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Conversion Factors and Datums

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
Flow rate
foot per year (ft/yr) 0.3048 meter per year (m/yr)
cubic foot per second (ft*/s) 0.646317 million gallons per day (Mgal/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m?/s)
million gallons per day (Mgal/d) 365.25 million gallons per year (Mgal/yr)
million gallons per day (Mgal/d) 0.0006944 gallons per minute (gal/min)

Specific capacity

gallon per minute per foot
[(gal/min)/ft)]

0.2070

liter per second per meter [(L/s)/m]

Hydraulic conductivity

foot per day (ft/d)

0.3048

meter per day (m/d)

Hydraulic gradient

foot per mile (ft/mi)

0.1894

meter per kilometer (m/km)

Transmissivity*

foot squared per day (ft*/d)

0.09290

meter squared per day (m*d)

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929

(NGVD 29).

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

Altitude, as used in this report, refers to distance above the vertical datum.

*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.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at

25 °C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)

or micrograms per liter (pg/L).
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Recovery of Ground-Water Levels from 1988 to 2003
and Analysis of Effects of 2003 and Full-Allocation
Withdrawals in Critical Area 2, Southern New Jersey

By Frederick J. Spitz and Vincent T. dePaul

Abstract

Water levels in the Potomac-Raritan-Magothy aquifer
system within Water Supply Critical Area 2 in the southern
New Jersey Coastal Plain have recovered as a result of reduc-
tions in ground-water withdrawals initiated in the early 1990s.
The Critical Area consists of the depleted zone and the threat-
ened margin. The Potomac-Raritan-Magothy aquifer system
consists of the Upper, Middle, and Lower aquifers. Generally,
ground-water withdrawals from these aquifers declined 5 to
10 Mgal/d (million gallons per day), and water levels recov-
ered 0 to 40 ft (foot) from 1988 to 2003. In order to reevaluate
water-allocation restrictions in Critical Area 2 in response to
changes in the ground-water-flow system and demands for
additional water supply due to increased development, the
New Jersey Department of Environmental Protection (NJDEP)
needs information about the effects of changes in those alloca-
tions. Therefore, the U.S. Geological Survey (USGS), in coop-
eration with the NJDEP, used an existing ground-water-flow
model of the New Jersey Coastal Plain to evaluate the effects
of withdrawal alternatives on hydraulic heads in the Potomac-
Raritan-Magothy aquifer system in Critical Area 2.

The U.S. Geological Survey Regional Aquifer System
Analysis model was used to simulate steady-state ground-
water flow. Two withdrawal conditions were tested by using
the model to evaluate hydraulic heads and differences in heads
in these aquifers: 2003 withdrawals and full-allocation with-
drawals (17.4 Mgal/d greater than 2003 withdrawals). Model
results are presented using head maps and head-difference
maps that compare 2003 to full-allocation withdrawals. Man-
dated hydrologic conditions for Critical Area protection are
that the simulated -30-ft head contour not extend beyond the
boundary of the depleted zone and (or) be at least 5 mi (miles)
updip from the 250-mg/L (milligram per liter) isochlor in all
three aquifers.

Simulation results indicate that, for 2003 withdrawals, the
simulated -30-ft head contour in all three aquifers is gener-
ally within the boundary of the depleted zone, except in the

Lower aquifer in northern Camden and northwestern Burling-
ton Counties, and is generally 1 to 10 mi downdip from the
250-mg/L isochlor. (Corresponding observed data indicate that
the -30-ft water-level contour extends beyond the southwest
boundary of the depleted zone in the Upper and Middle aqui-
fers, and is generally 5 to 20 mi downdip from the 250-mg/L
isochlor in all three aquifers.) The area in which heads are
below -30 ft ranges from 389 mi? (square miles) in the Middle
aquifer to 427 mi® in the Lower aquifer. For full-allocation
withdrawals, the simulated -30-ft head contour extends beyond
the boundary of the depleted zone in all three aquifers in
northern Camden and northwestern Burlington Counties and
in the Upper aquifer in Gloucester and Salem Counties, and

is generally 5 to 15 mi downdip from the 250-mg/L isochlor.
The area in which heads are below -30 ft ranges from 616 mi?
in the Upper aquifer to 813 mi? in the Lower aquifer. These
results and observed data indicate that any increase in with-
drawals from 2003 values would likely cause heads in the
three aquifers to decline below the minimum values mandated
by the NJDEP for the Critical Area.

Introduction

Ground-water development near large population centers
in the New Jersey Coastal Plain has created large regional
cones of depression in several Coastal Plain aquifers. In 1983,
water levels in the Upper, Middle, and Lower aquifers of the
Potomac-Raritan-Magothy aquifer system in southern New
Jersey were 96, 89, and 94 ft below NGVD 29, respectively
(Eckel and Walker, 1986). The continued decline of water
levels in these confined aquifers posed a serious threat to the
water supply in some areas, including the depletion of ground
water, saltwater intrusion, and a reduction in ground-water
flow to streams (New Jersey Department of Environmental
Protection, 1996). To address these issues, the New Jersey
Department of Environmental Protection (NJDEP) designated
two Water Supply Critical Areas, defined in part as regions
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of the State where excessive water use presents undue stress
or poses a significant threat to the integrity of a water-supply
source (New Jersey Administrative Code, 2005).

“The criteria upon which the NJDEP designates a
Water Supply Critical Area include one or more of
the following: (1) a shortage of surface water due

to diversions from surface- or ground-water sources
that leave insufficient surface water for permitted,
certified, or registered diversions or for environ-
mental protection purposes within a drainage area of
at least 10 mi?; and (2) a shortage of ground water
due to diversions exceeding the long-term, safe, or
dependable yield of an aquifer in an area of at least
10 mi®. A shortage can be demonstrated by means of
a verified mathematical ground-water model or, if
such a model is unavailable, by one or more of the
following hydrologic conditions: (a) a progressive
lowering of ground water to the extent that existing
wells of 50 ft or more in depth are threatened by
declining water levels or rendered inoperative, and
(b) a reduction in the average potentiometric surface
in a confined aquifer such that the 30-ft contour
below NGVD 29 is within 5 mi of saltwater or inter-
sects the 250-mg/L isochlor (contour line of equal
chloride concentration) within that aquifer.” (New
Jersey Administrative Code, 2005)

Water levels measured by the U.S. Geological Survey
(USGS) in 1983 indicated that three aquifers—the Upper,
Middle and Lower Potomac-Raritan-Magothy aquifers—were
depleted in southern New Jersey and met the criteria for a
Water Supply Critical Area. Specifically, it was determined
that adverse conditions existed and special measures were
required to ensure the integrity and viability of the water sup-
ply. Therefore, by administrative order, in January 1993, the
NIJDEP designated Water Supply Critical Area 2 in Burlington,
Camden, Gloucester, and Atlantic Counties, and small parts
of Ocean, Salem, and Cumberland Counties (fig. 1). The first
three counties are the most dependent on the Potomac-Raritan-
Magothy aquifer system in Critical Area 2 for water supply.

The boundary of the depleted zone (an area where
ground-water levels have declined so substantially that the
integrity of the water resource is of concern) of Critical Area
2 shown in figure 1 corresponds to a composite of the 1983
water-level contour 30 ft below NGVD 29 for each aquifer,
as published by Eckel and Walker (1986) (Fred Sickles, New
Jersey Department of Environmental Protection, written com-
mun., 2008). The threatened margin (an area bordering the
depleted zone where the decline of ground-water levels may
accelerate saltwater intrusion) of Critical Area 2 is a 3-mi-
wide area that surrounds the depleted zone (Hoffman and
Lieberman, 2000).

In an effort to improve the management of ground-water
resources in the Potomac-Raritan-Magothy aquifer system

within these areas, Critical Area 2 was originally desig-
nated by NJDEP in 1986. Water users had the opportunity to
interconnect with alternative water sources —shallower non-
restricted aquifers, ground-water sources outside the Critical
Area, surface-water sources, or the selected regional water
purveyor. New water-supply allocations from the Potomac-
Raritan-Magothy aquifer system were prohibited by the
Water Supply Management Act (New Jersey Statutes Anno-
tated, 1981), with the exception of temporary construction
dewatering located in the credit receiving area in Burlington
County (discussed below), base allocation transfers that meet
mandated criteria (New Jersey Administrative Code, 2005),
or ground-water remediation activities. Outside the Critical
Area, water-supply development is less regulated, and water-
quantity and -quality concerns may occur. Additionally, the
NIDEP has denied allocation requests when new or increased
withdrawals outside Critical Area 2 might adversely affect the
aquifers within the Critical Area (Fred Sickles, New Jersey
Department of Environmental Protection, written commun.,
2007).

Due to a court challenge, Critical Area 2 was redesig-
nated in 1991 and 1993. Actual reductions in withdrawals
were implemented during and subsequent to this period.
Within the depleted zone, ground-water withdrawals were
reduced by an average of 22 percent in the Upper, Middle,
and Lower Potomac-Raritan-Magothy aquifers (Hoffman and
Lieberman, 2000). Within the threatened margin, withdrawals
were limited to an amount equal to the maximum annual rate
between 1983 and 1991.

Additional water-supply measures initiated in Critical
Area 2 included the Tri-County pipeline and Water Allocation
Credit Receiving Area. The pipeline, a regional surface-water
alternative operated by New Jersey American Water Com-
pany, provides water from the Delaware River to water users
within and south of Critical Area 2. The high-capacity (more
than 30 Mgal/d) water-treatment plant in Delran allows the
service area to be expanded to supply additional water users. A
Water Allocation Credit Receiving Area in northern Burling-
ton County was included in the Critical Area statute to permit
future withdrawals through the use of water-allocation credits,
as established by formulae in the statute.

After implementation of the Critical Area, withdrawal
reductions resulted in water-level recovery in the Potomac-
Raritan-Magothy aquifer system and accompanying changes
in the direction and rate of flow in the system. In response to
the changes in the ground-water-flow system and demands for
additional water supply, the NJDEP is reevaluating allocations
within Critical Area 2 and the effects of possible changes in
allocations. As part of this study, the USGS, in cooperation
with the NJDEP, used an existing Regional Aquifer System
Analysis (RASA) model of the New Jersey Coastal Plain
(Voronin, 2004) to analyze the ground-water-flow system
and provide needed information to water managers to make
allocation decisions regarding the water supply. Model runs
were made to evaluate the effects of (1) 2003 withdrawals and
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(2) withdrawals increased to full (base) allocation, defined as
a water user’s portion of the safe or dependable yield of the
water resource (New Jersey Administrative Code, 2005).

Purpose and Scope

This report presents the results of an analysis of the
effects of an increase in water allocations after a reduction
associated with the implementation of Critical Area 2 in
southern New Jersey. The report also describes the hydrogeol-
ogy of the study area and the recovery of the water levels in
the Potomac-Raritan-Magothy aquifer system from 1988 to
2003. An existing regional ground-water-flow model is used to
simulate the effects of 2003 and full-allocation withdrawals on
water levels and examine them in relation to saltwater intru-
sion within Critical Area 2. The results of the two simulations
are compared to each other, to observed water levels from
2003, and to the water-level criteria mandated for the Critical
Area.

Description of Study Area

Critical Area 2 is located in the updip area of the New
Jersey Coastal Plain in Burlington, Camden, Gloucester,
and Atlantic Counties, in southern New Jersey and includes
small parts of Ocean, Salem, and Cumberland Counties. The
total area is approximately 1,657 mi>. According to data from
the U.S. Census Bureau, Burlington, Camden, Gloucester,
and Atlantic Counties are the 11th, 8th, 14th, and 15th most
populus counties, respectively, of the 21 counties in the State
(New Jersey Department of Labor and Workforce Develop-
ment, 2006). These counties contain about 40 percent of the
total population of the State. In 2000, water use in these four
counties was 126 Mgal/d, or 31 percent of the ground water
withdrawn in New Jersey for public supply (Hutson and oth-
ers, 2004).

The boundaries of Critical Area 2 —the inner depleted
zone and the outer threatened margin—are shown in figure 1.
The threatened margin is a 3-mi-wide area surrounding the
depleted zone. Characteristics of the aquifer system in the
updip part of Critical Area 2 are interaction with the Delaware
River and its tributaries, and contamination in aquifer out-
crop areas. The aquifer system in the downdip part of Critical
Area 2 is not likely to be used for water supply because of its
depth and because it is subject to high chloride concentrations
due to saltwater intrusion (Navoy and Carleton, 1995).

Hydrogeology

The New Jersey Coastal Plain is a seaward-dipping
wedge of unconsolidated sediments that range in age from
Cretaceous to Holocene. A detailed discussion of the hydro-
geology of the New Jersey Coastal Plain is found in Zapecza

(1989) upon which much of the discussion that follows is
based. These sediments consist mainly of clay, silt, sand, and
gravel and are divided into different hydrogeologic units.
Hydrogeologic units that are mostly sand and gravel are
permeable and are considered aquifers; those that are mostly
silt and clay are relatively impermeable and are considered
confining units (fig. 2). The total thickness of the sediments
increases from less than 200 ft at the outcrop areas in Camden
County to greater than 2,500 ft in Atlantic County. The sedi-
ments crop out at land surface in northeast-southwest-trending
bands (strike) and dip to the southeast at 10 to 60 ft/mi.

The Potomac-Raritan-Magothy aquifer system includes
the most productive aquifers in the New Jersey Coastal Plain.
In order of increasing depth, they are the Upper, Middle, and
Lower Potomac-Raritan-Magothy aquifers. The Merchant-
ville-Woodbury confining unit, which overlies the Potomac-
Raritan-Magothy aquifer system, typically ranges in thickness
from 100 to greater than 225 ft and corresponds to the Mer-
chantville Formation and Woodbury Clay. The confining unit
effectively impedes vertical ground-water flow. The under-
lying Upper Potomac-Raritan-Magothy aquifer is the most
areally extensive of the three aquifers and corresponds to the
Magothy Formation. The Upper Potomac-Raritan-Magothy
aquifer typically ranges in thickness from 50 ft to greater than
125 ft and consists mainly of permeable, coarse-grained sedi-
ments and thin, localized clay beds.

The confining unit below the Upper Potomac-Raritan-
Magothy aquifer typically ranges in thickness from 50 to
greater than 125 ft. The Middle Potomac-Raritan-Magothy
aquifer underlying this confining unit typically ranges in
thickness from less than 50 ft in the outcrop area to greater
than 150 ft in downdip areas and corresponds to the Raritan
Formation and Potomac Group. The percentage of sand in
this aquifer in the updip area varies according to the fluvial
depositional history. The confining unit is thought to be less
permeable than the confining unit separating the Middle and
Lower Potomac-Raritan-Magothy aquifers (Rosman and
others, 1995).

The confining unit below the Middle Potomac-Raritan-
Magothy aquifer typically ranges in thickness from 50 to
greater than 100 ft. The Lower Potomac-Raritan-Magothy
aquifer underlying this confining unit typically ranges in
thickness from 50 to greater than 250 ft and also corresponds
to the Raritan Formation and Potomac Group. The aquifer
pinches out in updip areas and does not crop out. Due to a lack
of data in downdip areas, this aquifer cannot be differenti-
ated from the Middle Potomac-Raritan-Magothy aquifer, and
therefore, is mapped with a limited areal extent. In contrast,
the simulated aquifer (discussed farther on) extends northeast
and represents the sand beds of the lower third of the undif-
ferentiated Potomac-Raritan-Magothy aquifer system. The
Potomac-Raritan-Magothy aquifer system is underlain by
relatively impermeable bedrock.
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Figure 2. Generalized hydrogeologic section through the New Jersey Coastal Plain.

Previous Investigations

Various regional studies describe the hydrogeologic
framework of, and ground-water flow in, the New Jersey
Coastal Plain. Zapecza (1989) describes the hydrogeologic
framework. Martin (1998) and Voronin (2004) describe
ground-water flow. Synoptic water-level studies (for example,
Lacombe and Rosman, 1997) have been conducted by the
USGS for each of the major confined aquifers every 5 years
since 1978. Water levels were measured during the fall for
each study year, a time of year that typically represents annual
average conditions. The most recent published work is the
2003 synoptic study by dePaul and others (2008). The studies
show areas of decline (1978 to 1988) and recovery (1988 to
2003) of water levels in the Potomac-Raritan-Magothy aquifer
system within Critical Area 2.

County-wide water-resource studies for Burlington,
Camden, and Gloucester Counties were completed by Rush
(1968), Farlekas and others (1976), and Hardt and Hilton
(1969), respectively. Navoy and Carleton (1995) completed
an updated ground-water study of Camden County that also
included simulation of flow. Spitz and others (2007) con-
ducted a related study of the recovery of ground-water levels
and evaluation of water-supply management options in Critical
Area 1, in east-central New Jersey. The boundaries of Critical
Areas 1 and 2 overlap in Jackson and Manchester Townships
in Ocean County.

Recovery of Ground-Water Levels

Reductions in withdrawals from the Potomac-Raritan-
Magothy aquifer system in Critical Area 2 initiated in 1993
have decreased the stress on the ground-water-flow system
and have resulted in recovery of water levels. The ground-
water-flow system, and changes in ground-water withdraw-
als and water levels from 1988 to 2003, are described in this
section.

Ground-water-flow system

A discussion of regional ground-water flow in the Cam-
den area, which includes much of Critical Area 2, is presented
in Navoy and Carleton (1995) and is summarized in this sec-
tion. Flow in the New Jersey Coastal Plain aquifers is affected
by variations in the hydraulic properties of the saturated sedi-
ments, and the amount and locations of ground-water recharge
and discharge. The Potomac-Raritan-Magothy aquifer system
is recharged mainly by precipitation on outcrop areas. Prior to
water-supply development, recharge to these aquifers typi-
cally occurred in higher altitude outcrop areas in Mercer and
Middlesex Counties. Water that entered the ground-water
system followed long, arcuate flow paths to the southwest and
discharged to the Delaware River and low-lying surface-water
bodies in outcrop areas in Burlington, Camden, and Gloucester
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Counties. Recharge to deeper hydrogeologic units in upgradi-
ent areas flowed downdip and eventually flowed back up into
shallower units.

After water-supply development, the locations and
amount of withdrawals controlled ground-water-flow paths in
the Potomac-Raritan-Magothy aquifer system. Increased with-
drawals lowered ground-water levels, causing large cones of
depression. Long, arcuate flow paths from the northeast have
been supplemented with intermediate flow paths from local
downdip areas and short flow paths from local updip areas.
As a result of lowering water levels in some areas below sea
level, recharge and discharge areas have been redistributed.
Ground-water discharge to streams has decreased, ground-
water recharge from streams has increased, and flow between
aquifers has changed magnitude and direction. Recharge has
increased as a result of downward leakage from the water table
and lateral ground-water flow under the Delaware River from
Pennsylvania. Saline water from the Delaware River estuary
has also recharged the aquifer system.

The Delaware River is hydraulically connected to the
Potomac-Raritan-Magothy aquifer system in Critical Area 2.
The nature and degree of the interaction depends on the riv-
erbed materials and aquifer geometry, the difference between
ground-water and surface-water levels, and the distance of
withdrawals from the river. Because of the effective hydrau-
lic connection between the Delaware River and the aquifer
system, water levels near the river in the Middle and Lower
Potomac-Raritan Magothy aquifers generally are only 5 to
10 ft below NGVD 29.

Changes in Withdrawals and Water Levels from
1988 to 2003

Ground-water withdrawals in the southern New Jersey
Coastal Plain have increased steadily since the early 1900s.
As a result, by the 1950s local cones of depression had begun
to develop in the Potomac-Raritan-Magothy aquifer system in
Camden County (Farlekas and others, 1976). In the 1970s and
1980s withdrawals stabilized, but water levels continued to
decline, indicating that the aquifer system had not yet reached
steady state. In 1983, withdrawals from wells in the Potomac-
Raritan-Magothy aquifer system in the depleted zone of Criti-
cal Area 2 were 93.1 Mgal/d.

From 1983 to 1988, withdrawals from the Potomac-
Raritan-Magothy aquifer system in Burlington, Camden,
and Gloucester Counties decreased by about 5 percent, yet
water levels continued to decline as much as 17 ft in Camden
County (Rosman and others, 1995). Existing cones of depres-
sion broadened and deepened and localized cones developed
due to new withdrawals. In 1988, the lowest observed water
levels in the Upper, Middle, and Lower Potomac-Raritan-
Magothy aquifers in Critical Area 2 were 107 ft, 92 ft, and
103 ft below NGVD 29, respectively.

In 1993, withdrawals from the depleted zone were limited
to 65 percent of the 1983 withdrawals plus the difference

between the maximum withdrawal during 1983-91 and the
1983 withdrawals. The total reduction in withdrawals in the
depleted zone can be computed as the difference between

the 1988 withdrawals and the 1988 allocated withdrawals,
which is estimated to be about 20 Mgal/d (Jennifer Myers,
New Jersey Department of Environmental Protection, written
commun., 2007). This difference is not a simple computation,
however, because compliance of individual water users with
Critical Area 2 regulations depended on when water users
could obtain an alternative water source. For example, the
New Jersey American Water Company Tri-County pipeline
was not in service until April 1996. This source provided a
relatively constant water supply of 18.9 Mgal/d from 1997 to
2003. Most water users were in compliance by 2007 (Jennifer
Myers, New Jersey Department of Environmental Protection,
written commun., 2007).

Observed water-level contours (dePaul and others, 2008)
and locations of withdrawals in 2003 are shown in figure 3.
Water levels in the Upper, Middle, and Lower Potomac-
Raritan-Magothy aquifers along cross section B-B” through
the New Jersey Coastal Plain at different time intervals are
shown in figures 4a, Sa, and 6a, respectively. The cross sec-
tion, which is the same as that used in the synoptic water-level
studies mentioned above, does not necessarily pass through
the deepest parts of the cones of depression; therefore, some of
the lowest water levels are not shown.

Average withdrawals (over the preceding 5 years) from
the Upper Potomac-Raritan-Magothy aquifer increased
slightly from about 28 Mgal/d in 1988 to about 29 Mgal/d in
1993, then decreased by about 9 Mgal/d, to about 19 Mgal/d,
from 1993 to 2003 (fig. 4b). Based on the synoptic water-
level data discussed previously, the lowest water levels in this
aquifer declined about 10 ft from 1988 to 1993, then recovered
about 50 ft from 1993 to 2003. The total 15-year (1988-2003)
change in water levels in the Upper Potomac-Raritan-Magothy
aquifer is shown in figure 4c. The recovery in Critical Area 2
was 10 to 20 ft in parts of Burlington, Camden, and Gloucester
Counties, and was 20 to 40 ft in a 91.1-mi? area of the latter
two counties.

Average withdrawals from the Middle Potomac-Raritan-
Magothy aquifer increased slightly from about 16 Mgal/d in
1988 to about 17 Mgal/d in 1993, then decreased by nearly
5 Mgal/d, to about 12 Mgal/d, from 1993 to 2003 (fig. 5b).
Based on the synoptic water-level data discussed previously,
the lowest water levels in this aquifer remained stable from
1988 to 1993, then recovered about 30 ft from 1993 to 2003.
The total 15-year (1988-2003) change in water levels in the
Middle Potomac-Raritan-Magothy aquifer is shown in figure
5c. The recovery in Critical Area 2 was 10 to 20 ft in parts of
Burlington, Camden, and Gloucester Counties, and was 20 to
35 ft in a 48.3-mi? area of Camden County.

Average withdrawals from the Lower Potomac-Raritan-
Magothy aquifer decreased from about 30 Mgal/d to less than
24 Mgal/d from 1988 to 2003 (fig. 6b). Based on the synop-
tic water-level data discussed previously, the lowest water
levels in this aquifer recovered about 20 ft from 1988 to 1993,
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recovered about 60 ft from 1993 to 1998, then remained stable
from 1998 to 2003. The total 15-year (1988-2003) change in
water levels in the Lower Potomac-Raritan-Magothy aquifer is
shown in figure 6¢. The recovery in Critical Area 2 was 10 to
20 ft in parts of Burlington, Camden, and Gloucester Counties,
and was 20 to 30 ft in a 68.1-mi? area of these counties.
Although the Wenonah-Mount Laurel aquifer and Eng-
lishtown aquifer system overlying the Potomac-Raritan-Mag-
othy aquifer system are not specifically regulated in Critical
Area 2, some withdrawals were relocated to these aquifers
after withdrawals from the Potomac-Raritan-Magothy aquifer
system were reduced. This change caused water levels in the
Wenonah-Mount Laurel aquifer to decline noticeably. As a
result, a moratorium on new or increased withdrawals from
this aquifer was issued in the mid-1990s (Jennifer Myers, New
Jersey Department of Environmental Protection, written com-
mun., 2007). The effect on the Englishtown aquifer system is
less clear as a result of the lack of downdip water-level data.

Evaluation of Effects of 2003 and Full-
Allocation Withdrawals

The Upper, Middle, and Lower Potomac-Raritan-Mag-
othy aquifers in Critical Area 2 are hydraulically connected
to aquifers and confining units beyond the extent of Critical
Area 2. Therefore, to examine the effect of withdrawals on
these aquifers in this area, the larger hydrologic system and
associated stresses must be considered. Accordingly, a regional
ground-water-flow model of the entire New Jersey Coastal
Plain was used in this study. A description of this model is
provided below. Results of simulations made using this model
are provided in the following sections.

Ground-water-flow model

The USGS Regional Aquifer System Analysis (RASA)
model has been widely used and has been shown to be an
effective tool for simulating ground-water flow in the New
Jersey Coastal Plain and provides reasonable estimates of the
source of water to wells—for example, Gordon (2007). The
input data for the RASA model were formatted for use with
MODFLOW (Harbaugh and McDonald, 1996), a modular
finite-difference ground-water-flow model. The original
RASA model was developed by Martin (1998); the revised
model (Voronin, 2004) includes (1) a rediscretization of
original RASA model parameters using a finer grid size, (2)
updated boundary fluxes, (3) a spatially variable recharge rate
based on recharge rates determined as part of recent studies
of the surficial aquifers of the Coastal Plain, and (4) updated
ground-water withdrawals for 1981-98.

The following describes the revised model. The extent
of the model is shown in figure 1. The model grid consists of
135 rows and 245 columns with a cell size of 0.25 mi* over

most of Critical Area 2, 0.31 mi®elsewhere in the Coastal
Plain, and up to 3.16 mi? in offshore areas (Voronin, 2004,
plate 1). The ratio of the revised number of cells to the original
number of cells is 25 to 1 in onshore areas. Rediscretization
allows modeled withdrawals to be located more accurately,

as withdrawals are simulated at the nodal center of each grid
cell. Stress periods were changed from the original model to
incorporate updated withdrawal data. The Coastal Plain was
discretized vertically into 10 aquifers and 9 intervening con-
fining units. All aquifers were modeled as confined layers with
a constant saturated thickness. Some aquifers, including the
Lower Potomac-Raritan-Magothy aquifer, are not continuous
throughout the Coastal Plain.

The boundary conditions in the revised RASA model
are the same as those used in the original RASA model. The
northwestern limit of the Coastal Plain is the Fall Line (fig. 1),
which is modeled as a no-flow boundary. (The Fall Line is the
topographic boundary between physiographic provinces —the
western margin of the Coastal Plain and the eastern margin
of the Piedmont.) Flows at the northeastern and southwestern
boundaries are computed from flows from larger areal models
(Leahy and Martin, 1993; Pope and Gordon, 1999). Flows at
the southwestern boundary of the Potomac-Raritan-Magothy
aquifer system were updated on the basis of water-level
declines to account for the large increases in withdrawals in
Delaware from 1988 to 1998. The southeastern boundary in
most aquifers is a no-flow boundary, representing the downdip
limit of freshwater. This boundary in each aquifer, as delin-
eated by chloride concentrations of 10,000 mg/L, can be found
in Martin (1998).

Most of the Coastal Plain aquifers have outcrop areas that
receive recharge from precipitation and are in direct contact
with streams. The upper boundary in onshore grid cells that
contain stream reaches is a head-dependent flow boundary
(simulated using the River and Drain Packages of MOD-
FLOW). The upper boundary in remaining onshore modeled
areas is specified recharge. A spatially variable recharge rate
equal to long-term precipitation minus long-term evapotrans-
piration and surface-water runoff was applied to these cells.
The upper boundary in offshore modeled areas is a constant
equivalent freshwater head. The lower boundary is crystalline
bedrock and is modeled as a no-flow boundary.

Subsequent minor changes were made to the revised
RASA model (M K. Watt, U.S. Geological Survey, written
commun., 2007): the vertical conductance of the Vincentown-
Manasquan confining unit was modified to improve the
representation of the hydrogeology, (2) the model was updated
to include 1999-2003 withdrawal data, and a (3) more recent
version of MODFLOW was used (Harbaugh and others,
2000). No additional calibration or sensitivity analysis was
done. This model is on file at the USGS office in West Tren-
ton, N.J.

To simplify the modeling process, the steady-state ver-
sion of the RASA model was used. Steady-state conditions
occur when there is no further change in simulated heads with
time as a result of applied stresses, such as withdrawals. Simu-
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lated heads in the cones of depression in the Potomac-Raritan-
Magothy aquifer system for 2003 from the steady-state RASA
model were about 5 ft higher than heads from the transient
RASA model (M K. Watt, U.S. Geological Survey, written
commun., 2007), and steady-state heads were about 10 to

20 ft higher than observed 2003 water levels. The difference
between the steady-state and transient models is the result of
aquifer-storage effects; the difference between the steady-state
model and observed data is the result of the coarse model

grid size. Given that an additional 40 years was necessary to
reach steady-state conditions in the Potomac-Raritan-Magothy
aquifer system when simulating estimated 2010 withdrawals
(Gordon, 2007), heads simulated with the steady-state version
of the RASA model may be higher than actual heads for peri-
ods shorter than 40 years.

Model Runs

In a related study of Critical Area 1 (Spitz and others,
2007), withdrawals were optimized in the RASA model to
evaluate the effects of increased apportionment of alloca-
tions. Because withdrawals in Critical Area 2 are not near full
allocation, an initial simulation was done to assess the effect
of full-allocation withdrawals on water levels and saltwater
intrusion to determine the appropriateness of conducting an
optimization analysis. A simulation also was made to assess
the effect of 2003 withdrawals for comparison.

Model results were evaluated in terms of satisfying the
mandated hydrologic conditions for Critical Area protection
with respect to the location of the simulated -30-ft head con-
tour in each aquifer—that is, that the contour (1) not extend
beyond the boundary of the depleted zone and (or) (2) be at
least 5 mi updip from the 250-mg/L isochlor for each aquifer.
Additional supporting conditions were evaluated, including
the difference in heads between the two simulations. (The
isochlor locations used in this study were modified from Gill
and Farlekas (1976) and Lacombe and Rosman (2001) on
the basis of water-quality data collected through 2006. The
isochlor in the Lower Potomac-Raritan-Magothy aquifer is
mapped with limited areal extent.)

2003 Withdrawals

Withdrawals in 2003 from wells in the depleted zone of
Critical Area 2 are listed by well in table 1 (at end of report).
Steady-state simulated head contours from the RASA model
based on these withdrawals are shown in figure 7. The simu-
lated -30-ft head contour in all three Potomac-Raritan-Mag-
othy aquifers generally is located within the boundary of the
depleted zone, except in northern Camden and northwestern
Burlington Counties in the Lower Potomac-Raritan-Magothy
aquifer. The area of heads below -30 ft ranges from 389 mi?
in the Middle Potomac-Raritan-Magothy aquifer to 427 mi* in
the Lower Potomac-Raritan-Magothy aquifer. The -30-ft head
contour in all three aquifers generally is located 1 to 10 mi

downdip from the 250-mg/L isochlor, depending on the flow
gradient.

Full-Allocation Withdrawals

The RASA model was used to simulate full-allocation
withdrawals from all wells in the depleted zone of Criti-
cal Area 2 (as identified by NJDEP) and proximal wells in
Salem and Gloucester Counties (as identified by USGS). The
procedure used to determine full-allocation withdrawals in
the depleted zone is presented first. NJDEP provided alloca-
tion permit numbers and current full allocations. Well permit
numbers associated with each allocation permit number were
determined by USGS. Recent withdrawals for each well
associated with an allocation were used to prorate the full-allo-
cation withdrawals. Average withdrawals from the transient
RASA model for 2001-03 (M.K. Watt, U.S. Geological Sur-
vey, written commun., 2007) were used in the proration.

Withdrawals within the Burlington County Water Alloca-
tion Credit Receiving Area (fig. 1) included those by water
users who had already received credit transfers. Unassigned
credits were not included in the model. Full-allocation with-
drawals in Salem and Gloucester Counties were equivalent
to adjusted full-allocation withdrawals determined as part
of a concurrent USGS study (E.G. Charles, U.S. Geological
Survey, written commun., 2007). Full-allocation withdrawals
for 154 wells in the depleted zone and 124 wells in Salem and
Gloucester Counties were greater than 2003 withdrawals, and
total full-allocation withdrawals exceed 2003 withdrawals by
17.4 Mgal/d.

Individual wells and associated withdrawals in Salem
and Gloucester Counties are listed in table 2 (at end of report).
Differences between 2003 withdrawals and full-allocation
withdrawals for individual wells can be determined from
tables 1 and 2. Steady-state simulated heads from the RASA
model based on full-allocation withdrawals are shown in
figure 8. The simulated -30-ft head contour extends beyond
the boundary of the depleted zone in all three Potomac-Rari-
tan-Magothy aquifers in northern Camden and northwestern
Burlington Counties; the contour also extends beyond the
boundary in the Upper Potomac-Raritan-Magothy aquifer
in Gloucester and Salem Counties. If unassigned Burlington
County Water Allocation Credits had been included in the
model, the -30 ft contour might have reached the boundary of
the depleted zone in the Middle Potomac-Raritan-Magothy
aquifer in the Credit Receiving Area. The area of heads below
-30 ft ranges from 616 mi* in the Upper Potomac-Raritan-
Magothy aquifer to 813 mi? in the Lower Potomac-Raritan-
Magothy aquifer. The -30-ft head contour in all three Poto-
mac-Raritan-Magothy aquifers generally is located 5 to 15 mi
downdip from the 250-mg/L isochlor.
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Evaluation of Effects of 2003 and Full-Allocation Withdrawals
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Comparison of Results

The difference in simulated heads between 2003 and
full-allocation withdrawals is shown in figure 9. Generally,
head differences were O to 10 ft lower in all the Potomac-
Raritan-Magothy aquifers along the depleted-zone boundary
and 250-mg/L isochlor for each aquifer. Head differences
were up to 15 ft lower in the Upper Potomac-Raritan-Magothy
aquifer over a large area centered on Gloucester County and
in the Middle and Lower Potomac-Raritan-Magothy aquifers
in isolated areas of Gloucester and Burlington Counties. The
area of heads below -30 ft in the three aquifers was 227 to
386 mi? greater for full allocation than for 2003 withdrawals.
In outcrop areas, the difference in simulated heads was gener-
ally less than 5 ft but as much as 15 ft in parts of Gloucester
County. Results of these model runs indicate that withdrawals
at full-allocation levels would cause the -30-ft head contour
to extend beyond the boundary of the depleted zone and the
250-mg/L isochlor for each aquifer in several areas; therefore,
evaluation of the effects of withdrawals greater than full allo-
cation was unnecessary.

Comparison with Observed Data

Because observed 2003 water levels (fig. 3) are generally
lower than simulated 2003 heads (fig. 7), actual conditions
may be more acute than simulated conditions. The observed
2003 water-level data indicate that the -30-ft water-level con-
tour in all three Potomac-Raritan-Magothy aquifers reaches
or extends beyond the boundary of the depleted zone and
is located 5 to 20 mi downdip from the 250-mg/L isochlor
(dePaul and others, 2008). An implication of both the simu-
lated results and observed data discussed in this section is
that optimization analysis for Critical Area 2, as was done for
Critical Area 1, is not necessary.

Limitations of the Analysis

The results of this study should be evaluated in terms of
the limitations and assumptions associated with the model and
input data. Data error may include inaccuracies in interpreted
potentiometric surfaces, locations of observed 250-mg/L
isochlors, and withdrawal data. For example, withdrawal data
used in this study are derived from values reported to the
NJDEP by water users. These data represent the best informa-
tion available, although the associated accuracy is not always
known.

Limitations and assumptions of the MODFLOW model
are discussed in Harbaugh and others (2000). Limitations
and assumptions of the RASA model are discussed in Martin
(1998) and Voronin (2004). Some differences between simu-
lated heads and observed water levels could not be resolved
during RASA model calibration. Nevertheless, the RASA
model has proven to be a good predictor in previous hydro-

logic studies, particularly at a regional scale. The assumption
of steady-state conditions indicates that there is no further
change in simulated heads with time as a result of withdrawal
stresses. As described earlier, results of previous simulations
of projected 2010 withdrawals indicate that steady-state condi-
tions are not reached for more than 40 years; therefore, heads
from simulation of steady-state conditions may be higher

than heads from simulation of shorter duration. The analy-

sis documented herein is considered reasonable given these
limitations.

Summary and Conclusions

Water levels in the Upper, Middle, and Lower aquifers of
the Potomac-Raritan-Magothy aquifer system in Water Supply
Critical Area 2 in the southern New Jersey Coastal Plain have
recovered since the early 1990s as a result of NJDEP-man-
dated reductions in ground-water withdrawals in the Critical
Area. Critical Area 2 is located in Burlington, Camden, Glouc-
ester, and Atlantic Counties and small parts of Ocean, Salem,
and Cumberland Counties. Maximum withdrawals in 1993
were mandated to be 22 percent less than those in 1988 in the
depleted zone of the Critical Area, and were limited to the
maximum annual rate during 1983-91 in the threatened mar-
gin in order to mitigate adverse effects on the sustainability of
the ground-water supply. Recent increased water demand as a
result of development in Critical Area 2 prompted the NJDEP
to evaluate the possibility of revising current water-use alloca-
tions.

Average withdrawals in the depleted zone of Critical
Area 2 from 1993 (when reductions were implemented) to
2003 were about 23 Mgal/d from the Upper aquifer, 14 Mgal/d
from the Middle aquifer, and 25 Mgal/d from the Lower
aquifer. During that period, water levels recovered as much as
40 ft in these aquifers, with much of that recovery occurring
in Camden County. In Critical Area 2 and surrounding areas,
the area of recovery was most extensive in the Middle aquifer,
but the magnitude of recovery was greatest in the Upper and
Lower aquifers. The recovery in the Upper aquifer was 10 to
20 ft in parts of Burlington, Camden, and Gloucester Counties
and 20 to 40 ft in a 91.1-mi® area of the latter two counties.
The recovery in the Middle aquifer was 10 to 20 ft in parts of
the three counties and 20 to 35 ft in a 48.3-mi* area of Camden
County. The recovery in the Lower aquifer was 10 to 20 ft in
parts of the three counties and 20 to 30 ft in a 68.1-mi” area of
the counties.

An existing regional ground-water flow model of
the New Jersey Coastal Plain, the U.S. Geological Survey
Regional Aquifer System Analysis (RASA) model, was used
to simulate steady-state ground-water flow in the Potomac-
Raritan-Magothy aquifer system to determine the effects of
ground-water withdrawals on heads in Critical Area 2. Two
withdrawal options were simulated —2003 withdrawals and
full-allocation withdrawals (17.4 Mgal/d greater than 2003



withdrawals). The effects of these two withdrawal options in
each of the three aquifers were evaluated by examining simu-
lated heads and the difference in simulated heads (1) within
the Critical Area, (2) at the boundary of the depleted zone, and
(3) at the 250-mg/L isochlor for each aquifer. Observed 2003
water levels also were considered in the evaluation.
Simulation results indicate that, for 2003 withdraw-
als, the simulated -30-ft head contour in all three aquifers is
generally within the boundary of the depleted zone, except
in the Lower aquifer in northern Camden and northwestern
Burlington Counties, and is generally 1 to 10 mi downdip
from the 250-mg/L isochlor. (Corresponding observed data
indicate that the -30-ft water-level contour extends beyond
the southwest boundary of the depleted zone in the Upper and
Middle aquifers and is generally 5 to 20 mi downdip from the
250-mg/L isochlor in all three aquifers.) The area in which
heads are below -30 ft ranges from 389 mi” in the Middle
aquifer to 427 mi? in the Lower aquifer. For full-allocation
withdrawals, the simulated -30-ft head contour extends beyond
the boundary of the depleted zone in all three aquifers in
northern Camden and northwestern Burlington Counties and
in the Upper aquifer in Gloucester and Salem Counties, and
is generally 5 to 15 mi downdip from the 250-mg/L isochlor.
The area in which heads are below -30 ft ranges from 616 mi?
in the Upper aquifer to 813 mi? in the Lower aquifer. These
simulation results and the analysis of observed water-level
recoveries indicate that any increase in withdrawals from 2003
values in Critical Area 2 would likely cause heads in the three
aquifers to decline below the minimum values mandated by
the NJDEP.
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For additional information, write to:
Director

U.S. Geological Survey

New Jersey Water Science Center
810 Bear Tavern Rd., Suite 206
West Trenton, NJ 08628

or visit our Web site at:
http://nj.usgs.gov/
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