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

Multiply By To obtain
Length
inch (in.) 25.4 millimeter
inch (in.) 2.54 centimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
square mile (n?n) 2.590 square kilometer
Volume
million gallons (Mgal) 3,785 cubic meter
Flow
gallon per day (gal/d) 0.003785 cubic meter per day
Temperature
degree Fahrenheitk) °C =5/9 x(°F-32) degree CelsiysC)
Hydraulic conductiity
foot per day (ft/d) 0.3048 meter per day

Sea lgel: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929-- a
geodetic datum derived from a general adjustment of the first-order level nets of the United
States and Canada, formerly called Sea Level Datum of 1929.

Waterquality abbrgiations:

mg/L -milligrams per liter
N -nitrogen

Vi



FOREWORD scale approach helps to determine if certain types
of water-quality issues are isolated or pervasive,
and allows direct comparisons of how human activ-
ities and natural processes affect water quality and
cological health in the Nation’s diverse geo-
graphic and environmental settings. Comprehen-
sive assessments on pesticides, nutrients, volatile
'organic compounds, trace metals, and aquatic

energy, and mineral resources. Information on the, ., 54y are developed at the national scale through
quality of the Nation’s water resources is of critical comparative analysis of the Study-Unit findings

interest to the USGS because it is so integrally
linked to the long-term availability of water that is The USGS places high value on the commu-
clean and safe for drinking and recreation and thagication and dissemination of credible, timely, and

is suitable for industry, irrigation, and habitat for relevant science so that the most recent and
fish and wildlife. Escalating population growth and available knowledge about water resources can be
increasing demands for the multiple water usegpplied in management and policy decisions. We
make water availability, now measured in terms ofhope this NAWQA publication will provide you
quantityandquality, even more critical to the long- the needed insights and information to meet your
term sustainability of our communities and ecosyseeds, and thereby foster increased awareness and
tems. involvement in the protection and restoration of our

The USGS implemented the National Water-NatIons waters.

Quality Assessment (NAWQA) Program to support ~~ The NAWQA Program recognizes that a
national, regional, and local information needs and1ational assessment by a sm_gle program cannot
decisions related to water-quality management an@ddress all water-resource issues of interest.
policy. Shaped by and coordinated with ongoingExternal coordination at all levels is critical for a
efforts of other Federal, State, and local agenciedully integrated understanding of watersheds and
the NAWQA Program is designed to answer: Whatfor cost-effective management, regulation, and
is the condition of our Nation’s streams and groundconservation of our Nation’s water resources. The
water? How are the conditions changing over time?rogram, therefore, depends extensively on the
How do natural features and human activities affecedvice, cooperation, and information from other
the quality of streams and ground water, and wheréederal, State, interstate, Tribal, and local
are those effects most pronounced? By combininggencies, non-government organizations, industry,
information on water chemistry, physical charac-academia, and other stakeholder groups. The assis-
teristics, stream habitat, and aquatic life, thetance and suggestions of all are greatly appreci-
NAWQA Program aims to provide science-basedated.

insights for current and emerging water issues.

NAWQA results can contribute to informed ¥

decisions that result in practical and effective ﬂa{_ﬂﬂf M, ff:c-u_pz.
water-resource  management and strategies that

protect and restore water quality. Robert M. Hirsch

Since 1991, the NAWQA Program has imple- Associate Director for Water

mented interdisciplinary assessments in more than

50 of the Nation’s most important river basins and

aquifers, referred to as Study Units. Collectively,

these Study Units account for more than 60 percent

of the overall water use and population served by

public water supply, and are representative of the

Nation’s major hydrologic landscapes, priority

ecological resources, and agricultural, urban, and

natural sources of contamination.

The U.S. Geological Survey (USGS) is
committed to serve the Nation with accurate an
timely scientific information that helps enhance
and protect the overall quality of life, and facili-
tates effective management of water, biological

Each assessment is guided by a nationally
consistent study design and methods of sampling
and analysis. The assessments thereby build local
knowledge about water-quality issues and trends in
a particular stream or aquifer while providing an
understanding of how and why water quality varies
regionally and nationally. The consistent, multi-

Vil



EFFECTS OF LAND USE AND TRAVEL TIME ON THE
DISTRIBUTION OF NITRATE IN THE KIRKWOOD-COHANSEY
AQUIFER SYSTEM IN SOUTHERN NEW JERSEY

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

ABSTRACT Model performance was evaluated by
) comparing the simulation results to measured
_ Residents of the southern New Jersey Coastjirate concentrations and apparent ground-water
P!aln are increasingly re!lant on the unconfln_edagesl Apparent ground-water ages at 32 monitoring
Kirkwood-Cohansey aquifer system for public |5 in the study area determined from tritium/
water supply as a result of increasing population,g|iym-3 ratios and sulfur hexafluoride concentra-
and restrictions on withdrawals from the deeperyjong fayorably matched simulated travel times to
confined aquifers. Elevated nitrate concentrationgnese wells. Simulated nitrate concentrations were
above background levels have been found in We”%omparable to concentrations measured in 27
in the surficial aqu_ifer system in agricgltural _and water-supply wells in the study area. A time series
urban parts of this area. A three-dimensionali19g7.98) of nitrate concentrations at base-flow
steady-state ground-water-flow model of a 400-ongitions in three streams that drain basins of
square-mile study area near Glassboro, Newgrigys sizes and with various land uses was
Jersey, was used in conjunction with particlecomnared to simulated concentrations in these
tracking to examine the effects of land use andsyreams. In all three of the streams, a reasonable fit
travel time on the distribution of nitrate in ground {5 the measured concentrations was achieved by
and surface water in southern New Jersey. multiplying the simulated concentration by 0.6.
Contributing areas and ground-water ages, oBecause nitrate appeared to move conservatively
travel times, of water at ground-water discharge(not degraded or adsorbed) in ground water to
points (streams and wells) in the study area weravells, the apparent non-conservative behavior in
simulated. Concentrations of nitrate werestreams indicates that about 40 percent of the
computed by linking land use and age-dependentitrate in aquifer recharge is removed by denitrifi-
nitrate concentrations in recharge to the dischargeation in the aquifer near the streams and (or) by
points. Median concentrations of nitrate in waterin-stream processes.
samples collected during 1996 from shallow moni- The model was used to evaluate the effects of
toring wells in different land-use areas were used,grioys nitrate management options on the concen-
to represent the concentration of nitrate in aquifeyation of nitrate in streams and water-supply wells.
recharge since 1990. On the basis of upward trendgjitrate concentrations were simulated under the
in the use of nitrogen fertilizer, the concentratlonsfouowing management alternatives: an immediate
of nitrate in aquifer recharge in agricultural and 5 on nitrate input, reduction of input at a
urban areas were assumed to have increasgdnsiant rate, and fixed input at the current (2000)
linearly from the background value in 1940 (0.07|gye|. The time required for water to move through
mg/L as N) to the 1990 (2.5-14 mg/L as N) concen-the aquifer results in a time lag between the
trations. reduction of nitrate input in recharge and the
reduction of nitrate concentration in streams and



wells. In the gradual-reduction alternative, nitrateabove background levels have been found in wells
concentrations in streams and wells continued tan the surficial aquifer system in agricultural and
increase for several years after the reduction wasrban parts of this area.

enactgd. In both th.e |mmec_JI|ate—ban and graqlual— The study area encompasses approximately
reduction alternatives, nitrate concentrations

remained elevated above background concentraﬂ(l)0 mtf in the Philadelphig me”"pg'?ta” Zre? pe?)r
tions long after nitrate input ceased. In the fixed-G assboro, New Jersey (fig. 1), and is underlain by

use alternative, concentrations in streams and well€ Kirkwood-Cohansey aquifer system. In this

continued to increase for 30 to 40 years beford €PO!, this area is rgferred to as th? Glassboro
reaching a constant level study area. Population growth in this area has

S _ _ resulted in increased ground-water withdrawals
The spatial distributions of simulated nitrate from the Kirkwood-Cohansey aquifer system. The
concentrations in streams in 2000 and 2050 Wer(grimary objective of the study was to provide a
examined with the assumption of no change in lanGjetailed understanding of the relation among land
use, nitrate concentration in recharge, or groundyse, ground-water flow, and the evolution of water
water withdrawals. As expected, nitrate concentragyality in a heavily used surficial aquifer at a scale
tions were highest in agricultural areas and loweshpplicable to the evaluation of water-management
in largely undeveloped areas. Changes in concengjternatives. Three-dimensional numerical simula-
trations over time were greatest in streams in areagons of ground-water flow and particle transport
where the aquifer is thick and in streams that flowmere linked to data sets in a geographical informa-
mostly through areas that are undeveloped bufion system (GIS) to describe the source and age of
whose contributing areas contain agricultural onyater currently (2000) within and discharging
urban land distant from the stream. Results of thgrom the aquifer system. (In this report, ground-
computer simulations indicate that nitrate concenyyater age refers to the time elapsed since the water
trations in typical domestic or public-supply wells \yas recharged to the saturated zone of the aquifer
installed in most of the study area would increasesystem.) Although the ground-water-flow model
over the next 50 years. The extremes in nitrate congoyld be used to study the movement of any
centration (high and low) and magnitude of changesyrface-introduced contaminant, the scope of the
in nitrate concentration occurred in domestic wellsgpplication of the model was limited to simulating

rather than public-supply wells because thenjtrate concentrations in streams and wells given
domestic wells intercept water derived from smallcyrrent land use and three hypothetical nitrate-

contributing areas with fairly uniform land use and management alternatives.
ground-water-age composition. Nitrate concentra- The Kirkwood-Cohansey aquifer system is

tions in water from public-supply wells were less S . . :
extreme than in domestic wells because the publicfEhe principal surficial (unconfined) aquifer system

supply wells’ contributing areas supply water from in the New Jersey Coastal Plain (Zapecza, 1989).

- The aquifer, a major source of drinking water, is
Itiple land d d-water- I .
MUtip’e fand Uses and grouind-water-age classes tapped by both domestic wells and large public-

INTRODUCTION supply wells (Nawyn and Clawges, 1995). Ground
water affects stream ecology in this area because
Residents of the southern New Jersey Coasta880 percent or more of streamflow is derived from
Plain are increasingly reliant on the unconfinedground-water discharge. The quality of the water
Kirkwood-Cohansey aquifer system for public in the aquifer, especially water discharging to wells
water supply as a result of increasing populatiorand streams, is, therefore, of great interest for
and restrictions on withdrawals from the deeperhuman health and aquatic life.

confined aquifers. Elevated nitrate concentrations Surficial aquifers in urbanized and agricul-

tural areas are vulnerable to contamination because
they receive recharge across the entire land surface,
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Figure 1. Location of Glassboro study area, New Jersey.

allowing for downward migration of compounds, centrations of nitrate greater than background
such as nutrients, pesticides, and volatile organitevels were measured in ground water in observa-
compounds, that are used at the land surface. Thion wells (Stackelberg and others, 1997; Szabo
Kirkwood-Cohansey aquifer system particularly isand others, 1997), domestic wells (MacLeod and
vulnerable because it consists of highly permeablegthers, 1995), and public-supply wells (Stackel-
unconsolidated sands and gravels, contains littiberg and others, 2000) throughout the Glassboro
organic matter, and generally has a shallow watestudy area. The background concentration is con-
table (average 15 ft below land surface). Sourcesidered to be the median concentration of nitrate in
of nitrate (for example, residential and agriculturalshallow wells in undeveloped areas. Similar
fertilizers and rainfall) are widespread, and con-findings were obtained in many other regions of



the country in investigations conducted as part of In a land-use survey, water in shallow obser-
the U.S. Geological Survey's National Water- vation wells is sampled to assess the quality of
Quality Assessment (NAWQA) Program (Nolan recently recharged ground water associated with a
and Stoner, 2000). particular land use. Results of land-use surveys
To evaluate the effect of water quality in the conducted in the Glassboro study area (Stackelberg

shallow part of the Kirkwood-Cohansey aquifer and _others, _1_997) were_used t(_) determine Water-
system on the quality of water discharging toquallty conditions associated with urban, agricul-
streams and wells, movement through the aquife?ural’ and undeveloped areas.

system must be considered. Because the path of Flow-path studies completed as a part of
the water through the aquifer varies in length andNAWQA study units across the country generally
direction, the water discharging from the aquifer tocan be characterized as cross-sectional studies
streams and wells has a variety of sources anfsee, for example, Burow and others, 1999;
ages. Ground-water age can affect the concentr&owdery, 1997; Mullaney and Grady, 1997; Saad
tion of a contaminant various ways. The concen-and Thorstenson, 1998; Tesoriero and others,
tration at the time of recharge (initial concentra-2000) in which observation wells are located along
tion) may change as a result of changes in chemica single perceived ground-water-flow path to
use over time, may be reduced through degradatiooonduct a detailed investigation of processes of
or sorption, or may increase as the contaminant isransport from a single source. Wells sequenced in
formed through degradation of another contami-a cross-section provide water-quality information
nant. for ground water of different ages originating from

This report (1) describes the ground—water—a small recharge area.

flow model of the study area; (2) describes the age  The flow-path studies in the LINJ study

and land-use signature of water in the Kirkwood-differed from the cross-sectional studies used in
Cohansey aquifer system and water discharging tonany other NAWQA studies. In this study, a 10-

streams and wells in the study area; (3) presents thi 15-year age group sampling program (Stackel-
results of a simulation of the effects of severalberg and others, 2000) was designed based on
management alternatives on nitrate concentrationsimulated ground-water ages from a three-dimen-
in the study area; and (4) evaluates the perforsional flow model to locate the screened depths of
mance of the model by comparing measured an®0 observation wells beneath urbanized land in the
simulated water levels, ground-water ages, andlassboro study area. This flow-path study was

nitrate concentrations. similar to a land-use survey, except that water from
these wells was sampled to assess the quality of
Appr oach ground water recharged in urban areas 10 to 15

This investigation was conducted as part Ofyears prior to sampling. In contrast to the
the L nl IIIVnd Ilgl 'J \rN LINJUNAW Apt d approach used in a typical NAWQA flow-path
e Long Island-New Jersey ( ) QA study tudy, the approach used here results in water-

i . . S
unit. - The data-c_ollect_lon and_ modeling approachqua”ty information for ground water in a single
used was a unique integration of ground-water,

: age group over a large recharge area. In the second
Somponents of NAWQA studies refer_red“ to aspart of the LINJ flow-path study, water from
land-use surveys” and “flow-path studies.” This

: : )  public-supply wells in the area was sampled to
integration allowed current water-quality condi- P PPl P

tions to be related to information on current andassess the quality of water discharging from the

historical land and chemical use to determine&lquncer (Baehr and others, 1999; Stackelberg and

. X " . hers, 2 .
potential future water-quality conditions in an others, 2000)

aquifer that is important for water supply and The data-collection and modeling approach
whose recharge area encompasses multiple larised in this study can be thought of as a regional
uses. flow-path study. Samples of water at the beginning

(land-use surveys), middle (age-cohort sampling),
and end (public-supply wells) of flow paths



through the aquifer were collected and analyzedsimulations were used to determine stratification of
The three-dimensional flow model was used toground-water age and its relation to concentrations
relate the concentrations of contaminants in wateof nitrate and radium concentrations in the aquifer
from observation wells to the concentrations ofsystem.

contaminants in water discharged to streams and  \;-4ica and others (1998) simulated ground-
yvells.. The modeling approach prpvided a way ©Owater flow in the Kirkwood-Cohansey aquifer
investigate past and future trends in water quality. system in the Cohansey River Basin to determine

The ground-water modeling approach used irthe source and residence time of ground-water flow
this study fundamentally is different from that of to streams. In this study, contributing areas to six
traditional quasi-three-dimensional plan-view stream transects were delineated and the age distri-
ground-water flow models, which are designedbution of the ground-water discharge along two
primarily to estimate basin-wide water budgets.transects was defined. Ground-water ages,
These models typically use the vertical dimensionestimated from chlorofluorocarbon (CFC) concen-
to represent distinct geologic layers. Such a modefrations in water extracted from about 2 ft below
encompassing most of the Glassboro study aredhe streambed, corroborated the simulated age dis-
with a focus on the Maurice River Basin, has beertribution of ground-water flow to the stream
constructed (Stephen Cauller, U.S. Geologicatransects. The relation of the fraction of ground-
Survey, written commun., 2000). In the modelingwater flow to the stream transects affected by
approach used here, however, model layers in thaitrate contamination to time was shown for the
vertical dimension are added, not to representase where contamination continues and for the
distinct geologic layers, but to discretize thecase where the source of contamination is elimi-
vertical dimension in order to refine model defini- nated.
tion of flow paths and travel times from point of
recharge to point of discharge. DESCRIPTION OF STUDY AREA

Previous In vestigations The northwestern boundary of the study area

closely follows the outcrop of the Kirkwood For-
Zapecza (1989) described the hydrogeologianation. The remaining boundaries are formed by

framework of the New Jersey Coastal Plain. Wattthe basins that drain to the following surface-water

and Johnson (1992), Lacombe and Rosman (1995ata-collection sites: Cohansey River at Seeley,

Johnson and Charles (1997), and Charles anMaurice River at Millville, Hospitality Branch near

others (2001) provide information on the hydro- Folsom, and Great Egg Harbor River at Folsom.

geologic framework and geochemistry of, waterThirty-five municipalities lie at least partly within

levels, water use, and base flow in, and a generahe study area (fig. 2). The largest towns in the

hydrologic budget for various parts of the surficialarea by population are Vineland City and

aquifer system underlying the study area. MartinGlassboro Borough.

(1998) simulated flow in the entire New Jersey

Coastal Plain with an emphasis on water budget. Hydr og eology

Stephen Cauller (U.S. Geological Survey, written _ _

commun., 2000) simulated ground-water flow in _The Kirkwood-Cohansey _aq_wfer system

the Kirkwood-Cohansey aquifer system in theCONsists of a southeastward-dipping wedge of

Glassboro study area to investigate the effect ofconsolidated sediments, which include gravel,
ground-water withdrawals on base flow. This Sand, silt, and clay. The thickness of the aquifer

model was designed to focus on ground-water flowsystem in the study area ranges from less than 25 ft
to the Maurice River and its tributaries at the northwestern boundary to 300 ft in the south-

_ _ ~east. Within the Glassboro study area, the

Rice and Szabo (1997) used two-dimensionalsrenioch Sand Member of the Kirkwood Forma-
ground-water-flow models of three vertical tion, the Cohansey Sand, and, where present, the

sections in the Glassboro study area to simulatgyerlying Bridgeton Formation are hydraulically
ground-water-flow paths and travel times. Theconnected and function together as the unconfined
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New Jersey.



Kirkwood-Cohansey aquifer system (Zapecza(Lacombe and Rosman, 1995). Streams in the
1989). The Grenloch Sand Member in this area istudy area generally are gaining streams--that is,
fine to medium sand and silty sand (Zapeczaground water flows into the streams.

1989). The Cohansey Sand is predominantly

medium- to coarse-grained sand with some gravel Population and Land Use

and silt and interbedded clay (Rhodehamel, 1973). The population of the Glassboro study area

The Bridgeton Formation is discontinuous | . . :
throughout the study area, and is found on topo%térr']r;gsl?;;(t)fol\g'g' jgr:éas S:U?r?:r?ednfrz? LL;'bSo.r
graphic highs. The Bridgeton Formation is coarse-, u (New y p '

grained sand and gravel. The Alloway CIayZOOO). Population data are available for individual

Member of the Kirkwood Formation underlies the mun?c?pal?t?es _at 10-year intervals. Many of the
Kirkwood-Cohansey aquifer system throughout themunlupalltles lie on the boundary of the study area;
these cases, the population of the municipality

study area and functions as a continuous anwas scaled by the percentage of the municipalit
competent confining bed (Nemickas and Carswell ) d by P 9 paiity
that lies within the study area.

1976).
Average annual precipitation is about 44 in/yr

Since 1960, the population of the townships in
o . the study area has grown faster than the population
and is distributed nearly uniformly throughout the of the boroughs and Vineland City (fig. 3). The

year. About 3 in/yr of precipitation runs off directly :
into streams; the remainder is accounted for byboroughs and the city tend to be more densely pop-

evapotranspiration (ET) or recharge to groundulated, whereas townships historically are more
water. The average annual ET is about 25 in/yr. ETrural and less densely populated.

is highest in the summer months, when the temper-  Areas of urban, agricultural, and undeveloped
ature is highest and plant growth is greatest. Aboutand are distributed throughout the study area (fig.
18 in/yr of water is recharged to the ground water4); however, the western part of the study area is

200 T

Entire study area

1 == == Boroughs
= = = = Townships

150

100

POPULATION, IN THOUSANDS

50

1930 1940 1950 1960 1970 1980 1990

YEAR

Figure 3. Population in the Glassboro study area, New Jersey, 1930-90.
(Data from New Jersey Department of Labor, 2000)
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EXPLANATION
LAND-USE CLASS

Urban, residential
Urban, nonresidential
Cropland/pasture
Orchard/nursery
Forested
Water/wetlands
Barren

(N.J. Department of Environmental Protection, 1996b, (N.J. Department of Environmental Protection, 1996b,
modified with U.S.Geological Survey, 1986, and U.S. modified with U.S.Geological Survey, 1986)
Geological Survey, Rolla, Mo., unpub. data accessed
July 9,2000, on the World Wide Web at URL
ftp://ftpmemec.er.usgs.gov/release/urban_dynamics/,
TIFF format)

(N.J. Department of Environmental Protection, 1996b) (N.J. Department of Environmental Protection, 1996b,
modified with data on CD-ROM obtained from Steven
Carp, New Jersey Office of State Planning, Trenton,
N.J., 1999)

Figure 4. Land use in the Glassboro study area, New Jersey, 1950, 1973, 1986, and
1996.



predominantly agricultural and the northeastern The 1950 land-use data set was created by
part is predominantly urban land developed duringmodifying the 1973 land-use data set described
the past 25 years. Vineland City in the southernabove on the basis of data from the scanned USGS
part of the study area is another major tract oftopographic quadrangle sheets from the 1950’s.
urban land. The largest tracts of undeveloped land\reas were delineated as urban, forested, water, or
are in the southeastern part of the study area. open (assumed to be agricultural). Only land use
classified as urban in 1973 that was not urban in

The land-use data sets used in this investiga: 1950 d H 4 to the land ¢
tion are based largely on the New Jersey Integrate € ata set was changed to the land use from

Terrain Unit (ITU) GIS digital data set from 1986 n€ 1950 data set. Otherwise, the 1973 land use
(N.J. Department of Environmental Protection was used. This method likely results in underesti-

1996b). The ITU data set was based on interpreta'aling the amount of urban land and overesti-

tion of digital aerial photography. To look at mating the amount of agricultural land because the
change in land use over time, three additional Iand-merhOOI of extracting land use from topographic

use digital data sets were used to identify areas osfheets |dent|f|es' urban land only in the town
land-use change: land cover from 1950's usgenters and not in more rural areas. The method
topographic quadrangle sheets (U.S. Geologicaflllso does not take into account changes in land use
Survey, Rolla, Mo., unpub. data accessed July 9°ther than the change to urban land.

2000, on the World Wide Web at URL ftp://ftp- Areas of new development were added to the
mcmc.er.usgs.gov/release/urban_dynamics/, TIFE986 land-use data set to create the 1996 land-use
format); the Geographic Information Retrieval anddata set. The digital data set of new development,
Analysis System (GIRAS) land-use digital data setcreated by using digital orthophoto quadrangles
from the early 1970's (U.S. Geological Survey, (DOQ’s) from 1995 and 1997, was obtained from
1986); and a digital data set of areas developethe New Jersey Office of State Planning, Trenton,
between 1986 and the mid-1990's (data on CD-N.J. To create the 1996 land-use data set, the areas
ROM obtained from Steven Carp, New Jerseyof new development were assumed to be residen-
Office of State Planning, Trenton, N.J., 1999). tial land; all other areas were assigned the value

The GIRAS land-use data were mapped at e{rom the 1986 data set.
scale of 1:250,000 and, therefore, are much coarser Comparison of the four land-use data sets
than the ITU data (mapped at a scale of 1:24,000)(figs. 4 and 5) shows an increase in the amount of
The coarse scale results in overestimation of theirban land (21 percent) and a corresponding
amount of agricultural and urban area and underesdecrease in the amount of agricultural (12 percent)
timation of the amount of undeveloped area inand undeveloped (forested and water/wetlands)
GIRAS. Because the difference in scale did notand (9 percent). Not including water and
allow direct comparison of the ITU and GIRAS wetlands, the study area changed from a fairly even
data sets, the GIRAS data set was used only tomix of agricultural and forested land use in 1950 to
modify the ITU data set to represent 1973 land usea fairly even mix of agricultural, forested, and
To create the 1973 land-use data set, the land-usgban land use in the mid-1990’s. The large
designations from GIRAS were used when (1) ITUincrease in urban land use between 1973 and 1986
land use was urban and GIRAS was agriculturaljn areas distant from the town centers corresponds
forested, wetlands, or barren; (2) GIRAS land usewith the period of rapid growth in population of the
was agricultural and ITU was brushland; (3)townships (fig. 3). The land-use percentages for
GIRAS land use was barren and ITU was agricul-the study area shown in figure 4 are listed in
tural, forested, or artificial lake; and (4) ITU land table 1.
use was barren and GIRAS was agricultural or
forested. For all other cases (areas in which land
use likely did not change from 1973 to 1986), the
land-use designations from the ITU data set were
used.
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Figure 5. Land use in the Glassboro study area, New Jersey, 1950-96. [The asterisks
denote times for which land-use data sets are available. (N.J. Department of Environmental
Protection, 1996b; U.S. Geological Survey, Rolla, Mo., unpub. data accessed July 9, 2000,
on the World Wide Web at URL ftp://ftpmcmc.er.usgs.gov/release/urban_dynamics/, TIFF
format; U.S. Geological Survey, 1986; data on CD ROM obtained from Steven Carp, New
Jersey Office of State Planning, Trenton, N.J., 1999)]

Water-Suppl vy Issues and Raritan-Magothy aquifer system within the Critical
Ground-W ater Use Area were reduced by an average of 20 percent.
As a result of increasing population and, to a lesser
The New Jersey Department of Environ- degree, restricted pumping from deeper aquifers in
mental Protection (NJDEP) has recommendedhe 1990's, withdrawals from the Kirkwood-
increased development of the Kirkwood-Cohanse\Cohansey aquifer system in the study area
aquifer system in the study area to meet a portiofincreased by about 2,000 Mgal/yr from 1981 to
of the water demand caused by suburban growth9geg (fig. 6).
and reduced pumping from deeper, confined
aquifers (N.J. Department of Environmental Pro-
tection, 1996a). Part of the study area lies within
NDJEP Water-Supply Critical Area Il (fig. 2). The
critical-area designation was made as a result
the presence of a large water-level depression i

Ground-water-use data were obtained from
computer files supplied by the NJDEP Bureau of
Water Allocation. Water use from three sources is
0Eeported: wells, ponds created by excavating soil
It?eneath the water table, and water that is part of the

the underlying Potomac-Raritan-Magothy aquiferstjen:}[g(:I bdriarl:] na:)gui dﬁwysfrrgivc(as;f[irﬁar:jrfainedwaﬂce)rr‘)ds

system caused by years of appreciable grounalc- . y impounding 9 ; '

water withdrawals. As part of the critical-area " this report, the first two sources are considered
' to be ground-water withdrawals. The locations of

mandate, water allocations from the Potomac- . . .
the withdrawals in the study area are shown in

10



Table 1. Land use and change in land use in the Glassboro study area, New Jersey,
1950-96

[Data from N.J. Department of Environmental Protection, 1996b; U.S. Geological Survey,
Rolla, Mo., unpub. data accessed July 9, 2000, on the World Wide Web at URL ftp://
ftpmemec.er.usgs.gov/release/urban_dynamics/, TIFF format; U.S. Geological Survey,
1986; data on CD-ROM obtained from Steven Carp, New Jersey Office of State Planning,
Trenton, N.J., 1999]

Anderson Percent from year indicated to
Level 2 Percent of study area 1996
classifica-
Land-use category tiont 1950 1973 1986 1996 1950 1973 1986
Total urban 1.79 11.75 20.80 24.63 18.04 10.58 3.83
Residential 11 1.33 8.78 15.54 19.36 1.30 .39 .00
Commercial 12 .26 1.17 1.56 1.56 .59 .25 .00
Industrial 13 .08 42 .67 .67 1.16 .79 .00
Transportation 14 .01 .39 1.17 1.17 .02 .00 .00
Industrial/commercial 15 .01 .02 .02 .00 .00 .00
Mixed urban 16 .00 .00 .00 .00 .99 .57 .00
Other urban 17 .07 .49 1.06 1.06 74 .30 .00
Recreational 18 .04 .49 .78 .78 -12.21 -7.50 -1.48
Total agricultural 42.18 37.48 31.46 29.98 -11.01 -6.31 -1.03
Cropland 21 37.37 32.67 27.40 26.37 -.88 -.88 -.37
Orchard 22 4.03 4.03 3.51 3.15 -.24 -.24 .00
Feedlot 23 .25 .25 .01 .01 -.08 -.08 -.08
Other agricultural 24 .54 .54 .54 .46 -1.64 -5.38 -2.35
Total undeveloped 56.03 50.77 47.74 45.39 -2.09 -2.09 -.90
Deciduous 41 13.75 13.75 12.56 11.66 -.52 -.52 -.25
Coniferous 42 4.59 4.59 4.32 4.07 -8.47 -3.35 -.85
Mixed forest 43 17.08 11.96 9.47 8.61 .93 .93 -.34
Brushland 44 2.03 2.03 3.31 2.96 .00 .00 .00
River 51 .08 .08 .08 .08 .00 .00 .00
Lake 52 .03 .03 .03 .03 -.09 .05 .00
Artificial lake 53 1.13 .98 1.03 1.03 -.28 -.28 .00
Wetland 62 15.88 15.88 15.60 15.60 .00 .00 .00
Beaches 71 .00 .00 .00 .00 41 41 .00
Mining 73 .40 .40 .81 .81 13 A3 .00
Altered land 74 A7 A7 .30 .30 -.34 -.34 .00
Transitional 75 A2 42 .09 .09 -.33 -.33 .00
Undifferentiated barren 76 .39 .39 .07 .07 .00 .00 .00
Modified wetlands 80 .07 .07 .07 .07 .00 .00 .00

1 Anderson and others, 1976.
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Figure 6. Ground-water withdrawals from public-supply wells in the
Kirkwood-Cohansey aquifer system, Glassboro study area, New Jersey,
1981-96. (Unpublished data on file at U.S. Geological Survey office, West
Trenton, N.J.)

figure 7. The water-use data are compiled for four METHODS

types of users: agricultural irrigation wells, public- _ _ )
supply systems with allocations greater than In this section, the methods used to simulate
100,000 gal/d, other ground-water users with allo-ground-water flow and nitrate concentrations are
cations greater than 100,000 gal/d (mostly indusdescribed. Results of the ground-water-flow simu-
trial), and users with allocations less than 100,00d2tion were used as input to a particle-tracking
gal/d (small public-supply systems, fire companiesProgram which, together with resulits of GIS land-
schools, and small industry). Water use is not/S€ analysis, allowed simulation of nitrate concen-
reported for domestic wells serving individual trations in ground water from wells and streams.
households; however, the amount of water . .
withdrawn from domestic wells was estimated by Simulation of Gr_ound-W ater Flow

multiplying the number of people served by private A numerical model, the USGS three-dimen-
wells, determined from 1990 census datasional finite-difference code MODFLOW-96
(U.S. Bureau of the Census, 1992), by a per Capitiﬂl—larbaugh and McDonald, 1996a, 1996b), was
coefficient of 82 gal/d (Nawyn, 1998). used to simulate ground-water flow and head dis-

Public (38 percent) and domestic (13 percentjributions across the study area. The results of this
water supply together account for about half of thesSimulation were used as input to the particle-
water withdrawn from the Kirkwood-Cohansey tracking program MODPATH (Pollock, 1994) that
aquifer system (fig. 8). The remaining 49 percent igS used to delineate recharge areas and compute
withdrawn for industrial and irrigation purposes. travel times through the aquifer.
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EXPLANATION
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Figure 7. Location and average annual volume of water withdrawals from streams
and from the Kirkwood-Cohansey aquifer system in the Glassboro study area, New
Jersey, 1992-96. (Unpublished data on file at U.S. Geological Survey office, West
Trenton, N.J.)
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Agricultural
(Irrigation)
8.9 (24%)

Public supply
14.1(38%)

Domestic supply
5.3 (14%)

Industrial
8.8 (24%)

Figure 8. Average reported ground-water withdrawals from the Kirkwood-Cohansey
aquifer system by water-use category, Glassboro study area, New Jersey, 1992-96.
(Values are in million gallons per day; %, percent; unpublished data on file at the U.S.
Geological Survey office, West Trenton, N.J.)

Model Discretization Each cell in the model was determined to be
Ieither active or inactive. The modeled area

The aquifer is represented in the numerica ) . _
consists of all active cells. Ground water is not

model by a three-dimensional grid of cells that . ; .
consists of 343 columns, 214 rows, and 12 layersSimulated to flow through inactive cells. ~Active
The cells are 492 ft by 492 ft in the horizontal cells meet the following three conditions: (1) the

dimension and range from 20 to 80 ft in the vertical€!l IS within the study-area boundary, (2) the
dimension (fig. 9) depending on their position in elevat!on of the top of the cell Is greater than the
the aquifer system. The cells near the top of theGIeV_atIon of the bottom of the Klrk\_/vood-Cohansey
model are thin for the purpose of simulating the @duifer system, and (3) the elevation of the bottom
vertical component of flow induced by rechargeOf the cell is lower than the land-surface elevation.
and topographic relief. Model layers in the vertical
dimension are added not to represent geologic
layers but to discretize the model in the vertical
direction to refine the locations of flow paths in the All external boundaries of the modeled area
aquifer system originating at land surface. Theare modeled as no-flow boundaries. On the north-
grid was aligned approximately with the north- western perimeter of the modeled area, the
eastern study-area boundary to minimize the totapoundary closely follows the outcrop of the
number of model cells required. Kirkwood Formation (fig. 9a). The boundary was

Boundary Conditions and Model
Stresses

14
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Figure 9. Ground-water-flow model of the Glassboro study area, New Jersey, showing
(a) horizontal discretization and location of active, inactive, and stream cells, and (b)
vertical discretization.
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established by combining the drainage boundaries  All wells with pumping rates greater than 6
for the points on each stream where the streanMgall/yr based on average yearly withdrawals from
elevation was equal to the elevation of the bottoml992 to 1996 reported to the NJDEP Bureau of
of the aquifer system. On the other three sides, th&Vater Allocation were included in the simulations
boundaries of the modeled area are surface-watgfig. 7). Water extracted from ponds not directly
divides. These surface-water divides are consideonnected to streams also was included in the sim-
ered to be surrogates for ground-water divides. Thelations. Ponds of this type were modeled as
assumption of the co-location of the surface- andshallow, large-diameter wells. The ponds are con-
ground-water divides may be inappropriate undesstructed by excavating beneath the water table.
some conditions. Major pumping near the dividesSimilar to rates of pumping from wells, the
may cause the ground-water divide to shift awaypumping rates were set equal to the average yearly
from the surface-water divide. If the vertical headwithdrawals from 1992 to 1996 reported to the
gradient at the ground-water divide is sufficiently NJDEP Bureau of Water Allocation. The locations
large, ground-water flow may have a regionalof the wells were determined from latitudes and
component and water would flow under the locallongitudes obtained from the NJDEP Bureau of
ground-water divide. Given the aquifer thicknessWater Allocation. These locations were verified
in this area, this type of flow likely occurs only if a with 7.5-minute USGS topographic quadrangles
locally extensive layer of low-permeability (1:24,000 scale) and aerial photography. If the
material is present. reported position was not at a pond, the location of

Recharge to the aquifer is modeled bythe nearest pond was used. The topographic quad-

applying the source to the uppermost active |ayeFangIes also were used to determine whether the
of the model. The location of the uppermost active'oOnOI was connected to a stream.
layer depends on the simulation. If the head in a Streams in the study area were modeled with
cell in the uppermost active layer is lower than thethe MODFLOW drain package. A drain simulates
elevation of the bottom of the cell, then the cell is base flow by allowing water to enter a stream when
dry and is designated as an inactive cell. Rechargthe head in the aquifer is greater than the stage of
then is applied to the next lower cell. The base ofthe stream. The elevation or stage of the stream is
the surficial aquifer system, defined as theheld constant and the discharge to the stream is
elevation of the bottom of the sand layer of thedetermined by multiplying the difference between
Kirkwood Formation, is assumed to be a no-flowthe head in the aquifer and stream stage by the con-
boundary. Although flow may occur across thisductance of the streambed. The conductance of the
boundary to or from the underlying confined streambed is the hydraulic conductivity of the
aquifer, this component of flow is considered to bematerial in the streambed multiplied by the stream
negligible. area in the cell divided by the thickness of the stre-
Recharge to the aquifer was specified as mbed. The drain package does not allow for flow

uniform flux of 0.004 f/d (17.5 in/yr). Lacombe 'TOM @ stream into the aquifer.

and Rosman (1995) reported a recharge value of A model cell was designated a stream cell if a

18.6 in/yr for the Maurice River Basin. Watt and stream passed through any part of the model cell.
Johnson (1992) reported a recharge value of 18.3he stage for stream cells that coincided with lakes
infyr for the Great Egg Harbor River Basin. or places where the 10-ft topographic contours
Charles and others (2001) computed a value o€rossed streams on the 7.5-minute USGS topo-
16.3 in/yr for the Maurice River Basin and 14.1  graphic quadrangles was set equal to the value of
infyr for the Cohansey River Basin. Rice andthe elevation of lake or the contour line crossing

Szabo (1997) used a value of 18 in/yr in theirthe stream; all other stream cells were assigned
models of flow in the Maurice and Cohansey Riverstages on the basis of linear interpolation between
Basins. Modica and others (1998) used a value ofthese points.

15 in/yr for the Cohansey River Basin. Martin

(1998) used 20 in/yr for the entire New Jersey

Coastal Plain.
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Determination of Ground-W ater Age contributing area. Subsequently, simulated con-

and Contrib uting Areas to Wells and tributing areas of cells downgradient from a weak
Streams sink may be smaller than the actual contributing

area. Particles were stopped at weak sinks in
The particle-tracking model MODPATH forward-tracking runs to be conservative with

(Pollock, 1994) was used to calculate travel timegespect to wells (which are more likely than

and discharge points for water entering the aquifestreams to be weak sinks)--that is, overestimating

at the water table. MODPATH uses the cell-by-cellrather than underestimating the size of the contrib-

flow values from MODFLOW to simulate the path uting area.

of a particle of water through the aquifer. Travel

times along the paths are computed by using the Determination of Nitrate

magnitude of the cell-by-cell flows, the porosity of Concentration at Disc harge Points

the aquifer, and the model cell dimensions. A

porosity of 0.3 was used in this simulation.

The concentration of nitrate in recharge
. entering the aquifer at the water table was assumed

Both forward and backward tracking {5 pe a function of the land use at the site of
approaches were used in simulation. In th&echarge and the year in which the recharge took
forward tracking approach, one particle was starteqﬂace. The results of the MODPATH simulations
at the water table in the center of each cell thal, oyide information on the recharge location and
intersected the water table. The particle then wagye required for each particle to reach its
tracked forward until it discharged at a stream orgischarge location. Each particle is assigned a con-
well. Particles were stopped at weak sinks (S€@entration corresponding to the land use in the year
discussion of weak sinks below). Given uniform ipat the recharge took place. For example, if the
recharge and cell size, eac_:h particle represents thg)ncentration is being computed for the year 2000
same volume of water. This approach was used t@,q MODPATH simulates a travel time of 20 years,
determine the contributing areas and travel timeg,nq the starting location of the particle as the cell at
for water entering streams and wells with high -5/umn 200, row 100, the particle is given the con-
pumping rates, such as public-supply and irrigation;entration corresponding to the land use at that
wells. point in 1980. If the concentration in 2020 is being

In the backward tracking approach, particlescomputed, the particle would be given the concen-
were started at locations within the aquifer andtration corresponding to the land use at that point
tracked backward until they reached the watelin 2000. The percentage of each land use in 1950,
table, or location of recharge (contributing area).1973, 1986, and 1996 was calculated for all cells in
Particles were allowed to pass through weak sinksthe model. Land-use percentages between these
The backward tracking approach was used tgears were linearly interpolated. Land-use data for
determine the contributing areas and travel times950 were used for all years before 1950 and land-
for points in the aquifer or water entering wells use data for 1996 were used for all years after
with low pumping rates, such as domestic or moni-1996.

toring wells. To compute the concentration at a particular
Weak sinks are cells that contain a sink thatdischarge point, the average of the concentrations
does not capture all of the water entering the cellassociated with all the particles that flow to that
water flows out at least one of the cell faces. Wherparticular discharge point is used. Because
the backward particle tracking approach was usedecharge and cell size are uniform, each particle
particles were allowed to pass through weak sinkgepresents an equal amount of water and, thus, an
so they eventually would reach the water tableaverage is appropriate. If recharge and cell size
When the forward tracking approach was usedwere not uniform, a weighted average would be
however, particles were stopped at weak sink cellstequired.
This approach may cause the simulated contrib-
uting area for that cell to be larger than the actual
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The transport of nitrate in the aquifer is nitrogen in excess of this amount is attributed to
assumed to be conservative. Because nitrogenitrate reduction (Dunkle and others, 1993; Rowe
neither forms insoluble minerals that could precipi-and others, 1999).
tate nor is appreciably adsorbed under aquifer con-
ditions, the only means of in-situ nitrate removal Estimation of Nitrate Concentration

from ground water is by reduction (Appelo and in Recharge Over Time
Postma, 1996). Dissolved oxygen concentrations _
in the ground water generally are greater than !N order to compute the concentrations of

3mg/L (Szabo and others, 1997): therefore nitrate as outlined above, it was necessary to
reduction of nitrogen is unlikely to occur. Nitrate d€Velop @ history of nitrate concentrations in

reduction does take place on a local scale in thi§echarge for the land uses of interest (fig. 10). The
aquifer. Samples from 2 of 37 monitoring wells CUrrent value for nitrate concentration was based

sampled for dissolved gas in the study arePn median values from three networks of shallow

contained excess dissolved nitrogen greater thaffonitoring wells designed to characterize the
1 mg/L (unpublished data on file at the U.S. Geo-duality of water beneath agncultl_JraI, urban, and
logical Survey office in West Trenton, N.J.). The undeveloped land.  These median values were
amount of dissolved argon is used to determine thd# M9/L as N for cropland and pasture, 10 mg/L as
amount of nitrogen expected to be dissolved inN for orchards and nurseries, 2.5 mg/L as N for
water in equilibrium with the atmosphere; any urban land, and 0.07 mg/L as N for undeveloped
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Figure 10. Mean concentration of nitrate in recharge to aquifer from four land-use
types, 1940-2000 (solid lines), and for three water-management alternatives (dotted
lines) used in model simulations, Glassboro study area, New Jersey. [Inset shows
reported sales of nitrogen fertilizer in New Jersey, 1945-98 (Alexander and Smith,
1990; Battaglin and Goolsby, 1994; David Lorenz, U.S. Geological Survey, written
commun., 2000)]
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land (Stackelberg and others, 1997). On the basisquares of the difference between the target water
of trends in the use of nitrogen fertilizer and recon-level and simulated water level in each cell. The
structed concentrations of nitrate in recharge in thdinal calibrated hydraulic conductivities and the
Coastal Plain of New Jersey (Modica and others|ocations of the conductivity zones are shown in
1998) and Maryland (Bohlke and Denver, 1995),figure 11.

the concentrations of nitrate in aquifer recharge in The difference between the targeted and
agricultural ‘and urban areas were assumed @iy jated water levels is shown in figure 12.

increase linearly from the background value OfSimulated water levels generally are within 5 ft of

0.07mg/L as N in 1940 to the respective 1990 CONthe target water levels. Most of the areas in which

centrations. Prior to 1940, the nitrate concentra-the difference is large are near the edge of the

tion in recharge from all land uses was assumed odel and. therefore. are subject to boundary
be at the background level. effects. In some of these areas, however, no
measured water level is available and the poor

MODEL SIMULATION RESULTS match may be the result of the process used to
In this section, results of the model simula- create the water-table map.
tions are presented. The calibration procedure is  The base flow simulated with the model was
discussed and model performance is evaluatedsompared with measured base flows to evaluate the

Ground water, both in the aquifer and dischargingaccuracy of the recharge value used. Charles and
from the aquifer, is characterized with respect topthers (2001) report ground-water discharge to

age and land use in the recharge area. streams to be 15.6 and 13.1 in/yr for the Maurice
, ) ] and Cohansey Rivers, respectively. Base flow in
Model Calibration and Ev_aluation the Great Egg Harbor River is 17.3 in/yr (Watt and

Johnson, 1992). The simulated values for these

The flow model was calibrated by adjusting *. h fh el .
horizontal, vertical, and streambed hydraulic conJVers at the boundary of the model were 15.3 in/yr

ductivities to achieve the closest possible matctO! the Maurice River, 16.1 in/yr for the Cohansey

between simulated and observed heads. A singlg?"er’ and 15'_4 infyr for the Great Egg_ Harbor
value of streambed hydraulic conductivity of River. The simulated ground-water discharge

50 ft/d was used throughout the model. The hori_nearly was equal to the reported discharge for the

zontal and vertical conductivities were assigned orf1@urice River but was high for the Cohansey River
the basis of zones in areas with similar stratigraphyp"d 10w for the Great Egg Harbor River. If the
(see fig. 11) determined by using geophysical ana/alue_s are weighted by drainage area anc_i
driller's logs (Stephen Cauller, written commun., comblr_led, the measured ground-water discharge is
2000). Additional, smaller zones were created inlf‘s'7 |n/yr_ and . the - simulated  ground-water
the northeastern part of the study area because Séi[l_scharge is 15.4 infyr.
isfactory calibration could not be achieved with To evaluate the performance of the model
larger zones. Hydraulic conductivity was assumedvith respect to simulation of travel time and to
to be constant with depth. calibrate the value of porosity, the model-simulated
A map of the water table in the study area Wasground-water age and the age _determlned by
created by using a GIS from water levels in 592analyses for environmental tracers in ground water

wells (data on file at U.S. Geological Survey, Westfrom monitoring wells were compared (table 2, fig.

Trenton, N.J.), the elevations of perennial streams}s)_' The trave_l times to' monltqr!ng wells were
and water-level contours from results of surficial- €3timated by using the ratios of tritium to helium-3

aquifer studies in the area (Lacombe and RosmafP/3He) (for example, Eckwurzel and others,
1995: Watt and Johnson 1992: Johnson anc}994; Szabo and others, 1996) and sulfur hexafluo-

Charles 1997; Charles and others, 2001). This mafld¢ (Sfe) concentrations  (Busenberg ~ and
was used to establish a target water level for eacFlummer, 2000). Ages were determined by
cell within the model. The hydraulic conductivi- 3H/*He and (or) Sk analyses for 55 monitoring

ties then were adjusted to minimize the sum ofwells in the study area. Simulated travel times to
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EXPLANATION

ZONES OF HYDRAULIC CONDUCTIVITY--
Values are in feet per day
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Figure 11. Zones of hydraulic conductivity used in model calibration and final
calibrated horizontal (K,) and vertical (K,,) hydraulic conductivities in the modeled
area, Glasshoro study area, New Jersey.

the monitoring wells were determined by starting Aqge of Water in the Aquif er and
particles at the center of the screened interval and Relation to Land Use in the
tracking them backward to the water table. Recharge Area

The value of porosity to be used in the model

was the value at which the sum of squares of the, The model was used to s_imulate th_e length of
. 3 time that the water has been in the aquifer and the
difference between the’H/*He ages and the

imulated inimal. Thi | q land use in the area where the water entered the
S'r_"“j‘te atl)gesov:\;a(l)s m'?)'lmas' UIS va ije r\:\(as ‘Tteréquifer in order to obtain a general indication of
mined to be 0.30 (table 3). Use of this value ., ont (2000) water-quality conditions in the
resulted in a reasonable match between th

imulated and hemicallv i 4 ea\quifer. The Kirkwood-Cohansey aquifer system
simulated and geochemically interpreted ages. in the study area contains about 3 trillion gallons of

water if a porosity of 0.3 is assumed. The average
age of this water is 49 years; however, the small
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EXPLANATION

DIFFERENCE BETWEEN SIMULATED AND
TARGET WATER TABLE--Values are in feet
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Figure 12. Difference between simulated and target water levels in the modeled area,
Glassboro study area, New Jersey.
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Table 2. Geochemical and simulated ages of water samples from monitoring wells in the Glassboro study area, New Jersey
[--, data not available]

44

u.sS. Depthto Depthto Date Datesulfur  Sulfur Simulated Simulated
Geological top of bottom of  helium- hexa- hexa- Simulated  age to age to
Survey screened screened tritium Helium- fluoride fluoride  agetotop middle of bottom of
well interval interval sample tritum age sample age of screen  screen screen
Well name number Latitude Longitude (infeet) (infeet) collected (inyears) collected (inyears) (inyears) (inyears) (inyears)
AGO06 11-0692 3930'58.5" 7512'19.1" 33 38 4/28/1992 6.1 -- -- 1.8 2.4 2.9
AGO08 33-0822 3935'24.9" 7513'23.2" 29 31 2/18/1998 1.5 2/23/1999 5.6 1.3 1.5 1.8
AGO09 33-0820 3937'10.9” 7512'09.8" 17 19 2/19/1998 4.7 2/19/1998 11 2.1 24 2.6
AG11 33-0819 393541.7" 7511'02.9" 20 22 12/4/1996 1.8 -- -- 25 2.8 3.0
AG12 11-0889 3931'58.9" 7515'02.2" 37 39 1/21/1998 .6 1/21/1998 4.2 1.2 1.3 15
NUO1-TEN 15-1266 39 43'26.7" 7504'57.2" 55.5 58 1/09/1998 23.0 - -- 6.0 6.5 7.0
NU02 15-1210 3943'42.6" 7504'00.6" 17.5 19.5 2/11/1998 14 2/11/1998 17 2.3 2.6 2.8
NUO2-TEN 15-1267 3943'42.6" 7504'00.7” 40.5 43 11/11/1997 21.0 2/11/1998 13.7 9.9 104 10.9
NUO06 7-0841 3945'27.1" 7500'39.5" 52 54 1/29/1998 -- 1/29/1998 4.1 1.6 1.8 2.0
NUO6-TEN 7-0867 3945'27.1" 7500'39.5" 77.5 80 6/06/1997 11.5 1/29/1998 7.6 9.0 9.5 10.0
NU08 15-1220 3943'38.9” 7501'26.3" 28.5 30.5 12/09/1996 5.3 - -- 1.8 2.0 2.3
NU09 15-1219 3940'22.5" 7459'09.1" 29 31 12/16/1997 3 1/27/1998 1.0 2.1 2.3 25
NUO09-TEN 15-1264 3940'22.4" 7459'09.3" 50.5 53 12/16/1997 13.3 1/27/1998 15.6 7.0 7.3 7.6
NU10-TEN 15-1277 3939'48.2" 7458'28.8" 47 49 1/22/1998 21.3 1/22/1998 14.0 8.4 8.6 8.9
NU11 7-0836 3946'04.5" 7500'33.5" 30 37 9/09/1997 7.5 2/22/1999 4.2 2.2 3.2 4.0
NU11-TEN 7-0868 3946'04.4" 7500'33.4" 67.5 70 11/06/1997 30.1 1/29/1998 29.1 14.2 14.7 15.3
NU13-TEN 7-0870 3943'46.7" 74 5949.6" 52.5 55 1/06/1998 5.6 - - 6.3 6.7 7.0
NU16-TEN 7-0869 3942'33.8" 7457'42.4" 455 48 1/08/1998 2.6 - -- 8.3 8.6 8.9
NU19-TEN 7-0887 3942'54.5" 7459'03" 49.5 52 1/08/1998 20.5 -- -- 6.5 6.8 7.2
NU22-TEN 15-1280 3941'50.2" 7459'00.8" 43 45 1/12/1998 36.9 2/24/1999 30.0 8.2 8.4 8.7
NU26-TEN 7-0879 3947'04" 7456'16.2" 38.5 41 12/17/1997 26.2 2/21/1999 13.1 10.9 11.4 11.8
NU27-TEN 7-0886 3949'42" 7455'08.8" 335 35.5 12/09/1997 6.8 2/21/1999 4.6 17.0 18.4 19.1
NU29 15-1258 3944'42.9" 7503'07.4" 17 19 12/11/1996 4.3 - - 1.3 1.6 1.8
NU29-TEN 15-1268 3944'42.9" 7503'07.4" 325 35 12/04/1997 2.1 2/12/1998 1.6 5.6 6.1 6.5
NU30 15-1260 3945'08.9" 7502'35" 50 52 2/11/1998 3.2 1/07/1998 4.1 2.2 25 2.8
NU30-TEN 15-1271 3945'08.9" 7502'34.9" 64.5 67 1/07/1998 14.3 2/11/1998 10.7 8.2 8.9 9.8
OUO01-TEN 33-0844 3935'32.5" 7510'11" 37 39.5 2/18/1998 10.9 2/18/1998 12.1 9.7 10.3 10.8
OUO02-TEN 11-0937 3929'19.9" 7501'16.8" 67 69.5 11/18/1997 6.3 1/21/1998 17.0 5.6 5.9 6.2
ouo4 15-1214 3939'17.1" 7505'35.2" 25 27 -- - 1/22/1998 3.1 1.7 2.0 2.2

OUO04-TEN 15-1262 39 39'16.9" 7505'35.3" a7 49.5 1/22/1998 8.6 2/23/1999 11.7 7.7 8.1 8.6
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Table 2. Geochemical and simulated ages of water samples from monitoring wells in the Glassboro study area, New Jersey--

Continued
u.sS. Depthto Depthto Date Datesulfur  Sulfur Simulated Simulated
Geological top of  bottom of  helium- hexa- hexa-  Simulated age to age to
Survey screened screened tritium Helium- fluoride fluoride  agetotop middle of bottom of
well interval interval sample tritium age sample age of screen screen screen
Well name number Latitude Longitude (in feet) (in feet) collected (inyears) collected (inyears) (inyears) (inyears) (inyears)
OUO05-TEN 1-1243 3935'30.3" 7452'37.8” 375 40 12/05/1997 19.5 2/12/1998 111 14.8 16.4 18.1
ou06 15-1248 3941'04.1" 74 59'30.4" 19.5 215 12/18/1997 2 1/27/1998 25 1.8 2.0 2.2
OUO06-TEN 15-1265 3941'04.1" 7459'30.6" 46 48.5 12/18/1997 14.8 1/27/1998 12.1 7.6 7.9 8.2
OUO07-TEN 11-0938 3929'29.3" 7501'59" 53 55.5 -- - 1/20/1998 17.1 6.2 6.4 6.7
OUO08-TEN 7-0880 3947'49.3" 7455'53.8” 375 40 12/17/1997 7.6 2/24/1999 29.0 7.8 8.2 85
OUO09-TEN 15-1263 3942'09.9” 75 06'37.5" 40 42.5 2/12/1998 20.0 2/12/1998 10.1 8.1 8.5 8.9
ou10 11-0927 3929'17.7" 7500'36.7" 30 32 12/16/1996 4.4 - -- 15 1.7 1.9
OU10-TEN 11-0936 3929'17.6" 7500'36.9" 47.5 50 - - 1/20/1998 7.1 5.2 5.5 5.8
OU14-TEN 7-0885 3946'45.7" 745919.9” 44.5 47 -- -- 2/22/1999 26.0 10.3 10.7 111
OU15-TEN 11-0935 3928'27.8" 7501'38.4" 67.5 70 11/18/1997 8.6 -- -- 9.1 9.4 9.7
OU16-TEN 15-1270 3945'01.7" 7502'04.7" 67.5 69.5 1/07/1998 124 2/22/1999 30.0 26.0 28.6 31.8
OU17-TEN 7-0882 3948'19.9" 7457'01.7" 68 70 12/10/1997 27.9 2/21/1999 28.0 12.0 12.3 12.7
OU18-TEN 7-0884 394841.6" 7456'25.1" 67 69 12/09/1997 26.8 2/21/1999 31.0 12.3 12.6 12.8
OU19-TEN 15-1279 3941'37.3" 750004 59.5 61.5 2/12/1998 14.1 -- -- 10.2 10.5 10.8
OU20-TEN 15-1282 3942'25.5" 75 00'38.9” 50 52 1/08/1998 9.1 2/24/1999 7.0 8.7 8.9 9.2
UNO09 7-0842 3939'39.3" 7453415" 12 14 -- -- 2/17/1998 2.1 1.8 2.0 2.2
RUTGERS-MED 11-0693 3931'04" 751221 73 78 4/28/1992 24.3 -- -- 11.3 12.0 12.7
RUTGERS-DEEP 11-0694 3931’04 751221 105 110 4/28/1992 36.3 -- -- 225 24.5 26.5
TPE-SHALLOW 15-1057 3942'42" 7503'29” 22 27 4/29/1992 35 - -- 1.7 2.3 2.9
TPE-MED-SH 15-1063 3942'42" 7503'29” 35 40 4/29/1992 7.2 -- -- 5.0 5.7 6.4
TPE-MED-DE 15-1058 3942'42" 750329 70 75 4/29/1992 24.4 -- -- 18.4 19.9 21.5
TPE-DEEP 15-1059 3942'42" 7503'29” 95 100 4/29/1992 33.3 - -- 44.9 51.2 60.3
WTMUA-SHALLOW  15-1051 3943'14” 7501'44” 22 27 4/30/1992 25 -- -- 2.6 3.1 3.7
WTMUA-MEDIUM 15-1052 394314” 7501'44” 60 65 4/30/1992 12.9 -- -- 15.8 17.1 18.6
WTMUA-DEEP 15-1053 3943'14" 7501'44” 92 97 4/30/1992 39.8 -- -- 46.5 52.0 594




GROUND-WATER AGE DETERMINED WITH GEOCHEMICAL

Table 3. Relation of porosity to difference between simulated and geochemical ground-

METHODS, IN YEARS

02 Oy e EETITERTIITE P TS PRE O Tritum-helium (3H/3He) -
! ! o /N Sulfur-hexafluoride ( SFy)
0 i i T 1 1 L
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SIMULATED GROUND-WATER AGE DETERMINED WITH FLOW MODEL, IN YEARS

Figure 13. Ground-water age determined with geochemical methods (3H-3He
and (or) SFg) and simulated ground-water age, where a sample was collected,
Kirkwood-Cohansey aquifer system, Glassboro study area, New Jersey.

water ages in flow model of Glassboro study area, New Jersey

Sum of squares of the difference

Porosity between simulated and geochemical
ages
0.25 3,289
.26 3,197
27 3,124
.28 3,072
.29 3,038
.30 3,025
31 3,031
.32 3,057
.33 3,102
.34 3,167
.35 3,252

1 Value used in model simulation.
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percentage of very old water (>210 years) skewghat is recharged near streams moves relatively
the average age. Fifty percent of the water is lesgjuickly to the streams, whereas water that is

than 22 years old, and 25 percent of the water igsecharged at locations distant from streams, such as
less than 10 years old. along surface-water divides, can take hundreds of

A histogram of the age classes of waterYears to move through the aquifer. Changes inland

currently in the Kirkwood-Cohansey aquifer use and (or) chemical use (for example, estab-
system in the study area is shown in figure 14_Iishing riparian buffer zones) in areas near streams

Each bar in the histogram is shaded to demonstrat%anl,hav(e) a rr]elatl\r/]elthwgk er:fect' OT streamwatﬁr
the amount of water that is being contributed fromdt&lity- On the other hand, chemicals entering the

different land-use classes. The age classes apéquifer at areas distant from the streams can affect
equal intervals of the logarithm of age. The land-Water quality for tens to hundreds of years.

use class was assigned on the basis of the land use The simulated age of water in vertical
at the time the water recharged the aquifer. sections along columns 230 and 231 of the model
is shown in figure 16. The age increases with
depth in the aquifer. As the aquifer thickens, in
general, the amount of water in a given age class
increases, especially for the older age classes.

The spatial variability in the time required for
water to travel from the point of recharge to the
point of discharge is shown in figure 15. Water
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Figure 14. Distribution of land use at the point of recharge by ground-water
age for water in the Kirkwood-Cohansey aquifer system, Glassboro study area,
New Jersey.
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EXPLANATION

Wi TN,
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39°
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Figure 15. Travel time required for water that recharges the surficial aquifer at a
given location to reach its discharge point (stream or well), Glassboro study area,
New Jersey.

Near streams, water from all age classes convergg®unger water enters at the top. A “cone of age
upward to discharge to the stream, with youngeepression” is present around wells that withdraw
water entering near the edge of a stream and olddarge amounts of water from an unconfined aquifer.
water discharging near the center (Modica andThis cone could be important where, for example,
others, 1998). a low-volume domestic well is near a large-volume

Near wells, water from all age classes Well.  The domestic well might be installed at a

converges toward the well screen. In general, ol'€Pth that normally would intercept 25- to 50-year-
water enters near the bottom of the screen, where£¥d Water; however, the effects of pumping from a
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nearby large-volume well might cause thein the aquifer around the well depending on the
domestic well to intercept water that is 0 to 10 location of the well screen. If the screen is near the
years old instead. bottom of the aquifer, young water will be drawn
downward and the average age will decrease; if the
pScreen is in the upper part of the aquifer, old water
ill be pulled upward and the average age will
ncrease.

The spatial distribution of the vertically
averaged age of water in the aquifer is shown i
figure 17. The average age was computed by (1
simulating the ground-water age at 10-ft intervals,
(2) integrating age values within each 10-ft interval .
by assuming an exponential model (Solomon andb‘qe of Gr?“”d'w ater DIS(,: harge and
others, 1995) for increase in age with depth, and Relation to Land Use in the
finally (3) summing the integrated ages for each Recharge Area
B B e e e The modelwas used t craracterze ground

. . ater discharging from the aquifer to wells and
aquifer. The average age also is greatest beneaﬁ!‘l

streams because the older water is convergin reams with respect to age and land use in the
9 gecharge area. This water is a mixture of water of

UPW‘?‘“’ fo the stream. High-volume V\"thdra\'\’alsvarious ages that was recharged in areas with
can increase or decrease the average age of water

EXPLANATION

GROUND-WATER AGE,
IN YEARS
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Figure 16. Vertical section showing the distribution of simulated ground-
water age along profile A-A', Glassboro study area, New Jersey.
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EXPLANATION

AVERAGE AGE OF WATER,
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Figure 17. Vertically averaged age of water in the Kirkwood-Cohansey aquifer
system, Glassboro study area, New Jersey.
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different land uses. The endpoint files from which, in turn, will be more accurate than the con-
MODPATH were linked to digital land-use data tributing area to a domestic well. Despite these
sets with a GIS to quantify the amount of waterlimitations, a ground-water-flow model can

from different land-use and age classes for eaclprovide a more accurate approximation of a con-
discharge location. The combination of land usetributing area than other methods in which circular
and age was used to estimate concentrations dfuffer zones, simple analytical models, or surface-
nitrate in the aquifer. In addition to characterizing water divides, for example, are used.

the current quality of water discharging to wells The fraction of water entering streams and

and streams, the model was used to simulate thgq)i from various land-use classes is shown by
fgture response to_ po_SS|bIe changes in land use a%e class in figure 20. The age classes again are
hitrate concentration in recharge. equal intervals of logarithm of age. Water dis-
The first step was to determine the areasharging to all streams and water discharging to all
where the water was recharged to the aquifer, owells is grouped to allow a general comparison of
the contributing areas, for various wells andthe age and land-use derivation of water entering
streams (fig. 18). Ninety-three percent of the watemwells and streams. Water that discharges to wells
that recharges the aquifer discharges to streamgfig. 20a) is more likely to originate in urban and
Contributing areas to wells in surficial aquifers agricultural areas and travel longer through the
tend to be elongated areas that extend upgradiemaijuifer than water that discharges to streams (fig.
from each well (fig. 19). Contributing areas to 20b) because most wells are located in urban and
wells near a ground-water divide are moreagricultural areas and generally are screened in the
rounded. For the most part, the effect of pumpingbottom part of the aquifer.
wells in an unconfined, highly permeable aquifer is
to slightly lower the water table over a broad are
rather than to radically change the hydraulic-hea

gradient in the vicinity of the well. In some cases, |5 (fig. 20c-f). Public-supply wells and indus-
the colntrlknuiung area to ﬁ. well dogs not 'nﬂgo:e t&ial wells contain water of similar composition. A
actual well location. This case is most likely to large proportion of water withdrawn by irrigation

oceur wQere purrlnpll?g ratesfarr]e Iow,.fthe Wzll 'Swells originates from agricultural land, reflecting
screened near the bottom of the aquifer, and (0fy,q ise of the water. In addition, water in irrigation

th_e well is near a stream. To simulate _thls Cas§yalls is younger than water in public-supply wells
with a ground-water-flow model, the vertical dis- yo.5;se the screened interval is shallower. Water
crgtlzanon must be suffl(:lgntly fine. Glyen @ from ponds in the study area is used mostly for
uniform recharge'rat(.a, the size of th_e Cont”bu“ngagricultural purposes (especially orchards), and its
area to a well is linearly proportional to the ., sition reflects the large proportion of water
pumping rate of the well. recharged in agricultural areas. In contrast to the
Simulating contributing areas with a wells, the ponds contain younger water because
numerical model is subject to certain limitations.they are shallower with respect to ground-water
Model accuracy may be affected by the discretizadischarge. Compared to the streams (similar depth
tion of the model, generalization of aquifer proper-of discharge), little water older than 20 years dis-
ties, and changes in source and sink strength ovatharges to the ponds because, unlike streams, they
time (for example, changing pumping rates or vari-are not necessarily located at natural topographic
ations in recharge). The accuracy with which alows, where water of all ages converges.
contributing area can be simulated increases with Older water generally is of better quality than

the size of the contributing area. For example, theyounger water in the aquifer system, although
simulated contributing area to the entire Mauriceexceptions can be found. Compounds that degrade

River in t'he ;tudy area W'l_l be more gccurate thanover time are less likely to be detected the longer
the contributing area to Still Run (a tributary to thethe water has been in the aquifer. Most contami-

Maurice River), which likely will be more accurate o have been available only in the last 50 years:
than the contributing area to a public-supply well,

The differences in the composition of water
in different types of wells reflect the differences in
he location and construction characteristics of the
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Figure 18. Simulated contributing areas to wells and streams and selected
simulated flow paths in the Glassboro study area, New Jersey.
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Figure 19. Simulated contributing areas to selected public-supply wells in the Glassboro
study area, New Jersey, and associated travel times from recharge area to well.

thus, concentrations of these compounds tendto be EFFECTS OF LAND USE AND

higher in recently recharged water than in olderTRAVEL TIME ON DISTRIBUTION

water. Concentrations of compounds that are OF NITRATE

breakdown products of another compound and

compounds that were used in greater amounts in  Concentrations of nitrate in water discharging

the past also tend to be higher in older water thang streams and wells were simulated to demon-

in younger water. strate the effects of land use and travel time on
water quality. Nitrate concentrations commonly
are elevated above background levels in shallow
ground water in the Kirkwood-Cohansey aquifer
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Figure 20. Distribution of land use at the point of recharge by ground-water age for
water discharging to (a) all wells and ponds, (b) streams, (c) ponds, (d) industrial

wells, (e) public-supply wells, and (f) irrigation wells, Glassboro study area, New
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system beneath agricultural and urban areas i€ohansey River at Seeley. The basins that drain to
southern New Jersey (Stackelberg and otherghese three sites differ in size and land-use compo-
1997). Over the past 60 years, the use of nitrogesition (see fig. 21). Nitrate concentrations for these
fertilizers in agricultural and urban areas hassites were retrieved from the U.S. Geological
increased, and nitrate concentrations in recharge iBurvey’s National Water Information System
the Atlantic Coastal Plain also have increased ovedatabase with two restrictions: (1) streamflow at
the same time period (Bohlke and Denver, 1995)the time the sample was collected was classified as
In an aerobic ground-water-flow system like mostbase flow, and (2) no appreciable point-source con-
of the Kirkwood-Cohansey aquifer system, nitratetributions of nitrate or flow were being made to the
behaves conservatively. Its widespread andtream when the sample was collected. Stream-
increasing use, relevance to ground- and surfacdlow was classified as base flow if the mean flow at
water quality, largely conservative behavior, andboth the Maurice River at Norma and Great Egg
availability of data make nitrate a good choice forHarbor River at Folsom (sites for which long-term
demonstrating effects of age and land use on watetaily flow values were available) had not increased
quality in this study. by more than 1 percent or decreased by more than
10 percent in the previous 3 days.

Comoarlso_n of Sim_ulated .and Comparison of nitrate concentrations for the
Measured Nitrate Concentrations three streams showed that the simulated nitrate
Nitrate concentrations were simulated for 27 €oncentrations consistently exceeded the measured
public-supply wells in the study area (locationsconcentrations. Given the conservative behavior of

shown in fig. 21) that were sampled in 1998 (Baehfitrate in water withdrawn by public-supply wells,
and others, 1999: Stackelberg and others 200d)b‘i5 difference likely can be attributed to non-con-
and were compared to the measured values (ﬁgs_ervative behavior of nitrate in and (or) near
22). Generally, the simulated nitrate concentraStréams. Reasons for non-conservative behavior

tions were within 2.0 mg/L as N of the measured™May include denitrification in the relatively
concentrations, a reasonable fit for the intende@danic-rich sediments that make up the streambed

purpose. Five of the sampled wells with larger®r UPtake by aquatic plants and algae in the water

errors were near the boundary of the model and th€elumn.  For the three streams, a 40-percent
simulated contributing areas likely are affected byr€duction in the simulated concentrations was
the model boundary conditions. The C|oseneeded to match the measured concentrations in

agreement between the simulated and measurdl® streams (fig. 23). The scatter in the measured
values indicates that nitrate, for the most part concentrations may be a result of the variation in

moves conservatively through the aquifer to thesdVater temperature. Biological activity in the water
wells. column increases with the temperature of the

) streamwater; therefore, nitrate concentrations

The comparison to measured data fromyecrease with increasing temperature. A 40-
streams is less straightforward than from wells.hercent loss in nitrate seems to be representative of
The model simulates only the portion of stream-yhe ayerage amount of nitrate that is removed by

flow that is derived from ground water; therefore, _ o near-stream processes in the study area since
the stream samples whose nitrate concentrationggq

are most appropriate for comparison with the _

simulated nitrate concentrations are those collected  Beécause the method described above uses
when flow and chemical input derived from nitrate concentration in recharge based on the
sources other than ground water (for examplemMean concentration in water associated with each
runoff or discharge from a wastewater-treatment@nd-use type, the reliability of the method for sim-

plant) are minimal. Three sites in the study aregllating nitrate concentration increases with the size
were used to compare simulated and measuregf the contributing area to the discharge location—

nitrate concentrations: Great Egg Harbor Riverthatis, the larger the area over which this “mean”

near Sicklerville, Maurice River at Norma, and 'S applied, the more likely it is to represent the
actual concentration in the recharge.
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Maurice River at Norma N.J.
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Figure 21. Location of ground-water and surface-water sampling sites and land use
in basins draining to surface-water sites, Glassboro study area, New Jersey. [Land-use
data are for 1996 (N.J. Department of Environmental Protection, 1996b; data on CD-
ROM obtained from Steven Carp, New Jersey Office of State Planning, Trenton, N.J.,

1999)]
Response to Mana gement following conditions: an immediate ban on nitrate
Alternatives input, a gradual reduction in input, and fixed input.

Under the ban alternative, the nitrate concentration

The model was used to evaluate the effects ofn recharge immediately would decrease to the
various management alternatives on the concentrasackground concentration. Under the gradual-
tion of nitrate in streams and public-supply wells. reduction alternative, the nitrate concentration in
Nitrate concentrations were simulated under thgecharge would be reduced at a constant rate over
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SIMULATED NITRATE CONCENTRATION, IN MILLIGRAMS
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MEASURED NITRATE CONCENTRATION, IN MILLIGRAMS PER LITER AS NITROGEN

Figure 22. Simulated and measured nitrate concentrations in public-supply wells
in the Glasshoro study area, New Jersey. (Open circles represent sites near the
model boundary. The solid line shows where the simulated concentration equals
the measured concentration. The dotted lines show where the simulated concen-
tration differs from the measured concentration by plus or minus 2 milligrams per
liter as nitrogen.)

50 years until reaching the background concentra-  Gradual reduction.  Under the gradual-
tion. Under the fixed-input alternative, the nitrate reduction alternative, the nitrate concentration
concentration in recharge would remain constant atontinues to increase for about 10 years in streams
the concentration in 2000. The response of thend 15 years in wells before eventually decreasing
aquifer system to these management alternatives t® the background concentration. The continued
shown in figure 24. increase in concentration during the initial years
after the reduction in input is a result of the influx

alternative, the concentration at the dischargé)f water that was recharged before the reduction.

locations will start to decrease almost immediately! "€ Presence of older water will cause the concen-
but will not be reduced to background levels for ration in the discharge to remain above back-
about 15 years for streams and about 30 years ffround levels (<1 mg/L as N) for about 50 years
wells. The decrease in concentration in dischargd®" Stréams and about 70 years for wells.

will begin when the water recharged after the ban Fixed Input. Under a fixed-input alternative,
reaches the discharge point. For streams, this timeoncentrations eventually will approach a constant
will be very short, because water recharged neavalue. The time until the constant value is reached
streams flows quickly to the stream. The timewill depend on the age composition of the dis-
likely will be longer for wells, especially those charge. In the short term, concentrations will
with low pumping rates and (or) screened near theontinue to increase over time as the proportion of
bottom of the aquifer. post-1950 water increases. As more of the dis-

ImmediateBan. Under the immediate-ban
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NITRATE CONCENTRATION, IN MILLIGRAMS
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SIMULATED CONCENTRATION--

Cohansey River at Seely, N.J. (60% of simulated value)
Maurice River at Norma, N.J. (60% of simulated value)

Great Egg Harbor River near Sicklerville, N.J. (60% of simulated value)
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Figure 23. Simulated and measured nitrate concentrations at three
surface-water sites, Glassboro study area, New Jersey, 1987-99.
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Figure 24. Simulated nitrate concentrations in streams and public-supply wells determined
from historical nitrate input and simulated response to three management alternatives (fixed
input, gradual reduction, and immediate ban) for future nitrate input in recharge, Glassboro
study area, New Jersey.

charging water reaches the constant recharge cochanges is shown in figure 26. The absolute

centration, the overall concentration will approachchanges are largest in the western and south-south-
a constant value. The higher the percentage ofastern parts of the study area, where agricultural
young water at the discharge point, the moreinputs of nitrate are high. The percent changes are
rapidly the concentration will approach the largest in the eastern and southern parts of the
constant value. The constant concentration oftudy area, where streams flow through wetlands
nitrate that eventually is reached will be the nitrateand the flow paths of recharge that originates in

concentration in recharge from each land use mulagricultural and urban areas are longer.

tiplied by the percentage of that land use in the

e Nitrate concentrations in 2000 and 2050 in a
contributing area.

“typical” domestic well installed in the Kirkwood-

. o . . Cohansey aquifer system were simulated (fig. 27).

Spatial Dlsmb ution of Qhanq €sin A “typical” domestic well was defined as a well
Nitrate Concentrations anywhere in the study area screened at a depth

Concentrations of nitrate in streams (reducedrom 90 to 100 ft below land surface or over the
by 40 percent to account for non-conservativePottom 10 ft of the aquifer if the total thickness is
behavior in and near streams) in 2000 and 205d_,es_s than 100 ft. .ngher nitrate concentrations
were simulated with the assumption of constantndicate where agricultural land and to a lesser
land use. withdrawal rates and locations. andi€gree urban land is located. Nitrate concentra-
recharge concentration during the period (fig. 25)_tions generally are highest in agricultural and, to a
Currently (2000), nitrate concentrations are highes?mi"”er _d(_agree, urban areas, and along surfaqe-
in streams in the agricultural areas, mostly in theVater divides, where the unsaturated zone is
western part of the study area. Concentrations arfickest, because water moves more rapidly
lowest in the Great Egg Harbor River and in somethrough the unsaturated zone than through the
other small tributaries that drain mostly undevel-Saturated zone of the aquifer. If land use, with-
oped areas. As discussed in the fixed-input alterngdrawal rates and locations, and recharge concentra-
tive above, concentrations generally will increaselion are assumed to be constant, the area in which

over the next 50 years. The magnitude of theséﬂtrate concentrations exceed the maximum con-
taminant level (10 mg/L as N) is considerably

37



2000

7515 7 .
H o> N
N S Y
AN
'A\\xf’
N~ ”

3

; GLOUCESTER, ~

] N
z?«}’*- ” SALEM 7
N # g .
Nk, \5».}{* \&//

390 % COMBERLAND o’

30

EXPLANATION

NITRATE CONCENTRATION--
In milligrams per liter as nitrogen

0-1
>1-3
>3-5
>5-8.4

< 10NN

Greater than GLOUCESTER 7

4

NG

39°
30
012 3 4 5MLES

i

01234 5KILOMETERS

2050

Figure 25. Simulated nitrate concentration in streams in the Glassboro study area,
New Jersey, in 2000 and in 2050 with the assumption of no future change in land use,
withdrawals, or nitrate concentration in recharge during the period.
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Figure 26. Change in simulated nitrate concentration in streams in the Glassboro
study area, New Jersey, from 2000 to 2050 with the assumption of no future change
in land use, withdrawals, or nitrate concentration in recharge during the period.
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Figure 27. Simulated nitrate concentration in a "typical" domestic well installed in the
Kirkwood-Cohansey aquifer system in the Glassboro study area, New Jersey, in 2000

and in 2050 with the assumption of no future change in land use, withdrawals, or nitrate
concentration in recharge during the period. (A "typical" domestic well is defined as having
a screened interval from 90 to 100 feet, or at the bottom 10 feet of the aquifer if the aquifer
is less than 100 feet thick.)

40



higher in 2050 than in 2000. Moreover, the area incontributing areas with fairly uniform land use and
which nitrate concentrations are at backgroundground-water-age composition. Nitrate concentra-
levels (<1 mg/L as N) is much lower in 2050 than tions in public-supply wells were less extreme and
in 2000. In some areas where land use changeiicreased less compared to domestic wells because
from agricultural to urban, however, concentrationscontributing areas supply water derived from
would be lower in 2050 than in 2000 because thenultiple land uses and ground-water-age classes
nitrate inputs associated with urban land use aréor public-supply wells.

lower than those associated with agricultural land

use. SUMMARY AND CONCLUSIONS

“typical” public-supply well installed in the the principal unconfined aquifer system in the
Kirkwood-Cohansey ~ aquifer ~ system  were goythern New Jersey Coastal Plain. The properties
simulated in the model (fig. 28). A “typical” of the soils and aquifer materials (sandy, perme-
public-supply well was defined as a well screenedyple, and low organic-matter content) contribute to
in the bottom 30 ft of the aquifer system anywherethe vulnerability of the aquifer system to contami-
in the study area and with a pumping rate of 0.6nation. The presence of contaminants in recharge
Mgal/d. The nitrate concentrations reflect thecommonly is related to the land use in the area in
density of agricultural and, to a lesser degreeyhijch precipitation recharges the aquifer. The land
urban land use. The simulated areas of high angise in the recharge area, along with travel time
low nitrate concentrations in 2000 and 2050through the aquifer, is used to explain the quality
generally are similar to those simulated forof water at streams and wells, the locations of
domestic wells. Because their contributing areaground-water discharge. As part of the USGS's
are larger, extreme concentrations in the pUb”CNAWQA Program, a data-collection and ground-
supply wells are less common than in the domestigyater-modeling study was conducted to charac-
wells. Compared to streams, wells receive a higheferize ground-water age and nitrate concentration
percentage of “older” water; therefore, nitrate con-in the Glassboro area in southern New Jersey with
centrations in wells will change more dramatically respect to land use in the recharge area at the time
than those in streams over the 50-year period (withynd place of recharge. Nitrate concentrations were
no change in input). simulated as an example of how the land-use

The change in nitrate concentration from signature and age of water affect water quality.
2000 to 2050 for typical public- and domestic- A three-dimensional ground-water flow

supply wells is shown in figure 29. The changesmOdel was developed for a 400%rarea of the
are largest in domestic wells, especially in the agri-

cultural areas. In some areas, nitrate concentratioKirkWOOd_COhansey aquifer - system in the
: ! dEouthern New Jersey Coastal Plain. The aquifer

decreases in water from both public-supply an system consists of unconfined, unconsolidated

domestic wells as a result of a change in land US&ands and gravels with some interbedded clays.

f“"?‘ agrlculturgl to urban. The changes in CONCENY 4nd use in the study area currently (2000) is a
tration at public-supply wells are largest in the

thick parts of the aquifer where some a ricuIturalmiXture of urban, agricultural, and forest (25-30
P q 9 percent each), with the remainder consisting
land is present.

mostly of wetlands. Most of the urban develop-
The results demonstrate the effect of the charment has occurred since 1950 on land that previ-
acteristics of the contributing areas to domestic an@usly was either agricultural or forested. An
public-supply wells on water quality.  The increase in urban land and the corresponding
extremes in nitrate concentration (high and low)increase in population created the need for
and the largest changes in nitrate concentratioincreased water supply. For many years most of
from 2000 to 2050 occurred in domestic wells the water used for public supply came from deeper,
rather than public-supply wells because theconfined aquifers below the Kirkwood-Cohansey
domestic wells intercept water derived from smallaquifer system. In recent years, however, restric-
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Figure 28. Simulated nitrate concentration in a "typical" public-supply well installed in the
Kirkwood-Cohansey aquifer system in the Glassboro study area, New Jersey, in 2000 and

in 2050 with the assumption of no future change in land use, withdrawals, or nitrate concen-
tration in recharge during the period. (A "typical" public-supply well is defined as having a
screened interval at the bottom 30 feet of the aquifer with a pumping rate of 0.6 million
gallons per day. Areas where the "typical" well would dewater the aquifer are shown in white.)
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Figure 29. Change in simulated nitrate concentration from 2000 to 2050 in "typical" domestic
and public-supply wells installed in the Kirkwood-Cohansey aquifer system in the Glassboro
study area, New Jersey, with the assumption of no future change in land use, withdrawals, or
nitrate concentration in recharge during the period. (A "typical" domestic well is defined as having
a screened interval from 90 to 100 feet, or at the bottom 10 feet of the aquifer if the aquifer is less
than 100 feet thick. A "typical" public-supply well is defined as having a screened interval at the
bottom 30 feet of the aquifer with a pumping rate of 0.6 million gallons per day. Areas where the
"typical" well would dewater the aquifer are shown in white.)
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tions placed on withdrawals from the confined Nitrate was chosen to demonstrate the effects
aquifers have necessitated increased withdrawalsf age and land use on water quality because of its
from the Kirkwood-Cohansey aquifer system. widespread and increasing use, presence in

Results of numerical simulations of ground- gro_und- and surface-water systems, mostly_conser-
water flow and transport were integrated with aVative (not degraded or adsorbed) behavior, and
GIS to characterize ground water with respect to itsava'lab'I'ty.Of dz_;\ta. Based on es_tlmates of nitrate
land-use source at the time and place of rech(,jlrggoncentratlons in recharge over time for each land-
and the age of the water. Ground-water flow wad!se€ type together with the age and land-use distri-
simulated with the computer program butions for various discharge points, nitrate con-
MODFLOW. These results were used as input tocentrations were computed. Simulated nitrate
the computer program MODPATH, whose Ou,[Ioutconcentratlons in water from 27 public-supply
consists of contributing areas and travel times froMNeIIS _Compa.fed favorgbly to measured concentra-
locations of recharge to locations of discharge. Atlons, indicating that nitrate transport to these wells
GIS was used to organize the model input ands conservative. Simulated and measured nitrate
output data and relate the recharge locations tgoncentrations compared favorably for time-series
land-use data sets. Simulated ages approximate ta at three surface-water sites after simulated
matched the ages. of water samples from moni oncentrations were decreased by 40 percent. This
toring wells measured by using tritium-helium and difference is attributed to the non-conservative
sulfur hexafluoride age-dating techniques. behavior of nitrate in the aquifer near streams (for
example, denitrification) and in the water column

The average age of water in the aquiferofthe stream itself (for example, uptake by aquatic
system in the study area is approximately 50 yearsp|ants).

however, most of the water is younger. Volumetri-
cally, 50 percent of the water is less than 20 years . The model was used to gvaluate the effects of
old and 25 percent is less than 10 years old. Th&arious management alternatives on the concentra-
time required for water to move from recharge tollon Of nitrate in streams and public-supply wells
discharge is shortest near streams. Water enterirfépder the. assumption of no future_ changes in .Iand
the aquifer system near wells from which large!S€ ©F withdrawal rates or locations. The time
volumes of water are withdrawn also has a rela_requweq for vyater to move through the a_qwfer
tively short travel time through the system. Travel'€Sults in a time lag between the reduction of
times are longest for water recharged near grounoq!trate Input in f.eCharge and the reduction of
water divides. The age of water increases withirate concentrations in streams and water from
depth in the aquifer, with the exception of water inWells. In the grgdual-reducnon alternatlve,_ nitrate
areas near streams where the water flows upward lcooncentratlons in streams and wells contlnued to
discharge to the stream. The vertically average(’.lncrease for 10 to 15 years a_fter the reduction was
age of water increases as the aquifer thickens an%nactgd. In both th_e |mmeq||ate-ban and gra(_jual-
in the vicinity of streams. reduc_tlon alternatives, nitrate conc_entrat_lons
remained elevated for decades after nitrate input
Water that discharges to streams and wells igeased. In the fixed-use alternative, concentrations

a mixture of water of different ages derived from jn streams and wells continued to increase for 30 to
areas with different land uses. Water that dis-40 years before reaching a constant level.

charges to streams generally is younger than water _ e _ )
that discharges to wells. Wells draw a greater per- The_3|mulated spatial dlstrlbutloq of nitrate in
centage of water from agricultural and urban areaStréams In 20]90 afnd 205(:1was eX_aT'nzd under t:e
than streams because they typically are located igssumptlon ofno utu_re changes in land use, with-
those areas rawal rates or locations, or recharge concentra-
' tion. As expected, concentrations were highest in
agricultural areas and lowest in largely undevel-
oped areas. In general, the simulated nitrate con-
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centrations increased over time, especially inyears (from 2000 to 2050). Nitrate concentrations
streams in areas where the aquifer is thick and itikely will decrease in some areas where agricul-
streams with mostly undeveloped land nearbytural land has been converted to urban land.
(short flow paths) and agricultural or urban land inNitrate concentrations in domestic wells will vary
the more distant parts of the contributing areamost because these wells intercept water derived
(longer flow paths). from small contributing areas with fairly uniform
Results of the computer model simulationsland use and ground-water travel times. Nitrate

indicate that in most of the study area, given theconcentrations in public-supply wells are between

same assumption of no future changes in land usébe highest and lowest concentrations in domestic

withdrawal rates or locations, or recharge concen'ellS because their contributing areas are larger
tration, nitrate concentrations in a typical domestic2Nd water is integrated from multiple age classes

or public-supply well will increase over the next 50 @nd land uses.
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