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Area
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Flow rate
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Hydraulic conductivity
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Transmissivity*
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0.09290
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Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929

(NGVD29).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above or below NGVD29.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft¥/d)/ft?]ft. In this report, the mathematically reduced form, foot
squared per day (ft¥d), is used for convenience.
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Hydrogeology and Simulated Effects of Ground-Water
Withdrawals, Kirkwood-Cohansey Aquifer System, Upper
Maurice River Basin Area, New Jersey

By Stephen J. Cauller and Glen B. Carleton

Abstract

The unconfined Kirkwood-Cohansey aquifer system
in the upper part of the Maurice River Basin, N.J., provides
fresh ground water for a variety of uses. The study area
encompasses eastern Gloucester and Salem Counties, northern
Cumberland County, and western Atlantic County. Three-
dimensional steady-state and transient models of the Kirk-
wood-Cohansey aquifer system were developed to simulate
ground-water flow in the study area for predevelopment condi-
tions, post-development conditions, and future conditions
based on ground-water withdrawal alternatives.

A comparison of predevelopment conditions with post-
development (1995-97) conditions using a transient simula-
tion reveals considerable base-flow reduction in the head-
waters area of Scotland Run as a result of withdrawals from
nearby public-supply wells, especially during months of low
recharge. Results of simulations indicate base-flow reduction
was nearly 62 percent at Scotland Run near Williamstown,
N.J. (01411460), in August 1995. Agricultural withdrawals
in the Muddy Run Basin affected base flow at Muddy Run at
Centerton, N.J. (01411700), reducing base flow by 38 percent
during August 1995. Base-flow reduction near the southern
boundary of the flow model, corresponding to the location of
the streamflow-gaging station Maurice River at Norma, N.J.
(01411500), was due to the combined effect of public-supply,
commercial, industrial, agricultural, and low-volume institu-
tional ground-water withdrawals in the Maurice River Basin.
Base flow in the Maurice River at Norma, N.J. (01411500),
decreased by nearly 26 percent during August 1995, between
predevelopment and post-development conditions. Base flow
was reduced by a comparable quantity at the same streamflow-
gaging stations during September 1996, even though higher
recharge rates lead to higher base-flow values at this time of
year.

The future conditions scenario used projections of
ground-water demand by municipality for 1995-2040 to
simulate the effects of potential ground-water withdrawals in
2010-11 and 2040-41. Hydrologic conditions for 2010 and
2040 were simulated with below-average recharge and for
years 2011 and 2041 with above-average recharge. Results
indicate that base flow would cease at Scotland Run near Wil-

liamstown (01411460) and would decline to 4.32 cubic feet
per second (ft*/s) at Muddy Run at Centerton, N.J. (01411700),
and 28.48 ft*/s at Maurice River at Norma, N.J. (01411500),
during August 2010. Similar base-flow values were projected
for 2040. Simulated base flow ceased at Scotland Run near
Williamstown, N.J. (01411460); was 4.09 ft*/s at Muddy Run
at Centerton, N.J. (01411700); and 25.14 ft/s at Maurice River
at Norma, N.J. (01411500), during August 2011. Simulated
base flow during 2011 and 2041 rebounded from lows in 2010
and 2040, respectively, because conditions were simulated
with higher recharge rates than those used in the preceding
year.

A scenario representing maximum allocation ground-
water withdrawal conditions was simulated using all wells in
the study area that had been issued a water allocation permit
by 1997. Ground-water withdrawal rates from each well were
set to the maximum monthly and annual rates specified by
the permit. Results of this simulation indicated considerable
reductions in base flow in the Maurice River, particularly
during periods of low recharge. When climatic conditions
that occurred during 1994-97 were used, results indicated that
during a dry year like 1995, simulated base flow would stop at
Scotland Run near Williamstown, N.J. (01411460) from June
through September. Simulated base flow at Scotland Run at
Franklinville, N.J. (01411462), and at Muddy Run at Center-
ton, N.J. (01411700), would stop during August 1995. A com-
parison of maximum allocation conditions with predevelop-
ment conditions indicated a reduction of simulated base flow
by 93 percent during August 1995 and by 41 percent during
September 1996 at Maurice River at Norma, N.J. (01411500).

Results of a simulation using additional withdrawals
from three hypothetical public-supply wells demonstrated that
locating the wells in the upper part of the Maurice River Basin
affected the magnitude of base-flow reduction. When the wells
were located adjacent to Scotland Run there was nearly a one-
to-one correspondence between the amount of ground water
withdrawn and the amount of base-flow reduction in Scotland
Run. When the wells were positioned on a surface-water basin
divide between Scotland Run and Little Ease Run, ground-
water withdrawals were offset by a reduction in base flow that
was distributed between the two streams.
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Introduction

Southwestern New Jersey experienced considerable
growth in population and suburban land development from
1950 to 2000. The combined population of Camden, Glouces-
ter, Salem, Atlantic, and Cumberland Counties increased by 85
percent from 662,974 in 1950 to 1,226,880 in 2000 (Forstall,
1995; U.S. Bureau of the Census, 2001). Ongoing land devel-
opment in this area has affected the quantity of fresh ground
water by decreasing the total acreage of undeveloped land
available for natural infiltration of precipitation and recharge
to the ground-water flow system. In the southeastern part of
Gloucester and Salem Counties, the Kirkwood-Cohansey
surficial aquifer system is the primary subsurface source of
freshwater where its saturated thickness exceeds 50 feet. Total
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ground-water withdrawals from the Kirkwood-Cohansey aqui-
fer system have been increasing steadily since the late 1980s
as the number of public-supply wells increased, particularly

in the upper part of the Maurice River Basin of southeastern
Gloucester and Salem Counties and northern Cumberland
County (fig. 1). This area extends from Clementon Borough
southeast to Folsom Borough, southwest to the City of Vine-
land and northwest to Pole Tavern (fig. 2).

Long-term increases in ground-water withdrawals from
the Kirkwood-Cohansey aquifer system could affect the entire
hydrologic system in several ways. These effects could include
a gradual reduction in ground-water levels in parts of the
basin, reduction in base flow particularly in headwater areas,
reduction in the number and total area of wetlands, migration
of ground-water divides, and changes in local flow-system
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geometries. The U.S. Geological Survey (USGS), in coopera-
tion with the New Jersey Department of Environmental Pro-
tection (NJDEP), conducted an investigation to evaluate the
potential effects of current (1997) and projected ground-water
withdrawals on the unconfined Kirkwood-Cohansey aquifer
system in the upper part of the Maurice River Basin (fig. 3).

Purpose and scope

This report describes the hydrogeologic framework and
presents an analysis of ground-water flow in the unconfined
Kirkwood-Cohansey aquifer system in the upper Maurice
River Basin, including a compilation in tabular and graphical
format of the hydrogeologic data used. The report includes
descriptions of the steady-state and transient ground-water
flow models used to simulate ground-water flow and surface-
water base flow in the upper Maurice River Basin area. The
use of the flow model to evaluate the effects of current and
future ground-water withdrawals is discussed.

Previous investigations

Barksdale and others (1958) studied the water resources
of southwestern New Jersey, southeastern Pennsylvania, and
northern Delaware. In compliance with the 1958 Water Sup-
ply Law, a series of reports were written examining the water
resources of the counties in New Jersey, including Gloucester
County (Hardt and Hilton, 1969), Salem County (Rosenau
and others, 1969), and Cumberland County (Rooney, 1971). A
hydrologic study of the unconfined aquifers in most of Salem
County and the southwestern part of Gloucester County is
presented in Johnson and Charles (1997). Watt and Johnson
(1992) describe the hydrology of the unconfined Kirkwood-
Cohansey aquifer system in the Great Egg Harbor River
Basin. The hydrology of the unconfined aquifer system in
the upper Maurice River Basin is presented in Lacombe and
Rosman (1995). Charles and others (2001) investigated the
hydrology of the unconfined Kirkwood-Cohansey aquifer
system across the entire Maurice and Cohansey River Basins.
Cauller and others (1999) described the hydrogeology of, and
ground-water withdrawals from, the major aquifers in Salem
and Gloucester Counties. A comprehensive description of the
hydrogeology of the entire Coastal Plain of New Jersey can
be found in Zapecza (1989). The geology of the Kirkwood
Formation is described in Isphording (1970), and the geology
of more recent surficial deposits is described in Owens and
Minard (1979). The bedrock geology of central and southern
New Jersey is described in detail in Owens and others (1998).
The surficial geology of southern New Jersey is described in
detail in Newell and others (2000).

Well-numbering system

The well-numbering system used in this report has been
used by the USGS in New Jersey since 1978. The well number
consists of a county code number and a sequence number.
County code numbers used in this report are 1 — Atlantic,
7—Camden, 11 —Cumberland, 15— Gloucester, and 33—
Salem. For example, well 15-764 is the 764th well inventoried
in Gloucester County.

Hydrogeologic Framework and
Ground-Water Flow

The geology of southern New Jersey consists of a south-
east-dipping wedge of unconsolidated Quaternary, Tertiary,
and Upper Cretaceous sediments. A generalized section
through the geologic formations investigated is shown in fig-
ure 4. The geologic units studied consist of surficial deposits
of alluvium and colluvium, the Bridgeton Formation, the
Cohansey Formation, and the Belleplain Member, Wildwood
Member, Shiloh Marl, and lower member of the Kirkwood
Formation. The combined thickness of the permeable Kirk-
wood Formation and younger unconsolidated sediments
compose the unconfined Kirkwood-Cohansey aquifer system
in this area. The basal part of the Kirkwood Formation is a
regionally extensive clay layer that is included in the compos-
ite confining bed (Zapecza, 1989). The composite confining
bed separates the Kirkwood-Cohansey aquifer system from
the deeper, confined aquifers. The stratigraphy of the geologic
units investigated in this study and the composite confining
bed that underlies the Kirkwood-Cohansey aquifer system are
presented in table 1.

Geologic setting

Holocene-age alluvium and colluvium exposed at the
surface consist of gravel, sand, silt, and clay and are primarily
reworked sediments of the underlying Bridgeton and Cohan-
sey Formations. The Bridgeton Formation is an arkosic sand
with local lenses of fine gravel that were deposited in a fluvial
environment. Its sediments are thin and patchy (Owens and
Minard, 1979). The Cohansey Formation is white, yellow,
or gray medium sand that weathers to yellow, brown, red, or
orange (Owens and others, 1998) and contains discontinuous
interbedded clays. The Cohansey Formation has an irregular
basal contact and unconformably overlies the Kirkwood For-
mation. The Kirkwood Formation is a fine to medium, white
to pale gray sand that weathers to dark yellow, orange, brown,
or red (Owens and others, 1998). In the subsurface, the lower
part of the formation is principally dark gray, massive clay.
Owens and others (1998) subdivided the Kirkwood Formation
into four members, from youngest to oldest: the Belleplain,
Wildwood, Shiloh Marl, and lower. In the study area, the
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Figure 4. Generalized stratigraphic section through the Kirkwood-Cohansey aquifer system, upper Maurice River Basin area, N.J.

Kirkwood Formation consists almost entirely of the lower
member. As the formation thickens to the southeast, it includes
additional depositional facies represented by the younger
members. Near the southern boundary of the study area,

west of Union Lake, the Kirkwood Formation consists of the
Wildwood Member, Shiloh Marl Member and lower member,
and near Buena Borough, it is comprised of the Shiloh Marl
Member and lower member. The lower member consists of an
upper sand facies referred to as the Grenloch sand (Isphord-
ing, 1970) and a lower clay facies known as the Alloway

clay (Kummel and Knapp, 1904). The lower member of the
Kirkwood Formation unconformably overlies the Vincentown,
Manasquan, Shark River, Absecon Inlet, and Atlantic City For-
mations (table 1) from northwest to southeast in the study area
(Owens and others, 1998). In general, Cohansey Formation
sediments are present at the surface in bands that parallel the
surface-water drainages, and Bridgeton Formation sediments
mantle the interstream areas (Newell and others, 2000).

Kirkwood-Cohansey aquifer system

The Kirkwood-Cohansey aquifer system is composed
of the saturated parts of Holocene-age alluvial and colluvial
deposits, the Bridgeton Formation of late Miocene age, the
Cohansey Formation of middle Miocene age, and sandy parts
of the Kirkwood Formation of early and middle Miocene age.
The aquifer system is unconfined in this part of southern New
Jersey. The base of the aquifer system coincides with the lower

clay facies of the Kirkwood Formation’s lower member. The
lower member forms the top of the composite-confining bed,
which marks the lower boundary of the ground-water flow
model.

The altitude of the base of the Kirkwood-Cohansey aqui-
fer system ranges from land surface at the western extent of
the outcrop area (near the northern border of the study area) to
150 ft below NGVD of 1929 at the southeastern boundary of
Gloucester County. The aquifer system thins to a featheredge
at the western extent of the outcrop area (just outside the study
area) and thickens to 250 ft at the Gloucester County/Atlantic
County boundary (fig. 5).

Aquifer properties

On the basis of aquifer tests conducted in Gloucester and
Salem Counties, the hydraulic conductivity of the Kirkwood-
Cohansey aquifer system ranges from 90 to 250 ft/d and the
transmissivity ranges from 4,000 to 8,300 ft*/d (Rhodehamel,
1973). The same tests indicated storage coefficients of 3 x 10
and 1.0 x 107, indicative of semiconfined conditions.

Recharge

A water budget of the hydrologic system in the Maurice
River Basin based on precipitation records for 1985-94 is pre-
sented in Charles and others (2001). The objective of the water
budget is to estimate the annual rate of recharge to the ground-
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Table 1.  Stratigraphy and hydrogeologic units, upper Maurice River Basin area, N.J.
Era Period Epoch Million Geologic unit’ Lithology Hydrogeologic unit ?
years
before
present
Cenozoic | Quaternary | Holocene Swamp deposits, dune fields Clay, silt and sand. Undifferentiated
0.01
Pleistocene Colluvium-alluvium Clay, silt, quartz-rich sand
and gravel.
Cape May Formation Sand, clayey-silt, pebble
1.6 gravel, and peat.
Tertiary Pliocene 53 Pliocene Epoch not represented in geologic column
Miocene Bridgeton Formation Arkosic sand, quartz-rich Kirkwood-Cohansey aquifer
gravels, cobbles, and system
boulders.
Cohansey Formation Sand, fine- to coarse-grained,
gray-brown or dark gray.
Kirkwood Belleplain Clay, silty-clay, sand and
Formation Member quartz gravel.
Wildwood Micaceous, dark gray clay-
Member silt, gray-brown sand and
micaceous quartz sand.
Shiloh Marl Micaceous, dark gray clay
Member with fine to coarse-
grained sand.
Lower Member | Light-colored quartz sand to
massive, dark gray clay.
23.7
Oligocene Atlantic City Formation Clay-silt, glauconite sand Composite Piney Point
and quartz sand. confining aquifer
bed?
Sewell Point Formation Quartz and glauconite sand,
dark gray clay and clay-
36.6 silt.
Eocene Absecon Inlet Formation Clay, glauconite-quartz sand,
glauconite sand.
Shark River Formation Glauconite sand, clayey-silt,
silty-quartz sand.
Manasquan Formation Clay to clay-silt, glauconite
quartz sand.
57.8
Paleocene Vincentown Formation Massive sand to glauconite Vincentown
quartz sand. aquifer
Hornerstown Formation Glauconite clay, clay-silt,
and sand.
66.4

" Nomenclature from Owens and others, 1998; Newell and others, 2000.

2 Nomenclature from Zapecza, 1989.

* Includes older geologic units not shown in table.




8 Hydrogeology and Simulated Effects of Ground-Water Withdrawals, Kirkwood-Cohansey Aquifer System

75°15’ 75°

39°1

7
4
/

7 S
(N
0
Q
N
Q
5
o b >
Q
o
Q
b‘Q //
Q/
/ N p
Q
| / <

AN

Base from U.S. Geological Survey digital data,

1:100,000, 1983, Universal Transverse Mercator 0 5 10 MILES
Projection, Zone 18 } T ] T | T J
EXPLANATION 0 5 10 KILOMETERS
OUTCROP AREA OF THE: Study area boundary
Cohansey Formation Wenonah Formation
Kirkwood Formation (Lower Member) Marshalltown Formation Line of equal thickness of the
Vincentown Formation Englishtown Formation —50-=- Kirkwood-Cohansey aquifer system
Hornerstown Formation Woodbury Formation (From Zapecza, 1989, pl. 24). Dashed
Navesink Formation Merchantville Formation where approximate. Interval 50 feet
Mt. Laurel Fomation Magothy Formation

Figure 5. Thickness of the Kirkwood-Cohansey aquifer system, upper Maurice River Basin area, N.J.



water flow system. The average annual natural recharge to

the unconfined Kirkwood-Cohansey aquifer system in the
Maurice River Basin was calculated as 16.2 in/yr (Charles and
others, 2001). Johnson and Charles (1997) applied the same
methodology to determine a recharge rate of 13.03 in/yr to the
unconfined Kirkwood-Cohansey aquifer system in the Allo-
way Creek, Salem River, Oldmans Creek, and Raccoon Creek
Basins (fig. 3). Using the same method, Lacombe and Rosman
(1995) calculated a recharge rate of 18.57 in/yr to the Kirk-
wood-Cohansey aquifer system in the upper parts of the Rac-
coon Creek, Mantua Creek, Big Timber Creek, and Maurice
River Basins. Watt and Johnson (1992) derived a recharge rate
of 18.3 in/yr in the Great Egg Harbor River Basin, and Charles
and others (2001) calculated a rate of natural recharge of 14.6
in/yr to the unconfined Kirkwood-Cohansey aquifer system in
the Cohansey River Basin. Recharge rates determined in the
aforementioned studies were applied to the respective part of
each surface-water basin within the study area in steady-state
model simulations.

Water use

Water use within a given geographic area varies monthly
and yearly as a result of population changes, variable climatic
and economic conditions, ground- and surface-water con-
tamination issues, and legislative actions that mandate certain
restrictions on use. A growing population in southern New
Jersey has led water-supply purveyors to rely on the Kirk-
wood-Cohansey aquifer system in the study area to meet the
increasing water demand.

Records of water use in New Jersey are compiled on
a yearly basis by the NJDEP, Bureau of Water Supply. Any
owner of a well with a pump capacity of 70 gal/min or
greater is required by NJDEP to report total monthly water
use from each withdrawal point on a yearly basis. Owners of
private domestic wells are not required to report summaries
of their water use to NJDEP. Therefore, amounts withdrawn
for domestic use are not included in this study. As a result of
the reporting requirements, the NJDEP maintains a file of all
reported water use within the State. Wells are categorized by
type of water use and pump capacity, and are assigned to a
water allocation permit series. The allocation permit series
used by NJDEP and the total number of wells in each permit
series located in the study area are shown in table 2. Wells in

Table 2. Ground-water allocation permit series.

[gal/d, gallons per day; <, less than; >, greater than]
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the 5000, 2000P and 10000W permit series are required to
have a meter that measures the quantity of water extracted.
Wells that operate under an agricultural certification are not
required to meter the quantity of water extracted. In this
instance, the well owner is required to submit monthly esti-
mates of water use on an annual basis to NJDEP. These values
are considered less accurate than metered quantities. Estimates
are based on pump capacity multiplied by the number of hours
the pump was in operation.

The geographic distribution of the reported ground-water
withdrawals and the relative magnitude of the average annual
withdrawals for the years 1990-96 are illustrated in figure 6.
Owners of 565 wells in the study area have been granted allo-
cation permits to withdraw water from the Kirkwood-Cohan-
sey aquifer system. Eighty-four wells are designated high-vol-
ume withdrawals. Most public-supply withdrawals are located
in the northeastern and southeastern parts of the study area.
These withdrawals correspond to population centers in Wash-
ington, Gloucester, Winslow, and northern Monroe Townships
to the north and the City of Vineland to the south. There are
379 agricultural withdrawal wells located predominantly in the
southern part of the study area.

Total annual withdrawals from each well were computed
for 1990 through 1996. Annual withdrawals from wells by
water allocation permit series for the 7-year period are shown
in figure 7. Reported annual withdrawals from the Kirkwood-
Cohansey aquifer system ranged from 6.48 billion gallons
in 1990 to more than 10 billion gallons in 1995 in this area.
Monthly withdrawals at every well in the study area were
tabulated for January 1994 through March 1997.

Ground-water levels

Ground-water levels in the unconfined Kirkwood-
Cohansey aquifer system are affected by conditions such as
climatic changes that ultimately control the rate and amount
of recharge to the aquifer and pumping stresses that remove
ground water from the aquifer. At any given location, the
water-table altitude varies from day to day, although the scale
of that variation due to natural conditions is generally in the
range of tenths to hundredths of a foot. A composite water
table map is shown in figure 8. The map illustrates water-table
altitudes in the study area, which are derived primarily from
water-level data collected in 1995 in the Cohansey and Mau-

Allocation permit series Magnitude of withdrawal Primary use Number of wells in
study area
5000 High volume (> 100,000 gal/d) Public supply 40
2000P High volume (> 100,000 gal/d) Industrial, commercial 44
10000W Low volume (< 100,000 gal/d) Institutional, recreation 102
Agricultural certifications Variable Irrigation 379
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rice River Basins (Charles and others, 2001). Water-level data
for the surface-water basins that drain into the Delaware River,
specifically Salem River, Alloway Creek, Oldmans Creek,
Raccoon Creek, Mantua Creek, and Big Timber Creek, (fig.
3) were collected during 1993 (Johnson and Charles, 1997)
and 1986 (Lacombe and Rosman, 1995). Water-level data for
the Great Egg Harbor River Basin were collected during 1989
(Watt and Johnson, 1992). The water table mirrors the topog-
raphy, typical of an unconfined aquifer composed of uncon-
solidated sediments. The highest water-table altitudes occur
along a band that roughly parallels the northern boundary of
the study area. This area is the major basin divide between the
Maurice and Great Egg Harbor Rivers that drain to the south
and the Alloway Creek, Salem River, Raccoon Creek, Mantua
Creek, and Big Timber Creek that drain to the north into the
Delaware River. Contour lines bend upstream throughout the
study area, indicating that streams are gaining sizable com-
ponents of their flow from the ground-water flow system.
The lowest altitude of the ground-water table occurs along
the main stem of the Maurice River at the southern bound-
ary, coincident with the topographic low in the study area.
Contours are closely spaced near the northern boundary of the
study area where the ground-water gradient is steepest and
widely spaced along the divide of the Maurice River Basin.
Ground-water levels were recorded at 46 wells (point
measurements) throughout the study area (fig. 9). Observation

Ground-Water Flow Model Development 1"

wells that were largely unaffected by human-derived recharge
or withdrawals were selected to monitor water levels wherever
possible. Water levels in 43 wells were measured monthly
from January 1995 through March 1997. Water levels in three
wells were recorded at 15-minute increments by use of contin-
uous recorders. Well-construction data and the range of water
levels at each well are presented in table 3. Hydrographs of
several wells in the Maurice River Basin (fig. 10) demonstrate
the range of variation in the water table over the measurement
period, illustrating the effects of the seasonal fluctuations of
recharge coupled with extended wet and dry periods. October
1994 through September 1995 was a relatively dry period,
averaging 2.75 inches of precipitation per month, as recorded
at the Glassboro, N.J., weather station. Rainfall from October
1995 through March 1997 at the Glassboro, N.J., weather sta-
tion was above normal, averaging 4.76 inches of precipitation
per month.

Ground-Water Flow Model
Development

A three-dimensional ground-water flow model of the
Kirkwood-Cohansey aquifer system was developed by creat-
ing a mathematical representation of the regional unconfined
flow system. The objective of using the flow model was to
simulate ground-water flow and head distribution under vari-
ous withdrawal strategies. These strategies address several
projections of growth in this part of New Jersey and the
subsequent demand that would be placed on the ground-water
resources. Boundaries of the flow model correspond to natural
hydrologic features. The mathematical representation of the
hydrologic system was developed by using MODFLOW, a
finite-difference ground-water flow model code written by
McDonald and Harbaugh (1988). The computer code was
revised and updated by Harbaugh and others (2000).

Aquifer geometry and model grid

The study area is composed predominantly of the Bridge-
ton Formation, the Cohansey Formation, and the Lower Mem-
ber of the Kirkwood Formation, which collectively comprise
the Kirkwood-Cohansey aquifer system. The extent, thickness,
and structure of the underlying geologic units that comprise
the Kirkwood-Cohansey aquifer system were determined by
examination of 202 geophysical well logs and drillers’ well
records. Detailed examinations of logs and the correlation
of identifiable geologic units provided the information to
construct a three-dimensional representation of subsurface
materials by defining three model layers. In general, model
layers correspond to different geologic materials and represent
distinct lithologic units that have an appreciable areal extent
(fig. 11). Model layer 1 represents homogeneous sand except
in the northeastern part of the model where finer-grained silt is
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Figure 10. Water-level hydrographs for selected wells in the upper Maurice River Basin area, N.J., during 1995-97.

present. Well logs indicate the presence of discontinuous clay
layers at depth with sand overlying and underlying the clay.
Intermittent clay layers are more prevalent to the south where
the sediments thicken and were represented by a continuous
model layer (layer 2). The hydraulic conductivity of layer 2
was varied, based on the predominant composition—sand,
mixed sand and clay, or clay. Model layer 3 represents uniform
sand that underlies the clay layer.

The study area was discretized into a variably spaced grid
of 150 columns and 169 rows (fig. 12). The grid is oriented
north to south and is approximately 25.6 miles north to south
and 24 miles east to west. The smallest cells are along the

main branch of the Maurice River and are each 250 ft east to
west and 500 ft north to south. Cell size gradually increases
toward the edges of the grid, reaching a maximum cell size of
2,000 ft east to west and 1,000 ft north to south. The smallest
grid cells are located on or near the main branch of the Mau-
rice River and in areas where public-supply wells are located
in order to more accurately simulate the affect of single
public-supply wells on the flow of ground water to the stream.
The model grid consists of three layers discretized according
to the dominant lithology. There are 18,588 active cells in each
layer and 55,764 active cells in the entire model.
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Figure 11. Diagrammatic section of (a) lithology, and (b) ground-water flow model layers in the upper Maurice River Basin area, N.J.

Boundary conditions

The boundaries of the flow model correspond to natural
hydrologic boundaries. The lateral boundary of the ground-
water flow model is coincident with streams adjacent to the
Maurice River and is represented as a no-flow boundary.
Extending the lateral boundary of the study area past the
Maurice River Basin boundary allows the ground-water divide
to shift beyond the surface-water divide when ground-water
withdrawals are located at or near the basin boundary (surface-
water divide). The northern boundary corresponds to where
the Kirkwood-Cohansey aquifer system is estimated to be 25
to 50 ft thick (fig. 5). The aquifer system pinches out north-
west of this area. The western boundary is the main channel
of Alloway Creek and the Cohansey River farther to the south
(fig. 3). The southern boundary conforms to several inner
basin divides between Muddy Run and Lebanon Branch-Mill

Creek tributaries of the Maurice River and the divide between
Marsh Lake Branch and Three Pond Branch tributaries of the
Great Egg Harbor River (Hospitality Branch). The eastern
boundary is the main channel of the Great Egg Harbor River
to the south and North Branch of Big Timber Creek to the
north. The bottom of the ground-water flow model is repre-
sented as a no-flow boundary that coincides with the top of
the composite confining bed (Zapecza, 1989), a relatively
impermeable clay layer consisting of several geologic units.
The upper part of the composite confining bed consists of the
clayey, lower part of the Kirkwood Formation. The top of the
ground-water flow model is the water table. Recharge to the
aquifer was varied by surface-water basin according to rates
determined from several detailed basinwide water-budgets
studies (see discussion in “Recharge” section) and ranged
from 13.03 to 18.57 in/yr. Streams were represented in the
ground-water flow model as head-dependent-flow boundaries
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and were simulated by using the river package in MODFLOW
(McDonald and Harbaugh, 1988).

Calibrated hydraulic properties

Numerical estimates of the hydraulic conductivity, trans-
missivity, storage coefficient, and specific yield of the Kirk-
wood-Cohansey aquifer system have previously been reported
in the literature. Reported values were used as initial estimates
for the ground-water flow model. Vertical hydraulic conduc-
tivity was estimated to be one-tenth of the reported values of
horizontal hydraulic conductivity. All values were modified
during the calibration process. Calibrated hydrologic proper-
ties of the aquifer and semiconfining units used in the steady-
state and transient ground-water flow models are presented
in table 4. Values used in all model simulations are close to
those reported from various aquifer tests of the Kirkwood-
Cohansey aquifer system conducted in or near the study area
(Rhodehamel, 1973; Charles and others, 2001). Model layer
1 was simulated as an unconfined layer, and layers 2 and 3
were simulated as fully convertible, permitting transmissivity
to be recalculated for each iteration. Model layer 2 represents
a discontinuous clay layer that acts as a semiconfining unit.
Hydraulic properties for layer 2 (table 4) were applied in those
areas where the clay unit is present, and properties of layer 1
were applied to layers 1 and 2 in those areas where sand is the
predominant lithology.

Steady-state calibration

The ground-water flow model was calibrated to steady-
state conditions for 1990-95. A trial-and-error process was
used for the steady-state calibration to identify values of
hydrologic properties that provided a reasonable fit between
simulated and measured water levels and between simulated
and estimated base-flow values within the study area.

Water levels were measured at 46 wells throughout the
study area (fig. 9). Thirty-nine wells are observation wells
with no pump, and seven wells contain pumps that provide
water for a variety of uses. All observation and supply wells
were constructed with a single screened interval in the Kirk-
wood-Cohansey aquifer system. Water-level measurements
were taken at supply wells only when the pump was not run-
ning and the water level had stabilized. Water-level measure-

Table 4.

[ft/d, foot per days; ft, foot; ft*/d, foot squared per day; na, not applicable]
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ments were made every month from January 1995 through
March 1997. Three observation wells (15-372, 15-1033,
15-1054) were instrumented with continuous (15-minute
interval) water-level recorders.

Continuous and periodic measurements of streamflow
were recorded at 24 streamflow-gaging stations located within
the study area (fig. 13). Three streamflow-gaging stations are
located on Mantua Creek, 11 on Great Egg Harbor River and
its tributaries, and 10 on the Maurice River and its tributaries.
Average annual base flow was estimated for 1990-95 at low-
flow partial record stations and continuous record stations.

An automated hydrograph-separation technique developed by
Rutledge (1993) was used to separate base flow from direct
runoff to determine the mean annual base flow for the period
of record at two streamflow-gaging stations with continu-
ous-record data (01411456 and 01411500). For the remaining
stations, monthly base flow was estimated by using low-flow
correlation equations and estimated monthly base flow for five
index stations located near the study area.

Water levels and base flow

Average water levels at 46 monitored wells are presented
in table 5. Averages are based on monthly measured levels
at 43 wells and daily averages at 3 wells with continuous
recorders. Average measured water levels during 1995-97 and
1990-95 steady-state simulated ground-water levels derived at
the node of each model cell that contains a well are presented
in table 5. The difference between simulated and average
measured water levels was within 7 ft at all monitored wells
and in most cases was less than 5 ft. Comparison of the dif-
ferences for all wells indicates a root mean square error of
3.83 ft, indicative of a reasonable fit between measured and
simulated water levels. Maps of the simulated water table were
compared to a map of the water table compiled from various
sources dating from 1987 to 1995 (fig. 14). This comparison
demonstrates that the configuration of the simulated water
table corresponds favorably to that of the measured water
table.

The model was calibrated by comparing the simulated
base flow at each streamflow-gaging station with the mean
annual base flow estimated at those stations. The differences
between estimated mean annual base flow during 1990-95 and
simulated steady-state annual base flow are presented in

Hydrologic properties used in the simulation of ground-water flow, upper Maurice River Basin area, N.J.

Model Horizontal hydraulic Vertical hydraulic  Average thickness Transmissivity Storage coefficient  Specific yield
layer conductivity (ft/d) conductivity (ft/d) (ft) (fe¢/d)

1 8-180 0.8-18 47.2 376-8,460 na 0.15

2 (clay) 0.566784 0.056678 24.0 na na na

3 130 13 43.7 5,720 0.009 0.15
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/\ 01411485 Continuous record
A 01411462 Periodic measurement
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Table 5. Simulated water levels (1990-95) and average measured water levels (1995-97) at 46 monitoring wells, upper Maurice River
Basin area, N.J.

[OBS, Observation; MW, monitoring well; USGS, U.S. Geological Survey]

USGS 1990-95 simulated 1995-97 average Difference between
well water level measured water level simulated and average
number Well name (feet) (feet) measured water level (feet)
11-692  RUTGERS R&D1 SHALLOW OBS 97.43 94.84 2.59
11-693  RUTGERS R&D2 MED OBS 97.43 94.82 2.61
11-694  RUTGERS R&D3 DEEP OBS 96.65 94.77 1.88
11-877  SUNNYSIDE FARMS MW-6 59.48 63.87 -4.39
11-878  LANDIS SEWER AUTH MW-1 47.43 42.71 472
11-879  LAB GLASS MW-1 78.00 77.33 .67
11-880  CHAPMAN MOBILE HOME MW-4 92.21 85.26 6.95
11-881 CHAPMAN MOBILE HOME MW-1 95.28 89.49 5.79
11-882  SHIELDALLOY MC SC24S 89.31 83.80 5.51
11-883  SHIELDALLOY MC SC24D 88.92 83.34 5.58
11-884  UPS MW-5 78.68 74.69 3.99
15-39 1 104.11 102.14 1.97
15-372  NEWFIELD 2-A OBS 99.59 99.21 .38
15-745 DUMP NORTH 100.64 97.12 3.52
15-759  MESIANO 1 141.12 139.14 1.98
15763  MOORE 2 91.89 89.71 2.18
15-764  SCAFONIS D 116.00 110.25 5.75
15-792  PP1 113.29 110.60 2.69
15-793  FERRUCCI 10 99.72 97.18 2.54
15-804 MALAGA'1 94.65 90.52 4.13
15-810 ELK 1 132.01 128.80 3.21
15-812 CORONA 1 96.63 95.47 1.16
15-842 SAMWS3 97.44 91.76 5.68
15-1033 WTMUA MONITORING 1 OBS 136.40 134.04 2.36
15-1051 USGS WTMUA OBS-1 SHALLOW 140.08 137.71 2.37
15-1052 USGS WTMUA OBS-2 MED 139.93 137.70 2.23
15-1053 USGS WTMUA OBS-3 DEEP 139.91 137.68 2.23
15-1054 USGS GSC OBS-1 SHALLOW 128.94 133.67 -4.73
15-1057 USGS TPE OBS-1 SHALLOW 144.89 139.29 5.60
15-1058 USGS TPE OBS-2 MED-DEEP 144.75 139.36 5.39
15-1059 USGS TPE OBS-3 DEEP 144.72 139.36 5.36
15-1174 DEANS EVERGREENS 3 137.23 133.87 3.36
15-1175 SHIELDALLOY MC SC14S 97.71 92.43 5.28
33-469  PARVIN PARK SHOP 73.24 71.13 2.11
33-677 UPPER PITTS SLF MW1 135.52 136.22 -.70
33-680  USGS COLES FARM OBS-1 127.49 128.70 -1.21
33-681  USGS COLES FARM OBS-2 127.49 128.73 -1.24
33-808 ELMER HOSP MW-3A 113.02 114.37 -1.35
33-809  ASHS MW-1 87.87 81.70 6.17
33-810  ASHS MW-3 86.01 80.94 5.07
33-811  ASHS MW-2 86.01 81.19 4.82
33-812 HARDING WOODS MW-4 113.45 109.66 3.79
33-813 ELMER HOSP MW-1A 116.35 118.11 -1.76
33-814  N.J. BELL MW-1 124.55 129.51 -4.96
33-815 MONROEVILLE PS MW-1 126.60 124.96 1.64
33-823  UPPER PITTS SLF MW2 133.79 136.77 -3.01

Root mean square error 3.83
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figure 15 and table 6. The differences between simulated and
estimated mean annual base flow are within 3 ft*/s at stream-
flow-gaging stations in the Great Egg Harbor River Basin,
within 8 ft¥/s at the stations in the Maurice River Basin, and
within 2.5 ft3/s at Maurice River at Norma, N.J. (01411500).
This station is an important calibration target because of its
long period of record (1932 to present) and large drainage
area. The root mean square error of the difference between
simulated and estimated mean annual base flow at all stream-
flow-gaging stations in the study area is 3.17 ft*/s, indicative
of a reasonable fit between simulated and estimated base flow.

Sensitivity analysis

The calibrated steady-state model is able to reasonably
approximate average ground-water levels and base flows dur-
ing 1990-95. It was constructed using a combination of bound-
ary conditions, hydrologic properties, and physical geometry
representing the framework through which ground water
flows. Though the calibrated flow model accurately represents
the physical flow system, other combinations of model param-
eters also may be able to match the calibration criteria within
an acceptable range.

The purpose of sensitivity analysis is to quantify the
uncertainty in the calibrated model due to uncertainty in the
estimates of aquifer parameters, stresses, and boundary condi-
tions (Anderson and Woessner, 1991). To evaluate the degree
to which the values of certain hydrologic parameters affected

Ground-Water Flow Model Development 23

the simulated water-level altitudes and base flow, model
simulations were performed for a range of properties, such as
horizontal hydraulic conductivity, vertical hydraulic conduc-
tivity, streambed conductance, recharge, and withdrawals. One
property or stress was changed for each simulation to deter-
mine how each change affected the simulated water levels and
base flow. A limited sensitivity analysis was performed by
comparing the model response to variable hydrologic proper-
ties and stresses. The response of simulated water levels and
base flow are compared to measured values at each calibration
point in the steady-state model. The basis of comparison is the
root mean square error of all calibration data for each model
simulation.

Water-level altitudes are most sensitive to increases in
recharge, moderately sensitive to increases in withdrawals
and horizontal hydraulic conductivity, and least sensitive to
increases in vertical hydraulic conductivity and streambed
conductance (fig. 16a.). Water-level altitudes in the calibrated
model are most sensitive to decreases in horizontal hydraulic
conductivity, moderately sensitive to decreases in withdraw-
als and recharge, and least sensitive to decreases in streambed
conductance and vertical hydraulic conductivity. A reduction
in hydraulic conductivity causes the ground-water pressure
head to increase.

Base flow in the calibrated model is very sensitive to
both increases and reductions in recharge (fig. 16b). Compari-
son of the effects of varying recharge, withdrawals, horizontal
hydraulic conductivity, vertical hydraulic conductivity, and
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Table 6. Simulated and estimated mean annual base flow at 24 streamflow-gaging stations during 1990-95, upper Maurice River

Basin area, N.J. (Locations of stations shown on figure 13.)

[mi?, square miles; ft¥/s, cubic feet per second; Rd, road; Ck, Creek; BFS, base-flow separation; LFC, low-flow correlation]

Difference
between
simulated
Estimated Simulated and esti-
Streamflow- Basin mean an- meanan- mated mean
gaging station area Method of nual base nual base annual base
number Streamflow-gaging station name (mi?) estimation flow (ft}/s) flow (ft/s)  flow (ft¥/s)
01411450  Still Run at Aura, N.J. 3.21 LFC 3.04 .68 -2.36
01411456  Little Ease Run near Clayton, N.J. 9.77 BFS 7.61 6.25 -1.36
01411460 Scotland Run near Williamstown, N.J. 3.96 LFC 3.54 2.73 -0.82
01411461 Scotland Run at Fries Mill, N.J. 9.25 LFC 9.40 11.66 2.26
01411462 Scotland Run at Franklinville, N.J. 14.8 LFC 17.20 14.58 -2.62
01411495 Blackwater Branch at Norma, N.J. 12.5 BES 13.60 9.55 -4.05
01411700  Muddy Run at Centerton, N.J. 36.5 LFC 32.40 39.03 6.63
01411485 Maurice River at Brotmanville, N.J. 88.1 BFS 104.00 111.66 7.66
01411500  Maurice River at Norma, N.J. 112. BFS 126.00 128.43 243
01411800 Maurice River near Millville, N.J. 191. BFS 216.00 209.61 -6.39
01410800 Fourmile Branch near Williamstown, N.J. 5.34 LFC 3.81 3.70 -0.11
01410803 Fourmile Branch at Winslow Crossing, N.J. 6.22 LFC 4.70 5.62 -0.92
01410810 Fourmile Branch at New Brooklyn, N.J. 7.74 BES 8.46 9.13 0.67
01410855  Squankum Branch above sewage plant at William- 1.50 LEC 45 -.58 -1.03
stown, N.J.
01410865  Squankum Branch at Malaga Rd near Williamstown, 3.02 LFC 98 -.35 -1.33
NJ.
01411042 ‘Whitehall Branch near Cecil, N.J. 2.21 LFC 1.84 2.30 46
01411047 Whitehall Branch below Victory Lakes near Cecil, N.J. 4.60 LFC 3.84 4.61 77
01411035  Hospitality Branch at Blue Bell Rd near Cecil, N.J. 4.51 LFC 3.03 5.34 2.31
01411040  Hospitality Branch near Cecil, N.J. 8.30 LFC 9.03 11.75 2.72
01411053 Hospitality Branch at Berryland, N.J. 20.0 LFC 26.40 27.21 0.81
01410787  Great Egg Harbor River tributary at Sicklerville, N.J. 1.64 BFS 95 52 -0.43
01474950 Mantua Creek at Glassboro, N.J. 1.20 LEC 1.26 3.06 1.80
01474970 Mantua Ck at Greentree Rd at Glassboro, N.J. 2.59 LFC 4.65 6.58 1.93
01475000  Mantua Ck at Pitman, N.J. 6.05 BFS 8.56 13.98 5.42
Root mean square error 3.17
streambed conductance by the same percentage indicates that  Transient calibration

the response of simulated base flow is an order of magnitude
greater for recharge than for withdrawals and the other hydro-
logic properties. As a result, the level of confidence in the
calibrated recharge values used in model simulations is high.
Simulated base flow was moderately sensitive to increasing or
decreasing withdrawals and horizontal hydraulic conductivity,
and least sensitive to changes in vertical hydraulic conductiv-
ity and streambed conductance (fig. 16¢). Sensitivity analysis
indicates that recharge is probably not significantly lower or
higher, withdrawals are probably not significantly higher, and
hydraulic conductivity is probably not significantly lower than
the values used in the model.

The ground-water flow model was calibrated to transient
conditions using monthly stress periods. The transient simula-
tion spans 39 months (January 1994 through March 1997) that
are represented by 39 stress periods with 10 time steps per
period that increase by a factor of 1.5. The 27-month period
from January 1995 through March 1997 was used to calibrate
the transient model. Comparisons between simulated and mea-
sured values were not made until the 13th stress period of the
simulation (January 1995), allowing the model to adjust from
initial conditions to variable monthly stresses. In addition,
water-level measurements at most observation wells did not
start until early 1995. Values of hydraulic properties deter-
mined during the steady-state calibration were used in the ini-
tial transient model. Daily estimates of recharge were totaled
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by month and entered into the transient model to account for
the monthly variability of this parameter. The following sec-
tion describes how these values were derived.

Results of the transient calibration were evaluated by
comparing water-table altitudes and base flow. Simulated
water-table altitudes were compared to monthly altitudes
measured at 46 observation wells in the study area. Simulated
monthly base flow was compared to estimates of monthly base
flow at eight streamflow-gaging stations in the Maurice River
Basin. A trial-and-error approach was used and hydrologic
parameters were adjusted until a reasonable match between
simulated and measured water levels, and simulated and esti-
mated base flow, was obtained.

Recharge

Published recharge rates for the unconfined Kirkwood-
Cohansey aquifer system in the Maurice River Basin and sur-
rounding basins are annual values (see discussion in “Hydro-
geologic Framework and Ground-Water Flow”). Recharge
rates are a function of and response to climatic conditions
that vary daily. Although average annual recharge rates are
adequate for steady-state conditions, the transient model uses
monthly stress periods to examine seasonal effects on water
levels and base flow. To determine monthly recharge for
January 1994 through March 1997, a modified water-budget
approach was used. The method applied in this study is based
on the approach used for the Toms River Basin (Nicholson and
Watt, 1997). Nicholson and Watt (1997) describe this approach
in detail, but it is summarized here for completeness and
because the approach was altered slightly.

The land-surface water budget for determining recharge
takes the following form when expressed as an equation.

R=P-Q,-ET-ASM (1)
where,
R = recharge,
P = precipitation,
o, = direct runoff,
ET  =evapotranspiration, and
ASM = change in soil moisture storage.

(All variables are expressed in inches.)

A soil-moisture deficit will occur if the amount of
moisture in the soil is less than its storage capacity. Recharge
occurs from a precipitation event only when this deficit is
overcome. If recharge rates are calculated in monthly incre-
ments, the sum of monthly evapotranspiration and the deficit
in soil moisture could exceed total monthly precipitation,
indicating that there was no recharge during the month. Yet,
when evaluated on a daily basis, some precipitation may break
through the soil zone during days of the month that have
significant storms. Calculating recharge on a monthly basis
could underestimate recharge rates, especially during the sum-

mer. It is necessary to estimate recharge daily to account for
individual storms and possible recharge during months when
evapotranspiration and the deficit in soil moisture are high.
Calculated daily recharge was totaled for each month of the
transient simulation. A maximum soil-moisture deficit of 1.5
inches was assumed in the calculations. In order to account for
the soil-moisture deficit the water budget was modified and is
expressed by the following equation.

d(m)
Rm:[[ Z P(m,n)—ET(m,n)—SMD(m,nfl)] —er(m)], (2)
1

n

=

where,

R = recharge for month m,

d, = number of days in month m,

= precipitation on day n in month m,
= evapotranspiration on day n in month m,
= soil-moisture deficit from the day preceding
day n in month m, and

= direct runoff for month m.

(m,n)
(m,n)

SMD

(m,n-1)
er(m)
(All variables except d are expressed in inches.)

Comparison of daily precipitation and water-level
response at well 15-1054 near the Glassboro, N.J., precipi-
tation station indicated virtually no time delay in recharge
passing through the unsaturated zone to the water table (fig.
17). As a result, the method applied by Nicholson and Watt
(1997) was used, but recharge rates were not offset in time. A
comparison of total monthly recharge with monthly precipi-
tation for January 1994-March 1997 indicates a significant
decrease in recharge in the second half of 1994 through the
summer of 1995 and a period of high recharge from the fall
of 1995 through March 1997 (fig. 18). Superimposed on this
trend is the seasonal pattern of higher recharge during winter
and spring, and lower recharge during summer and fall.

Water levels and base flow

Transient simulations were evaluated by comparing
simulated and measured monthly water-level altitudes in 46
observation wells. Measured and simulated water levels at
eight spatially distributed wells in the Maurice River Basin are
presented in table 7. Comparisons of water-level fluctuations
were made on monthly values from January 1995 through
March 1997. The difference between simulated and measured
water-level fluctuations ranged from -1.34 to 2.16 ft at these
wells, with a mean difference of 0.88 ft, indicative of a reason-
able fit. Hydrographs for these wells demonstrate seasonal
trends in, and the relative correlation between, simulated and
measured water levels (fig. 19).

Streamflow-gaging stations were selected as calibration
points on the basis of integrating flow from a distinct area
of the Maurice River Basin, and(or) having a long period of
record. Base-flow separations and low-flow correlations were
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Figure 18. Monthly precipitation recorded at Glasshoro, N.J., weather station and estimated monthly recharge, January 1994 through

March 1997.
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Table 7. Simulated and measured water-level fluctuations at eight observation wells during 1995-97, upper Maurice River Basin
area, N.J.

[USGS, U.S. Geological Survey; ft, feet]

USGS well County Municipality Measured water-level Simulated water-level Difference between
number fluctuation fluctuation simulated and measured
(ft) (ft) fluctuations
(ft)
15-1051 Gloucester Washington Township 9.02 7.28 1.74
15-1058 Gloucester Washington Township 6.49 6.82 -.33
15-792 Gloucester Clayton Township 4.73 2.61 2.12
15-745 Gloucester Franklin Township 4.29 3.43 .86
33-810 Salem Pittsgrove Township 3.77 2.27 1.5
33-812 Salem Pittsgrove Township 5.36 5.02 .34
33-813 Salem Upper Pittsgrove Township 7.81 5.65 2.16
11-879 Cumberland Vineland City 4.87 6.21 -1.34
Mean .88
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Table 8. Simulated and estimated mean monthly base flow at Maurice River streamflow-gaging stations, N.J., for January 1995-March

1997.

[HS, hydrograph separation; LFC, low-flow correlation, ft¥/s, cubic feet per second]

Mean monthly base

Mean absolute
difference
between

Mean difference
between

flow simulated and simulated and
Streamflow- estimated Simulated mean estimated mean estimated mean
gaging by HS or LFC monthly base flow  monthly base flow  monthly base flow
station number  Streamflow-gaging station name (fe/s) (ft¥/s) (ft¥/s) (ft¥/s)
01411450 Still Run at Aura, NJ 3.81 0.85 2.96 3.00
01411456 Little Ease Run near Clayton, NJ 9.63 8.38 1.25 3.50
01411460 Scotland Run near Williamstown, 4.06 3.26 0.80 0.90
N.J.
01411461 Scotland Run at Fries Mill, N.J. 11.80 15.31 -3.51 3.66
01411462 Scotland Run at Franklinville, N.J. 20.65 19.31 1.34 4.22
01411700 Muddy Run at Centerton, N.J. 37.21 55.02 -17.81 19.28
01411500 Maurice River at Norma, N.J. 159.65 176.74 -17.09 34.66
01411800 Maurice River near Millville, N.J. 252.08 297.03 -44.95 61.19

used to estimate average monthly base flow over a 27-month
period at three continuous-record stations and five low-flow
partial-record stations. Estimated monthly base flow was
compared to simulated monthly base flow at the stations
listed in table 8. Monthly simulated and estimated base flows
at selected streamflow-gaging stations in the Maurice River
Basin are presented in figure 20 for January 1994 through
March 1997.

Statistics that summarize the match between simulated
and estimated monthly base flow at eight streamflow-gag-
ing stations in the Maurice River Basin are listed in table 8.
The mean difference between simulated and estimated mean
monthly base flow during the calibration period is 0.80 ft/s,
near the northern end of Scotland Run (01411460, Scotland
Run near Williamstown, N.J.) and 44.95 ft*/s at the southern
boundary of the Upper Maurice River Basin area (01411800,
Maurice River near Millville, N.J.). Mean differences are
generally small when compared to mean monthly base flows
at streamflow-gaging stations in the Maurice River Basin.
Larger differences occur at 01411450 (Still Run at Aura, N.J.),
which integrates flow from a very small part of the basin, and
at 01411700 (Muddy Run at Centerton, N.J.), which may be
affected by in-stream agricultural withdrawals that are not
accounted for in the streamflow records. Residual values are
small at stations on the Maurice River, which indicates that
bias in simulated mean monthly base flow is small. The range
in simulated base flow at all stations, except on Muddy Run,

closely matches the estimated range over the same period of
time, indicating that the transient model simulates ground-
water flow to the stream reasonably well.

Sensitivity analysis

A transient sensitivity analysis was conducted by
performing multiple ground-water model simulations. Each
simulation represents a modification of the calibrated transient
model, achieved by changing the numeric value of only one
hydrologic property per model simulation. The value of a spe-
cific hydrologic property was either doubled or decreased by
50 percent from the calibrated value in separate simulations.
Properties analyzed include horizontal hydraulic conductivity,
vertical hydraulic conductivity, storage coefficient, streambed
conductance, and recharge. Streambed conductance values
were either increased by a factor of ten or decreased by a fac-
tor of 0.1 in separate model simulations. Results are compared
at all calibration sites for a stress period with low recharge
rates (October 1994) and high recharge rates (March 1997).
The effect of these changes on water-level altitudes is shown
in figure 21a. Water-level altitudes are sensitive to increases
and decreases in all properties, although least sensitive to
decreases in vertical hydraulic conductivity and increases in
streambed conductance. Water-level altitudes are moderately
sensitive to both increases and decreases in horizontal hydrau-
lic conductivity, increases and decreases in storage coefficient,
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L a. Scotland Run near Williamstown, N.J. (01411460)
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Figure 20. Estimated and simulated monthly base flow at streamflow-gaging stations (a) Scotland Run near Williamstown,
N.J. (014111460); (b) Scotland Run at Franklinville, N.J. (01411462); and (c) Maurice River at Norma, N.J. (01411500), January
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and increases in the vertical conductivity. Transient water-
level altitudes are most sensitive to increases and decreases in
recharge and decreases in streambed conductance. Transient
response of base flow is largely insensitive to increases or
decreases in horizontal hydraulic conductivity and vertical
hydraulic conductivity (fig. 21b.), moderately sensitive to
changes in the storage coefficient and streambed conductance,
and most sensitive to increases or decreases in recharge.

Model Limitations

A ground-water flow model is by design an approximate
representation of an actual ground-water flow system. The
ground-water flow models developed in this study are simpli-
fied, large-scale representations of the heterogeneous uncon-
fined Kirkwood-Cohansey aquifer system. The models can be
used by water purveyors and regulators to help estimate the
response of the ground-water system to various stress regimes.
In this study, the accuracy of the simulated ground-water
levels and flows is limited by the accuracy with which the
actual ground-water flow system is represented by the zones
of hydraulic conductivity, the model grid and cell size, and the
bottom no-flow boundary condition.

The horizontal hydraulic conductivity of each model
layer was divided into several zones based on the predominant
lithology of a given area at a specific depth. These zones were
identified by examining existing well logs and were assigned a
representative conductivity. Conductivities were modified dur-
ing calibration on the basis of a comparison between simulated
and measured water levels. The calibrated values of hydrau-
lic conductivity result in a good match between simulated
and measured water levels at the existing observation wells;
however, they do not represent the local-scale heterogeneity of
the Kirkwood-Cohansey aquifer system between well-log and
observation-well locations.

The models were discretized using a variably spaced grid
with the smallest model cells (250 ft by 500 ft) along the main
stem of the Maurice River. The main purpose of the discretiza-
tion scheme was to accurately represent ground-water flow to
the Maurice River, however, model cells near the edge of the
grid, farther from the area of interest, are 2,000 ft by 1,000 ft
in size and simulate stresses, such as production wells, on the
ground-water flow system in that area with less precision than
do the smaller cells near the river.

The bottoms of the flow models are coincident with a
basal clay unit in the Kirkwood Formation and were defined
as no-flow boundaries. In the Kirkwood-Cohansey aquifer
system, flow across this boundary occurs as leakage to the
deeper confined aquifers. Leakage was estimated to be zero in
the models because the permeability of the basal clay and flow
rate through this unit are low. Therefore, simulated water lev-
els may show a greater response to recharge than water levels
in the actual system, where some ground water flows through
the confining unit to greater depths.

The transient ground-water flow model is considered to
be an accurate representation of the complex physical ground-
water flow system in the Kirkwood-Cohansey aquifer for the
time and area included in the model calibration. The transient
model is calibrated to a 2-year, 3-month period using climatic
conditions from January 1995 to March 1997. Uncertainty will
be greater for results of simulations that use different climatic
conditions for a different time period or simulations of a
different duration. Also, the calibration was achieved using
estimated base flow and measured water levels at sites primar-
ily within the upper Maurice River Basin. The model includes
portions of several adjoining surface-water basins but, because
calibration data for this area are limited, simulation results are
less accurate in the adjoining basins.

Simulations of Pre- and Post-
Development Conditions

The calibrated steady-state and transient models were
used to estimate natural hydrologic conditions prior to the
widespread utilization of ground water in this area. The
simulation of conditions prior to human-induced ground-water
withdrawals are referred to as predevelopment conditions. The
transient ground-water flow model also was used to simulate
post-development conditions for the years 1994-97. Compari-
son of pre- and post-development simulations demonstrates
the response of the Kirkwood-Cohansey aquifer system to
present-day stresses.

Predevelopment conditions

Before development occurred in southern New Jersey,
the hydrologic system was governed by natural rates of
recharge to and discharge from the ground-water flow system.
To evaluate the ground-water-flow system prior to develop-
ment, the effects of development were removed from the
calibrated steady-state flow model. Effects of development
include withdrawals from, and reduced recharge to, the
ground-water system. Urbanization creates impermeable land
cover such as buildings and paved surfaces that reduce the
amount of recharge and increase the amount of surface runoff
from precipitation. The effects of development stresses were
removed from the predevelopment simulation by increasing
the recharge rate and removing all ground-water withdrawals
from the model simulation. Examination of the steady-state
water table indicates average ground-water levels and flow
directions at that time.

To estimate recharge rates that represent the natural
system, urban land in the study area was identified by using
1986 land-use/land-cover data. Urban land accounts for 6
percent of the area in the Cohansey River Basin, 22.5 percent
in the Maurice River Basin, 22.8 percent in the Great Egg
Harbor Basin, and 50.2 percent in the Big Timber Creek Basin



part of the study area. Recharge rates per basin were increased
by 10 percent for that part of urban land in each surface-water
basin. The combined effect of approximating the natural

rate of recharge and removing ground-water withdrawals is
illustrated by the vertical flow direction at the base of layer

1 (fig. 22). Model cells where flow is downward into layer 2
indicate recharge from layer 1 to layer 2, occurring primarily
in interstream areas. Cells where vertical flow is upward from
layer 2 to layer 1 correspond to stream and wetland areas.

A transient simulation of predevelopment conditions was
performed to examine the effect of seasonal rates of recharge
on base flow. Predevelopment conditions during several sea-
sonal cycles were simulated by using a monthly recharge time
series calculated from recent climatic and hydrologic data and
using the hydrologic properties and boundary conditions of
the steady-state model and storage coefficients of the tran-
sient model. Ground-water withdrawals were removed from
the transient predevelopment model to examine the effect the
natural climatic conditions would have on base flow in the
Maurice River Basin. Simulated monthly base flows indicate
the seasonal effects of climatic control on recharge rates.
Comparison of results of the transient predevelopment simula-
tion with that of the transient post-development simulation
indicates the extent to which recent ground-water withdrawals
affect predevelopment base flow. Results of this comparison
are presented in the next section.

Post-development conditions

Population growth in southern New Jersey from 1950
to 2000 and the concomitant use of ground water as a source
of freshwater has affected the ground-water-flow system in
the study area. Ground-water withdrawals reduce the ground-
water flow through the aquifer and decrease the amount of
base flow to streams. To quantify the recent stress on the local
flow system, a transient simulation of 1994-97 conditions was
performed. This simulation used reported ground-water with-
drawals during this time span. Comparison of results of the
predevelopment and post-development transient simulations
indicates the location and magnitude of base-flow reduction
resulting from ground-water withdrawals.

In the upper part of the Maurice River Basin, simulated
base flow decreased by as much as 62 percent at Scotland Run
near Williamstown, N.J. (01411460), in August 1995 dur-
ing an extended dry period and by 28 percent in September
1996 during a year with above-average precipitation (fig. 23).
Simulated base flow at Scotland Run at Franklinville, N.J.
(01411462), declined by 25 percent in August 1995 when
compared with predevelopment conditions. Agricultural well
withdrawals have reduced base flow at Muddy Run at Center-
ton, N.J. (01411700), by 38 percent in August 1995. Simulated
base-flow reduction is 26 percent during August 1995 at Mau-
rice River at Norma, N.J. (01411500), and 15 percent during
September 1996.
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Simulations of Additional Ground-
Water Withdrawals

The calibrated transient model was used to simulate
additional ground-water withdrawals based on projected
water demands for 1995 through 2041 and maximum alloca-
tion water withdrawals during 1994-97. Withdrawals from
three hypothetical public-supply wells located on a recharge
boundary or adjacent to a discharge boundary were simulated.
The objective of all simulations was to estimate the effects of
ground-water withdrawals on base flow in the Maurice River.

Projected water demands

In 1996, the NJDEP published a planning document titled
“Water for the 21st century: The vital resource—New Jersey
statewide water supply plan”. Data compiled in conjunc-
tion with the New Jersey statewide water supply master plan
includes projected water use for every municipality in New
Jersey (Robert Kecskes, N. J. Department of Environmental
Protection, written commun., 1999). The NJDEP enumer-
ated water demand for the years 1995, 2000, 2005, 2010,
2020, 2030, and 2040 for each municipality in the State.
Water-use projections within a municipality were broken
down further by type of use. The type of use corresponds to
the water-allocation permit series and includes purveyor-sup-
plied (public supply), and self-supplied industrial, agricultural,
and residential use. To use this data in a ground-water flow
simulation, projected ground-water withdrawals were divided
equally between wells belonging to the same allocation series
and located within the same municipality. The magnitude
of reported and projected withdrawals are listed in table 9.
Ground-water withdrawal data were incorporated in a transient
simulation spanning the 47-year period of 1995 through 2041.

The simulation was divided into monthly stress peri-
ods with 10 time steps per stress period. Recharge values
estimated for 1995-97 were used for 2009-11 and 2039-41.
The goal of this simulation was to compare the effect of the
projected withdrawals on base flow in the Maurice River for
the years of 2010-11 and 2040-41. The years 2010 and 2040
were simulated as relatively dry years by using 1995 recharge
rates (below average recharge) and the years 2011 and 2041
as relatively wet years by using 1996 recharge rates (above
average recharge).

Simulated base flow at Scotland Run near Williamstown,
N.J. (01411460), decreases during the spring and summer
of 2010 to zero in September 2010. Base flow increases the
following month and then exhibits a typical seasonal pattern,
increasing in fall, winter, and early spring and decreasing in
the summer (fig. 24a). During 2011, base flow reaches a mini-
mum of 1.28 cubic feet per second (ft*/s) in September. Farther
downstream at Scotland Run at Fries Mill, N.J. (01411461),
and Scotland Run at Franklinville, N.J. (01411462), the sea-
sonal pattern of base flow is similar, but the volumetric flow is
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Table 9. Reported 1995, and projected 2010 and 2040 ground-water withdrawals, upper Maurice River Basin area, N.J.

[Small differences in totals are caused by independent rounding; Mgal/yr, million gallons per year]

1995 reported 2010 projected Increase over 2040 projected Increase over 1995
Water use (allocation permit withdrawals withdrawals 1995 reported withdrawals reported withdraw-
series) (Mgal/yr) (Mgal/yr) withdrawal (times) (Mgal/yr) als (times)
Public Supply (5,000) 5,358.7 7,080.81 1.32 9,404.37 1.76
Industrial/Institutional/
Commercial — (2,000P 1,783.66 872.18 1(.49) 872.18 1(.49)
and 10,000W combined)
Agricultural (Agricultural 2,808.7 432277 1.54 432277 1.54
certifications)
Total 9,951.06 12,275.76 1.23 14,599.32 1.47
* A decrease in withdrawals
A 100
=z
8 90 Scotland Run near Williamstown, N.J. (01411460) [
O 80 —— Scotland Run at Franklinville, N.J. (01411462) | |
:D) Muddy Run at Centerton, N.J. (01411700)
[T} 70 —<— Maurice River near Millville, N.J. (01411800) | 1
o
|_
=z
9 EJ) 60
L E 50
L
2% 4
o Z
@) 30 A
U
< 20 A
_|
= /\// \\
s 10 - -
5 — =7 ¥ N \/M
DJFMAMJJASOND JFMA

1994

1995

JFMAMJJASOND
| 1996 |

1997

Figure 23. Simulated base-flow reduction in the upper Maurice River Basin area at streamflow-gaging stations Scotland Run near
Williamstown, N.J. (01411460); Scotland Run at Franklinville, N.J. (01411462); Muddy Run at Centerton, N.J. (01411700); and Maurice
River near Millville, N.J. (01411800) as a result of post-development ground-water withdrawals.



10

36 Hydrogeology and Simulated Effects of Ground-Water Withdrawals, Kirkwood-Cohansey Aquifer System
70 ! a. —— Scotland Run near Williamstown, N.J. | -
— [ (01411460)
L e —=— Scotland Run at Fries Mill, N.J.
™ 60\/\ \v& (01411461)
O r —— Scotland Run at Franklinville, N.J.
n 50¢
o2 > x \~ (01411462) ,
08 40} :
Z [ i
zg [ A i
30 | :
55 ) AN JA
9o 20 E
A . W 2 00 "W Y . VPP~ A W
<
m

W\Wm

OYWM

_10:”‘”””” L L Y/ A L . L . L
2009 2010 2011 || 2039 2040 2041
Y ... L A . -
b. —— Muddy Run at Centerton, N.J. |-
500 |3 (01411700) -
L —— Maurice River at Norma, N.J.
400 (01411500) !

\ |

\ |

300 | \
200 |

\ N

100 |

BASEFLOW, IN CUBIC FEET
PER SECOND

NN AR
/Y,

M\ WA
NT/ary

a9 | 200 |

o o oo o/l nnn
2011 ]

2000 | 2041

2000 |

Figure 24. Simulated base flow at streamflow-gaging stations (a) Scotland Run near Williamstown, N.J. (01411460); Scotland Run
at Fries Mill, N.J. (01411461); and Scotland Run at Franklinville, N.J. (01411462); and (b) Muddy Run at Centerton, N.J. (01411700); and
Maurice River at Norma, N.J. (01411500), during 2009-11 and 2039-41, using estimated ground-water withdrawals.

greater during 2010 and 2011. The slope (fig. 24a) is typical of
a large drainage area. Simulated base flow during August 2010
at Scotland Run at Fries Mill, N.J. (01411461), is 4.92 ft*/s and
2.34 ft¥/s at Scotland Run at Franklinville, N.J. (01411462).
Simulated base flow reaches yearly minima in September

2011 at Scotland Run at Fries Mill, N.J. (01411461), and
Scotland Run at Franklinville, N.J. (01411462) (9.56 ft*/s and
9.82 ft¥/s, respectively). Although Scotland Run at Franklin-
ville, N.J. (01411462), is farther downstream from, and has

a larger drainage area than, Scotland Run at Fries Mill, N.J.
(01411461), base flow is 1.3-2.5 ft/s less at 01411462 during
the fall of 2009 and summer of 2010 because of the proximity
of ground-water withdrawals. Responses to seasonal recharge
and agricultural withdrawals are seen in monthly plots of base
flow at Muddy Run at Centerton, N.J. (01411700) (fig. 24b).

Numerous agricultural wells are located in the Muddy Run
Basin. Minimum monthly base flow simulated at Muddy Run
at Centerton, N.J. (01411700), is 4.32 ft*/s in August 2010 and
25.72 ft¥/s in September 2011. Base flow is greatest at Maurice
River at Norma, N.J. (01411500), because of its drainage area
of 112 square mi% Simulations indicate that minimum monthly
base flow at Maurice River at Norma, N.J. (01411500), occurs
during August 2010 (28.48 ft¥/s) and September 2011 (92.5
ft¥/s) (fig. 24b).

Simulation for the years 2039-41 yields nearly identical
results as those of 2009-11 at each streamflow-gaging station.
The demand projections for 2040 differ from those of 2010
by specified amounts of public-supply withdrawals (table
9). Water-use projections for industrial and agricultural uses
are unchanged. Although the NJDEP forecast the amount of



ground-water withdrawals (demands) at 5- and 10-year incre-
ments from 1995 through 2040 per community by project-

ing continuing development, they did not predict where new
wells would be located within each community. The projected
water demand simulation is based on the assumption that all
increases occur at existing wells. Because of this, the effect of
increased withdrawals from 2010 to 2040 occurs near the loca-
tion of existing public-supply wells in the study area.

Because the major public-supply withdrawals are located
in the upper (Scotland Run Basin) and lower (Vineland City)
parts of the study area, it is instructive to assess 2040-41
simulated base flow at these locations. Simulations indicate
that base flow ceases at Scotland Run near Williamstown,

N.J. (01411460), becoming a losing reach from June through
September 2040, and ranges from 0.78-1.66 ft*/s during June
through September 204 1. Base flow is 4.08 ft*/s at Scotland
Run at Fries Mill, N.J. (01411461), and 1.46 ft¥/s at Scotland
Run at Franklinville, N.J. (01411462), during August 2040 and
8.77 and 9 ft/s, respectively, during September 2041. Mini-
mum monthly base flow simulated at Maurice River at Norma,
N.J. (01411500), is 25.14 ft*/s during August 2040 and 89.91
ft’/s during September 2041 (fig. 24b.).

Maximum allocation withdrawals

A transient simulation of conditions that could occur
during an extended drought illustrates the potential effect of
all water users withdrawing ground-water at the maximum
rate and quantity allowed by NJDEP water-allocation permits.
All the wells with an allocation permit to withdraw ground
water from the Kirkwood-Cohansey aquifer system in the
study area as of 1997 were included in the simulation (fig. 25).
Withdrawals from each well were set at a rate equivalent to
their maximum allocation amount for each stress period of the
simulation. The goal of this simulation was to compare base
flow resulting from this condition to base flow during prede-
velopment and post-development simulated conditions.

When the NJDEP issues an allocation permit for a
public-supply well (5,000 series) or a commercial/industrial
well (2,000P series), a maximum monthly allocation and/or a
maximum yearly allocation is designated for that well. Both
of these values were used to estimate the monthly and annual
withdrawals from all wells with an allocation permit in the
study area. On some allocation permits, either a maximum
yearly allocation or a maximum monthly allocation is speci-
fied. For public-supply wells, if only the maximum monthly
allocation was provided, the maximum monthly allocation was
multiplied by 8.2 to estimate the maximum yearly allocation.
If only the maximum yearly allocation was available, the
yearly allocation was divided by 8.2 to estimate a maximum
monthly allocation. The multiplication/division factor of 8.2
was determined by comparing public-supply allocations at
wells where both the maximum monthly and maximum yearly
allocations had been established. Nearly all industrial and
commercial wells (2000P series) had maximum monthly and
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yearly allocations designated when the permits were issued.
In a few cases, the maximum monthly allocation was esti-
mated by dividing the maximum yearly allocation by 12 or
the maximum yearly allocation was estimated by multiplying
the maximum monthly allocation by 12. By definition, wells
that have a 10,000W series allocation permit number cannot
withdraw more than 100,000 gallons per day or 3.1 Mgal/mon
(million gallons per month). Maximum values for this series
were set at 33 percent of the pump capacity or a maximum
monthly allocation of 1.033 Mgal/mon and a maximum yearly
allocation of 12.4 Mgal/yr (million gallons per year). Wells
that have an agricultural certification generally are issued a
maximum monthly allocation and a maximum yearly alloca-
tion that is 3.5 times the maximum monthly allocation. This is
based on the assumption that agricultural wells will withdraw
water at their maximum monthly allocation for half of May,
and all of June, July, and August during a drought.

To estimate realistic monthly withdrawals, estimated
values were increased gradually over the spring and sum-
mer months, and decreased over the fall and winter months
for public-supply wells. This pattern is apparent in reported
withdrawals and reflects increased water consumption during
the summer. A weighting factor was applied to the monthly
allocations at public-supply wells to simulate the seasonal
increase and decrease in ground-water withdrawals. The
weighting factor was based on reported monthly withdrawals
during 1995. In all cases, the estimated monthly withdrawal
did not exceed the maximum monthly allocation per well, and
the total yearly allocation did not exceed the maximum yearly
allocation per well.

Even though reported water use during 1994-97 did not
approach the amounts allowed under maximum allocation
conditions (table 10), maximum use conditions were simu-
lated for those years to allow a direct comparison between the
effect of ground-water withdrawals that have occurred and
the effect of those that could occur. A transient simulation of
maximum allocation conditions with monthly stress periods
was performed using monthly recharge calculated for the
period of 1994 through March 1997. Comparison of base flow
during predevelopment conditions with base flow resulting
from maximum allocation ground-water withdrawals indi-
cates the magnitude of base-flow reduction that could occur
during an extended drought. During a dry year like 1995,
base flow would stop at Scotland Run near Williamstown,
N.J. (01411460), from June through September (fig. 26a),
and any flow in the stream would be lost to the aquifer. Base
flow at Scotland Run at Franklinville, N.J. (01411462), also
would stop during August under maximum allocation condi-
tions (fig. 26¢). Muddy Run at Centerton, N.J. (01411700),
would convert to a losing reach during August 1995 if all
agricultural wells were pumping at their maximum allocation
values (fig. 27a). Other locations in the Maurice River Basin
would experience considerable reduction in base flow due to
the ground-water withdrawals simulated in this scenario (figs.
26b, 27b, 27c). Reductions are calculated by comparing base
flow for the same time period during maximum allocation



38 Hydrogeology and Simulated Effects of Ground-Water Withdrawals, Kirkwood-Cohansey Aquifer System

75°15

SN
A —— “

39°
30’

N
! ~ / \7
Base from U.S. Geological Survey digital data,
1:100,000, 1983, Universal Transverse Mercator ? ‘Ir’ 1|0 MILES
Projection, Zone 18 [ T 1 T T
0 5 10 KILOMETERS

EXPLANATION
—— Study area boundary o Atlantic County agriculture certification
—-— Surface-water basin boundary ©  Camden County agriculture certification

e Public supply (5000 Series) 4 Cumberland County agriculture certification

® Industrial (2000P Series) ®  Gloucester County agriculture certification

® Industrial (10,000W Series) © Salem County agriculture certification

Figure 25.
of 1997), in the upper Maurice River Basin area, N.J.

Location of all wells with a permitted ground-water withdrawal allocation from the Kirkwood-Cohansey aquifer system (as



Simulations of Additional Ground-Water Withdrawals 39

Table 10. Reported and maximum allocation ground-water withdrawals, upper Maurice River Basin area, N.J., 1995.

[Small differences in totals are caused by independent rounding; Mgal/yr, million gallons per year]

1995 reported Maximum allocation Increase over
withdrawals withdrawal 1995 reported
Water use (allocation permit series) (Mgal/yr) (Mgal/yr) withdrawal (times)
5,000 (Public Supply) 5,358.7 7,942.20 1.48
2,000P (Industrial/Commercial) 1,663.7! 3,804.03 2.29
10,000W (Institutional/Recreational) 119.96 1,078.8 8.99
Agricultural Certifications 2,808.7 12,072.25 4.3
Total 9,951.06 24,897.28 2.5
11994 value

conditions (maximum withdrawal rates) to predevelopment
conditions (prior to any ground-water withdrawal). Base flow
would be 93.2 percent less under August 1995 maximum
allocation conditions than under predevelopment conditions at
Maurice River at Norma, N.J. (01411500) (fig. 28). Recharge
was above average during 1996, yet simulation results indicate
appreciable base-flow reductions. In particular, there would be
41.2 percent less base flow at Maurice River at Norma, N.J.
(01411500), during September 1996.

The stress period representing maximum allocation
conditions during August 1995 was evaluated to determine the
effects of withdrawals during the peak of an extended drought
on base flow. Simulated base flow during this stress period
was compared to that of the same stress period (same recharge
values) under predevelopment conditions when there were
no withdrawals. The effects of withdrawals throughout the
study area on stream cells are shown in figure 29. Stream cells
where base flow decreased by greater than 0.5 ft*/s and cells
that converted from gaining to losing flow during August 1995
conditions are shown. Numerous stream cells in the headwa-
ters of Scotland Run, Little Ease Run, and Still Run (fig. 29)
were affected primarily by public-supply withdrawals. Many
stream cells along Burnt Mill Branch and Hudson Branch in
Newfield, Blackwater Branch in Buena Borough and Vineland
City, and Pine Branch, Little Robin Branch, Tarnkill Branch,
and Parvin Branch in Vineland City (fig. 3) were affected by
the agricultural and public-supply withdrawals in this area.
Muddy Run and its tributaries were affected at various points
along its length as a result of the large number of agricultural
withdrawals in this part of Salem County.

Hydrologic boundaries and public-supply well
location

As land continues to be developed throughout this part
of New Jersey and the demand for freshwater increases, water
purveyors are deciding where to place new public-supply

wells. Factors that affect well location usually relate to the
proximity of the water-supply infrastructure (pipelines, con-
nections, and water towers) and the availability of adequate
ground water. An important consideration for installing a
public-supply well is the effect that the withdrawals will have
on the surface-water resources proximal to the well. Two well-
placement simulations were performed to examine the relation
between ground-water withdrawals near selected hydrologic
boundaries and the amount of ground water flowing into
nearby streams.

To assess the effect that new public-supply wells could
have on base flow in the upper Maurice River, three hypo-
thetical wells were placed adjacent to the headwaters of
Scotland Run in Monroe Township, Gloucester County (fig.
30). Simulated withdrawals at the three wells were based on
reported withdrawals at three existing public-supply wells in
Monroe Township. A transient simulation of conditions during
1994-97 with monthly stress periods was performed (simula-
tion 1). This simulation included all reported withdrawals for
this period in addition to the withdrawals at three hypotheti-
cal wells. A second simulation was performed (simulation 2)
using alternative locations for the three hypothetical wells
— on the surface-water divide between Scotland Run and
Little Ease Run (fig. 30). Both simulations used the same
hydrologic properties, duration, stresses, and initial conditions
of the calibrated transient model. The only difference between
the two simulations was the location of the three hypothetical
wells. By comparing base flows at streamflow-gaging stations
on both Scotland Run and Little Ease Run, it is possible to
examine the effects of well placement near a discharge bound-
ary (Scotland Run) or near a recharge boundary (inner-basin
divide).

Base flow at Little Ease Run near Clayton, N.J.
(01411456), Scotland Run near Williamstown, N.J.
(01411460), and Maurice River at Norma, N.J. (01411500),
was compared between the two simulations. The withdraw-
als from three hypothetical public-supply wells adjacent to
Scotland Run caused a reduction in base flow during the entire
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at Franklinvil

simulation for January 1995 through March 1997 at Scotland
Run near Williamstown, N.J. (01411460) (fig. 31a). The mag-
nitude of the decrease is nearly the amount of water withdrawn
from the three wells. When a combined total withdrawal rate
of 2.03 ft¥/s was used during May 1995, base flow at Scotland

1995

le, N.J. (01411462).

O:““““““ e “‘:
DJFMAMJJASOND‘JFMAMJJASOND‘JFMA

1996 1997

Run near Williamstown, N.J. (01411460), was reduced by an September 1995.

additional 1.83 ft*/s over post-development conditions. Base
flow ceased during May through September 1995 when the

wells were located adjacent to Scotland Run. When the three
wells were located on the surface-water divide, base-flow
reduction was less during May 1995—0.99 ft¥/s at Scotland
Run near Williamstown, N.J. (01411460). Simulation of these
conditions caused base flow to cease during June, August, and

At Little Ease Run near Clayton, N.J. (01411456), base-
flow reduction was 0.1 ft¥/s during May 1995 when the wells
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gaging stations (a) Muddy Run at Centerton, N.J. (01411700); (b) Maurice River at Norma, N.J. (01411500); and (c) Maurice River near

Millville, N.J. (01411800).

were located adjacent to Scotland Run and 0.71 ft¥/s when

the wells are on the surface-water divide (fig. 31b). During
both simulations, base flow would cease at Little Ease Run
near Clayton, N.J. (01411456), from June through September
1995. These simulations show that when the three public-sup-
ply wells were located in close proximity to the headwaters

of Scotland Run, the ground water that normally flowed into
Scotland Run (base flow) was diverted to the supply wells.
Withdrawals from the public-supply wells have the potential
to turn this segment of Scotland Run into a losing or dry reach

during extended periods of little or no precipitation. The effect
on Little Ease Run was minimal, with base-flow reduction no
greater than 0.23 ft¥/s (December 1996) and usually much less.
When the three public-supply wells were located on a recharge
boundary, base-flow reduction in the headwaters of streams
was distributed between subbasins. Base flow decreased in
both Little Ease Run and Scotland Run from these condi-

tions but the reduction in Scotland Run was considerably less
(0.09-1.02 ft¥/s). Ground water that would discharge into the
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Figure 28. Simulated base-flow reduction in the upper Maurice River Basin area at streamflow-gaging stations Scotland Run near
Williamstown, N.J. (01411460); Scotland Run at Franklinville, N.J. (01411462); Muddy Run at Centerton, N.J. (01411700); Maurice River at
Norma, N.J. (01411500); and Maurice River near Millville, N.J. (01411800), due to maximum allocation ground-water withdrawals.

streams under non-stressed conditions was diverted to the sup-
ply wells.

At Maurice River at Norma, N.J. (01411500), the river
had 1.92 ft¥/s less flow during May 1995 when the three wells
were located adjacent to Scotland Run and 1.74 ft¥/s less flow
when the wells were located on the surface-water divide. On
the basis of the simulations, locating the wells several hundred
feet within Monroe Township so that they are on the divide
between Scotland and Little Ease Run rather than adjacent to
Scotland Run would lessen the effect of ground-water with-
drawals on flows in Scotland Run.
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Location of three hypothetical public-supply wells in Monroe Township, Gloucester County located adjacent to Scotland

Run (simulation 1), and on the surface-water divide between Little Ease Run and Scotland Run (simulation 2).
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Simulated base flow at streamflow-gaging stations (a) Scotland Run near Williamstown, N.J. (01411460), and (b) Little

Ease Run near Clayton, N.J. (01411456), using withdrawals from three hypothetical public-supply wells located near the stream or on a

surface-water divide.

Summary and Conclusions

Ground water is withdrawn from the Kirkwood-Cohan-
sey aquifer system in the study area of eastern Gloucester and
Salem Counties, northern Cumberland, and western Atlan-
tic Counties, New Jersey, to provide an adequate supply of
freshwater for a variety of uses. Ground-water withdrawals for
public supply occur primarily in the northern and south-cen-
tral parts of the study area, whereas agricultural withdrawals
occur primarily in the western and southern parts. Reported
withdrawals from the Kirkwood-Cohansey aquifer system in
this area during 1995 totaled 10 billion gallons. In this part
of New Jersey, ground-water flow to streams, or base flow, is
the major component of surface-water flow, especially dur-
ing extended periods of little or no precipitation. Substantial

ground-water withdrawals have the capacity to reduce base
flow to the Maurice River, reducing the natural flow of the
river, and decrease the size of wetland areas near or adjacent
to the river. Because of increasing demand for freshwater in
the study area, a study was conducted by the U.S. Geologi-
cal Survey in cooperation with the New Jersey Department of
Environmental Protection to determine the effect of current
and projected ground-water withdrawals on ground-water flow
in the unconfined Kirkwood-Cohansey aquifer system in the
upper Maurice River Basin area.

The Kirkwood-Cohansey aquifer system is composed
of the saturated parts of Holocene-age alluvial and colluvial
deposits, the Miocene Bridgeton and Cohansey Formations,
and the sandy portions of the Miocene Kirkwood Formation.
The aquifer system is unconfined in the study area and is
bounded by a basal clay unit of the Kirkwood Formation.
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A three-layer variably spaced model grid was used to
discretize the study area. Model layers generally conform to
hydrogeologic layers consisting of sand, silt, or clay. Model
boundaries were established at no-flow hydrologic boundaries.
A steady-state ground-water flow model was developed using
average annual values of hydrologic properties and ground-
water withdrawals. The model was calibrated to average
conditions for 1990-95 by comparing simulated with estimated
average annual base flow at 24 streamflow-gaging stations and
simulated with measured ground-water altitudes at 46 observa-
tion wells for this time period.

The calibrated steady-state model was used to develop
a transient ground-water flow model. Hydrologic properties
of the steady-state model were modified during the transient
calibration. Monthly values of recharge were derived using a
modified water-budget methodology. Monthly recharge and
ground-water withdrawals at all production wells from Janu-
ary 1994 through March 1997 were used in the development
of the transient model. To calibrate the model, simulated and
measured monthly ground-water altitudes and simulated and
estimated monthly base flow were compared for January 1995
to March 1997. Results of sensitivity analysis indicate that
water-level altitudes and base flow in the calibrated steady-
state and transient ground-water flow models are most sensi-
tive to increases in recharge. Water-level altitudes are most
sensitive to decreases in horizontal hydraulic conductivity and
base flow is most sensitive to decreases in recharge.

Three-dimensional models of the Kirkwood-Cohansey
aquifer system were developed to simulate ground-water flow
in the study area under predevelopment conditions, post-
development (1995-97) conditions, and future conditions
based on anticipated ground-water-withdrawal alternatives.
Transient simulations were conducted using projected water
demand within each municipality during 2010-11 and 2040-
41, maximum allocation withdrawals during 1995-97, addi-
tional withdrawals from three hypothetical public-supply wells
adjacent to Scotland Run, and additional withdrawals from
three hypothetical public-supply wells located on the surface-
water divide between Little Ease Run and Scotland Run. A
transient ground-water flow model was used to quantify the
reduction in base flow in the Maurice River resulting from
these withdrawal alternatives.

A comparison of the results of transient predevelop-
ment and post-development simulations indicated the amount
of simulated base-flow reduction in the Maurice River due
to recent (1995-97) ground-water withdrawals. Numerous
public-supply wells are within or near the boundary of the
upper Scotland Run drainage basin. Considerable reductions
in simulated base flow in Scotland Run (nearly 62 percent,
equivalent to 0.63 ft*/s during August 1995 at Scotland Run
near Williamstown, N.J. (01411460)) occurred from post-
development conditions. Agricultural withdrawals in the
Muddy Run Basin affected simulated post-development base
flow at Muddy Run at Centerton, N.J. (01411700), resulting
in a reduction of 38 percent (3.97 ft¥/s) during August 1995.
Simulated base flow farther downstream in the Maurice River

at Norma, N.J. (01411500), decreased by nearly 26 percent
(13.47 {t¥/s) during August 1995. Total base flow at the same
streamflow-gaging stations on the Maurice River during Sep-
tember 1996 was higher than during August 1995 as a result of
higher recharge rates during 1996; nevertheless, the quantity
of simulated base-flow reduction from pre- to post-develop-
ment conditions was comparable or higher. Simulated base
flow was reduced by 0.76 ft*/s at Scotland Run near William-
stown, N.J. (01411460); 3.74 ft*/s at Muddy Run at Centerton,
N.J. (01411700); and 18.39 ft3/s at Maurice River at Norma,
N.J. (01411500), during September 1996.

Ground-water demand projections for the years 1995,
2000, 2005, 2010, 2020, 2030, and 2040 were used to simu-
late the effects of anticipated ground-water withdrawals for
the years 2010-11 and 2040-41. This simulation used 1995
recharge rates (below average) for the years 2010 and 2040,
and 1996 rates (above average) during 2011 and 2041. Results
indicate that during the August 2010 simulation, base flow
stopped at Scotland Run near Williamstown, N.J. (01411460),
and declined to 4.92 ft¥/s at Scotland Run at Fries Mill, N.J.
(01411461), and 2.34 ft3/s at Scotland Run at Franklinville,
N.J. (01411462). Seasonal recharge and agricultural ground-
water withdrawals affected base flow at Muddy Run at Center-
ton, N.J. (01411700). Simulated minimum monthly base flow
decreased to 4.32 ft¥/s at this station and 28.48 ft’/s at Maurice
River at Norma, N.J. (01411500), during the August 2010
simulation. Results for the 2040 simulation were similar. Base
flow at Scotland Run near Williamstown, N.J. (01411460),
ceased from June through September 2040. Simulated
base flow was 4.08 ft*/s at Scotland Run at Fries Mill, N.J.
(01411461); 1.46 ft¥/s at Scotland Run at Franklinville, N.J.
(01411462); and 25.14 ft¥/s at Maurice River at Norma, N.J.
(01411500), during August 2040. Because higher recharge
rates were used for the 2011 and 2041 simulations, monthly
base flow at Maurice River at Norma, N.J. (01411500),
reached yearly lows of 92.5 ft*/s in September 2011 and 89.91
ft’/s in September 2041.

Simulation of maximum-allocation ground-water with-
drawal conditions demonstrated the magnitude of base-flow
reduction that could occur during a protracted drought. The
Maurice River experienced considerable reductions in base
flow due to the conditions simulated in this scenario, particu-
larly during periods of low recharge. Simulation of climatic
conditions during 1994-97 indicated that during a dry year
like 1995, base flow would stop at Scotland Run near Wil-
liamstown, N.J. (01411460), from June through September.
Base flow at Scotland Run at Franklinville, N.J. (01411462),
and at Muddy Run at Centerton, N.J. (01411700), would have
stopped during August 1995. A comparison of maximum-allo-
cation conditions with predevelopment conditions indicated
base flow was reduced by 93 percent during August 1995 at
Maurice River at Norma, N.J. (01411500). Although recharge
was greater than average during 1996, simulation results indi-
cated there would have been a 41-percent reduction in base
flow at this site in September 1996 under maximum-allocation
conditions.



Results of simulations using additional ground-water
withdrawals from three hypothetical public-supply wells
indicated that siting the wells in the upper part of the Maurice
River Basin affected the magnitude of base-flow reduction in
the headwaters of Scotland Run and Little Ease Run. A nearly
one-to-one correspondence was observed between the amount
of water withdrawn from the Kirkwood-Cohansey aquifer
system and the decrease in base flow to Scotland Run when
using high-volume withdrawals near or adjacent to the stream.
When withdrawal wells were located on surface-water divides
between adjacent headwater tributaries (Scotland Run and
Little Ease Run), however, the amount of water withdrawn
from the wells was distributed between the subbasins, reduc-
ing the effects on, and increasing the quantity of base flow to,
Scotland Run.
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