in areas
contributing water to public-supply wells than
in areas contributing water to the monitoring
wells (table 1). Overall, however, detection
frequencies for atrazine were greater in
samples from the monitoring-well networks,
which arelocated in urban and suburban areas.
Some monitoring wells, however, areinstalled
inareasthat were previously agricultural. Also,
prior to 1993, atrazine was approved for the
control of weeds in non-cropland areas and
may have been used to control weeds in rights-
of-way (U. S. Environmental Protection
Agency, 1998c). Minor amountsof atrazine use
in New Jersey were reported for lawn
maintenance in 1995 and right-of-way
maintenance in 1992 (table 2). Atrazine also
has been detected in samples of precipitation

from the Glassboro study area and, although
detections were seasonal and associated with
spring and early summer applications,
concentrationsweresimilar tothose detected in
shallow ground water (unpublished dataonfile
at the U.S. Geological Survey office in West
Trenton, N.J.). Thus, the higher detection
frequency for atrazine in monitoring wells,
which are located in areas where thereislittle
current reported atrazine use, may reflect relict
land-use patterns, relict atrazine-use patterns,
and (or) wet deposition.

Unlikeatrazine, simazineisageneral-use
pesticide and, as such, its purchase and useis
not restricted to licensed applicators. The use of
simazine by non-licensed applicators was not
documented for this report; use by licensed
applicatorsin New Jersey is primarily for
agricultural weed control, lawn maintenance,
and the clearing of vegetation along urban
rights-of-way (table 2). Simazine detection
patterns were similar to those of atrazine;
detection frequency was highest (46 percent) in
the shallow monitoring wells, 33 percent in the
moderate-depth monitoring wells, and 24
percent in the public-supply wells (fig. 9).
Despite ssimazine'slow solubility (table 5), the
percentage of samples with detections greater
than 0.01 pug/L was higher for simazinethan for
any other pesticide and highest in samplesfrom
the shallow monitoring wells (fig. 9). This
result can be attributed to the dual use of
simazine in suburban and urban aswell as
agricultural areasand its status as ageneral-use
pesticide, which allows for its use by non-
licensed applicators. Simazine also has been
detected in samples of precipitation from the
Glassboro study area during the spring and
early summer months at concentrations similar
to those detected in shallow ground water
(unpublished dataonfileat the U.S. Geological
Survey office in West Trenton, N.J.); thus,
precipitation also may be adiffuse, low-level
source of simazine in the Kirkwood-Cohansey
aquifer system.
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Prometon is a general-use, non-selective
herbicide used in areas where total vegetation
control isdesired (for example, roadway,
railway, and utility rights-of-way). Typical
application rates for prometon are greater than
those for the other frequently detected
pesticides (table 5). Prometon is persistent in
both aerobic and anaerobic soils and is poorly
sorbed to soil particles; therefore, it hasavery
high movement rating (table 5). Prometon is
also highly water-soluble and |oss due to
photolysis or hydrolysis reactions is not
significant (table 5). A detailed discussion of
the environmental occurrence and behavior of
prometon is available in Capel and others
(1999).

Non-licensed applications of prometon
were not documented for this study. Use of
prometon by licensed applicatorsin New
Jersey isprimarily for lawn maintenanceand to
control weed growth along rights-of-way and
in non-cropland agricultural settings (table 2).
Prometon alsoismixed with or applied beneath
asphalt to control the growth of weeds through
asphalt surfaces. The amount of prometon
applied in any given use category by registered
applicatorsis, however, relatively small and
constituteslessthan 1 percent of total herbicide
use (table 2). In addition, prometon was
detected in only 1 of 34 samples of
precipitation collected in the Glassboro study
area, indicating that precipitationisan unlikely
source of prometon detected in shallow ground
water (unpublished dataon file at the U.S.
Geological Survey office in West Trenton,
N.J).

Despite its limited use by licensed
applicators and its infrequent detection in
precipitation, prometon was one of the most
frequently detected pesticides in samples from
the shallow-monitoring wells and was second
only to simazine with respect to the percentage
of samplesin which concentrations were
greater than 0.01 pg/L (fig. 9; app. 2). The high

detection frequency and concentration per
sample likely reflect both the use of prometon
by non-licensed users and its solubility and
mobility. Prometon’s detection frequency in
samples from the moderate-depth monitoring
and public-supply wells, however, was 10
percent or less. The reason for thisresult is
unclear but may be related to changesin usage
patterns. For example, the most recently
compiled pesticide-use data for lawn
maintenance and the control of weeds along
rights-of-way isfor the early to mid-1990's
(table 2). Samplesfrom a subset of the shallow
and moderate-depth monitoring wells had
median apparent ages of 1.4 and 14 years,
respectively, and results of ground-water flow
simulation indicate that the public-supply wells
withdraw water ranging in agefrom lessthan 3
to morethan 180 years, with amedian age of 19
years (fig. 5). Thus, if the use of prometon has
increased substantially since the mid-1990's,
this compound would most likely be detected
more frequently in samples from the shallow
monitoring wells than in those from the
moderate-depth monitoring or public-supply
wells. If prometon is detected most frequently
in samples from the shallow monitoring wells
asaresult of changesin use, then detection
frequencies in moderate-depth monitoring and
public-supply wellswill likely increase with
time.

Metolachlor is a general-use herbicide
that iswidely used to control the growth of
weedsin agricultural settings and, to asmaller
extent, in lawn maintenance and to control
weed growth aong rights-of-way. Although
metolachlor is only moderately persistent in
soils, it does not sorb strongly to soil particles
and, thus, has ahigh movement rating (table 5).
Metolachlor is also highly water-soluble and
loss dueto hydrolysisor photolysisreactionsis
not substantial (table 5).

Non-licensed applications of metolachlor
were not documented for this study. Use of
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metolachlor by licensed applicatorsin New
Jersey is primarily for agricultural purposes.
Agricultural use nearly doubled from the mid-
1980'sto the early 1990's; currently (mid-
1990's) it accounts for more than 25 percent of
total agricultural herbicide use (table 2). The
detection frequency and percentage of samples
with concentrations greater than 0.01 pg/L
were greatest for the public-supply wells (fig.
9; app. 2), reflecting metolachlor’s primary use
for agricultural purposes and the greater
amount of agricultural land in areas
contributing water to the public-supply wells
than in areas contributing water to the
monitoring wells (table 1). Metolachlor aso
was detected frequently in samples from the
monitoring wells, however, reflecting its
secondary use for lawn and golf-course
maintenance and its status as a general-use
herbicide, which allows for its use by non-
licensed applicators. The detection of
metolachlor in somemonitoring wellsa so may
reflect relict agricultural land use. Finaly,
metolachlor was detected in 50 percent of
samples of precipitation collected in the
Glassboro study area at concentrations similar
to those detected in shallow ground water
(unpublished dataonfileat the U.S. Geological
Survey office in West Trenton, N.J.).
Precipitation, therefore, is a potential nonpoint
source of metolachlor in the shallow
Kirkwood-Cohansey aquifer system.

Dieldrin is an organochlorine insecticide
used historically to control termitesin
residential and commercial settings and, to a
smaller extent, to control insectsin agricultural
settings. Aldrin, an insecticide that is closely
related to dieldrin chemically and that readily
degrades to dieldrin in the environment, was
used historically for similar purposes.
Agricultural uses of adrin and dieldrin were
banned by the USEPA between 1975 and 1980
because of cancer risks, and use of these
compounds as termiticides was banned in 1984
(Ware, 1989). Neither dieldrin nor aldrinis
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currently manufacturedin, or imported into, the
United States. Accordingly, no use of dieldrin
by licensed applicatorsin New Jersey has been
reported since the mid-1980's (table 2).
Although dieldrin has arelatively long aerobic
soil half-life, it is strongly sorbed to soil
particles and, thus, has an extremely low
movement rating (table 5). Dieldrin isalso
practically insolublein water (table5) but, once
dissolved, it is highly persistent, as
demonstrated by its consistent detection
frequency and therelatively high percentage of
samples in which concentrations were greater
than 0.01 pg/L (fig. 9; app. 2) nearly 15 years
after al uses of dieldrin and aldrin were
banned. Dieldrin was detected in 22, 27, and 27
percent of samples from the shallow and
moderate-depth monitoring and public-supply
wells, respectively, and three of the six highest
pesticide concentrations reported among the
three well networks were for dieldrin (fig. 9).
This high detection frequency seemingly
contradictsdieldrin’sextremely low movement
rating and illustrates the variation in movement
potential that can result from variations in
persistence and sorption due to soil, climate,
and other site-specific conditions. For example,
dieldrin sorbs most strongly to organic matter
in soils. Soilsin the study area generally
contain little organic matter; the 25t-, 50t-,
and 75th-percenti le organic-matter contentsare
0.42, 0.47, and 0.63 percent by weight,
respectively (U. S. Department of Agriculture,
1995). Becausethe ability of dieldrin to sorb to
soilsinthe study areamay be overestimated, its
actual movement potential may be greater than
that indicated by its movement rating.

In all samplesinwhich dieldrin was
detected, concentrations were at or above the
GWQC of 0.002 pg/L, yet most (67 percent)
werelessthan the PQL of 0.03 pug/L. Thisresult
demonstrates the usefulness of improved
sampling and analytical methods recently
developed by the USGS in refining
measurements of the occurrence and



distribution of pesticidesin the environment
and in providing data needed to evaluate the
risks posed by the occurrence of selected
pesticides. Although an MCL currently does
not exist for dieldrin, a known human
carcinogen, concentrations in more than 18
percent of the samplesin which dieldrin was
detected were above the aquatic-life standard
(table 6).

Alachlor is arestricted-use herbicide
used to control the growth of weedsin
agricultural settings. Although reported use of
alachlor by licensed applicatorsin New Jersey
isexclusively for agricultural purposes, use of
this compound declined 50 percent from the
mid-1980's to the early 1990's (table 2).
Alachlor does not sorb strongly to soil particles
but is not persistent in soils; therefore, it hasa
moderate movement rating (table 5). Alachlor
iswater-soluble (table 5). It was detected
exclusively in samples from the public-supply
wells, reflecting its restricted-use status as an
agricultural herbicide and its widespread
historical use. Areas that contribute water to
public-supply wells contain more agricultural
land than areas that contribute water to
monitoring wells (table 1). In addition, public-
supply wellsintercept water flowing along
longer paths associated with longer residence
times (fig. 5), which thereforeismore likely to
contain pesticides such as aachlor that were
used in greater quantitiesin the past. Alachlor
was detected in 8 (23.5 percent) of 34 samples
of precipitation collected in the Glassboro
study area; however, its absence from samples
of shallow ground water indicates that
precipitationisnot alikely sourceof alachlorin
ground water.

Terbacil is ageneral-use herbicide used
primarily to control weedsin agricultural
settings. The use of terbacil by non-licensed
applicatorswas not documented for thisreport.
All reported use of terbacil by licensed
applicatorsin New Jersey was for agricultural

purposes; however, the use of terbacil by
licensed applicators has declined steadily since
the late 1980's (table 2). Terbacil hasalong
aerobic soil half-life and does not sorb strongly
to soil particles; therefore its movement rating
isvery high (table 5). Terbacil also is highly
water-soluble (table 5). Terbacil was detected
most frequently and at the highest
concentrations in samples from the public-
supply wells, reflecting (1) its primary use for
agricultural purposes; (2) the greater amount of
agricultural land in areas contributing water to
public-supply wells than in areas contributing
water to the monitoring wells (table 1); (3) the
larger component of older ground water
withdrawn from public-supply wells (fig. 5),
which recharged the aquifer system when
terbacil use was more prevalent thaniit is
currently; and (4) its persistence and mobility.
Detection of terbacil in water from the
monitoring-well networks likely reflects relict
agricultural land use and (or) this compound’s
status as a general-use herbicide, which allows
for itsuse by non-licensed applicators. Terbacil
was not detected in any of the 34 samples of
precipitation collected in the Glassboro study
area; therefore, precipitationis not alikely
source of terbacil in shallow ground water in
the study area.

Carbaryl isagenera-useinsecticide used
to control insectsin agricultural settings; in
forest, lawn, and gol f-course maintenance; and
on poultry, livestock, and pets. Use of carbaryl
by non-licensed applicators was not
documented for this report. Reported use of
carbaryl by licensed applicatorsin New Jersey
was for agricultural purposes and lawn and
golf-coursemaintenance (table 2). Carbaryl has
alow persistencein soil and is moderately to
strongly sorbed to soil particles; therefore, it
has alow movement rating (table 5).
Nonetheless, carbaryl was detected in samples
from the shallow and moderate-depth
monitoring wells at a frequency of 10 and 6
percent, respectively, and also was detected,
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although less frequently, in samples from the
public-supply wells (fig. 9; app. 2). Detection
of carbaryl in water from the three well
networksat low frequenciesreflectsitsdua use
for agricultural and non-agricultural purposes
and its low movement rating. Carbaryl was
detected in 11 (32 percent) of the 34 samples of
precipitation collected in the Glassboro study
area, at concentrationssimilar to those detected
in shallow ground water. Thus, precipitation
may be an additional source of carbaryl in
shallow ground water in the study area.

Carbofuran is arestricted-use insecticide
used to control insectsin agriculture and forest
management. Reported use of carbofuran by
licensed applicators in New Jersey was
exclusively for agricultural purposes; however,
the amount applied has declined steadily since
the mid-1980's (table 2). Carbofuranis
moderately persistent in soils and does not sorb
strongly to soil particles, therefore, it hasavery
high movement rating (table 5). Carbofuran
also is highly solublein water (table 5).
Carbofuran was detected most frequently in
samples from the public-supply wells,
demonstrating its persistence and mobility, its
primary use for agricultural purposes (table 2),
and the greater amount of agricultural land in
areas contributing water to the public-supply
wells than in areas contributing water to the
monitoring wells (table 1). The infrequent
detection of carbofuran in water from the
monitoring wells reflects the general absence
of agricultural land in areas contributing water
to themonitoring wellsand the declining use of
thispesticide over thelast 15 years. Carbofuran
was detected in only 1 of the 34 samples of
precipitation; therefore, precipitation is not a
likely source of carbofuran in shallow ground
water in the Glassboro study area.

Volatile Organic Compounds

VOCs are a class of organic compounds
that have a multitude of uses. VOCs are
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present in fuels and the exhaust from their
combustion, and in common household
products, such as air fresheners, bathroom
deodorants, cleaning and polishing products,
paints, solvents, and adhesives. They also are
widely used inindustrial applications as
solvent degreasers and refrigerants, in the dry-
cleaning industry, in the manufacture of
pharmaceutical products and plastics, and in
agricultural applications as active and inactive
components of pesticides and fumigants
(Bloemen and Burn, 1993; Smith and others,
1988; Verschueren, 1983). Amounts of
selected VOCs produced within the United
States, as reported to the U. S. International
Trade Commission (USITC), for selected
years from 1930 to 1994 are listed in table 7.
Because producers report data on organic
chemicalsto the USITC only for those
compounds whose production or sales exceed
established minimum thresholds, the data are
not available for each compound for each year.
In addition, the USITC does not publish
statistics on production values for individual
compounds if doing so might disclose the
operations of individual producers. Although
values listed in table 7 are for overall
production amounts within the United States
and do not take into account the potential
import and (or) export of individual
compounds, they provide a genera indication
of both historical trendsin the production and
use of selected VOCs and of the quantities of
these compounds currently being produced.

Concentrations of 87 VOCsin samples
from the three well networks were measured to
determine the occurrence, distribution, and
concentration of VOCs in the Kirkwood-
Cohansey aquifer system in the Glassboro
study area (table 8). VOCs were selected for
analysis because they (1) are found on one or
more regulatory lists (for example, Safe
Drinking Water Act, Clean Water Act), (2) are
associated with effects on human health and
(or) that of aquatic communities, (3) may
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Table 8. Volatile organic compounds analyzed for in samples from all three well networks, Glassboro

study area, N.J.

[CAS, Chemical abstract service number; MRL, minimum reporting level; ug/L, micrograms per liter]

Compound CAS (ng?t) Compound CAS (hlngfll:)
1,1,1,2-Tetrachloroethane 630-20-6 0.044 4-Chlorotoluene 106-43-4 .056
1,1,1-Trichloroethane 71-55-6 .032 4-1sopropyl-1-methylbenzene 99-87-6 A1
1,1,2,2-Tetrachloroethane 79-34-5 132 4-Methyl-2-pentanone 108-01-1 374
1,1,2-Trichloroethane 79-00-5 .064 Acetone 67-64-1 4.9
1,1,2-Trichlorotrifluoroethane 76-13-1 .092 Acrolein 107-02-8 1.43
1,1-Dichloroethane 75-34-3 .066 Acrylonitrile 107-13-1 123
1,1-Dichloroethylene 75-35-4 .044 Benzene 71-43-2 .032
1,1-Dichloropropene 563-58-6 .026 Bromobenzene 108-86-1 .036
1,2,3,4-Tetramethyl benzene 488-23-3 .23 Bromochloromethane 74-97-5 .044
1,2,3,5-Tetramethyl benzene 527-53-7 24 Bromodichloromethane 75-27-4 .048
1,2,3-Trichlorobenzene 87-61-6 .266 Bromoform 75-25-2 .104
1,2,3-Trichloropropane 96-18-4 .07 Bromomethane 74-83-9 .148
1,2,3-Trimethylbenzene 526-73-8 124 Butylbenzene 104-51-8 .186
1,2,4-Trichlorobenzene 120-82-1 .188 Carbon disulfide 75-15-0 .08
1,2,4-Trimethylbenzene 95-63-6 .056 Chlorobenzene 108-90-7 .028
1,2-Dibromo-3-chloropropane  96-12-8 214 Chloroethane 75-00-3 12
1,2-Dibromoethane 106-93-4 .036 Chloroform 67-66-3 .052
1,2-Dichlorobenzene 95-50-1 .048 Chloromethane 74-87-3 .254
1,2-Dichloroethane 107-06-2 134 Dibromochloromethane 124-48-1 .182
1,2-Dichloropropane 78-87-5 .068 Dibromomethane 74-95-3 .05
1,3,5-Trimethylbenzene 108-67-8 .044 Dichlorodifluoromethane 75-71-8 .096
1,3-Dichlorobenzene 541-73-1 .054 Dichloromethane 75-09-2 .382
1,3-Dichloropropane 142-28-9 116 Diethyl ether 60-29-7 17
1,4-Dichlorobenzene 106-46-7 .05 Diisopropy! ether 108-20-3 .098
2,2-Dichloropropane 594-20-7 .078 Ethyl methacrylate 97-63-2 .278
2-Butanone 78-93-3 1.65 Ethyl tert-butyl ether 637-92-3 .054
2-Chlorotoluene 95-49-8 .042 Ethylbenzene 100-41-4 .03
2-Hexanone 591-78-6 .746 Hexachlorobutadiene 87-68-3 142
3-Chloropropene 107-05-1 .196 Hexachloroethane 67-72-1 .362
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Table 8. Volatile organic compounds analyzed for in
samples from all three well networks, Glassboro
study area, N.J.--Continued

MRL

Compound CAS (Lg/L)
I sopropylbenzene 98-82-8 0.032
Methyl acrylate 96-33-3 .612
Methyl acrylonitrile 126-98-7 .570
Methyl iodide 74-88-4 .076
Methyl methacrylate 80-62-6 .350
Naphthalene 91-20-3 250
Propylbenzene 103-65-1 .042
Styrene 100-42-5 .042
Tetrachloroethylene 127-18-4 .038
Tetrachloromethane 56-23-5 .088
Tetrahydrofuran 109-99-9 1.150
Toluene 108-88-3 .038
Trichloroethylene 79-01-6 .038
Trichlorofluoromethane 75-69-4 .032
Vinyl bromide 593-60-2 .100
Vinyl chloride 75-01-4 112
cis-1,2-Dichloroethylene 156-59-2 .038

cis-1,3-Dichloropropene 10061-01-5 .092

m- and p-Xylene jdidj .064
o-Ethyl toluene 611-14-3 .100
o-Xylene 95-47-6 .064
sec-Butylbenzene 135-98-8 .048
tert-Butyl methyl ether 1634-04-4 112
tert-Butylbenzene 98-06-6 .096
tert-Pentyl methy! ether 994-05-8 112
trans-1,2-Dichloroethylene 156-60-5 .032

trans-1,3-Dichloropropene 10061-02-6 134

trans-1,4-Dichloro-2-butene 110-57-6 .692

promote ozone depletion and (or) be subject to
aquatic bioaccumulation, and (or) (4) are used
as fuel oxygenates (Bender and others, 1999).
In addition, these compounds are amenable to
determination with purge-and-trap gas-
chromatography/mass- spectrometry analytical
methods.

Unlike nitrate and pesticides, VOCs
typically are introduced to aquifer systems
from point sources such as |leaking storage
tanks, leachate from landfills, accidental spills,
and improper disposal of products containing
VOCs. Potential nonpoint sources of VOCs
include the atmosphere and urban stormwater
runoff, but these sources are considered to be
less prevalent than point sources. Asaresult of
their volatility, VOCs can evaporate readily
and thus be introduced to the atmosphere,
where they are dispersed and diluted by wind.
Oncein the atmosphere VOCs can partition to
rain and subsequently be reintroduced to land
surface through precipitation. Infiltration of
precipitation to the subsurface represents a
potential widespread (nonpoint) source of
VOCsto shallow ground water. The
atmosphere as a potential nonpoint source of
low-level concentrations of VOCsin shallow
ground water in the Glassboro study areawas
evaluated by Baehr and others (1999a). Their
findings indicate that, except for MTBE,
concentrations of VOCs detected in the
atmosphere were insufficient to account for
their occurrence in shallow ground water and,
therefore, their occurrence in ground water
must be attributed to other point and (or)
nonpoint sources.

Delzer and others (1996) evaluated urban
stormwater runoff as a potential nonpoint
source of VOCsin shallow ground water
across the Nation. Their findings indicate that
urban stormwater runoff frequently contains
VOCs, especidly those associated with fuels,
and that it is therefore a potential nonpoint
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source of VOCsin shallow ground water
underlying urban areas.

The potential for VOCs to contaminate
ground water, like that for pesticides, depends
not only on their use and release into the
environment but also on their physical and
chemical characteristics, their susceptibility to
biodegradation, and the characteristics of the
soil and aquifer material they penetrate.
Physical and chemical properties that may
partly determine the likelihood that a VOC
will contaminate ground water are listed in
table 9 for VOCs detected in more than 10
percent of samplesfrom at least one of the well
networks. Values of these properties, likethose
given earlier for pesticides, are considered to
be approximations and may vary grestly asa
result of variationsin soils, climate, and other
site-specific characteristics; nonetheless, they
can be used to distinguish those VOCs most
likely to persist within the subsurface from
those least likely to persist. VOCsthat are
highly water-soluble, poorly sorbed, and most
recalcitrant pose the greatest risk of
contaminating and persisting in ground water.

Oneor moreVOCsweredetectedinmore
than 90 percent of samples from each of the
three well networks. Concentrations, however,
generally were low (lessthan 1 pg/L).
Detection frequencies were high, in part, asa
result of the sensitive analytical methods
recently developed by the USGS, which allow
for the determination of VOCs at
concentrations of 0.1 pug/L and less (Connor
and others, 1998). Nineteen VOCswere
detected in more than 10 percent of samples
from at least one of the well networks (table
10). Eight of these VOCs are classified by the
USEPA asknown, probable, or possible human
carcinogens, and 14 have been assigned MCLs
by the USEPA (table 10). In addition, the
NJDEP has established MCLsfor nine of these
compounds that are more stringent than the
Federal regulations (table 10).
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Tetrachloroethene, trichloroethene, cis-1,2-
dichloroethene, and 1,2-dibromoethane were
detected in one or more samples at
concentrations exceeding an established
Federal and (or) State MCL. Although
enforceable Federal or State drinking-water
regulations in the form of MCL s do not
currently exist for methyl tert-butyl ether
(MTBE), 1,1-dichloroethane,
trichlorofluoromethane, or carbon disulfide,
HAL s have been established or proposed for
three of these compounds (table 10).
Chloroform isregulated on the basis of the sum
of the concentration of itself and three other
trihalomethanes. bromodichloromethane,
chlorodibromomethane, and tribromomethane.
The sum of these constituent concentrations
cannot exceed 100 pg/L (U.S. Environmental
Protection Agency, 1996). Only MTBE was
detected at a concentration that exceeded the
lower limit of aproposed HAL . Fourteen of
theseV OCshavebeen assigned GWQCsby the
NJDEP, and three (tetrachloroethene, cis-1,2-
dichloroethene, and benzene) were detected in
one or more samples at concentrations
exceeding the GWQC. Finally, of the nine
compounds that have been assigned aquatic-
life criteria by the Canadian Council of
Resource and Environment Ministers (table
10), only chloroform was detected at a
concentration that exceeded the criteria.

The cumulative distribution of total VOC
concentrations in samples from the three well
networksisshowninfigure 10. Thisfigurewas
developed as described in the discussion of
nitrate. For each sample, the total VOC
concentration was calculated by summing the
concentrations of al detected VOCs. Samples
inwhich noVOCsweredetected were assigned
atotal concentration of zero. Figure 10 also
shows the cumul ative distribution of available
VOC concentrations in water from 26 public-
supply wells throughout the Kirkwood-
Cohansey outcrop area. These dataareincluded
to compare the total VOC concentrationsin



Table 9. Physical and chemical properties of selected volatile organic compounds

[Pa m3/g mol, Pascals cubic meter per gram mole; °C, degrees Celsius; mm Hg, millimeters of mercury;
mg/L, milligrams per liter; log Kow, logarithm of the octanol-water partition coefficient; Koc, soil-sorption
coefficient; --, no data; <, less than]

Henry’sllaw Vapor pressure lubility (mg/L
Compound ﬁ?gsgtarggl ’(gg (mm I-olg, 20-30 Log Kow So uzo”zg o) ' Koc
o0) c)
Chloroform -- 159 1.97 - --
Tetrachloroethene 1,790 185 3.40 150 210-238
1,1,1-Trichloroethane 1,700 100 249 4,400 81-89
Trichloroethene 979 57.8 2.29 1,100 100
1,1-Dichloroethene 2,650 591 1.32 2,500 150
cis-1,2-Dichloroethene 420 273 -1.86 3,500 36-49
Methyl tert-butyl ether 64.3 245 124 51,000 123
1,1-Dichloroethane 560 64 1.48 <1,000
1,4-Dichlorobenzene 279 10 at 54.8°C 3.37 65,300 409-1514
1,2-Dichlorobenzene 183 1.47 3.38 140 280-320
Trichlorofluoromethane 8,830 - - - --
Carbon tetrachloride - 91.3 264 <1,000 -
Benzene 557 - 213 1,800 98
Chlorobenzene 358 11.8 2.18-2.84 450 126
1,2-Dibromoethane 65.9 11.2 135 40,000 14-160
trans-1,2-Dichloroethene 809 395 -2.06 6,300 36-49
1,3-Dichlorobenzene 278 5 - <1,000 --
Chloromethane 901 3,800 91 - --
Carbon disulfide - 260 2.16 2,300 54
1 Rathbun (1998)
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VOCs. Also, MRLsfor VOC analysis
of samples from public-supply wells
outside the Glassboro study areawere
| 0.2 pug/L or greater, whereas most of
the VOCs detected in samples from
public-supply wells in the Glassboro
study area are reported at
concentrations of 0.1 pg/L or less.
Conseguently, the proportion of
samples with non-detectable

. concentrations of VOCs was greater
for public-supply wells outside the
Glassboro study areathan for thosein
the Glassboro study area. Where
VOCs were detected in public-supply
wells outside the Glassboro study
area, however, their total

0 [ A ]
0.01 0.1 1 10

VOLATILE ORGANIC COMPOUNDS, IN MICROGRAMS PER LITER

Figure 10. Cumulative frequency of total volatile organic
compound concentrations in water samples from four well

“1o0  concentrations were similar to those
reported for public-supply wellsinthe
Glasshoro study area and greater than
those reported for either monitoring-
well network (fig. 10).

networks within and outside the Glassboro study area, N.J.

samples from public-supply wellsin the
Glassboro study areato available total VOC
concentration data from other public-supply
wells in the Kirkwood-Cohansey aquifer
system. VOC datawere considered appropriate
for comparison if (1) the public-supply well
from which the sample was collected was
screened in an unconfined part of the aquifer
system, (2) the sample had been analyzed after
1987, and (3) one or more VOCs were detected
inthe sample. Inclusion of samplesin which no
VOCs were detected and a statistical
comparison of total VOC concentrations per
sample for public-supply wellsin the
Glassboro study area with those for public-
supply wells throughout the Kirkwood-
Cohansey aquifer system were not appropriate
for the following reasons: Each sample from
public-supply wellsin the Glassboro study area
was analyzed for 87 VOCs, whereas samples
from public-supply wellsoutside the Glassboro
study areawere analyzed for no more than 40

The median total VOC
concentration in samples from the
shallow and moderate-depth monitoring and
public-supply wells was 0.40, 0.34, and
1.5 pg/L, respectively; the median number of
VOCs per samplewas 4, 3, and 7.5,
respectively; and the maximum number of
V OCs detected per sample was 14, 18, and 20,
respectively. Results of ANOVA and multiple-
comparison tests on the ranked-transformed
number of VOCs and total VOC concentration
per sample (Helsel and Hirsch, 1992) indicate
that samples from public-supply wells
contained a significantly greater number of
VOCs per sample (p=0.0004) and a greater
total VOC concentration per sample (p=
0.0019) than samples from the two monitoring-
well networks. Differencesin detection
frequency patterns among the three well
networks for individual VOCs result from
differencesin their (1) mode of introduction
into the environment (point or nonpoint), (2)
chemical and physical properties, (3) current
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and historica use, and (4) source-area
characteristics. Thesedifferencesareillustrated
bel ow.

Unlike other VOCs, chloroform and
MTBE generally were detected frequently in
samples from all three well networks,
indicating widespread (nonpoint) sources.
Chloroform was detected in more than 80
percent of samples from each well network
(fig. 11). Chloroform is both manmade and
naturally occurring, although human activity is
thought to be responsible for most of the
chloroform found in the environment (Agency
for Toxic Substances and Disease Registry,
1989). Chloroform is used primarily in the
production of fluorocarbon-22; however, it was
used historically as an extraction solvent in the
manufacture of pharmaceuticals, as adry-
cleaning agent, in fire extinguishers, and as a
fumigant and anesthetic (U. S. Department of
Health and Human Services, 1999).
Commercial production of chloroformfor these
purposes began in the 1920's and has exceeded
400 million pounds per year since the mid-
1980's (table 7). Chloroform also isa common
byproduct of the chlorination of public
drinking-water supplies. During chlorination,
chlorine can react with naturally occurring
humic substances to form chloroform in the
treated water. Public-supply water can provide
widespread (nonpoint-source) recharge to
surficial aquifer systems underlying urban
areas through a variety of mechanisms,
including lawn sprinklers, swimming pools,
leaking water and sewer lines, septic systems,
and recharge basins. Finally, chloroform has
been shown to form naturally in some soil
environments (Hoekstraand others, 1998); this
source al'so may contribute to the widespread
(nonpoint-source), frequent occurrence of
chloroformin all three well networks.
Chloroform introduced to the aquifer system
from point sources associated with the
compound’svarious commercia and industrial
uses may augment that derived from nonpoint
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sources and may explain the higher proportion
of chloroform detections greater than 0.1 pg/L
in samplesfrom the public-supply wellsthanin
samples from the monitoring wells (fig. 11);
because public-supply wells have larger
contributing areas, they are more likely to
intercept water flowing from point sources of
chloroform and other VOCs.

MTBE was detected frequently and in
nearly equal proportionsin samples from the
shallow monitoring and public-supply wells
but less frequently in samples from the
moderate-depth monitoring wells (fig. 11).
Thisresult indicatesthat public-supply wellsin
the Glassboro study areaintercept relatively
short flow pathswith associated short residence
times, and further illustratesthe vul nerability of
public-supply wellsin thisregion to
contamination introduced at or near land
surface.

MTBE wasfirst used in gasoline in the
late 1970's to enhance octane levels (Zogorski
and others, 1997). The production and use of
MTBE and the amount of MTBE added to
gasoline increased significantly in the early
1990's when it became the most commonly
used fuel oxygenate in many parts of the
Nation, including the study area. The use of
oxygenated fuels was mandated under the
Clean Air Act amendments of 1990 to reduce
atmospheric concentrations of carbon
monoxide (Zogorski and others, 1997).
Production of MTBE exceeded 700 million
pounds in 1980 and has continued to increase
since then, to more than 11 billion poundsin
1993 and 1994 (table 7) and more than 17.5
billion pounds in 1995 (Zogorski and others,
1997). MTBE ishighly water-solubleand hasa
low soil-sorption (K oc) coefficient (table 9);
therefore, it can movereadily through soilsand
leach to ground water. It is also resistant to
physical, chemical, and microbia degradation
(Zogorski and others, 1997) and is, therefore,
likely to persist in the subsurface. MTBE also
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has a high vapor pressure and readily
evaporatesto the atmosphere. Direct emissions
from automobile exhaust further contribute to
the atmospheric load of MTBE. Atmospheric
concentrations of MTBE in the Glassboro
study area are sufficient to be a widespread
(nonpoint) source of frequently detected low-
level concentrations in shallow ground water
(Baehr and others, 1999a). MTBE was the
second most frequently detected VOC in
samples from a network of 78 shallow
monitoring wells in the Glassboro study area
(Stackelberg and others, 1997), but
concentrationsgenerally werelessthan 1 pg/L.
Aqueous equivalent concentrations of MTBE
in 24-hour composite air samples collected
every 12 days from November 1996 to
February 1998 inthe Glassboro study areawere
similar to concentrations measured in samples
from the 78 shallow monitoring wells (Baghr
and others, 1999a); thus, the atmosphereisa
potential source of the widespread presence of
MTBE at low-level concentrations in shallow
ground weter.

Urban stormwater runoff from roadways
and parking lots is another potential
widespread sourceof MTBE in shallow ground
water underlying urban areas (Delzer and
others, 1996). These widespread (nonpoint)
sources (the atmosphere and urban stormwater
runoff) may account for the frequent and nearly
equal detections of MTBE in samples from the
shallow monitoring and public-supply wells.
Introductions of MTBE to the aquifer system
from point sources associated with the use and
storage of gasoline at private, commercial, and
industrial facilities may augment those
associated with nonpoint sources and may be
responsible for the presence of MTBE at
concentrations greater than about 1 pg/L in
ground water in the study area (fig. 11).

MTBE was detected |east frequently in
samples from the moderate-depth monitoring
wells, probably because of the recent increase
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in its use. Whereas environmental tracers and
results of ground-water flow simulations
indicate that the median age of samples from
the shallow monitoring wellsis 1.4 years and
that some water withdrawn from public-supply
wellsisyoung (less than 5 years old), the
median age of samples from the moderate-
depth monitoring wellsis 14 years (fig. 5).
Therefore, detection of MTBE in samplesfrom
the moderate-depth monitoring wellswould be
expected to be less frequent because use of the
compound has increased only recently. Asa
result of its mobility and persistence, however,
detection frequencies in moderate-depth
monitoring wellslikely will increaseasMTBE
is transported deeper into the aquifer system.

Tetrachloroethene (PCE), 1,1,1-
trichloroethane (TCA), and trichloroethene
(TCE) were the most frequently detected
chlorinated organic compounds in samples
from all three well networks (fig. 11). These
compounds are also the most widely produced
chlorinated organic compounds (table 7) and
have awide variety of industrial and
commercial usesasmetal degreasers, industrial
solvents, and ingredients in aerosols,
adhesives, and protective coatings. PCE isalso
widely used asadry-cleaning solvent andinthe
manufacture of textiles (Harte and others,
1991). Each of these compounds has been
produced in large quantities since the 1960's,
with maximum production amounts exceeding
700, 800, and 600 million pounds per year for
PCE, TCA, and TCE, respectively (table 7).
More recently, production of these compounds
has decreased as their uses have become more
restricted (table 7). Their vapor pressures and
Henry’slaw coefficients (table 9) indicate that
they readily evaporate to the atmosphere.
Direct atmosphere emissions from commercial
and industrial sites account for most of the
environmental releases of these compounds
(Harte and others, 1991) and further contribute
to the atmospheric load. The atmosphereisnot
alikely source of these and other chlorinated



organic compoundsin shallow ground water in
the Glassboro study area, however, because
atmospheric concentrations are insufficient
(Baehr and others, 1999a).

TCA and TCE are highly water-soluble
and havelow soil-sorption coefficients (table9)
and, therefore, are likely to leach to ground
water once introduced to the subsurface.
Degradation rates for these compounds are
expected to be low and, thus, they are likely to
be persistent. PCE is less soluble and more
likely to sorb to organic matter in the soil zone
than TCA and TCE (table 9); therefore, itis
considered to be less mobile in the subsurface.
In addition, PCE biodegrades under anaerobic
conditions. Despite these characteristics, PCE
was the most frequently detected chlorinated
organic compound (fig. 11), which may reflect
itsoverall high production rate (table 7) and
diverse uses, including commercial
applications such asdry cleaning in addition to
various industrial applications. As aresult of
concerns about ozone depletion, the USEPA
has mandated reductionsin theamount of TCA
manufactured and used within the United
States (U.S. Environmental Protection Agency,
19943a). Reported production of TCA was 644
million poundsin 1991 but was expected to be
less than 50 million pounds per year after 1995
(U.S. Environmental Protection Agency,
19943a). TCA was detected infrequently in
samples from the shallow-monitoring wells,
possibly reflecting the USEPA-mandated
reduction in its use and the fact that the water
sampled in this network is young. Higher
detection frequencies for TCA in moderate-
depth monitoring and public-supply wells
likely reflect (1) historical use patterns, (2)
older water sampled in these networks, and (3)
larger contributing areas (for the public-supply
wells) which integrate water from multiple
sources. Higher detection frequenciesin the
moderate-depth and public-supply wells aso

demonstrate the mobility and persistence of

these compounds.

Severa other chlorinated organic
compounds, including 1,1-dichloroethene, cis-
1,2-dichloroethene, 1,1-dichloroethane, and
trans-1,2-dichloroethene, were detected
primarily in samples from the public-supply
wells (fig. 11). Although these compounds are
used inindustrial and commercial applications
similar to those of PCE, TCA, and TCE, they
are produced in much smaller quantities.
Production datafor 1,1-dichloroethane, cis-1,2-
dichloroethene, and trans-1,2-dichloroethene
were not available from the USITC; however,
an estimated 200 million pounds of 1,1-
dichloroethene was produced in the United
States during the early 1980's (U.S.
Environmental Protection Agency, 19984). The
moderate to high vapor pressures and low
Henry’s law coefficients of these compounds
(table 9) indicate that they readily evaporate to
the atmosphere; however, the atmosphereis
unlikely to be awidespread source of these
compounds in the Glassboro study area
because atmospheric concentrations are
insufficient (Baehr and others, 1999a). The
compound’'smoderateto high water solubilities
and low soil-sorption coefficients (table 9)
indicate that they likely will leach to ground
water once introduced to the subsurface.
Moreover, their degradation rates are expected
to below and, therefore, they are likely to
persist. In addition to minor industrial and
commercia sources, these compounds may
result from the degradation of the more widely
used chlorinated organic compounds PCE and
TCE (U.S. Environmental Protection Agency,
1998Db). The occurrence of these compounds
almost exclusively in samples from public-
supply wells may indicate that parent
compounds are degrading along extended flow
paths and (or) that large contributing areas are
required to integrate water from a sufficient
number of sourcesof these compoundsto result
in their detection.
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Two other chlorinated organic
compounds, carbon tetrachloride and 1,2-
dibromoethane, were detected exclusively in
samples from the public-supply wells;
however, unlike 1,1-dichloroethene, cis-1,2-
dichloroethene, 1,1-dichloroethane, and trans-
1,2-dichloroethene, they probably are not
derived from the degradation of other VOCs.
Carbon tetrachlorideis used primarily as a
chemical intermediate in the production of the
chlorofluorocarbons CFC-11 and CFC-12, asa
general solvent in industrial degreasing
operations, and asagrain fumigant (U. S.
Department of Health and Human Services,
1999). Production of carbon tetrachloride on a
large scale in the United States began around
1907 and, by 1930, more than 34 million
pounds were produced in the United States
annually (table 7). Production continued to
increase and peaked between 1970 and 1975,
when more than 900 million pounds were
produced annually (table 7). As aresult of
concerns about ozone depletion, however, the
production of CFC-11 and CFC-12isdeclining
rapidly, and the use of carbon tetrachloride asa
grain fumigant was banned by the USEPA in
1985 (U. S. Department of Health and Human
Services, 1999), leading to adeclinein its
manufacture and use aswell (table 7). 1,2-
dibromoethane is used primarily as an additive
to leaded gasoline, a soil fumigant in
agricultural applications, and aturf fumigant in
the maintenance of golf courses (U. S.
Environmental Protection Agency, 1998d).
Production of 1,2-dibromoethane approached
300 million pounds per year during the early
1970’s, but has decreased with the declinein
the use of leaded gasoline (table 7). In addition,
theuse of 1,2-dibromoethane as an agricultural
and turf fumigant was banned by the USEPA in
1984 (U. S. Environmental Protection Agency,
1998e). Thus, the occurrence of carbon
tetrachloride and 1,2-dibromoethane
exclusively in samples from the public-supply
wells likely reflects historical use patterns and
the fact that the public-supply wells intercept
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longer flow paths than those intercepted by the
shallow and moderate-depth monitoring wells.
Water flowing along longer pathsismorelikely
to contain VOCs such as carbon tetrachloride
and 1,2-dibromoethane that were used in
greater quantitiesin the past.

Transferability of water-quality
results

Asdiscussed inthe sectionson nitrateand
VOCs, water-quality data from public-supply
wellssampled during thisstudy are comparable
to available water-quality data from public-
supply wellsin the Kirkwood-Cohansey
aquifer system outside the Glassboro study
area. In addition, the general characteristics of
the public-supply wells, aswell as land-use,
soil, and aquifer characteristics, in the
Glasshoro study area are comparable to those
elsewherein the Kirkwood-Cohansey aquifer
system. Therefore, results of this study are
considered to be transferable to the entire
extent of the Kirkwood-Cohansey aquifer
system.

General characteristics of the 30 public-
supply wells sampled during this study were
compared to those of more than 180 public-
supply wells screened in the Kirkwood-
Cohansey aquifer system throughout southern
New Jersey. The 25t-, 501-, and 75
percentile depths below land surface of the 30
public-supply wellsin the Glassboro study area
and 183 public-supply wells outside the study
areawere 101, 144, and 162 ft, and 91, 146, and
182 ft, respectively (fig. 12). The 251-, 50t
and 75"-percentile screen lengths of the
public-supply wellsin the Glassboro study area
and 166 public-supply wells outside the study
areawere 25, 30, and 33 ft, and 20, 25, and
35 ft, respectively (fig. 12). The 251-, 50t
and 75"-percentile average annual pumping
rates for 1992-96 for the Glassboro study area
public-supply wells and the 183 public-supply
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wells outside the study area were 52, 103, and
205 Mgal/yr, and 32, 63, and 140 Mgal/yr,
respectively (fig. 12). Results of ANOVA on
therank-transformed depth below land surface,
screen length, and average annual pumping rate
indicate that mean ranked values of each of
these characteristics are statistically similar
between the 30 public-supply wellsin the study
area and those outside the study area at a 95-
percent confidence level.

The land-use composition of the
Glassboro study areawas compared to that of
the entire outcrop area of the Kirkwood-
Cohansey aquifer system. The Glassboro study
areais composed of urban (21 percent),
agricultural (26 percent), and undeveloped (39
percent) land (New Jersey Department of
Environmental Protection, 1996).
Miscellaneous land-use categories such as
surface-water bodies and wetlands comprise
the remaining 14 percent. The outcrop area of
the Kirkwood-Cohansey aquifer system asa
whole is composed of urban (22 percent),
agricultural (19 percent), and undeveloped (39
percent) land (New Jersey Department of
Environmenta Protection, 1996).
Miscellaneous land-use categories comprise
the remaining 20 percent.
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Soil characteristicsin the Glassboro study

| areawere compared to those in the entire

outcrop area of the Kirkwood-Cohansey
aquifer system. Soils both within and outside

1 the study area are composed predominantly of

sandy loams with moderate infiltration rates
(U. S. Department of Agriculture, 1995) (fig.
13). A higher percentage of soils outside the
study area have high infiltration rates, asa
result, in part, of the presence of highly
permeabl e beach deposits that form the State's
barrier isands.

Aquifer characteristics were determined
from results of aquifer testsin the Kirkwood-
Cohansey aquifer system at 12 sites--6 within
and 6 outside the study area--across southern
New Jersey (Martin, 1998). Vaues of
transmissivity in the study area ranged from
4,000 to 20,000 ft%/d with an average of about
9,000 ft%/d. Outside the study area,
transmissivity values ranged from 3,600 to
20,000 ft?/d with an average of about 10,000
ft?/d. Hydraulic-conductivity valuesin the
study arearanged from 90 to 250 ft/d with an
average of 156 ft/d. Outside the study area,
hydraulic-conductivity values ranged from 53
to 140 ft/d with an average of 114 ft/d.

Fate and significance of nitrate,
pesticides, and VOCs in the
Kirkwood-Cohansey aquifer
system

Nitrate concentrationsin samplesfrom 80
percent of themoderate-depth monitoring wells
and from more than 90 percent of the public-
supply wells were greater than 1.0 mg/L;
median concentrationswere 2.45and 3.5mg/L,
respectively. One or more pesticide compounds
were detected in 75 to 80 percent of samples
from the moderate-depth monitoring and
public-supply wells, and one or more VOCs
were detected in 80 percent of samplesfrom the
moderate-depth monitoring and in 100 percent
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of samples from the public-supply wells.
Concentrations of these constituents, however,
rarely exceeded established Federal or State
MCLsor HALs. The frequent detection of
pesticides and VOCs results, in part, from the
use of sensitive analytical methods recently
developed by the USGS, which allow for the
detection of pesticides at concentrations of
0.01 pg/L and less and the detection of VOCs
at concentrations of 0.1 pg/L and less (Zaugg
and others, 1995; Conner and others, 1998).

Although concentrations generally were
low, these results indicate that most of the
samples from public-supply wells and
monitoring wells screened in parts of the
aquifer system used for domestic supply inthe
Glassboro study area contained nitrate at
concentrations greater than expected
background level s and organic compounds that
areintroduced to the environment by human
activities. These findings indicate that human
activities have affected the chemical quality of
ground water throughout the Kirkwood-
Cohansey aquifer system underlying the

Glassboro study areaand that supply wells
screened inthisaquifer systemin the study
area are vulnerable to contaminants
introduced at or near land surface.
Furthermore, pesticides and VOCs
detected most frequently in samples from
the shallow monitoring wells al'so were
detected most frequently in samples from
the moderate-depth monitoring and public-
supply wells, indicating that (1) rates of
processes such as degradation and
sorption/dispersion that may be occurring
within the aguifer system are insufficient
to prevent the occurrence of these
compounds in parts of the aquifer system
used for domestic and public supply, and
(2) contaminants detected in samples of
recently recharged ground water collected
at or near the water table arelikely to
persist within the aquifer system and
eventually discharge to supply wells or
surface-water bodies.

Established drinking-water regulations
were rarely exceeded in ground-water samples
collected during this study. Four pesticide and
VOC compounds that were detected in 10
percent or more of samples, however, have not
been assigned drinking-water regulations by
the USEPA or NJDEP (tables 6 and 10). Also,
drinking-water regulations are currently (1999)
based on the concentrations of individual
compounds and do not account for possible
cumulative health effects of the presence of
more than one compound in the same well
(Barbash and Resek, 1996). The total number
and cumulative concentration of al pesticides
and VOCsin each sample areillustrated in
figure 14. Seventy-five percent of the samples
from the three well networks contained four or
more pesticidesand (or) VOCs per sample (fig.
14). The presence of multiple pesticides and
(or) VOCsincreases the total concentration of
organic compounds in agiven sample. The
possibility that the presence of multiple organic
compounds, even at low concentrations, may
have a synergistic adverse health consequence
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isan area of current research (Biradar and
Rayburn, 1995; Marinovich and others, 1996).
Thus, athough constituent concentrations
generally were less than established drinking-
water regulations, some human-health issues
remain unresolved.

Of the 47 pesticide compounds analyzed
for in samples from the three well networks,
only 4 were pesticide-degradation byproducts.
Because many pesticides are unstable in soil
and the unsaturated zone, they degrade to other
compounds that can be equally harmful to
human health. Results of previous
investigations indicate that degradation
byproducts account for most of the pesticide
load in ground water (Kolpin and others, 1995;
1996). In fact, deethylatrazine, a degradation
byproduct of the pesticide atrazine, was the
second most frequently detected pesticide
compound in this study. In addition, some
pesticideswith significant use asreported to the
Pesticide Control Program of the NJDEP by
licensed applicators were not analyzed for in
samplesfrom all three well networks (table 4).
Therefore, the total pesticide load determined
in samples analyzed for this study islikely
biased low. Further investigation is needed to
document the presence and concentration of
these high-use parent compounds and
pesticide-degradation byproducts in ground
water in order to determine the full effect of
pesticide use in the Glassboro study area.

SUMMARY AND CONCLUSIONS

Samples from public-supply wellsin the
Glassboro study area of southern New Jersey
contained a significantly greater number and
greater total concentration of VOCs per sample
than samples from the shallow and moderate-
depth monitoring wells. VOCs commonly
originate from point sources. Because public-
supply wellswithdraw larger volumes of water
than monitoring wells their contributing areas
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are larger and, therefore, the wells may
intercept water flowing from more VOC point
sources. Furthermore, results of ground-water
flow simulations and particle tracking indicate
that public-supply wellsin the Glassboro study
areaintercept relatively young water flowing
along short paths, making them vulnerable to
contamination by the VOCsthat are frequently
detected in recently recharged ground water.
Public-supply wells, however, also intercept
water flowing along longer paths associated
with longer residencetimes. Thiswater ismore
likely than water from monitoring wells to
contain VOCs derived from the degradation of
parent compoundsor VOCsthat had significant
historical usethat has recently been reduced or
phased out. Samples from monitoring wells,
therefore, generally underrepresent the
occurrence and concentration of VOCsin
samples from public-supply wellsin the study
area. Chloroform and MTBE, which appear to
originate in part from diffuse (nonpoint)
sources in urban environments, are notable
exceptions. These compounds were detected
with nearly equal frequency in samples from
the shallow monitoring and public-supply
wells. MTBE was detected |ess frequently in
samples from the moderate-depth monitoring
wells because the median age of samplesfrom
these wells predates the recent increase in the
use of MTBE as afuel oxygenate. Because
MTBE isrecalcitrant and persistent, however,
the frequency of occurrence of MTBE in
samplesfrom moderate-depth monitoring wells
and, therefore, domestic wells, islikely to
increase with time.

In contrast, nitrate concentrations and the
number and total concentration of pesticides
per samplewere statistically ssimilar among the
three well networks, indicating that these
compounds are introduced from diffuse
(nonpoint) sources at relatively consistent
concentrations. These results also indicate that
samples from the shallow monitoring wells
generally are indicative of the occurrence and



concentration of nonpoint-source contaminants
in regional drinking-water supplies. Notable
exceptionsoccur for individual compoundsasa
result of differencesin their physical and
chemical properties, current and historical use
patterns, and source-area characteristics. For
instance, metolachlor, terbacil, and alachlor
were detected more frequently in samplesfrom
the public-supply wells than in those from
either monitoring-well network. These
herbicides are used primarily for agricultural
purposes; however, metolachlor is currently
one of the most commonly used agricultural
herbicides, whereas the use of terbacil and
alachlor has decreased significantly since the
1980's. Because public-supply wells have
larger contributing areasthan monitoringwells,
they aremorelikely to contain greater amounts
of agricultural land, and aremorelikely toyield
water contaminated with agricultural
herbicides. In addition, the public-supply wells
intercept water flowing along longer flow
paths, which is more likely to contain
pesticides such as terbacil and alachlor, whose
historical useis significant but whose recent
use has declined.
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