>

a USGS

science for a changing world

)
A

ersey Department of Environmental Protection

in the Confined Aquifers
tal Plain, 2008

entific Investigations Report 2013—5232

U.S. Department of the Interior
U.S. Geological Survey







Water-Level Conditions in the Confined

Aquifers of the New Jersey Coastal Plain,
2008

By Vincent T. DePaul and Robert Rosman

Prepared in cooperation with the
New Jersey Department of Environmental Protection

Scientific Investigations Report 2013-5232

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
SALLY JEWELL, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2015

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment, visit http.//www.usgs.gov or call 1-888—ASK—USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit http.//www.usgs.gov/pubprod

To order this and other USGS information products, visit hitp.//store.usgs.gov

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

DePaul, V.T., and Rosman, Robert, 2015, Water-level conditions in the confined aquifers of the New Jersey
Coastal Plain, 2008: U.S. Geological Survey Scientific Investigations Report 2013-5232, 107 p., 9 pl., http.//dx.doi.
org/10.3133/sir20135232.

ISSN 2328-0328 (online)


http://www.usgs.gov
http://www.usgs.gov/pubprod
http://store.usgs.gov
http://dx.doi.org/10.3133/sir20135232
http://dx.doi.org/10.3133/sir20135232

Acknowledgments

The authors are grateful to the many well owners for allowing access to their wells and to the
water purveyors and staff for adjusting withdrawal schedules and assisting in the collection

of water-level measurements. The authors also wish to thank Nicholas Smith, Walter Jones,
Richard Walker, Donald Rice, Stephen Cauller, and Glen Carleton of the U.S. Geological Survey
(USGS) for their assistance in data collection and Stewart Lovell and William Cocke of the Dela-
ware Department of Natural Resources and Environmental Control for facilitating the collec-
tion of water-level data in Delaware. Critical reviews of the manuscript were provided by Glen
Carleton and Edward Bugliosi of the USGS. Frederick Sickels and Diane Zalaskus of the New
Jersey Department of Environmental Protection are gratefully acknowledged for their continued
support of this program.

Contents
ADSTIACT oot bbbt b s bbbt et s b s a et st e 1
INEFOAUCTION. ettt 2
PUIPOSE @NA SCOPE vttt ettt 4
DESCription Of STUAY AFBE c.ucvueeeeceeceeetseieeeetes sttt sttt sttt s sttt esaensns 4
Hydrogeologic FrameWOrK. ...t sssssssssssssssssssnens 4
WEell NUMDEMNG SYSLEM ..ottt sttt sttt sesnns 6
Previous INVESTIGAtioNS. ......c.crrerirerircereeeee et seesee s ses et ese et eese s essesnens 6
Data Collection @nd ANAIYSIS .....ccccrererreerrireeiieessisessesesss s ssse s essss st ssssesssss s essesssssssessessssanes 6
CONANSEY AGUITBT. ettt ettt ettt ettt ens 9
Water WIthAraWalS ...ttt 9

LT LYY OO
Rio Grande Water-Bearing Zone
Water Withdrawals
WVALET LBVEBIS ..ouviecececiitsecee sttt sttt sttt ensensennns
Atlantic City 800-Foot Sand
Water Withdrawals
WVALET LBVEBIS ..ouvreeecectieseeee ettt sttt sttt ans s sennns
PINEY POINT AQUITET ..ttt sttt en
Water Withdrawals
WVALET LBVEBIS ..ouvreeecectieseeee ettt sttt sttt ans s sennns
ViINCENTOWN AGUITEE ettt bbb s e s e s s s st s s s s ne b s e
Water Withdrawals
WWALET LBVEBIS ..ottt sttt sttt ansnsennns
Wenonah-Mount Laurel Aquifer
Water WINATAWALS ...ttt
Water Levels.....coovevennes
Englishtown Aquifer System




Water WINATAWALS ...ttt 38
VVATEE LBVEBIS ...ttt ettt sttt st a st bbb s 38
Potomac-Raritan-Magothy AqQUIfer SYSTEM ..o 42
EXTENT OF SAIINE WALET ...ttt ettt 42
Groundwater FIOW SYSTEM ......c.cvvieeecirerieenesessese sttt sss st sssesssssnssnseens 44
Upper Potomac-Raritan-Magothy AQUIET ... 45
Water WIthdraWals ...ttt 45

WWALEE LBVEIS ...ttt sttt 45

Middle Potomac-Raritan-Magothy AQUITET........coeueeiceeee e 52
Water WIthdraWals ...ttt 52

WWALEE LBVEIS ...ttt sttt 52

Lower Potomac-Raritan-Magothy AQUITET ... 57
Water WIthdraWals ...ttt 57

WWALEE LBVEIS ...ttt sttt 57
Potentiometric Heads in Relation to the Tops of AQUITEIS ..o 60

Summary
References Cited

Appendixes 1-10.

1-1.

1-2.

10-1.

10-2.

Water-level data for wells screened in the confined Cohansey aquifer,

New Jersey Coastal Plain, 1978—2008............cccccreumerrrereeeeeerneessssessesesssssssssssessessssssssanes 68
Water-level data for wells screened in the Rio Grande water-bearing zone,

New Jersey Coastal Plain, 1978—2008............cccceuerrierereerereeeereeceeeese ettt senaeees 69
Water-level data for wells screened in the Atlantic City 800-foot sand, New

Jersey Coastal Plain, 1978—2008. ...........cccooererreererrcrreeee et sesesessssenans 70
Water-level data for wells screened in the Piney Point aquifer, New Jersey

Coastal Plain, T978=2008.............ccooereeeeeeeeeeeeeeeeeeee e eesesees s s seeses s s sessenssneenen 74
Water-level data for wells screened in the Vincentown aquifer, New Jersey

Coastal Plain, 1978—2008.............ccoeeurrreerrreereeeeeesses e reesssessassess s ssss s ssssssssssssssssesanns 77
Water-level data for wells screened in the Wenonah-Mount Laurel aquifer,

New Jersey Coastal Plain, 1978—2008............ccccccoeurimeerrerrirnniesiessessssess s sssssssesaens 78
Water-level data for wells screened in the Englishtown aquifer system, New

Jersey Coastal Plain, 1978—2008 ............cccooeuerueeeeeeeeteeeeeeeetee et seses s sesassessessenans 83
Water-level data for wells screened in the Upper Potomac-Raritan-Magothy

aquifer, New Jersey Coastal Plain, 1978—2008 ...........cccccouveureeeerreeereceeeeeeeee e 86
Water-level data for wells screened in the Middle and undifferentiated

Potomac-Raritan-Magothy aquifer, New Jersey Coastal Plain, 1978-2008................. 94
Water-level data for wells screened in the Lower Potomac-Raritan-Magothy

aquifer, New Jersey Coastal Plain, 19782008 ............ccccocvemrrmrmrrnernerrnrresnsessesessesenens 100
Results of the Mann-Kendall trend test on water levels from selected observation

wells, New Jersey Coastal Plain, 1978-2008 ............cccccoerrmrrireerreerencieseerseeereesesesenens 104

Results of the Wilcoxon signed-rank test for paired water levels........cccoovcevicvecnne. 107



Plates

Plates 1-9. Maps showing:

1.

© N g W

Potentiometric surface of the Cohansey aquifer and the Rio Grande water-bearing
zone, 2008

Potentiometric surface of the Atlantic City 800-foot sand, 2008
Potentiometric surface of the Piney Point aquifer, 2008

Potentiometric surface of the Vincentown aquifer, 2008

Potentiometric surface of the Wenonah-Mount Laurel aquifer, 2008
Potentiometric surface of the Englishtown aquifer system, 2008
Potentiometric surface of the Upper Potomac-Raritan-Magothy aquifer, 2008

Potentiometric surface of the Middle and undifferentiated Potomac-Raritan-Magothy
aquifer, 2008

Potentiometric surface of the Lower Potomac-Raritan-Magothy aquifer, 2008

Figures

1.

Map showing location of the study area and generalized representation of simulated
prepumping flow in a hydrogeologic section through the Coastal Plain of southern
B JBISEY .evereeeeeeeeireeseeeese ettt st b s e ae s sttt e 3

Map showing location and volume of groundwater withdrawals from the confined
Cohansey aquifer, southern Cape May County, New Jersey Coastal Plain, 2008............ 10

Graph showing estimated groundwater withdrawals from the confined Cohansey
aquifer in Cape May County, New Jersey Coastal Plain, 1978-2008 ............ccccceervrrrrrnnee 1
Map showing water-level changes in the confined Cohansey aquifer, Cape May
County, New Jersey Coastal Plain, 2003—2008.............ccccocvrurrrmrmrermerersersssesesssssssesessessensns 13

Graphs showing water-level hydrographs for selected observation wells screened
in the confined Cohansey aquifer, Cape May County, New Jersey Coastal Plain,
TOTB=2008 ..........coeeeecrerseeeree ettt bbb bbbt 14

Maps showing location and volume of groundwater withdrawals from A, the Rio
Grande water-bearing zone, B, the Atlantic City 800-foot sand, and C, the Piney

Point aquifer, New Jersey Coastal Plain, 2008 .............ccccoeverrereeeenernerseeee e essessenans 16
Graphs showing estimated groundwater withdrawals from A, the Rio Grande
water-bearing zone, B, the Atlantic City 800-foot sand, and C, the Piney Point

aquifer New Jersey Coastal Plain, 1978—2008.............cccccouvrrrermrnmerrenersersssesisssssssessssessnnes 17
Maps showing groundwater-level changes in A, the Rio Grande water-bearing

zone, B, the Atlantic City 800-foot sand, and C, the Piney Point aquifer, New Jersey
Coastal Plain, 2003—2008...........cccceueurmrrmrmmreersesesssssesssssssssesssssssssssessssssssssessssssssssessesssssssessens 18
Graphs showing water-level hydrographs for selected observation wells screened

in the Rio Grande water-bearing zone, New Jersey Coastal Plain, 1978-2008................ 19
Graphs showing water-level hydrographs for selected observation wells screened

in the Atlantic City 800-foot sand, New Jersey Coastal Plain, 1978-2008......................... 22
Graphs showing water-level hydrographs for selected observation wells screened

in the Piney Point aquifer, New Jersey Coastal Plain, 1978-2008 ............cccccoeervuvrrerrenennes 27



vi

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Graph showing water-level hydrograph for selected observation wells screened in

the Piney Point aquifer, Delaware and eastern Maryland, 1978-2008 ..............ccccccceuuc... 29
Maps showing location and volume of groundwater withdrawals from A, the Vincen-
town aquifer, B, Wenonah-Mount Laurel aquifer, and C, the Englishtown aquifer
system, New Jersey Coastal Plain, 2008 ............cccooeeureeereeeeeeeeeeeeeeeee e 31
Graphs showing estimated groundwater withdrawals from A, the Vincentown

aquifer, B, the Wenonah-Mount Laurel aquifer, and C, the Englishtown aquifer

system, New Jersey Coastal Plain, 1978-2008............ccccocoevermrrrrernerrernereeereesieseseessesaenns 32
Maps showing groundwater level changes in A, the Vincentown aquifer, B, the
Wenonah-Mount Laurel aquifer, and C, the Englishtown aquifer system,

New Jersey Coastal Plain, 2003 t0 2008............c.ccocvrrrrrerenrrrerinriesnsensssessessessessssssssessessesssens 33
Graphs showing water-level hydrographs for selected observation wells screened
in the Vincentown aquifer, New Jersey Coastal Plain, 1978-2008............cccccoceevuvererrrrennes 34

Graph showing water-level hydrographs for selected observation wells screened in
the Wenonah-Mount Laurel aquifer in the northern counties of the New Jersey
Coastal Plain, 1978—2008.............ccocerurrurrirrineineireesesieeessesssssssssesessess st sssssssesssssssssssssssessessans 37

Graph showing water-level hydrographs for selected observation wells screened in
the Wenonah-Mount Laurel aquifer in the southern counties of the New Jersey

Coastal Plain, 1978—2008.............ocoooeeeeeeeeeeeeeeeeeeeeee e et ee s s s s s sn s s eeeeneenns 37
Graphs showing water-level hydrographs for selected observation wells screened

in the Englishtown aquifer system, New Jersey Coastal Plain, 1978-2008....................... 4
Map showing area of saline groundwater, Potomac-Raritan-Magothy aquifer

system, New Jersey, 2008 ............ccoocurerrereeneee et ses 43

Maps showing location and volume of groundwater withdrawals from A, the

Upper Potomac-Raritan-Magothy aquifer, B, the Middle Potomac-Raritan-Magothy
aquifer, and C, the Lower Potomac-Raritan-Magothy aquifer, New Jersey Coastal
PLAIN, 2008 .......oeeeececteeeectee ettt ettt ettt ae bbbttt naes 46
Graphs showing estimated groundwater withdrawals from A, the Upper Potomac-
Raritan-Magothy aquifer, B, the Middle Potomac-Raritan-Magothy aquifer, and C,

the Lower Potomac-Raritan-Magothy aquifer, New Jersey Coastal Plain,

TOTB-2008 ......ooreeeeeeretreeeeetee st se st s st s s s st e s s s s ss s st es s s s sssesanssssssassnsastan s s sesansansensesanes 47

Maps showing groundwater-level changes in the A, Upper Potomac-Raritan-
Magothy aquifer, B, Middle Potomac-Raritan-Magothy aquifer, and C, Lower
Potomac-Raritan-Magothy aquifer, New Jersey Coastal Plain, 2003-2008...................... 49

Graphs showing water-level hydrographs for selected observation wells screened

in the Upper Potomac-Raritan-Magothy aquifer in the northern counties,

New Jersey Coastal Plain, 1978—2008............cccocuerereueerrereeeeeeeeeteeeeeeeeetee ettt senaes 50
Graphs showing water-level hydrographs for selected observation wells screened

in the Upper Potomac-Raritan-Magothy aquifer in the southern counties,

New Jersey Coastal Plain, 1978—2008............cccocoueurierrreereeeereeeieeeee et ssseeees 51

Graphs showing water-level hydrographs for selected observation wells screened

in the Middle and undifferentiated Potomac-Raritan-Magothy aquifer in the

northern counties, New Jersey Coastal Plain, 1978-2008............cccccoovrrerrerrrneerrerrernerenns bb
Graphs showing water-level hydrographs for selected observation wells screened in
the Middle and undifferentiated Potomac-Raritan-Magothy aquifer in the southern
counties, New Jersey Coastal Plain, 1978—2008 ...........c.ccocverrmrmrrreinerreeinsesinsssessessessesssnenns 56
Graphs showing water-level hydrographs for selected observation wells screened

in the Lower Potomac-Raritan-Magothy aquifer, New Jersey Coastal Plain,

TOTB-2008 .......ooeeeeeeeetreeeeetee st s sttt ss s s st ses s ss s st es s s s s st e s s s s s st anses s tensansesantnsensasanen 59



29.

30.

Graphs showing water-level hydrographs for selected observation wells screened

in the Lower Potomac-Raritan-Magothy aquifer, Delaware Coastal Plain,

TOTB=2008 ...ttt ettt et 60
Maps showing available feet of potentiometric head above the top of the A, Piney
Point aquifer, B, Wenonah-Mount Laurel aquifer, and C, Englishtown aquifer

system, central and southern New Jersey, 2008............cooevereerreeeernensneeeseenseseseseseeseseens 61

Tables

Geologic and hydrogeologic units of the New Jersey Coastal Plain ..........ccccoovuvvrrirennnee. 5
County prefix codes used in well-numbering systems in New Jersey, Pennsylvania,
AN MANYIANT .ottt se e 6
Groundwater withdrawals by county and aquifer from selected confined aquifers

of the New Jersey Coastal Plain, 2008...........cccceuerreurenrerinisissisisessisssssese s sssssssessens 1

Conversion Factors, Datums, and Abbreviations

Inch/Pound to SI

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?)
Flow rate
gallon per day (gal/d) 0.003785 cubic meter per day (m?/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m?/s)
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 or below the vertical datum.

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times

foot of aq

uifer thickness [(ft%/d)/ft?]ft. In this report, the mathematically reduced form, foot

squared per day (ft¥d), is used for convenience.

Concentr

ations of chemical constituents in water are given in milligrams per liter (mg/L).

vii






Water-Level Conditions in the Confined Aquifers of the
New Jersey Coastal Plain, 2008

by Vincent T. DePaul and Robert Rosman

Abstract

Groundwater-level altitudes in 10 confined aquifers of the
New Jersey Coastal Plain were measured and evaluated to pro-
vide an overview of regional groundwater conditions during
fall 2008. Water levels were measured in more than 900 wells
in New Jersey, eastern Pennsylvania, and northern Delaware
and potentiometric surface maps prepared for the confined
Cohansey aquifer of Cape May County, the Rio Grande
water-bearing zone, the Atlantic City 800-foot sand, the Piney
Point, Vincentown, and the Wenonah-Mount Laurel aquifers,
the Englishtown aquifer system, and the Upper, Middle, and
Lower aquifers of the Potomac-Raritan-Magothy aquifer sys-
tem. In 2008, the highest water-level altitudes were observed
in the Vincentown aquifer (median, 78 ft) and the lowest in
the Atlantic City 800-foot sand (median, -45 ft). Persistent,
regionally extensive cones of depression were present within
the potentiometric surfaces of the Englishtown aquifer system
in east-central New Jersey, the Wenonah-Mount Laurel aquifer
in east-central and southern New Jersey, the Upper, Middle,
and Lower Potomac-Raritan-Magothy aquifers in southern
New Jersey, and the Atlantic City 800-foot sand in the south-
eastern part of the State. Cones of depression in the potentio-
metric surfaces of the Upper Potomac-Raritan-Magothy and
the Piney Point aquifers in east-central and southwestern New
Jersey had broadened and deepened since 2003.

Declining water levels in many of New Jersey’s confined
Coastal Plain aquifers intensified during the late 1970s and
early 1980s, prompting the designation of two water-supply
Critical Areas by the New Jersey Department of Environ-
mental Protection; Critical Areas 1 and 2 continued to be
of concern. To address that concern, water-level changes
were assessed in nearly 800 wells measured during the fall
of 2003 and 2008, and potentiometric-surface difference
maps for each aquifer were constructed and evaluated. In
addition, water-level trends were calculated for 77 wells for
the periods 2003—8 and 1998-2008 and for 73 wells for the
period 1978-2008.

From 2003 to 2008 small to moderate water-level
changes were observed in many Coastal Plain aquifers in New
Jersey, but in places, groundwater levels continued to decline
substantially as a result of pumping. Groundwater levels in

the Atlantic City 800-foot sand were lower in 2008 than in
2003; declines were greatest near pumping centers in eastern
Atlantic County. Changes were less pronounced in Cape May
County where water levels were, on average, 1 to 3 feet (ft)
lower than those during the previous study (2003), except near
Rio Grande where a localized cone of depression had formed
as a result of increased withdrawals. Large and widespread
declines occurred in the Piney Point aquifer in Cumberland
County where water levels in and around the city of Bridgeton
had fallen in excess of 100 ft since 2003, and by 30 ft to more
than 60 ft in surrounding areas. Groundwater levels in the
Wenonah-Mount Laurel aquifer and Englishtown aquifer sys-
tem continued to recover in east-central New Jersey; however,
groundwater levels in the Wenonah-Mount Laurel aquifer
throughout the southern part of the State continued to decline.

In the Upper Potomac-Raritan-Magothy aquifer, ground-
water levels were substantially lower than in 2003 in parts of
northern Ocean County but were stable in the area adjacent
to Raritan Bay (Critical Area 1), and water levels continued
to recover in southern New Jersey. In the Middle Potomac-
Raritan-Magothy aquifer, water levels rose near Raritan Bay in
Middlesex County; however, modest declines were recorded
in interior areas of Monmouth and Ocean Counties. Ground-
water levels in both the Middle and Lower Potomac-Raritan-
Magothy aquifers were stable or rising within the regional
cone of depression in Critical Area 2; beyond the critical area
in southern New Jersey, however, water levels were slightly
lower than in 2003.

Analyses of long-term water-level changes indicate that
from 1978 to 2008 downward trends occurred at 20 wells
(27 percent), upward trends at 27 wells (37 percent), and
trends at 26 wells (36 percent) were insubstantial. Sustained,
long-term declines were observed most often at wells within
the Atlantic City 800-foot sand and at wells in the Piney Point
aquifer in southern New Jersey, in which rates of decline
were as great as 1.4 feet/year. Upward water-level trends were
observed frequently at wells screened in the Englishtown
aquifer system and the Wenonah-Mount Laurel aquifer in
Critical Area 1 in east-central New Jersey, and in the Potomac-
Raritan-Magothy aquifer system in parts of Critical Area 1
and throughout most of Critical Area 2 in southern New
Jersey. Annual rates of upward change were as great as 3.9



2 Water-Level Conditions in the Confined Aquifers of the New Jersey Coastal Plain, 2008

and 5.6 ft/yr in the Englishtown aquifer system and Wenonah-
Mount Laurel aquifer, respectively. Among the units of the
Potomac-Raritan-Magothy aquifer system, annual rates of
recovery were greatest in the Lower aquifer.

From 1998 to 2008, downward water-level trends
were observed at 22 wells (29 percent), upward trends were
observed at 21 wells (27 percent), and insubstantial trends at
34 wells (44 percent). Downward trends were detected most
often at wells open to the Piney Point aquifer and the Atlantic
City 800-foot sand. Upward water-level trends were most fre-
quent in wells open to the Englishtown aquifer system in Criti-
cal Area 1 and in wells within the Potomac-Raritan-Magothy
aquifer system in southern New Jersey.

Introduction

The Coastal Plain aquifers of New Jersey provide an
important source of water for more than 2 million people.
Groundwater withdrawals from Coastal Plain aquifers have
steadily increased from less than 50 million gallons per
day (Mgal/d) prior to 1920 to more than 300 Mgal/d in the
late 1980s and early 1990s (unpublished data on file at the
U.S. Geological Survey (USGS), New Jersey Water Science
Center). As a result, water levels in the confined aquifers
have steadily declined, and regional cones of depression have
formed. In addition to the loss of storage, declining water lev-
els in these aquifers have caused reversals in natural hydraulic
gradients that have, in some areas, induced the movement of
brackish or saline water from estuaries, bays, and adjacent
aquifers to freshwater aquifers.

Prior to 1978, groundwater levels were measured and
cones of depression were mapped in response to local hydro-
logic issues. To provide water-supply managers, regulators,
and scientists with a regional assessment of groundwater
conditions in multiple aquifers, the USGS, in cooperation
with the New Jersey Department of Environmental Protection
(NJDEP), initiated a plan in 1978 to map the potentiometric
surfaces of the major confined aquifers on a S-year cyclical
basis. Such assessments provide a broad view of the effects of
groundwater development and are an essential component to
managing and sustaining the region’s water supply. In 1988,
the plan of study was expanded to include selected water-level
measurements in Delaware in order to better define cones of
depression that propagated beneath the Delaware River and
Bay. To date, potentiometric surfaces in 1978, 1983, 1988,
1993, 1998, and 2003 have been mapped.

In 1985, concern over the long-term decline in water lev-
els in areas where groundwater was the primary or sole source
of supply prompted the NJDEP to designate two water-supply
Critical Areas in the New Jersey Coastal Plain. Critical Area 1
is in the east-central part of the State and Critical Area 2 is
in the Camden County area of southern New Jersey. Each
Critical Area is composed of a depleted zone and a threatened
margin. The boundary of the depleted zone corresponds to the

average -30-feet potentiometric contour in each of the regu-
lated aquifers, which is based on the 1983 maps by Eckel and
Walker (1986). A 3-mile-wide buffer, known as the threat-
ened margin, surrounds the depleted zone of each aquifer and
addresses the potential for saltwater intrusion as a result of
this decline in water levels. Critical Area boundaries shown
on maps in this report are composites that include the largest
surface extents of both the depleted zone and the threatened
margin of each of the affected aquifers.

Critical Area 1, designated in 1985, encompasses parts of
Middlesex, Monmouth, and Ocean Counties (fig. 1). Regu-
lated aquifers within Critical Area 1 apply to, in increasing
order of depth, the Wenonah-Mount Laurel aquifer, the Eng-
lishtown aquifer system, and the Upper and Middle Potomac-
Raritan-Magothy aquifers (PRM). Mandatory reductions in
groundwater withdrawals from production wells within the
depleted zones of the Wenonah-Mount Laurel aquifer, the
Englishtown aquifer system, and the Middle PRM aquifer
were set at 50 percent relative to 1983 volumes, whereas those
in the Upper PRM aquifer were set at 40 percent of 1983
volumes. Within the threatened margin, allocated withdrawals
remained at 1983 volumes (New Jersey Administrative Code
7:19-8.4, 2005). Critical Area 1 restrictions were implemented
in 1989, but because access to alternate water supplies was not
initially available, compliance by most individual purveyors
was deferred until 1991.

Prior to the recovery and subsequent stabilization of
water levels during the early 1990s throughout Critical Area 1,
water levels declined by as much as 135, 260, and 300 feet rel-
ative to predevelopment conditions in the Middle PRM aqui-
fer, Wenonah-Mount Laurel aquifer, and Englishtown aquifer
system, respectively. Upon completion of the Manasquan
Reservoir in 1991, which can supply the region with approxi-
mately 30 million gallons per day (Mgal/d) of surface water
(New Jersey Water Supply Authority, 2005), withdrawals
from confined Coastal Plain aquifers in this area were reduced
and replaced with surface-water withdrawals and, to a lesser
extent, withdrawals from shallower, unconfined aquifers
(Watt, 2000), initiating a reversal in the long-term decline in
water levels. As of 2008, water levels have recovered from
lows observed during 1983—88 by as much as 67, 150, and
187 ft in the Middle PRM aquifer, the Wenonah-Mount Laurel
aquifer, and the Englishtown aquifer system, respectively.

In an effort to improve the management of groundwater
resources of the PRM aquifer system in southern New Jersey,
Critical Area 2 was designated in 1993. Groundwater avail-
ability issues within the region included widespread declining
water levels and loss of storage associated with development
of groundwater resources for public supply and the potential
for movement of saline water from Gloucester County and
downdip areas toward the Camden area cone of depression.
The management area encompasses Camden, most of Bur-
lington and Gloucester, and parts of Atlantic, Cumberland,
Ocean, Monmouth, and Salem Counties (fig. 1), although
regulations are most applicable to the first three counties.
Restrictions on groundwater withdrawals apply only to the
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Figure 1. Location of the study area and generalized representation of simulated prepumping flow in a hydrogeologic section through

the Coastal Plain of southern New Jersey.
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aquifers of the PRM and were initiated in 1996. Groundwater
withdrawals in the depleted zone were reduced by an average
of 22 percent relative to 1983 volumes, whereas within the
threatened margin, withdrawals were limited to the maximum
annual volume between 1983 and 1991 (New Jersey Admin-
istrative Code 7:19-8.5, 2005). Development of shallower,
non-restricted aquifers was encouraged and specific conserva-
tion measures introduced to curtail groundwater withdrawals
within the region including the use of the Tri-County Pipeline,
which began operation in 1996 and can provide more than

30 Mgal/d of water from the Delaware River to users within
Burlington, Camden, and Gloucester Counties. In addition,
parts of Burlington County were recognized as a Water Allo-
cation Credit Receiving Area, whereby allocated withdraw-
als may be transferred locally to developing areas based on
formulae set forth by the NJDEP (New Jersey Administrative
Code, 7:19-8.5, 2005). Reductions in groundwater withdraw-
als coupled with the use of alternative surface-water sources
have resulted in substantial rises in water levels in Critical
Area 2, and as of 2008, water levels have recovered from lows
observed during 1988-93 by as much as 53, 40, and 50 ft in
the Upper, Middle, and Lower PRM aquifers, respectively.

Purpose and Scope

The scope and objectives of this report are to characterize
2008 groundwater conditions within selected confined aquifers
of the New Jersey Coastal Plain and to evaluate groundwater-
level changes in each during selected time periods using
potentiometric-surface and water-level-change maps and
simple trend statistics. Hydrographs that illustrate seasonal
variations and the long-term effects of groundwater withdraw-
als are provided for 83 wells. Groundwater withdrawals from
the 10 confined aquifers in New Jersey are compiled for 1978
to 2008 and presented in various maps, graphs, and tables
throughout the report. Basic well-characteristic and water-
level data are included in the appendixes. This report is the
seventh in the series of reports that show the potentiometric
surfaces for the major confined aquifers of the New Jersey
Coastal Plain.

Description of Study Area

The study area encompasses the Coastal Plain Physio-
graphic Province of New Jersey, eastern Pennsylvania, and
parts of the Coastal Plain in Delaware. Although the study
area extends offshore and beneath the continental shelf, the
primary focus of the study was on the emerged parts of the
Coastal Plain in the three States, an area of approximately
5,400 square miles (mi?). The study area, shown in figure 1,
is bounded on the west by the Fall Line and on the east by
the Atlantic Ocean. This investigation focuses on the coun-
ties of Atlantic, Burlington, Camden, Cape May, Cumberland,
Gloucester, Monmouth, Ocean, Salem, and parts of Mercer
and Middlesex in New Jersey but includes limited parts of

Kent and New Castle Counties in Delaware and parts of Phila-
delphia County in Pennsylvania. Topography within the study
area is relatively flat; altitudes range from 0 ft along estuar-
ies, bays, and the Atlantic coastline to nearly 400 ft at the
transition of the inner and outer Coastal Plain sub-provinces
in western Monmouth County, New Jersey. For purposes of
geographic comparison, the New Jersey counties of Mercer,
Middlesex, Monmouth, and Ocean are referred to in this report
as the northern counties within the Coastal Plain; the remain-
ing counties within the Coastal Plain—Atlantic, Burlington,
Camden, Cape May, Cumberland, Gloucester, and Salem—are
referred to as the southern counties.

Groundwater has historically been the primary source
of potable supply throughout much of the study area. The
broad, flat stream valleys characteristic of the low-relief
topography of the Coastal Plain generally are not practi-
cal for surface-water impoundments. A thick sequence of
unconsolidated sands and gravels that underlie the study area,
however, provide an abundant source of freshwater, enabling
the development of many areas within the Coastal Plain for
moderate to large populations. In recent years, declining water
levels and instances of saltwater intrusion initiated a shift
toward alternate sources of supply. From 1985 to 2008 surface
water as a percentage of the total public supply among Coastal
Plain populations increased from 11 to nearly 25 percent. As
a result, declining groundwater levels in threatened aquifers
began, and continue, to recover.

Hydrogeologic Framework

The hydrogeologic framework used in this report was
developed for the New Jersey Coastal Plain Regional Aqui-
fer System Analysis (RASA) study by Zapecza (1989) and
consists of a southeastward dipping and thickening wedge of
unconsolidated deposits of sand, silt, and clay of Cretaceous
to Tertiary age underlain by basement rocks and overlain by
a veneer of locally occurring Quaternary sediments. Coastal
Plain sediments were deposited in various shelf, marginal
marine, near shore or coastal beach, and deltaic environments,
the extent of which fluctuated in response to relative changes
in sea level. Units composed of distinctly less permeable
sediments (predominantly clays and fine-grained silts) form
the confining units, and coarser, more permeable sand and
gravel units, which readily produce water, form the aquifers.
These deposits are less than 50 ft thick along the western
limit of the Coastal Plain (Fall Line) and thicken to more than
6,500 ft in southern Cape May County. Coastal Plain sedi-
ments of Cretaceous and Tertiary age generally strike north-
east-southwest and dip 10 to 60 feet per mile (ft/mi) to the
southeast (Zapecza, 1989); overlying Quaternary deposits are
flat. Many of these units crop out near the Fall Line parallel to
strike, transitioning into unconfined aquifers; others such as
the Piney Point aquifer are confined throughout the study area.
The aquifers and confining units discussed in this report range
in age from Lower Cretaceous to Miocene (table 1). A brief
description of each aquifer is included in sections devoted to



Table 1.

Geologic and hydrogeologic units of the New Jersey Coastal Plain.

Introduction

[Aquifers in bold print are those discussed in report. Modified from Zapecza, 1989, and Sugarman, 2001]

System Series Geologic unit Hydrogeologic unit
Alluvial deposits
Holocene Undifferentiated
Beach sand and gravel
Quaternary
Pleistocene Cape May Formation Klrkwgod-Cohansey
aquifer system
Pennsauken Formation
Bridgeton Formation
Beacon Hill Gravel
Cohansey Sand Kirkwood-Cohansey aquifer system
Miocene “Upper” Wildwood-Belleplain confining unit
Rio Grande water-bearing zone
Kirkwood Formation “Lower” Wildwood-Belleplain confining unit
Tertiary Atlantic City 800-foot sand
Oligocene Piney Point Piney Point aquifer
Formation
Shark River
Eocene Formation
Manasquan Formation
- - Composite confining unit
Vincentown Formation Vincentown aquifer
Paleocene
Hornerstown Sand Hornerstown Sand'
Tinton sand
Red Bank Sand Red Bank Sand
Navesink Formation
Mount Laurel Sand
Wenonah-Mount Laurel aquifer
Wenonah Formation
Marshalltown Formation Marshalltown-Wenonah confining unit
Upper Cretaceous Englishtown Formation Englishtown aquifer system
Cretaceous
Woordbury Clay
Merchantville-Woodbury confining unit
Merchantville Formation
Magothy Formation Upper aquifer
Confining unit
Raritan Formation Potomac-Raritan-
Magothy aquifer system Middle aquifer
Confining unit
Potomac group
Lower Cretaceous Lower aquifer

Pre Cretaceous

Bedrock

Bedrock confining unit

"Not designated as a formal aquifer by Zapecza (1989).
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individual aquifers; for a more detailed discussion, Zapecza
(1989) and Sugarman and others (2005) describe the hydro-
geology of New Jersey and Vroblesky and Fleck (1991), the
hydrogeology of Delaware.

Well Numbering System

In this report, wells are listed by their USGS identifica-
tion numbers. For wells located in New Jersey and Pennsyl-
vania, the well-numbering system consists of a county code
number followed by a sequence number for wells within that
county. For example, well number 15-123 is the 123rd well
inventoried in Gloucester County. In Maryland, the numbering
system consists of a county code, followed by the 5-minute
quadrangle code and a number indicating the order in which
the well was inventoried in that quadrangle. For example,
well CO Bd 53 is located in Caroline County as indicated by
“C0,” is in the 5-minute quadrangle “Bd,” and is the 53rd
well mapped in that quadrangle. County codes for New Jersey,
Pennsylvania, and Maryland are listed in table 2. Well identi-
fiers in Delaware are assigned by the Delaware Geological
Survey and are numbered on the basis of a coordinate system
using 5-minute quadrangles of latitude and longitude.

Table 2. County prefix codes used in well-numbering systems
in New Jersey, Pennsylvania, and Maryland.

County name  Code County name  Code

New Jersey
Atlantic 01 Mercer 21
Burlington 05 Middlesex 23
Camden 07 Monmouth 25
Cape May 09 Ocean 29
Cumberland 11 Salem 33
Gloucester 15

Pennsylvania
Philadelphia P

Maryland

Cecil CE
Caroline CcO

Previous Investigations

Various regional studies describe groundwater-level data,
potentiometric surfaces, and groundwater flow in the New Jer-
sey Coastal Plain. Previous potentiometric surface maps in this
series present groundwater levels in the study area at 5-year
intervals from 1978 through 2003: 1978, Walker (1983); 1983,
Eckel and Walker (1986); 1988, Rosman and others (1996);
1993 and 1998, Lacombe and Rosman (1997, 2001); and
2003, DePaul and others (2009). The confined-aquifer water-
level map series is supplemented by water-table maps for the

unconfined aquifers within the following basins of the New
Jersey Coastal Plain: Mullica River Basin (Johnson and Watt,
1996); Salem River, Raccoon, Oldmans, Alloway, and Stow
Creek Basins (Johnson and Charles, 1997); Upper Maurice
River Basin (Lacombe and Rosman, 1995); Great Egg Harbor
River Basin (Watt and Johnson, 1992); Rancocas, Crosswicks,
Assunpink, Blacks, and Crafts Creek Basins (Watt and others,
2003); and the Toms River, Metedeconk River, and Kettle
Creek Basins (Watt and others, 1994).

Countywide water-resources studies were conducted by
Barksdale and others (1943), Jablonski (1968), and Ander-
son and Appel (1969) for Middlesex, Monmouth, and Ocean
Counties, respectively. Rush (1968), Farlekas and others
(1983), Hardt and Hilton (1969), Rosenau and others (1969),
Gill (1962), and Lacombe and Carleton (2002) completed
water-resource studies for the southern counties of Burlington,
Camden, Gloucester, Salem, and Cape May, respectively.

Simulations of groundwater flow from a regional per-
spective within the New Jersey Coastal Plain are described in
Martin (1998), Pope and Gordon (1999), and Voronin (2004).
Pucci and others (1994), Navoy and Carleton (1995), and
McAuley and others (2001) did detailed studies, including
groundwater-flow models of Critical Area 1, Critical Area 2,
and the Atlantic City area, respectively. In Critical Area 2,
Navoy and others (2005) simulated the vulnerability of public-
supply wells open to the Potomac-Raritan-Magothy aquifer
system to saltwater intrusion, and Navoy (1994) simulated
the effects of projected withdrawals on water levels in the
Wenonah-Mount Laurel aquifer. Groundwater-level recovery
in Critical Area 1 and Critical Area 2 is discussed in Spitz and
others (2008) and Spitz and DePaul (2008).

Simulations of the effects of allocated and projected
withdrawals on water levels in the Potomac-Raritan-Magothy
aquifer system in Gloucester and Salem Counties are reported
by Charles and others (2011). Voronin and others (1996), Spitz
(1998), and Lacombe and others (2009) simulated ground-
water flow in confined aquifers in Cape May County. Pope
(2006) simulated effects of increased withdrawals on water
levels in the Atlantic City 800-foot sand.

Data Collection and Analysis

Static groundwater-level altitudes were measured in
926 wells in New Jersey and Pennsylvania by USGS person-
nel. Water levels were measured in additional wells in Dela-
ware by personnel of the Delaware Department of Natural
Resources and Environmental Control (DNREC). Water levels
used in this study, most of which were measured during late
October to mid-December 2008, are assumed to represent the
2008 average annual water level in that aquifer at that location
within the study area; in some cases water levels were recov-
ering from high summer withdrawal rates and had not yet
reached the mean annual water level, but the difference from
mean annual, where it exists, is generally small. Water levels



measured at about the same time of year once every 5 years
can be compared to each other to reveal long-term trends
whether or not they are exactly the mean annual water levels
for the respective years.

Water levels were measured at observation wells and
production wells used for industrial, commercial, irrigation,
domestic, and public supply; wells used for measurement were
generally chosen on the basis of areal distribution within each
aquifer. Measurements made at observation wells constitute
about one-third of the dataset, and in order to maximize the
geographic distribution and to capture low water levels associ-
ated with withdrawals, the network was augmented with pro-
duction wells. Measurements were made using steel or electric
tapes graduated to hundredths of a foot, which are the most
accurate devices, or using an airline, which is less accurate.
The airline method was used in limited instances and only at
wells that were inaccessible for measuring by either electric or
steel tape. Pumps in high-capacity supply wells were turned
off for a minimum of | hour before measurement of the water
level in the well. In addition, nearby pumping was controlled
at the time of measurement; pumps in all other high-capacity
production wells screened in the same aquifer within 0.25 mi
of the measured well were idle for at least 1 hour prior to mea-
surement of the water level. In accordance with USGS meth-
ods for the collection of water-level data, measurements were
made in each well until two consecutive measurements within
0.05 ft were obtained at least 5 minutes apart. The resulting
water-level measurement was considered representative of
static or near-static conditions. Importantly, “static” in this
report is not intended to mean unaffected by withdrawals but
rather representative of water levels in the area, not of those
influenced by the very local effects of individual withdrawals.
Water-level data are presented in appendixes 1 through 9.

Groundwater in three observation wells measured in
this study had chloride concentrations in excess of 5,000 mil-
ligrams per liter (mg/L). Water levels in these wells were
converted from a measured saltwater hydraulic head to a
calculated freshwater head. The conversion equation follows a
modification of the Ghyben-Herzberg relation (Todd, 1980) to
determine the equivalent length of freshwater in a well filled
with saltwater:

L=,/p) 1,

/. is length of the freshwater column in the well
casing,

D, is the density of saltwater,

p,  isthe density of freshwater, and

/ is the length of saltwater column in the well

casing.

The density of freshwater is 1.00 gram per cubic centi-
meter (g/cm?), and the density of water increases with increas-
ing solute concentrations. Adjusted water levels were used to
contour the potentiometric surfaces; both the measured water
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levels and their freshwater equivalents are presented in the
appendixes of the report.

The water level in a well represents the hydraulic head
in the part of the aquifer to which the well is open. Hydrau-
lic heads at each well were calculated by subtracting the
water level, in feet below land surface, from the land-surface
altitude, in feet above the National Geodetic Vertical Datum
of 1929 (NGVD 29). In confined aquifers, this level typically
stands above the top of the aquifer as a result of increases in
pressure with depth and the presence of overlying, relatively
impermeable strata. Maps depicting the areal distribution of
hydraulic head within each aquifer then were constructed;
lines of equal hydraulic head are represented on these maps
by potentiometric-surface contours. From these maps ground-
water flow in each aquifer can be inferred, as general flow
directions are assumed to be perpendicular to the potentiomet-
ric-surface contours and in the direction of decreasing head.
Although most of the data used in this study are composed of
measurements made in the confined parts of the aquifers, in
some cases, measurements made in the unconfined parts are
included in order to guide placement of potentiometric con-
tours at the aquifer outcrops.

On the plate maps accompanying this report, the symbol
for an observation well applies not only to the original use
of the well, but to wells that had not been pumped during the
7 days prior to measurement. Prior to 1998, reports in this
series applied the term “observation well” to a well that had
not been pumped within the 24 hours prior to measurement.
Because of wide variations in the hydraulic characteristics
among the aquifers within the study area, the residual effects
of pumping stresses also differ greatly, and therefore, this “idle
period” for observation-well classification was lengthened
to 7 days.

Groundwater-level-change maps for selected aquifers
were constructed by comparing the potentiometric surfaces
and groundwater-level measurements from 2003 and 2008.
Water-level-change values were calculated as the difference
between the 2003 and 2008 groundwater-level altitudes,
except where continuous or semi-continuous hydrograph data
were available; in those cases, a calculated slope was used to
determine water-level change. In limited cases, water levels
measured during 2008 that were not measured during prior
studies were compared to an estimated water level derived
from the earlier potentiometric surface map at that location. In
addition, where measurements were sparse or absent, particu-
larly in downdip areas of some units, points representing the
differences in the potentiometric surface at the intersections of
two contours were used to provide additional spatial coverage.
The water-level-change values were plotted on digital base
maps and initially contoured by using geographic information
systems (GIS) software to provide an unbiased interpolation of
the data. The contours were then manually adjusted to reflect
the understanding of the groundwater system. Raster datasets
were constructed from the resulting “difference” contours
and points in order to provide estimates of groundwater-level
change in areas lacking measurements. While these maps
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provide a spatial perspective in assessing water-level change
throughout individual aquifers over a given time period,
interpretations based on these maps are best viewed with some
caution. In most cases, the density of data throughout a given
aquifer may be insufficient to support the interpretation and
use on a local scale. Additionally, many of the data points used
in the construction of these maps are based on two measure-
ments that represent a long-term net change in water levels;

in the absence of continuous long-term water-level data, the
direction and rate of change during intervening time periods
may fluctuate and not be known, and cannot be resolved
through use of intermittent data points. Further, uncertainty
may be introduced by the relative positions of the com-

pared water-level measurements on the annual hydrograph.
Finally, equivalent gradational scales were used on all maps

to maintain consistency; a change of -5 to +5 ft is classified

as “no substantial change,” and lesser water-level changes are
not shown.

Water-level data from wells with at least 15 years of
record were used to produce the hydrographs shown in vari-
ous figures throughout this report, with the exception of those
for the Rio Grande water-bearing zone, where water levels
were collected intermittently. In many cases, hydrographs
show periods of record beyond 15 years, and many span the
30-year period from 1978 to 2008. The water-level data used
to construct the hydrographs are a combination of continu-
ous measurements and manual measurements collected on
a seasonal basis. These data illustrate seasonal variations in
water levels; the long-term effects of artificial stresses, such
as pumping; and in some cases, the development and recovery
of depressions in the potentiometric surface. Where temporal
density and continuity of long-term water-level measurements
were sufficient, trends were statistically analyzed by using the
Mann-Kendall trend test, a commonly used method to assess
monotonic change in time-series data (Mann, 1945; Helsel and
Hirsch, 2002). The Mann-Kendall method is a nonparametric
trend test that determines whether a statistically significant
positive or negative change in a constituent (in this case, depth
to water) has occurred over the period of interest. The method,
however, does not imply whether change is linear nor does
it determine the magnitude of change. Calculation of Sen’s
slope for each of the test periods was used to quantify the
magnitude of annual water-level change (Sen, 1968; Gilbert,
1987). Because water levels may vary throughout the year as a
result of seasonal demand and withdrawal patterns, a modified
test that accounts for seasonality in the data, determined from
Wilcoxon scores, was used (Hirsch and Slack, 1984; Winkler,
2004). For the purposes of this study, an upward or downward
change over a given period of time was considered statistically
significant if the Mann-Kendall trend test had a 95-percent
confidence level (p value of 0.05) and if the average yearly
change, as indicated by the slope of the line, was greater than
or equal to 0.2 feet per year (ft/yr). If the slope was less than
0.2 ft/yr, the indicated yearly change was considered insub-
stantial. Analyses focused on the 5-year period from 2003
to 2008, the decadal period of 1998 through 2008, and the

30-year period from 1978 to 2008. The 30-year period coin-
cides with the duration of the individual water-level synoptic
studies in this series and is used to illustrate long-term trends
not dominated by short-term variations in climate or with-
drawal patterns. Because trends observed in many of the wells
were not always unidirectional from the beginning to the end
of a cycle, trends in different directions may cancel each other
out, leading to the conclusion of an “insignificant trend” for a
given time period.

In addition to trend tests on long-term water-level data,
hypothesis tests were performed on the medians of paired
differences between the 2003 and 2008 and the decadal
(1998-2008) measurements using the non-parametric Wil-
coxon signed-rank test (Wilcoxon, 1945; Helsel and Hirsch,
2002). The null hypothesis for each test was that the median
difference between paired measurements is equal to zero or
that no statistical difference exists between compared mea-
surements. Because the ranks of differences rather than the
actual values are used, the magnitude of the differences does
not affect the outcome of the test. Differences were consid-
ered significant if a p-value of less than or equal to (<) 0.05
(95-percent confidence level) was attained, that is, a 1 in 20
chance of obtaining this correlation by random occurrence. As
the p-value decreases, evidence for rejecting the null hypoth-
esis increases. Tests were performed on data grouped accord-
ing to aquifer, aquifer and county, and aquifer and selected
management-area boundaries.

The location of the 10,000-mg/L line of equal chloride
concentration (approximately half that of seawater) was
simulated for selected aquifers in the New Jersey Coastal Plain
by use of the USGS SHARP model (Pope and Gordon, 1999).
The locations of these lines (hereafter referred to as isochlor)
on selected plates represent the toe of the saltwater interface,
that is, the intersection of the interface with the bottom of
the aquifer, generally its farthest landward or updip position.
Because of disequilibrium of the flow system with present day
sea level, the position of the interface is more closely related
to predevelopment rather than current groundwater conditions,
and despite future scenarios of increasing withdrawals and
deepening cones of depression, numerical simulations indicate
little to no movement (Pope and Gordon, 1999). As such, these
boundaries likely have not moved substantially in response
to changing groundwater conditions observed throughout
past study cycles and, therefore, have not been updated. The
locations of the 10,000-mg/L isochlors for the aquifers of the
Delaware Coastal Plain are based on maps by Vroblesky and
Fleck (1991). The location of the 250-mg/L isochlor, which
designates the limit of potable water in each aquifer as defined
by NJDEP secondary drinking-water standards (New Jersey
Administrative Code, 2004), is based on published maps that
are cited for each aquifer. If no map was available to show the
location of the 250-mg/L isochlor in a particular aquifer, the
line was determined from chloride data stored in the USGS
National Water Information System database (NWIS) and the
NIDEP quarterly monitoring database. Modifications from
previously published maps in this report series were made to



these 250-mg/L isochlors as current (2003—8) water-quality
data warranted.

Groundwater-withdrawal data for central and southern
New Jersey were tabulated and mapped in order to assess
volumes of water pumped from each of the aquifers. Data
were compiled from permitted data only, that is, wells in
which daily withdrawals meet or exceed 100,000 gallons for a
period of more than 30 days in a consecutive 365-day period.
Such wells include those used for public-supply, large-scale
agriculture (irrigation), and commercial or industrial purposes.
No attempt was made to estimate withdrawals from numer-
ous smaller-capacity production wells, such as those used
for domestic supply, which is a limitation of the analysis.
Withdrawal data cited in this report were obtained from data
reported to the New Jersey Department of Environmental
Protection and were quality reviewed and incorporated into the
water-use database of the USGS New Jersey Water Science
Center. Additional withdrawal data from the late 1970s were
obtained from Zapecza and others (1987).

Cohansey Aquifer

The Cohansey aquifer in Cape May County is the young-
est and uppermost confined aquifer considered in this study.
The aquifer is composed of gravel and coarse- to fine-grained
sands and includes the lower part of the Cohansey Formation
and the sand-rich uppermost section of the Kirkwood Forma-
tion (Zapecza, 1989). Throughout Cape May County, Pleisto-
cene deposits of sand and clay overlie the Cohansey aquifer,
providing effective confinement from surficial recharge. In
northern Cape May County, the Cohansey aquifer underlies
the Holly Beach water-bearing zone and is confined by one
or more discontinuous clay deposits, whereas in the southern
part of the county two intervening widespread and uniform
confining units and the estuarine sand aquifer overlie the
Cohansey aquifer. The aquifer in Cape May County ranges
in thickness from 50 ft near Ocean City to more than 150 ft
near the southern tip of the peninsula (Lacombe and Carleton,
2002). The limit of confinement is in northern Cape May
County, approximately bounded by the Tuckahoe River and a
northeast-trending line from the mouth of the Maurice River at
Delaware Bay to the intersection of Cape May, Cumberland,
and Atlantic Counties.

The Cohansey aquifer contains freshwater throughout
most of the extent underlying mainland Cape May County;
however, saline water is present in the aquifer beneath the
extreme southern part of the peninsula, beneath the back bays
and barrier islands north of Wildwood, and beneath near-shore
and offshore areas of the Atlantic Ocean and the Delaware Bay
(pl. 1). Additionally, saltwater has migrated into freshwater
parts of the aquifer along the western coast of the peninsula,
west of the village of Rio Grande. The saltwater-freshwater
interface (hereafter referred to as saltwater front), as indicated
by 250-mg/L isochlor, was originally mapped by Gill (1962)
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and updated by Lacombe and Rosman (2001), Lacombe and
Carleton (2002), and DePaul and others (2009). The estimated
position of the saltwater front is mapped farther inland than in
previous studies, near Villas, Cape May County, reflecting the
rapidly rising chloride concentrations observed in well 9-187,
which increased from 190 mg/L in 1996 to 805 mg/L in 2005.
A groundwater sample collected in early 2010 yielded a
chloride concentration of 1,150 mg/L, confirming the 70-mg/L
annual rate of increase. The chemistry of the water from this
well is consistent with seawater intrusion into coastal fresh
groundwaters. The composition of the groundwater is that of
a calcium-chloride type, indicative of base-exchange reactions
with aquifer materials, whereby the uptake of sodium into the
solid phase (primarily on clay minerals and organic matter
within the aquifer matrix) is enhanced, replacing calcium ions
that are subsequently released to solution (Vengosh, 2003).
This results in low molar ratios of sodium to chloride relative
to seawater (< 0.86), as well as low ratios of both sulfate and
boron to chloride. Lacombe and others (2009) indicate that
withdrawals at the Rio Grande well field are a possible cause
of intrusion in this area. Similarly, chloride concentrations

in well 9-89, along the western coast of the peninsula and

2.8 miles to the north of well 9-187, have increased linearly
since 2003; sodium to chloride molar ratios in groundwa-

ter from this well also have decreased during the same time
period, indicating a mix of seawater with fresher groundwa-
ters. Immediately to the south of Villas, however, the ground-
water remains fresh along the western coast of the peninsula
where chloride concentrations are typically less than 15 mg/L,
and no sustained increases have been observed during the
past decade. Approximately 2 mi to the east of well 9-187, at
the Rio Grande well field (fig. 2), chloride concentrations in a
production well have increased from about 15 mg/L to as high
as 83 mg/L during 1998-2009. Although concentrations in this
well are typically around 50 mg/L, decreasing sodium to chlo-
ride ratios along with increasing chloride concentrations indi-
cate the possible movement of water from the Delaware Bay.

Water withdrawals

The distribution of withdrawals from the Cohansey
aquifer in Cape May County is shown in figure 2. Ground-
water withdrawals are most common in the southern part of
the peninsula in upland areas of Middle and Lower Town-
ships, although smaller-capacity production wells are located
throughout the central and northern parts of the county. During
2008, approximately 4 Mgal/d (75 percent of total withdraw-
als) were withdrawn for public supply, lesser amounts were
withdrawn for industrial, irrigation, and other purposes. In
2008, the Wildwood Water Utility (WWU), the largest user of
groundwater from the Cohansey aquifer, withdrew an aver-
age of 2.0 Mgal/d. Most of the withdrawals were concentrated
at the well field at Rio Grande and accounted for 50 percent
of public-supply withdrawals from the aquifer in 2008. The
second largest user of the Cohansey aquifer, Lower Township
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Figure 2.
New Jersey Coastal Plain, 2008.

Municipal Utilities Authority (LTMUA), accounted for an
additional 1.1 Mgal/d.

From 1978 to 2008, estimated withdrawals from the
Cohansey aquifer ranged from 3.8 to 6.9 Mgal/d. By 1982,
withdrawals were at their peak and remained greater than
6 Mgal/d throughout the 1980s (fig. 3). During 1991-92 with-
drawals decreased by 14 percent, and throughout the 1990s,
average withdrawal rates were about 5.5 Mgal/d. Following
a brief increase from 1996 to 1998, withdrawals decreased
with the introduction of Cape May City Water Department
(CMCWD) wells tapping the Atlantic City 800-foot sand
and supplying water to the desalination plant completed in
1998. From 1998 to 1999, withdrawals from the Cohansey
aquifer decreased by 24 percent, the largest such reduction
from any given year to the next. Withdrawal rates increased

Location and volume of groundwater withdrawals from the confined Cohansey aquifer, southern Cape May County,

during 2000—1, but from 2003 to 2008 withdrawals were
further reduced by an additional 20 percent. Withdrawals of
3.8 Mgal/d in 2008 were the lowest since this series of studies
commenced in 1978 (fig. 3; table 3).

Withdrawals by the two major utilities remained rela-
tively constant from the early the 1980s to 2006; however, far-
ther to the south substantial reductions occurred in Cape May
City, coinciding with the use of production wells open to the
Atlantic City 800-foot sand. LTMUA slightly reduced with-
drawals during 2006—7; however, they returned to antecedent
withdrawal rates in 2008. From 2007 to 2008, WWU reduced
withdrawals from the Cohansey aquifer at the Rio Grande well
field by nearly 1 Mgal/d and replaced those by using with-
drawals from deeper, less vulnerable aquifers.
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Figure 3. Estimated groundwater withdrawals from the confined Cohansey aquifer in Cape May County, New Jersey Coastal Plain,
1978-2008. (Thin vertical bars denote 5-yr data collection periods)

Table 3. Groundwater withdrawals by county and aquifer from selected confined aquifers of the New Jersey Coastal Plain, 2008.

[Withdrawals are in million gallons per day; only permitted and reported values included; <, less than; --, not applicable]

Aquifer
County Rlzvg:::de Atlantic City Piney Vincen-  'vononah- Eltlg\ll:lsnh Ptﬂgrn:rc- Plt\:::)dr:::- P(I)-toovl‘l,farc-
Cohansey’ bearing sztrf::im Point town :\_:(:.l::: aquifer Raritan- Raritan- Raritan-
zone system Magothy  Magothy  Magothy
Atlantic - -- 11.8 0.6 -- -- -- -- -- --
Burlington -- -- -- 0.03 <0.01 2.8 0.9 4.5 18.0 9.5
Camden - - - 0.02 - 2.1 1.4 3.1 6.5 24.4
Cape May 3.8 0.3 8.7 -- -- -- -- -- -- --
Cumberland - - - 0.5 - - -- 0.1 -- --
Gloucester -- -- -- -- 0.1 1.4 0.04 8.7 6.0 2.8
Mercer - -- -- -- -- -- -- 0.8 9.0 --
Middlesex -- -- -- -- -- -- -- 15.8 8.4 --
Monmouth -- -- -- -- 0.6 0.6 2.9 8.6 7.3 --
Ocean - 0.3 6.2 4.7 0.4 0.14 2.0 7.0 7.0 --
Salem - - - - 0.03 1.2 -- 1.5 2.7 0.6
Total 3.8 0.6 26.8 5.8 1.1 8.2 7.2 55.1 64.9 37.2

!Cape May County only.
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Water levels

The potentiometric surface map for fall and early winter
2008 for the confined Cohansey aquifer is shown on plate 1
(fig. 1-1); supporting water-level data used to construct this
map are presented in appendix 1-1. Because water-level alti-
tudes in the northern part of Cape May County did not change
appreciably since pumping began, the potentiometric surface
of the aquifer underlying only the southern half of the Cape
May peninsula was mapped. The configuration of the ground-
water surface shows a broad cone of depression centered
beneath major withdrawal locations in the southern part of the
peninsula, encompassing all of Lower Township, Cape May,
and West Cape May, as well as large parts of Middle Township
and Wildwood Crest. The highest measured water-level alti-
tudes in the confined Cohansey aquifer occurred in central and
western Middle Townships and in areas to the north, ranging
from about 4 to 6 ft. The lowest groundwater-level altitudes
occurred in central and southern Lower Township in the vicin-
ity of the LTMUA and CMCWD well fields, ranging from
-9 to -17 ft. In comparison, withdrawals from the WWU Rio
Grande well field to the north are substantially greater than
those from the LTMUA and CMCWD Cohansey aquifer wells
(82 percent), yet heads are slightly higher. Lower observed
groundwater levels to the south and west are consistent with
a decrease in transmissivity toward the southwestern part of
the peninsula and greater recharge in Middle Township and
to the north. The groundwater surface within the study area
slopes concentrically inward toward potentiometric lows in
central and southern Lower Township, and flow is radially
inward from the north and south, as well as from the Atlantic
Ocean and Delaware Bay coastlines. The configuration of the
potentiometric surface is similar to that of 2003; however, the
area encompassed by the -10-ft contour has contracted slightly
from its previous extent as a result of reductions in Cohansey
aquifer withdrawals at the WWU Rio Grande well field.

Vertical head differences were calculated as the dif-
ferences in groundwater altitude between each aquifer and
adjacent hydrogeologic units. These head differences are an
indication of the direction and magnitude of hydraulic gra-
dients that affect the vertical component of flow and provide
insight into the potential for inter-aquifer flow. Calculation
of such differences is predicated on the collection of accurate
head data from multiple aquifers at individual wells or at wells
in close proximity to one another. However, data of this type
are limited throughout the study area, and estimated ground-
water altitudes were compared to those in adjacent units above
and below each aquifer to supplement the analysis. Because
the Cohansey aquifer is the uppermost aquifer in this study
and a recent potentiometric surface has not been constructed
for the overlying estuarine sand aquifer, comparison could be
made only with the underlying unit, the Rio Grande water-
bearing zone. Throughout the study area, water levels within
the Cohansey aquifer are greater than those in the Rio Grande
water-bearing zone. The potential for downward flow from
the aquifer is strongest throughout the central part of Cape

May County, where vertical head differences are typically 20
to 25 ft, and probably weakest toward the southern tip of the
peninsula.

Small to moderate net water-level changes were mea-
sured in most wells during 2008; from a regional perspective,
however, water levels generally remained about the same
relative to those observed in 2003. Results of the Wilcoxon
signed-rank test indicate that no statistically significant differ-
ence is present among 38 matched data pairs measured in 2003
and 2008. Water levels increased in 21 wells (55 percent),
were unchanged in 4 wells (11 percent), and decreased in
13 wells (34 percent). Water-level changes range from declines
of 2 to 3 ft at the northeastern and southwestern edges of the
cone of depression to rises of 2 to 9 ft in central and northern
Lower Township (fig. 4). For the 10-year period 1998-2008,
results indicate that there was a statistically significant rise in
water levels.

Long-term water-level trends in the Cohansey aquifer
were evaluated both graphically and statistically. The magni-
tude of groundwater-level changes in the Cohansey aquifer,
as well as the other confined aquifers throughout the Coastal
Plain, depends upon changes in storage within the aquifer,
which is a function of its hydraulic properties, and the dis-
tribution and changes in patterns of recharge and discharge
(including withdrawals). Climatic variations affect water lev-
els in confined aquifers only indirectly and are not considered
in this report.

Hydrographs of four wells located within and at the
edges of the cone of depression in southern Cape May County
are shown in figure 5. Each hydrograph depicts water-level
altitudes at or below 0 ft since the initial study in 1978.

The hydrographs also show the response of water levels to
seasonal changes in withdrawals; these fluctuations were as
much as 19 ft, with wells located closest to pumping centers
(9-60 and 9-150) exhibiting the greatest annual variability.
The water level in well 9-80, located near the northeastern
edge of the cone of depression, shows the least annual vari-
ability. The net change in water levels in this well during the
5-year (2003-8), the decadal, and the 30-year periods was
negligible. The hydrograph of observation well 9-150, which
is located near the southern tip of the peninsula, shows rising
water levels from 1979 through the mid-1980s, stabilization
through the mid-1990s, and rising levels again from 1998 to
2003. From 2004 through 2008, the near-zero slope of the
hydrograph indicates stable groundwater levels. The recovery
in water levels in well 9-150 during 1979-86 resulted from
the abandonment of public-supply wells in Cape May Point
and a decrease in withdrawals from Cape May City’s south-
ernmost supply well (Lacombe and Carleton, 2002); rising
water levels and the lower amplitude of seasonal fluctuations
observed between 1998 and 2004 were the result of further
reductions in withdrawals by Cape May City. From 2005 to
2008, annual variability again increased, although this may
be an artifact of an increase in data-collection frequency. The
net change during 20035 in the water level in well 9-150 was
negligible. Well 9-60, located in northern Lower Township



near LTMUA production wells and less than 1 mi from the
WWU Rio Grande well field, had annual high water levels of
-7 to -12 ft and seasonal fluctuations of 10 to 19 ft; the sum-
mer level was nearly 20 ft below the annual high. Although
measurements in this well were made at a rate of only 2 to

3 times per year, an upward slope in the hydrograph can be
observed during 2005-8, indicating a rise in water levels cor-
responding to reductions in withdrawals from the Cohansey
aquifer at the well field. Withdrawals from the nearby pump-
ing center remained relatively constant from 1980 through
2006, averaging 3.2 Mgal/d; consequently, the water level in
this well shows neither a distinct upward nor downward trend
during that period.

Cohansey Aquifer 13

Results of the Mann-Kendall trend analysis are listed in
appendix 10-1. Temporal density of the data for well 9-60 was
not sufficient, and trends were not calculated. No significant
upward or downward trends were observed in the remain-
ing Cohansey aquifer wells for the 5-year period from 2003
to 2008; however, a slight downward trend was indicated for
well 9-150 during 1998-2008. In contrast, an upward trend
was indicated for the 30-year period. Although upward and
downward trends were detected at the 95-percent confidence
level during several periods at wells 9-49 and 9-80, the slopes
of the hydrographs during these periods were negligible, and
the magnitude of change was not considered important.
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Water-level changes in the confined Cohansey aquifer, Cape May County, New Jersey Coastal Plain, 2003-8.
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Rio Grande Water-Bearing Zone

The Rio Grande water-bearing zone, as described by
Zapecza (1989), is a relatively thin unit composed of coarse-
to fine-grained sand situated midway within the confining
unit that overlies the Atlantic City 800-foot sand. The updip
extent of the Rio Grande water-bearing zone approximately
coincides with that of the Atlantic City 800-foot sand, though
it is slightly eastward, extending from southern Ocean County
through eastern Cumberland County (fig. 1-2 on pl. 1). The
Rio Grande water-bearing zone is laterally continuous from
Cape May to the southern Ocean County mainland and bar-
rier island beaches; however, the formation pinches out in
Egg Harbor Township, Atlantic County, and is generally not
recognizable farther updip in this area (Sugarman and Miller,
1997; Zapecza, U.S. Geological Survey, written commun.,
2011). The water-bearing zone is approximately 40 ft thick
throughout its extent in coastal Ocean and Atlantic Counties
(Zapecza, 1989) but thickens considerably in southeastern
Cape May where, near Stone Harbor, it is as great as 170 ft
thick (Lacombe and Carleton, 2002). Although water levels
differ from those in the underlying Atlantic City 800-foot
sand, demonstrating substantial hydraulic separation between
the aquifers, Lacombe (U.S. Geological Survey, written
commun., 2011) showed that geophysical and driller’s logs
collected at the WWU Rio Grande well field were not defini-
tive regarding the depth and thickness of the confining unit
separating the Rio Grande water-bearing zone from the
Atlantic City 800-foot sand, resulting in two wells intended
for the lower part of the Rio Grande water-bearing zone being
installed instead in the upper part of the Atlantic City 800-foot
sand.

Fresh groundwater is present within the aquifer underly-
ing coastal regions of the mainland and the barrier islands
from its northwestern limit in southern Ocean County south-
ward through most of mainland Cape May County. The aqui-
fer contains saline water south of the canal in southern Cape
May County and likely beneath the back bays, barrier islands,
and near shore areas along the Atlantic Coast from Avalon to
the city of Cape May. Limited available water-quality data
provide no evidence of increasing chloride concentrations
through 2008. The location of the 10,000-mg/L isochlor has
not been determined for this aquifer but may be near the loca-
tion of the 10,000-mg/L isochlor in the underlying Atlantic
City 800-foot sand.

Water Withdrawals

The Rio Grande water-bearing zone is of minor impor-
tance as a source of potable water in New Jersey and is the
least utilized of the aquifers included in this study (table 3).
Withdrawals from the aquifer totaled approximately 225 mil-
lion gallons (0.6 Mgal/d) during 2008. Withdrawals are made
primarily by water purveyors in Long Beach and Little Egg
Harbor Townships in southern Ocean County and in Middle
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Township in Cape May County (fig. 64). Several smaller-
capacity production wells withdraw water from the aquifer,
although the amounts are not thought to be substantial;

these wells are located in parts of northern Cape May and
eastern Cumberland Counties. Average withdrawals from
1978 to 2008 were less than 1 Mgal/d (fig. 74). Withdrawal
amounts were apportioned equally between Ocean and Cape
May Counties from 1978 to 1988 (approximately 0.3 to

0.4 Mgal/d); thereafter, withdrawals generally were greater in
Cape May County.

Water Levels

Groundwater-level data used in preparing the 2008
potentiometric surface for the Rio Grande water-bearing zone
are presented in appendix 1-2. The groundwater surface con-
figuration is an elongated cone of depression centered beneath
coastal New Jersey extending from the Cape May peninsula
northward to Ship Bottom in southern Ocean County (fig. 1-2
on pl. 1). Water levels within the Rio Grande water-bearing
zone ranged from a low of -27 ft (well 9-67) in southern Cape
May to a maximum of 16 ft (well 9-149) in northwestern Cape
May County. As noted by Lacombe and Rosman (2001), the
configuration of the regional cone of depression is consistent
with the configuration of, and sustained head decline of the
cone of depression in, the underlying Atlantic City 800-foot
sand, and low water levels observed in downdip parts of the
Rio Grande water-bearing zone probably result from down-
ward flow to the Atlantic City 800-foot sand. Locally, with-
drawals from the Rio Grande water-bearing zone at the Rio
Grande well field in southern Cape May contribute to the low
water levels in this vicinity. Water levels at the Rio Grande
well field rose by as much as 9 ft relative to 2003 levels as a
result of reductions in groundwater withdrawals that began
in 2006. In contrast, the water level in well 9-526, 2.2 mi to
the west, was 8 ft lower than in 2003 despite the absence of
withdrawals from the aquifer (fig. 84). Elsewhere, most water
levels measured in the Rio Grande water-bearing zone showed
small to moderate declines from 2003 (fig. 84), although
withdrawal data indicate little change during the same period.
Despite the absence of wells and data, groundwater levels
most likely declined throughout eastern and coastal Atlantic
County in response to declines in the underlying Atlantic
City 800-foot sand. Water-level altitudes in the Rio Grande
water-bearing zone were greater than those in the Atlantic City
800-foot sand throughout the study area; vertical differences
increased where heads were most depressed in the underlying
aquifer in central and eastern Atlantic County and, to a lesser
extent, in southern Cape May County. An upward vertical gra-
dient from the Atlantic City 800-foot sand to the Rio Grande
water-bearing zone previously observed at the Rio Grande
well field reversed and as of 2008 is downward.

Hydrographs for two observation wells located in Cape
May County are shown in figure 9. Water-level data were col-
lected intermittently at these two wells, and distinct long-term
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trends are difficult to evaluate. Seasonal fluctuations in water
levels are evident at both wells during the early 1990s but are
more pronounced in well 9-71 because of its location among
production wells at the Rio Grande well field. Data were col-
lected more frequently at well 9-304 than at well 9-71. From
2003 to 2008, the change in the water level in well 9-304 was
negligible, but for the period of record, a decline a nearly 7 ft
was observed.
Results of the Wilcoxon signed-rank test indicate no

significant change in paired samples from 2003 to 2008 (app.

10-2). Water levels increased in 2 wells (17 percent), were
unchanged in 1 well (8 percent), and decreased in 9 wells (75
percent). One Rio Grande water-bearing zone well had suf-
ficient data for the Mann-Kendall trend test (app. 10-1). Water
levels from 2003 to 2008 did not significantly change; from
1998 through 2008, however, there was a statistically sig-
nificant downward trend, although the annual rate of decline
of 0.12 ft/yr was considered insubstantial. Additional wells
within the aquifer need to be identified and data collected in
order for substantive interpretations to be made.
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Atlantic City 800-Foot Sand

The Atlantic City 800-foot sand, originally named for the
depth of production wells in the Atlantic City area, is a major
confined aquifer within the Kirkwood Formation. The aquifer
is composed of medium- to coarse-grained quartz sands with
interspersed shell material. The updip limit of the aquifer is
based on the updip limit of the overlying confining unit; how-
ever, this confining unit is poorly defined in places. The updip
boundary extends, from northeast to southwest, from south-
ern Ocean County 1.7 mi north of Barnegat Light to eastern
Cumberland County (pl. 2). The downdip limit of the aquifer
is offshore from Ocean, Atlantic, and Cape May Counties.
The aquifer thickens downdip and southward from a thick-
ness of 40 ft near Barnegat Light to more than 200 ft at Cape
May City (McAuley and others, 2001). Recharge is through
vertical flow from the overlying Kirkwood-Cohansey aquifer
throughout the extent of the aquifer, although recharge is more
substantial near the updip limit where the confining unit is
leaky or where the aquifers are in direct contact (Pope, 20006).
Recharge also occurs via lateral flow from the Kirkwood-
Cohansey aquifer near the updip boundary.

The Atlantic City 800-foot sand contains freshwater
throughout southern Ocean, Atlantic, and northern Cape May
Counties where dissolved chloride concentrations typically
range from 2 to 20 mg/L. Proceeding south from Avalon, how-
ever, the groundwater becomes progressively more chloride-
rich, and near the southern tip of the Cape May Peninsula,
concentrations range from 400 mg/L to more than 1,500 mg/L.

The estimated position of the 250-mg/L isochlor is approxi-
mately 4 mi to the south-southeast of production wells at
Stone Harbor. Concentrations of chloride in groundwater from
observation well 9-337, located between the saltwater front
and the Stone Harbor pumping center have not increased. At
the Stone Harbor production wells nearest the front, chloride
concentrations have remained largely constant over time.
From the mid-1960s through 2008, concentrations gener-

ally ranged from 30 to 40 mg/L, only occasionally exceeded
these values, and subsequently returned to antecedent levels.
Recently reported chloride concentrations were as high as

87 mg/L, as low as 26 mg/L, and fluctuated with pumping.
The highest concentrations typically occurred during the late
summer or early fall. Concentrations decreased during the
winter and spring. Moreover, recent flow simulations indicate
that the 250-mg/L isochlor will not intersect production wells
at Stone Harbor for at least 720 years under various water-
allocation scenarios (Pope, 2006). Farther to the north and
offshore of Atlantic County, the saltwater front is estimated

to be about 9.6 and 8 mi to the southeast of production wells
in Ventnor and Brigantine, respectively. Dissolved chloride in
samples from production wells at Brigantine remained at con-
centrations consistently below 8 mg/L for the period of record
through 2008. Similarly, data from production wells at Ventnor
showed little or no sustained increase in dissolved chloride
concentrations through 2008; for the period 1998 to 2008,
reported values only infrequently exceeded 10 mg/L and were
typically below this value. Farther to the south, the estimated
saltwater front bisects the southern part of the Cape May



20 Water-Level Conditions in the Confined Aquifers of the New Jersey Coastal Plain, 2008

peninsula, trending approximately east-west from Wildwood
to the south of Villas. South of this line, chloride concentra-
tions in groundwater at or near pumping centers increased
modestly from 1998 to 2008; concentrations at wells 9-508
and 9-302, although elevated, have remained stable. The esti-
mated location of the 10,000-mg/L isochlor is approximately
36 mi offshore and to the southeast of Atlantic City.

Water Withdrawals

The Atlantic City 800-foot sand is the principal confined
aquifer supplying water to New Jersey’s barrier island com-
munities from Harvey Cedars in southern Ocean County to
Cape May City and as far inland as Mays Landing and Egg
Harbor City in Atlantic County. Withdrawals from the aquifer
ranged from 17.9 to 27 Mgal/d during 1978 to 2008 (fig. 7B).
Withdrawals have gradually increased since 1978; from any
given year to the next increases ranged from 2 to 14 percent,
with intervening periods of reduction of generally a few per-
cent or less. Increases of 5 percent or more from the previous
year occurred in 1986, 1993 to 1994, 1997, 2001, and 2004.
Withdrawals in 2008 averaged nearly 27 Mgal/d, the greatest
of the 30-year period from 1978 to 2008. Withdrawal amounts
were greatest in Atlantic County and least in Ocean County,
where the aquifer thins and becomes less transmissive. From
1978 to 2008, average withdrawals in Atlantic County ranged
from 7.8 to 12.0 Mgal/d, gradually increasing throughout the
30-year period; nearly 60 percent of withdrawals occurred
along the barrier islands. Three major pumping centers are
within Atlantic County: Absecon Island, Brigantine, and
Pleasantville (fig. 68). The Pleasantville pumping center is
composed of well fields of the Atlantic City Municipal Utility
Authority and New Jersey American Water Company-Atlantic
and includes several supply wells in eastern Hamilton Town-
ship. During 2008, average daily withdrawals from Pleas-
antville of 5.9 Mgal were greatest among the three pumping
centers. Withdrawals ranged from a low of 2 Mgal/d in 1985
to the highs in 2008. Increases of more than 20 percent from
a given year to the next occurred in 1996, 2001, and 2005-6.
The Absecon Island pumping center, which includes Atlantic
City, Margate, Ventnor, and Longport, historically accounted
for a greater percentage of withdrawals than the other pump-
ing centers. During the 1980s, withdrawals from Absecon
Island center were equal to the combined withdrawals from
the other two centers. In 2005 withdrawals at the Pleasantville
and Absecon Island centers were nearly equal, and while with-
drawals at the former have since increased, those at the latter
decreased. Withdrawals at the Absecon Island pumping center
were relatively constant from 1980 to 2006; average with-
drawals generally fluctuated between 4 and 5 Mgal/d, until
reductions during 2007-8. At Brigantine, average withdrawals
in 2008 were 1.8 Mgal/d. Withdrawals increased from 1.5 to
2 Mgal/d during 1980-86; thereafter, combined withdrawals
from all wells were approximately 2 Mgal/d.

In Cape May County, most of the groundwater withdraw-
als were distributed throughout the barrier islands, although

substantial withdrawals were also made near Cape May Court
House and near Cape May City at the southern end of the
peninsula (fig. 6B8). From 1978 to 2008, average withdrawals
ranged from 5.0 to 8.9 Mgal/d. Withdrawals decreased during
1986-92 from 7.5 Mgal/d to less than 6 Mgal/d; however,
during 1992-2003 withdrawals increased by more than
20 percent. In early 1998, a desalination plant in lower Cape
May County began operation to augment existing groundwater
supply, and by 2003, associated withdrawals from the aquifer
were approximately 1 Mgal/d. During 20038, withdraw-
als throughout the county further increased by 25 percent. In
2008, withdrawals of 8.7 Mgal/d represented the greatest total
during 1978-2008.

In southern Ocean County, withdrawals from the
aquifer were made over nearly the entire length of the bar-
rier island complex; the largest volumes were withdrawn
within the mainland communities of Stafford and Little Egg
Harbor Townships. Average withdrawals in Ocean County
during 2008 were 6.2 Mgal/d, a 9 percent increase from
2003 volumes.

Water Levels

The 2008 potentiometric surface of the Atlantic City
800-foot sand is shown on plate 2; groundwater-level mea-
surements used in the preparation of this map are presented in
appendix 2. Long-term groundwater withdrawals have created
a large, elongated cone of depression that aligns along the
general strike of the Kirkwood Formation and extends beneath
the coastal barrier island communities from Barnegat Light in
Ocean County south to Cape May City. Water levels within
the Atlantic City 800-foot sand range in altitude from greater
than 40 ft near the updip boundary in central Atlantic County
to more than 90 ft below NGVD 29 within the deepest part of
the cone, beneath the eastern Atlantic County municipalities
of Atlantic City, Margate, and Ventnor. At the northern end of
the cone of depression, south of Barnegat Light, water levels
ranged from -29 ft near the northern limit of the confined
aquifer to -35 ft (well 29-9) near the southern end of Long
Beach Island. Southwest from the center of the regional cone,
water levels were progressively higher toward the southern
end of the Cape May peninsula, where the highest water level
measured in coastal Cape May County was -24 ft. Two small
cones of depression are present in southern Cape May County
at the Cape May City (wells 9-479 and 9-480) and WWU
well fields.

Groundwater levels measured in 72 wells in 2003 and
2008 were compared to evaluate water-level changes in the
Atlantic City 800-foot sand and to map the potentiometric
differences (fig. 8B). In 2008, water levels declined in 64 wells
(89 percent), were unchanged in 4 wells (5.5 percent), and
rose in 4 wells (5.5 percent). Owing to the substantial increase
in withdrawals at the Pleasantville pumping center, ground-
water decline was greatest in Atlantic County in an area near
the center of the cone of depression, extending throughout the
mainland communities of Egg Harbor Township and the city



of Pleasantville to the barrier island communities of Brigan-
tine, Atlantic City, and Ventnor. From 2003 to 2008 throughout
eastern Atlantic County, groundwater-level declines were
typically about 9 ft but as great as 16 ft. To the north and east,
small to moderate declines were observed throughout much

of southern Ocean County, were greatest at and near mainland
pumping centers, and were smallest along the barrier island. In
Cape May County, groundwater-level declines were greatest
in the vicinity of the Rio Grande well field. Because not all
wells measured in 2008 were available during the 2003 study,
water-level data were compared to estimates derived from the
2003 potentiometric surface at those locations, resulting in
apparent declines of nearly 25 ft at the Rio Grande well field.
These values may overestimate the 5-year decline, whereas the
measured change of -7 ft at an observation well 1 mile (mi)

to the east probably underestimates the overall decline in the
vicinity of the well field (fig. 8B). In the vicinity of the Cape
May City desalination wells, interspersed but modest declines
and rises relative to 2003 were observed.

Results of the Wilcoxon signed-rank test indicate statisti-
cally significant differences (declines) in paired measurements
during both the 5- and 10-year periods across the aquifer.
Given recently (2003—-8) declining water levels throughout

Photograph was provided by U.S. Geological Survey field personnel
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Atlantic County, this relationship was strongest during the
5-year period. Differences (declines) are considered statisti-
cally significant among paired measurements throughout the
counties of Atlantic, Ocean, and Cape May for the 5-year
period, and in Atlantic and Cape May Counties for the 10-year
period (appendix 10-2, fig. 8B).

Results of the Mann-Kendall statistical trend test are
listed in appendix 10-1. Supporting hydrographs for seven
observation wells that depict long-term and seasonal trends in
the Atlantic City 800-foot sand from 1978 to 2008 are shown
in figure 10. Water-level trends during 2003—8 were downward
at six wells; data from the seventh well (1-37) were insuffi-
cient for testing. Downward trends were strongest at wells in
eastern Atlantic County at and near the center of the cone of
depression (wells 1-180, 1-578, and 1-702) and weakest on the
western side of the Cape May peninsula (well 9-306). From
1998 to 2008, trends were downward at four wells (1-578,
9-302, 9-306, and 9-337) and insignificant at the remaining
three wells (1-37, 1-180, and 1-702). For the 30-year period,
significant downward trends were observed at all seven wells.
Trend tests for each were run for the periods of record, and
trends were downward with rates of decline ranging from 0.5
to 1 ft/yr.
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Figure 10. Water-level hydrographs for selected observation wells screened in the Atlantic City 800-foot sand, New Jersey Coastal
Plain, 1978-2008. (All hydrographs are at the same scale; vertical bars denote 5-yr data collection cycles; well locations shown on
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Piney Point Aquifer

The Piney Point aquifer, of middle to late Eocene age,
is composed of fine- to coarse-grained glauconitic sands
interspersed with shell material. The Piney Point aquifer does
not crop out within the study area and, therefore, cannot be
recharged directly by precipitation; recharge occurs by leakage
through confining layers, primarily from the overlying aquifer.
The updip limit of the aquifer is in central Ocean, Burlington,
Camden, Gloucester, and Salem Counties and approximately
near the downdip limit of the Vincentown aquifer. Near this
updip limit, the aquifer is generally 40 ft thick. There are two
areas within the aquifer extent in New Jersey of substantial
sand accumulation (Zapecza, 1989)—southern Burlington
and Ocean Counties where thicknesses can exceed 130 ft
and, to the southwest, in southern Cumberland County where
maximum thicknesses are greater than 200 ft. In the former, a
greater percentage of coarse-grained materials readily permits
the transmission of water and is favorable to development, and
in the latter, thin clay beds and clay-silt in the aquifer matrix
limit productivity (Sugarman and others, 2005). In Delaware,
the Piney Point aquifer is composed of two geologic units,
the Piney Point Formation and the basal sand of the Calvert
Formation, that together function as a single hydrologic unit
(McLaughlin and Velez, 2006). The Piney Point aquifer in
Delaware is predominantly an upward coarsening, shelly
quartz sand containing glauconite that grades to a muddier
facies north and west of the city of Dover. The updip limit of
the aquifer is in central Kent County, and the downdip limit
extends into southeastern Sussex County (Vroblesky and
Fleck, 1991). The maximum thickness of the aquifer in Dela-
ware, approximately 250 ft, occurs near the city of Dover.

Groundwater in the Piney Point aquifer is typically a
calcium-sodium or sodium-bicarbonate type water that evolves
to a sodium-chloride type water in downdip areas. Owing to
recharge via vertical flow through the upper confining unit,
ion-exchange reactions are likely important determinants of
the water chemistry of the aquifer, as evidenced by the enrich-
ment of sodium and potassium relative to chloride (Lettini
and others, 2003). Sodium to chloride molar ratios range from
1.8:1 to more than 100:1 with highest ratios present in updip
sections and beneath the barrier island complex of central
Ocean County, indicative of the greater capacity for cation-
exchange within the aquifer in these areas. In many areas
of the aquifer, sodium concentrations exceeded the NJDEP
secondary maximum contaminant level of 50 mg/L. Chloride
concentrations in groundwater ranged from 2 to 10 mg/L
throughout much of Ocean and central Burlington Counties
but increased to the south and seaward where concentrations
exceeded 300 mg/L in groundwater in coastal Atlantic County.
In southern and southwestern New Jersey, concentrations
ranged from 1 to 200 mg/L and increased with decreasing
distance to the Delaware Bay. Historical data indicate pos-
sible saltwater intrusion into wells at bay front communi-
ties in southern Cumberland County; owing to the lack of
supporting chemical data, it is unclear whether increases in

chloride concentrations resulted from lateral intrusion from
the Delaware Bay or from vertical leakage from the overlying
aquifer via compromised annular well seals. Further, recent
(2008) water-quality data for the aquifer in this area were

not available.

For this study, the location of the 250-mg/L isochlor in
New Jersey was modified from Schaefer (1983) and Lacombe
and Rosman (2001); in Delaware, the location was mapped
by Woodruff (1969) and modified by Lacombe and Rosman
(2001). The location of the onshore part of the line extends
from eastern Atlantic County southwest to northern Cape May
County. To the north, the position of this line was estimated
by Lacombe and Rosman (2001) to be 12 mi downdip from
production wells at Barnegat Light; however, neither observed
nor simulated data were available to substantiate this esti-
mate. The simulated 10,000-mg/L isochlor is located offshore,
approximately 8 mi from production wells at Barnegat Light
(Pope and Gordon, 1999). Measured chloride concentrations in
production wells at Barnegat Light ranged from 5 to 15 mg/L
but were typically 10 mg/L or less; sustained increases have
not occurred during 1998-2008. Similarly, chloride concentra-
tions in groundwater from observation wells near the saltwa-
ter front have not increased substantially, and the extent of
freshwater remains similar to that in 2003. In Delaware, the
position of the front is approximately 10 mi downdip from the
major pumping center at Dover.

Water Withdrawals

In New Jersey, groundwater withdrawals from the Piney
Point aquifer were made predominantly in the coastal region
of Ocean County, particularly in the central Barnegat Bay
region, in Buena Borough in western Atlantic County, and
in and around the city of Bridgeton in southern Cumberland
County where water-quality issues in the overlying Kirkwood-
Cohansey aquifer have spurred recent development of the
Piney Point aquifer (fig. 6C). Withdrawals from the Piney
Point aquifer also are made in the updip parts of the aquifer
in southeastern Burlington and Camden Counties in locations
where yields are favorable to development. In Delaware, the
Piney Point aquifer is a major source of groundwater in Kent
County and has long been utilized for supply in and around the
city of Dover.

Average withdrawals in New Jersey from the Piney
Point aquifer ranged from less than 2 to 5.8 Mgal/d during
1978-2008 (fig. 7C). Withdrawals from the Piney Point aqui-
fer were relatively minor from 1978 to 1992 at 2 Mgal/d with
most withdrawals in Ocean County and negligible amounts
in Atlantic and Cumberland Counties. Withdrawals increased
by more than 50 percent from 1992 to 1993, largely owing to
increasing development in the Toms River area. From 1993
to 2002, development of the aquifer in Ocean County con-
tinued to expand, and by 2003 withdrawals there accounted
for 90 percent (4.3 Mgal/d) of all withdrawals from the Piney
Point aquifer within New Jersey. Combined withdrawals in
Atlantic, Burlington, Camden, and Cumberland Counties



ranged from 0.1 to 0.6 Mgal/d from 1978 through 2002, fol-
lowed by increases of 56 and 41 percent in 2003 and 2004,
respectively, as withdrawals in the Bridgeton area began.

Water Levels

The potentiometric surface of the Piney Point aquifer
during late fall 2008 in New Jersey and Delaware is shown
on plate 3; the groundwater-level data that were used in the
analysis are listed in appendix 3. The maximum groundwater
altitude within the Piney Point aquifer (118 ft in well 29-425)
occurred near the up-dip extent along the border of Burlington
and Ocean Counties, and the minimum (less than -150 ft, vari-
ous wells) occurred in south-central Cumberland County, New
Jersey. The configuration of the 2008 potentiometric surface
indicates the presence of six distinct cones of depression. The
northernmost cone underlies Seaside Park in Ocean County
near the area where the aquifer is most heavily utilized in New
Jersey; the minimum water level at the center of this cone of
depression was -45 ft (well 29-1681). To the south, the cone
of depression centered beneath Barnegat Light had a potentio-
metric minimum of -39 ft (well 29-607).

A cone of depression in coastal Atlantic County is con-
sistent with sustained head decline in the overlying Atlantic
City 800-foot sand. The Piney Point aquifer is unused in this
area, and the presence of this cone indicates upward leakage
in response to lower water levels in the overlying aquifer.
Above the Atlantic City 800-foot sand, a cone of depression
in the infrequently used Rio Grande water-bearing zone also
is an indicator of hydraulic stress propagating through the
hydrogeologic section in this area. The 2008 water level at
the center of this cone (-38 ft, well 1-834) was approximately
4 ft lower than that observed during the previous study. Water
levels in the overlying Atlantic City 800-foot sand declined as
much as 16 ft in this area from the previous study.

Development of the aquifer in Bridgeton, Cumberland
County, after 2003 caused a deep and regionally extensive
cone of depression to form within an area already character-
ized by persistent potentiometric lows and long-term gradual
declines in water levels as a result of withdrawals at Dover,
Delaware. Yields within the Piney Point aquifer vary at dif-
ferent locations because of variations in hydraulic conduc-
tivity that result from facies changes within the Piney Point
Formation. The depth and extent of this cone are greater than
expected given the relatively small amounts of groundwater
withdrawn. Measured water level altitudes at the pumping
center in Bridgeton ranged from -154 to -157 ft; a subsequent
review of purveyor-collected data reported throughout 2009
confirmed these observations (NJDEP, 2012). With the intro-
duction of the supply wells in Bridgeton and the deepening of
the cone of depression, the hydraulic gradient was somewhat
reversed, forming a groundwater divide within the aquifer
beneath the Delaware Bay. Groundwater that previously
flowed beneath the bay from New Jersey toward pumping
centers in Dover is now partially captured by production wells
at Bridgeton.
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In Delaware, a cone of depression, with a minimum
water-level altitude of -138 ft (well Jd14-15) persists in and
around the city of Dover. This cone is the most regionally
extensive within the Piney Point aquifer in the study area.
Substantial long-term withdrawals in Dover placed signifi-
cant hydraulic stress on the aquifer with the breadth of effects
extending throughout a large area beneath the Delaware
Bay and into southern New Jersey. Until 2004, the long-
term withdrawals were the primary cause of declining water
levels in the Piney Point aquifer in Cumberland County. The
potentiometric surface shows a slight deepening and apparent
movement of the center of the cone to the north; this change is
probably a result of spatial shifts in the withdrawal patterns or
the configuration of the water levels relative to those of previ-
ous studies.

In updip areas of the aquifer, vertical head differences
between the overlying Kirkwood- Cohansey aquifer and the
Piney Point aquifer were greatest in Camden, Gloucester,
Cumberland, and western Atlantic Counties, and flow is down-
ward, recharging the aquifer. A downward vertical gradient
to the Piney Point aquifer persists throughout much of Ocean
County; however, in southern Burlington County estimated
heads were generally higher in the Piney Point aquifer, par-
ticularly in low-lying areas near the Batsto and Mullica Rivers,
resulting in a strong upward vertical gradient that is demon-
strated by the presence of flowing artesian wells. Vertical head
differences between the Piney Point and the Wenonah-Mount
Laurel aquifers indicate strong downward gradients and the
potential for flow out of the Piney Point aquifer in central
Burlington, Camden, and Gloucester Counties, particularly in
areas where the underlying Wenonah-Mount Laurel aquifer is
stressed, such as in Winslow and Monroe Townships (Wil-
liamstown quadrangle). Vertical water-level differences range
from 60 to 80 ft in this area, and maximum differences may
exceed 100 ft. In south-central Cumberland County, estimated
vertical differences within the regional cone of depression
exceed 150 ft both above and below the Piney Point aquifer;
thus there is the potential for induced flow from both the
underlying and overlying units into the Piney Point aquifer.

In the northern extent of the aquifer, vertical differences
between the Piney Point and Wenonah-Mount Laurel aqui-
fers diminish in the downdip direction, and the potential for
a downward gradient lessens. At the northernmost cone of
depression in the Piney Point aquifer in Ocean County, the
vertical gradient reverses, and flow is upward into the Piney
Point aquifer. At Barnegat Light and immediately to the south,
a potential downward vertical gradient into the Piney Point
aquifer from the transitional area of the Kirkwood-Cohansey
aquifer system and the Atlantic City 800-foot sand is pres-
ent. From Harvey Cedars and proceeding down the coast, the
gradient reverses and strengthens. Near Atlantic City, verti-
cal head differences are as great as 60 ft, and flow is upward
from the Piney Point aquifer into the overlying Atlantic City
800-foot sand. This potential upward gradient weakens south
and to the west; however, vertical head differences between
the two units remain substantial throughout Cape May County
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(where Piney Point aquifer water levels are believed to be
higher than -20 ft and Atlantic City 800-foot sand water
levels are known to be generally lower than -20 ft and as low
as -60 ft).

Of the confined aquifers included in this study, ground-
water levels in the Piney Point aquifer changed more from
2003 to 2008 than water-levels in other units in terms of mean
(-14 ft) and maximum (-136 ft) change. Although water levels
were essentially unchanged or had recovered throughout much
of the State (fig. 8C), declines exceeding 130 ft were observed
in southern New Jersey. Of the 50 wells measured in both
2003 and 2008, groundwater levels declined in 38 (76 per-
cent), remained about the same in 4 (8 percent), and rose in 8
(16 percent) wells. Stable groundwater levels to a slight recov-
ery of groundwater levels were observed throughout southern
Ocean, Burlington, and parts of northern Atlantic Counties.
Moderate to large declines were most common at the cones
of depression in western Atlantic and Cumberland Counties
in New Jersey and Kent County in Delaware (fig. 8C). In
Bridgeton, Cumberland County, moderate withdrawals created
a deep cone of depression and caused groundwater levels to
decline more than 130 ft at the center of the cone and from
25 to 60 ft through much of Cumberland County. In western
Atlantic County, the cone of depression centered beneath the
Borough of Buena widened and deepened as groundwater lev-
els declined 17 ft relative to 2003 levels. Although withdraw-
als from borough wells increased during 2003—8, declining
groundwater levels probably were, to some degree, affected by
the expansion of the area with water levels below NGVD 29
throughout Cumberland County.

Moderate groundwater-level declines were observed in
most wells in Kent County, Delaware. Near Dover, declines
ranged from 9 ft to 17 ft with the largest declines occurring

b : L ey !

Photograph was provided by U.S. Geological Survey field personnel

near the center of the cone of depression and the most temper-
ate declines to the south and west.

Results of the Wilcoxon signed-rank test indicate sig-
nificant differences in the paired water-level measurements
throughout the dataset as a whole for both the 5-year and the
decadal period. Given steeply declining groundwater levels in
southern New Jersey during 2004-8, this relation was stron-
gest for the 5-year period. Repeated measurements made at
individual wells were not available in sufficient numbers to
group and test by county, except for Ocean County, where
no differences were detected during either period, indicating
that statistical significance is attained on the basis of changes
observed in wells in southern New Jersey.

Results of the Mann-Kendall statistical trend test are
listed in appendix 10-1. Hydrographs for 13 observation wells
that show long-term and seasonal trends for the Piney Point
aquifer in New Jersey and Delaware are provided in figures 11
and 12. Downward trends during 2003—8 were observed at
seven wells, most notably at wells in southern Cumberland
County—11-44, 11-96 and 11-163—where annual rates of
decline exceeded 9, 6, and 7 ft/yr, respectively. Slight down-
ward trends were observed at wells 1-834, 5-407, 29-18, and
29-585 located in downdip areas of Atlantic, Burlington, and
Ocean Counties, respectively. At two wells located in updip
and mid-dip areas of Burlington and Ocean Counties (5-676
and 29-425), no significant upward or downward trend was
observed. Results were similar for the 10- and 30-year peri-
ods; statistically significant downward trends were detected
at observation wells in Atlantic and Cumberland Counties.
No significant trend was detected at well ID55-01, located
near Dover, Delaware, for the period 2003 to 2008; however,
downward trends were observed for both the 10-year and
30-year periods.
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Figure 11. Water-level hydrographs for selected observation wells screened in the Piney Point aquifer, New Jersey Coastal Plain,
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Figure 12. Water-level hydrographs for selected observation wells screened in the Piney Point aquifer, Delaware and eastern
Maryland, 1978-2008. (Vertical bars denote 5-yr data collection cycles; well locations shown on pl. 3)

Vincentown Aquifer

The Vincentown aquifer is composed of the sandy parts
of the Paleocene Vincentown Formation. Within the outcrop
and from 8 mi to 10 mi downdip, the Vincentown Forma-
tion can yield quantities of groundwater capable of sustain-
ing small production and domestic-supply wells; beyond this
extent, it functions primarily as a confining unit (Zapecza,
1989). In the outcrop and the shallow subsurface, the for-
mation is composed primarily of a massive quartzose sand
containing abundant glauconite, mica, and shell material. The
formation grades to silty sand then to silt downdip from the
outcrop (Sugarman, 1992). The formation is thickest (more
than 100 ft thick) in Monmouth County, the area where it is
most often used for water supply. The aquifer is well defined
in northern Ocean and southern Monmouth Counties but is
less well defined in the rest of the Coastal Plain. Beyond Mon-
mouth and Ocean Counties, the Vincentown Formation is silty
and produces appreciable quantities of water only locally; the

Vincentown Formation is not a significant source of water in
any part of southwestern or south-central New Jersey.

The Vincentown aquifer is recharged by direct infiltration
of rainfall on outcrop areas and in areas where the overly-
ing confining unit is thin or absent. The aquifer also receives
recharge from the lower part of the Kirkwood-Cohansey
aquifer where the overlying confining unit is thin or leaky. The
Vincentown aquifer contains freshwater throughout its con-
fined extent. Chloride concentrations range from 1 to 20 mg/L
throughout the northern counties; in southern counties, con-
centrations range from 1 to 25 mg/L. Locally, greater concen-
trations are present in groundwater within the outcrop, likely
owing to anthropogenic sources such as road deicers, agricul-
tural chemicals, and septic system effluent. Despite presumed
hydraulic contact between the aquifer and the Atlantic Ocean
and the aquifer and the lower Delaware River, no evidence
of saltwater intrusion exists. Because of the low to moderate
chloride concentrations in groundwater, the 250-mg/L isochlor
was not determined for the Vincentown aquifer.
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Water Withdrawals

Groundwater withdrawals from the Vincentown aqui-
fer are most common in Monmouth County and parts of
northern Ocean County. The aquifer in this area is used for
public supply, but it also is an important source for domestic
and irrigation supply (fig. 134). Withdrawals for self supply
and irrigation are made from the sandy parts of the aquifer
in Salem and Burlington Counties and, to a lesser extent, in
Gloucester and Camden Counties. Groundwater withdrawals
from the Vincentown aquifer ranged from 0.8 to 1.5 Mgal/d
from 1978 to 2008 (fig. 144). From any given year to the next,
withdrawals increased or were reduced by relatively large
percentages, ranging from 5 to 44 percent. Average withdraw-
als during 2008 were 1.1 Mgal/d with more than 95 percent
occurring throughout Ocean and Monmouth Counties. Pro-
duction wells located in close proximity to the Metedeconk
River, which forms the border between northern Ocean and
southern Monmouth Counties, accounted for nearly 65 percent
(0.7 Mgal/d) of total reported withdrawals from the aquifer.

Water Levels

The 2008 potentiometric surface map for the Vincentown
aquifer is shown on plate 4; supporting water-level data are
presented in appendix 4. Where water-level data were sparse,
particularly in southwestern New Jersey, previously published
potentiometric surface maps (DePaul and others, 2009), as
well as simulated water levels from Voronin (2004), were
used to estimate the position and shape of the contours. The
configuration of the potentiometric surface for the Vincen-
town aquifer is nearly identical to that interpreted for 2003;
however, small declines in water-level altitudes are indicated
by a slight updip and northeastern shift in the mapped con-
tours relative to 2003. The highest groundwater-level altitudes
occurred near the updip limit in western Monmouth and
northwestern Ocean County in areas of greatest topographic
relief; the lowest observed water-level altitudes occurred in
coastal Monmouth and Salem Counties in the northeastern and
southwestern extent of the aquifer, respectively. A potentio-
metric high in northern Ocean County, indicated by the 160 ft-
contour, reflects prevailing water-table altitudes in the outcrop.
Groundwater flow in Monmouth, Ocean, and northern Burl-
ington Counties is generally to the east-southeast from areas of
high water-level altitudes near the updip boundary in the west
toward areas of discharge to pumped wells and the Atlantic
Ocean and toward the eastern areas at the downdip limit of the
aquifer where flow recharges the underlying Wenonah-Mount
Laurel aquifer.

The lack of accessible wells in Burlington and Camden
Counties precluded mapping of 2008 conditions, although the
infrequent usage of the aquifer here would indicate that water
levels remain essentially unchanged and the potentiometric
surface has a configuration similar to that simulated by Martin

(1998). The limited water-level data for central Gloucester
County indicate that a local potentiometric high, originally
mapped by Hardt and Hilton (1969) and confirmed by DePaul
and others (2009), is present. Potentiometric lows of near 0 ft
observed during previous studies where the aquifer underlies
the Salem River and Delaware estuary were not confirmed in
2008 owing to the loss of observation wells in southwestern
Salem County. Reported static water levels at several irriga-
tion wells (not shown on map) during 2008, however, confirm
the presence of low water-level altitudes in Salem County.
Groundwater altitudes progressively decrease to the southwest
of the potentiometric high in Gloucester County, indicating
regional flow toward the Delaware River.

Vertical water-level differences between the Vincen-
town aquifer and the overlying Kirkwood-Cohansey aquifer
are generally less than 20 ft in Monmouth and Ocean Coun-
ties; a weak to moderate downward hydraulic gradient to the
Vincentown aquifer from the water-table aquifer is present and
increases in the downdip direction toward the east. In central
and southern New Jersey, vertical water-level differences are
as great 60 ft, indicating a downward gradient from the water-
table aquifer to the Vincentown aquifer. A downward vertical
gradient is present from the Vincentown to the Wenonah-
Mount Laurel aquifer throughout most of Monmouth and
Ocean Counties, strengthening toward the downdip boundary
of the Vincentown aquifer where water-level altitudes ranged
from 40 to 80 ft higher than in the underlying Wenonah-Mount
Laurel aquifer. In areas where localized potentiometric highs
in the Wenonah-Mount Laurel aquifer coincide with the down-
dip boundary of the Vincentown aquifer, groundwater-level
altitudes are similar and vertical gradients are nearly neutral.
At limited observation wells in southern New Jersey, a down-
ward gradient that weakens to the southwest was apparent.

Substantive interpretations of water-level changes could
not be made for the extent of the aquifer in 2008, given the
spatial limitations of the data collected at individual wells
during both studies. Of the 21 wells measured during both
the 2003 and 2008 studies, water levels declined in 15
(72 percent), remained the same in 3 (14 percent) and rose
in 3 (14 percent) of wells. Water-level changes were minor,
owing to the relative constancy of withdrawals, and generally
declined or rose by 1 to 3 ft. Declines of 5 or 6 ft occurred
at four wells, but no spatial patterns are apparent. Declines
were not always associated with withdrawals from the aquifer
(fig. 13, 154).

Results of the Wilcoxon signed-rank test indicate
significant declines in the paired water-level measurements
throughout the dataset as a whole for the 5-year period, but no
significant change was observed for the 10-year period (appen-
dix 10-2). Long-term water-level data collected at three wells
open to the Vincentown aquifer are represented in figure 16;
results of the trend test are provided in appendix 10-1. No
significant upward or downward trends were detected at any
well for the 5-, 10-, or 30-year periods.
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Figure 14. Estimated groundwater withdrawals from A, the Vincentown aquifer, B, the Wenonah-Mount Laurel aquifer, and C, the
Englishtown aquifer system, New Jersey Coastal Plain, 1978-2008. (Thin vertical bars denote 5-yr data collection periods; note different
vertical scaling)
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Figure 16. Water-level hydrographs for selected observation wells screened in the Vincentown aquifer, New Jersey Coastal Plain,
1978-2008. (All hydrographs are at the same scale; vertical bars denote 5-yr data collection cycles; well locations shown on pl. 4)

Wenonah-Mount Laurel Aquifer

The Wenonah-Mount Laurel aquifer is composed of the
sand of the Mount Laurel Formation and, locally, the upper
part of the Wenonah Formation where the latter is not com-
posed predominantly of silt. The Mount Laurel Formation is
a slightly glauconitic, micaceous quartz sand; shell beds are
fairly common throughout. The upper part of the Wenonah
Formation consists of slightly glauconitic, clayey fine sand
or silt containing abundant lignite fragments and occasional
pyrite (Owens and others, 1970); at its base, the formation
grades to a silt. The aquifer crops out within the exposures of
the Mount Laurel and Wenonah Formations from Monmouth
and Middlesex Counties in the northeastern part of the Coastal
Plain to Salem County in the southwest (pl. 5). The down-
dip limit of the aquifer is offshore of Monmouth and Ocean
Counties; in the southern New Jersey counties—Atlantic,
Cumberland, and Cape May—this limit is poorly defined. The
productivity at any location is based on the thickness and silt
content of the materials composing the aquifer. The aquifer is
thickest in southwestern New Jersey (western Salem, and cen-
tral Gloucester and Camden Counties) where it is most often

used for water supply. In this area, thicknesses of 100 ft to
200 ft are common (Zapecza, 1989). In Salem County, the silt
content increases, and the productive sands decrease accord-
ingly. In the northeastern part of the Coastal Plain, the aquifer
is used for water supply in central and eastern Monmouth and
northern Ocean Counties; the aquifer here is generally 60 ft to
80 ft thick (Zapecza, 1989), although thicknesses may exceed
100 ft in some areas of Monmouth County.

The Wenonah-Mount Laurel aquifer contains freshwater
throughout much of its confined extent. In the northern part of
the study area, chloride concentrations in groundwater gener-
ally range from 2 to 20 mg/L with concentrations increasing
in the downdip direction. The highest chloride concentrations
along the coast in Monmouth County typically were less than
25 mg/L. Occasional elevated concentrations were observed
in close proximity to outcrop areas where recently recharged
groundwater may discharge to pumped wells finished in the
confined aquifer. In southern Cumberland and Salem Counties,
a zone of saline groundwater is present along the Delaware
estuary, extending approximately 2 mi inland in the southwest-
ern part of Salem County (pl. 5). Elevated chloride concen-
trations (50 to greater than 100 mg/L) also are present in



groundwater in and near the city of Salem. During 1990-2004,
chloride concentrations in some supply wells increased to
more than 150 mg/L, with the greatest annual rates of increase
occurring during 2000-2. Concentrations have since stabi-
lized at approximately 100 mg/L. Elsewhere in southern New
Jersey, in areas where the aquifer is used, the groundwater is
generally fresh, and chloride concentrations are typically less
than 25 mg/L.

Water Withdrawals

Groundwater withdrawals from the Wenonah-Mount
Laurel aquifer occur mostly in southern New Jersey where
the aquifer is confined throughout a narrow band from central
Burlington County to central Salem County from the outcrop
to less than 10 mi downdip (fig. 13). Groundwater is also
withdrawn in eastern Monmouth County, along and within
10 mi of the Atlantic coast. From 1978 to 2008, withdrawals
ranged from 4.1 to 8.8 Mgal/d; in 2008, withdrawals aver-
aged 8.2 Mgal/d (fig. 14B, table 3). During 2008, most of
the groundwater (7.5 Mgal/d, 91 percent) was pumped from
the aquifer underlying the southern counties of New Jersey
and, during most years, was typically greater by an order of
magnitude than that pumped in the north. Withdrawals in the
northern counties decreased from about 1.4 Mgal/d in 1978
to 0.7 Mgal/d in 1993 with the largest reduction occurring
in 1991 as a result of the implementation of Critical Area 1
cutbacks. During the same period, groundwater withdrawals
in the southern counties increased only marginally; thereaf-
ter, withdrawals increased to more than 8 Mgal/d with peak
volumes occurring during 1997-98 and 2005 (fig. 14B). From
1996 to 1997, average withdrawals from the aquifer in south-
ern counties increased by 34 percent in an effort to supplement
lost allocation from the regulated PRM aquifers in Critical
Area 2.

Water Levels

The potentiometric surface map, depicting water levels
during the fall and early winter 2008 for the Wenonah-Mount
Laurel aquifer, is shown in plate 5; supporting water-level data
used to construct this map are presented in appendix 5. The
2008 potentiometric surface shows high groundwater altitudes
near the outcrop in northern New Jersey Coastal Plain coun-
ties, a potentiometric low near the outcrop in north-central
Burlington County, and three cones of depression within the
aquifer. The highest groundwater altitudes were observed near
the outcrop in Monmouth County (147 ft in well 25-412); the
lowest were observed in coastal Monmouth County and along
the border of central Camden and Gloucester Counties. The
northernmost cone of depression, located in the coastal region
of Monmouth and Ocean Counties, is elongate in shape; is
centered beneath the boroughs of Point Pleasant, Brielle, and
Spring Lake Heights; and extends throughout a broad area
from Seaside Park in northern Ocean County north to Long
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Branch in Monmouth County and west toward Lakewood. The
configuration and shape of the cone of depression is similar to
that in the underlying Englishtown aquifer system, though the
generally lower transmissivity of the aquifer produces a cone
that is narrower. Simulated contours (Voronin, 2004) were
used to guide the closure of contours at the eastern or offshore
edge of the cone. At the deepest part of the cone, groundwater-
level altitudes ranged from -63 to -68 ft, a rise of 6 to 8 ft
from levels observed in 2003. Within the area encompassed by
the 0—ft contour, groundwater withdrawals from the aquifer in
2008 were estimated to be approximately 0.4 Mgal/d. Given
the depth and breadth of this cone, this amount is not substan-
tial; the relatively low transmissivity of the aquifer of 500 to
700 square feet per day (ft*/d) (Martin, 1998), coupled with
long-term withdrawals and low potentiometric head in the
underlying Englishtown aquifer system, contribute to the size
and persistence of the cone.

The central cone of depression, the smallest of the three,
is centered beneath the community of Browns Mills and has a
minimum water-level altitude of -27 ft (well 5-367). Average
groundwater withdrawals during 2008 from 10 wells in the
Browns Mills area were modest at 0.54 Mgal/d. Since 1980,
average withdrawals ranged from 0.5 to 1.2 Mgal/d, peaking
in the early 1990s and generally decreasing thereafter. Notable
reductions in withdrawals of more than 15 percent from the
previous year occurred in 1994, 1996, and 2006.

The southern cone of depression underlies parts of central
Burlington, Camden, and Gloucester Counties. This elongated
cone of depression began to form after 1983. Two smaller
cones of depression have since merged to form the larger,
more regionally extensive feature present in 2008, extend-
ing approximately 30 mi along the direction of the strike of
the Wenonah and Mount Laurel Formations. The northern-
most “center” of the cone underlying Medford Lakes has a
potentiometric-surface low of -55 ft (well 5-1253), a decline
of more than 20 ft from the previous study. The southernmost
“center” underlies an area straddling the border between
Camden and Gloucester Counties; its length is approximately
8 mi along the direction of strike. The low water level of -82 ft
(well 7-847) represents a decline of 11 ft from 2003. Each cen-
ter is characterized by steep, lateral hydraulic gradients in their
respective updip areas, ranging from 42 to 50 ft/mi.

Vertical head differences between the Piney Point and the
Wenonah-Mount Laurel aquifers indicate a moderate to strong
downward gradients in central Burlington, Camden, and
Gloucester Counties, particularly in areas where the Wenonah-
Mount Laurel aquifer is experiencing pumping stresses, such
as Winslow and Monroe Townships (Williamstown quadran-
gle). Potentiometric differences range from 60 to 80 ft in this
area, with maximum differences exceeding 100 ft. Throughout
much of the mid-dip and updip areas of the aquifer, a down-
ward hydraulic gradient is present from the Wenonah-Mount
Laurel aquifer to the underlying Englishtown aquifer system.
At the deep cone of depression in the Wenonah-Mount Laurel
aquifer in coastal Ocean and Monmouth Counties, water-level
differences between the two units can be substantial, although
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along the eastern and northern edges, these differences moder-
ate and, in places, are neutral.

Groundwater-level changes in the Wenonah-Mount
Laurel aquifer from 2003 to 2008 are shown in figure 155.
Most groundwater levels measured showed small to moder-
ate changes relative to 2003, although large declines were
indicated in a few areas. Water levels declined in 84 wells
(74 percent), recovered in 21 wells (19 percent), and remained
about the same in 8 wells (7 percent). Water levels, in general,
rose 5 to 10 ft near the center of the regional cone of depres-
sion underlying eastern Monmouth County (fig. 158), continu-
ing the long-term trend of recovery in this area. This rise in
water-levels can be attributed to a reduction in withdrawals
and corresponding recovery in the underlying Englishtown
aquifer system, as the volume of, and year to year changes
in, withdrawals from the Wenonah-Mount Laurel are minor.
Away from the center of the cone of depression, changes in
groundwater levels were subtle, and declines or rises of 2 to
3 feet were most common. Beyond the 0-ft contour and to the
north and west, the potentiometric surface showed little to no
change from 2003. In central Jackson Township, however,
water levels were as much as 20 ft lower than in 2003 despite
modest increases in withdrawals of less than 10 percent.

Throughout the southern counties, water levels measured
in 2003 and 2008 declined in 66 percent of wells, recovered
in 10 percent, and remained about the same in 24 percent.
Within the Browns Mills cone of depression, water levels
remained about the same as in 2003, reflecting stable trends in
withdrawals. Groundwater levels in central Burlington County
declined from 2 to 23 ft in response to increasing withdrawals
in the vicinity of Medford Lakes. In comparison, water-level
declines near the Camden/Gloucester County line were more
moderate, and stable to rising water levels were observed in
surrounding municipalities, reflecting an 11 percent decrease
in withdrawals since 2003.

Photograph was provided by U.S. Geological Survey field personnel

Results of the Wilcoxon signed-rank test indicate a
statistically significant difference (decline) in paired water-
level measurements in the dataset as a whole (app. 10-2) from
2003 to 2008. A similar relation was observed in measure-
ments throughout Critical Area 2; however, no significant
difference among compared measurements throughout Critical
Area | was indicated. Significant decreases between paired
measurements were observed for Burlington, Camden, Ocean,
and Salem Counties, but not for Monmouth or Gloucester
Counties. From 1998 to 2008, significant differences between
paired measurements were not observed.

Results of the Mann-Kendall statistical trend test are
listed in appendix 10-1. Supporting hydrographs for eight
observation wells that show long-term and seasonal trends
in the Wenonah-Mount Laurel aquifer from 1978 to 2008 are
provided in figures 17 and 18. From 2003 to 2008, statisti-
cally significant downward trends were observed for 5 wells
(7-118, 7-478, 29-140, 33-20, and 33-252), and upward trends
were observed for 2 wells (25-486 and 25-637). Downward
trends were strongest for wells 7-478 and 33-20 and weak-
est for wells nearest the outcrop (33-252 and 7-118). No
significant upward or downward trend was observed for
well 25-353. From 1998 to 2008, significant downward trends
were observed for two wells, 7-478 and 29-140. Observa-
tion well 7-478 is located near the border between Camden
and Gloucester Counties and along the downdip side of the
southern cone of depression. Following a 70-ft water-level
decline over an 18-year period (1983-2001), water levels
stabilized, then rose during 20045, but have since declined.
Well 29-140, located in the mid-dip section of the aquifer in
northern Ocean County, shows only a modest decline for the
10-year period, as well as for the period of record. Upward
trends were observed for wells 25-353, 25-486, and 25-637
for their respective periods of record; in contrast, downward
trends were observed for wells 7-478 and 33-20 from 1978
to 2008.
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Figure 17. Water-level hydrographs for selected observation wells screened in the Wenonah-Mount Laurel aquifer in the northern
counties of the New Jersey Coastal Plain, 1978-2008. (Vertical bars denote 5-yr data collection cycles; well locations shown on pl. 5)
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Englishtown Aquifer System

The Englishtown Formation is a fine- to medium-grained
feldspathic quartzose sand that in some places grades to a silt.
The formation is thickest (200 ft) in Monmouth County and
remains sandy and thick a substantial distance downdip from
the outcrop; therefore, the aquifer yields large quantities of
water in Monmouth and Ocean County. In central and south-
ern Ocean County, a confining unit partitions the Englishtown
aquifer system into upper and lower aquifers. The aquifer
system is underlain by the Merchantville-Woodbury confining
unit, which is the most extensive confining unit in the Coastal
Plain. The Englishtown Formation thins considerably to the
southwest, where sandy units are discontinuous and silt beds
predominate (Zapecza, 1989). The approximate downdip limit
of the aquifer system is shown on plate 6; it extends from the
Forked River in Ocean County, southwest through Hammon-
ton and Buena in Atlantic County, then along an east-west
trending line through Bridgeton in Cumberland County to the
Delaware Estuary in Salem County. The distance from outcrop
to the downdip boundary is approximately 34 mi in Ocean
County, but to the southwest, the lateral extent of the confined
aquifer decreases to about 12 mi in southern Salem County. To
the south and east the aquifer is not recognized on geophysical
logs that penetrate the section (Zapecza, 1989). Transmissiv-
ity in the Englishtown aquifer system decreases substantially
to the southwest as geologic material composing the aquifer
matrix becomes finer-grained (Nichols, 1977), and little water
is produced from the aquifer in the southwestern part of the
State (Zapecza, 1989).

Most of the confined part of the Englishtown aquifer
system contains fresh groundwater, except in a limited area at
and surrounding the Sandy Hook observation well (25-771)
in northeastern Monmouth County where chloride concentra-
tions exceed 15,000 mg/L. The geochemical imprint on the
groundwater from this well indicates a direct connection to,
and mixing with, seawater. The saline water is present below
a 5-ft-thick clay lens, however, and is effectively segregated
from the upper part of the aquifer where the groundwater is
fresh and used for potable supply.

In updip and mid-dip sections of the confined aquifer,
calcium and bicarbonate are the predominant ionic species,
and concentrations of chloride are low, ranging from 1 to less
than 10 mg/L, except in northern Monmouth County where
concentrations at times exceed 10 mg/L. In far downdip areas
of northern Ocean County, sodium is the predominant cation,
and the groundwater exhibits high sodium to chloride molar
ratios, ranging from 5:1 to 100:1, evidence of substantial
amounts of cation exchange. Concentrations of chloride in
groundwater from the lower part of the confined aquifer in
these areas occasionally exceeded 15 mg/L and have been
observed to be as high as 40 mg/L but are most often less than
the former. No evidence of upward trends has been observed.

Chloride concentrations in the Englishtown aquifer
system in southern New Jersey generally ranged from less
than 1 to 9 mg/L throughout the confined aquifer, although

higher concentrations were observed within and near outcrop
areas. Chloride concentrations showed no apparent increase
with increasing distance in the downdip direction; however,
most of the chloride data from the southern counties are from
wells within 10 mi of the outcrop. Water-quality data farther
downdip are sparse, and substantive conclusions about the
evolution of groundwater toward this boundary could not be
made. Chloride data for individual wells through time also are
rare, and temporal trends could not be determined.

Water Withdrawals

Withdrawals from the Englishtown aquifer system are
made primarily in Monmouth and northern Ocean Counties
and in central Camden County; however, smaller-capacity
production wells are present throughout north-central Burling-
ton County (fig. 13C). The aquifer is used locally in eastern
Mercer County and near the outcrop in Salem and Gloucester
Counties where withdrawals are made primarily for domes-
tic self-supply. Average withdrawals from the Englishtown
aquifer system in 2008 were approximately 7.2 Mgal/d
(table 3); withdrawals from the northern counties accounted
for 67 percent of this volume. Withdrawals decreased from
approximately 11 Mgal/d in 1978 to less than 7 Mgal/d by
1996 (fig. 14C) as a result of mandated cutbacks in Critical
Area 1 and, beginning in 1991, the use of the Manasquan
Reservoir as an alternative source of water. Reductions during
1989-91 (26 percent) were the most notable. In 1997 with-
drawals increased to nearly 9 Mgal/d and, during the ensuing
decade, ranged from 7 to 8.5 Mgal/d. In northern Coastal Plain
counties, withdrawals averaged nearly 9 Mgal/d during the
1980s, 5.7 Mgal/d during the 1990s, and from 2000 to 2008,
5.2 Mgal/d.

Withdrawals from the aquifer system in the southern
counties were constant at approximately 0.5 Mgal/d from
1978 through 1987 (fig.14C); in 1988 withdrawals began to
increase gradually. By 1996, average withdrawals were nearly
1.7 Mgal/d; a sharp increase to 3.3 Mgal/d followed in 1997.
In 1997 in Camden County, estimated withdrawals more than
doubled from the previous year because of new wells brought
on line in the county. This increase in the use of the English-
town aquifer system was a consequence of restrictions placed
on withdrawals from the underlying PRM aquifer system in
1996. From 1998 to 2001 withdrawals averaged approximately
3 Mgal/d. In 2002, withdrawals from the aquifer system in
the southern Coastal Plain began a gradual decline, then
leveled at approximately 2 Mgal/d. In 2008 average with-
drawals throughout the southern Coastal Plain counties were
2.3 Mgal/d.

Water Levels
The potentiometric surface during the fall and early win-

ter of 2008 for the Englishtown aquifer system is shown on
plate 6; supporting water-level data used to construct this map



are presented in appendix 6. The highest groundwater altitudes
within the confined aquifer exceeded 100 ft and occurred near
the outcrop in western Monmouth County, roughly coinciding
with areas of greatest topographic relief. The lowest ground-
water altitudes (-84 to -101 ft) occurred along the Monmouth/
Ocean County boundary and are associated with pumping cen-
ters near Point Pleasant and Lakewood. The dominant feature
of the groundwater flow system is a prominent cone of depres-
sion underlying northeastern Ocean and eastern Monmouth
Counties (pl. 6). This regionally extensive cone of depression
has been well documented; a 1958 potentiometric surface map
by Seaber (1965) shows water levels in this area in excess of
100 ft below NGVD 29. Nichols (1977) similarly documents
declines in water levels from 1900 to 1959 of greater than

100 ft near the border of Monmouth and Ocean Counties;
from 1959 to 1983, groundwater levels in this region declined
an additional 150 ft.

The location and configuration of this cone is similar to
that in the overlying Wenonah-Mount Laurel aquifer; verti-
cal leakance through the confining unit allows good hydraulic
connection between the two aquifers. Closed contours on
the seaward side of the cone were mapped on the basis of
simulations by Voronin (2004). The lateral hydraulic gradi-
ent on the updip side of the cone of depression is relatively
steep, ranging from 12 to 30 ft/mi; on the downdip side this
gradient is generally less than 5 ft/mi. The cone of depression
is composed of several smaller cones underlying pumping
centers located at Point Pleasant, Spring Lake, and Lakewood,
the largest of which underlies coastal communities from
Mantoloking in northern Ocean County to Belmar in southern
Monmouth County. Lowest water-level altitudes in this area
(< -80 ft) were measured in production wells at Point Pleasant.

The remaining local cones underlie areas near the town
of Lakewood. Each is radially small but deep, and each is
associated with either a single well or two wells. This area is
characterized by a potentiometric head of less than -70 ft, with
the minimum groundwater altitude (-101 ft) observed in the
northern part of the municipality, near the Metedeconk River.

A local depression in the potentiometric surface at
Freehold (well 25-727) is indicated on the map (pl. 6) by the
upswept 80-ft contour in the southeastern part of the Freehold
quadrangle. This feature was initially included on the 1993
potentiometric map and verified during the 1998 and 2003
studies (Lacombe and Rosman, 2001; DePaul and others,
2009). A measured water-level altitude near this feature was
62 ft, a decline from the previous study of 6 ft. In the southern
counties, groundwater altitudes ranged from a high of 96 ft in
northern Burlington County to a low of -38 ft where a small,
localized cone of depression is present in central Burlington
County beneath the community of Browns Mills.

Vertical head differences between the Englishtown
aquifer system and the Upper PRM aquifer are significant in
updip and mid-dip areas of western Monmouth, northeastern
Ocean, and Camden Counties. Groundwater altitudes during
2008 in the Englishtown aquifer system were as much as 117,
115, and 104 ft higher in Monmouth, Ocean, and Camden
Counties, respectively, and the potential for downward flow
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out of the Englishtown aquifer system is greatest in these
areas. In eastern Monmouth and northeastern Ocean County,
however, groundwater altitudes are higher in the Upper PRM
aquifer than in the Englishtown aquifer system. Despite heads
that are more than 40 ft higher in the Upper PRM aquifer than
in the Englishtown aquifer system beneath the cone of depres-
sion in eastern Monmouth and Ocean Counties, upward flow
is impeded owing to the thickness and low permeability of
the underlying Merchantville-Woodbury confining unit in that
area (Martin, 1998).

Water-level differences between the Englishtown aquifer
system and the Wenonah-Mount Laurel aquifer are gener-
ally less than those between the Upper PRM aquifer and the
Englishtown aquifer system. Water-level differences range
from 10 to 25 ft in updip areas of Monmouth and Ocean
County; however, in mid-dip areas where the Englishtown
aquifer system is used for supply, water levels may be as much
as 45 ft lower than those in the overlying Wenonah-Mount
Laurel aquifer. Along the western edge of the cone of depres-
sion in coastal Monmouth and Ocean Counties, water-level
differences are as much as 60 ft, and the Englishtown aqui-
fer system receives downward recharge from the overlying
Wenonah-Mount Laurel aquifer, contributing to the sustained
potentiometric lows in the Wenonah-Mount Laurel aquifer.
Flow from the Wenonah-Mount Laurel aquifer to the English-
town aquifer system may be substantial in areas where vertical
gradients are strong because of the relatively high leakance
of the Marshalltown-Wenonah confining unit (Martin, 1998).
Water-level differences decrease toward the east and north of
the cone of depression, ranging from 5 to 20 ft.

Water-level changes from 2003 to 2008 were calculated
for the 76 wells open to the Englishtown aquifer system and
measured in both years. A map showing these water-level
changes is provided in figure 15C. Of the wells measured in
both 2003 and 2008, water levels declined in 40 (53 percent),
recovered in 32 (42 percent), and remained the same in 4
(5 percent). Water-level declines ranged from 1 to 23 ft and
were most common in central Monmouth County to the north
and updip from the regional cone of depression, and in updip
and mid-dip areas of northwestern Ocean and Burlington
Counties. In mid-dip areas of north-central Ocean County,
groundwater levels did not change. The largest changes were
observed at and near the center of the regional cone of depres-
sion where a 40-percent reduction in withdrawals relative to
2003 volumes caused water levels to recover by 28 to 38 ft.
On the western and updip side of the cone of depression,
water levels were stable or had recovered by 3 to 18 ft. At the
southern edge of the cone of depression, water levels were
unchanged or modestly recovered.

In central Camden County in southern New Jersey, water
levels were as much as 20 ft higher than those observed in
2003. Rising water levels occurred throughout several small
municipalities as a result of a 20-percent reduction in with-
drawals during this period.

Results of the Wilcoxon signed-rank test indicate that,
from 2003 to 2008 and from 1998 to 2008, the differences in
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paired water-level measurements throughout the aquifer were
not significant (appendix 10-2). In Critical Area 1, water levels
recovered during 1998-2008 and 20038, although during
2003-8, rises are not statistically significant at the 95-percent
confidence level. Evaluated by county, water-level rises from
2003 to 2008 in Ocean County were significant, and declines
in Burlington County were significant during the same period.
There were no significant changes in other counties dur-

ing 2003-8 and no significant changes in any county during
1998-2008.

Results of the Mann-Kendall statistical trend test are
listed in appendix 10-1. Supporting hydrographs for nine
observation wells that graphically depict long-term and
seasonal trends in the Englishtown aquifer system from
1978 to 2008 are shown in figure 19. The hydrographs for
wells 23-104 and 25-715 show little to no change in water
levels during the periods of record, whereas the hydrograph
for well 29-138 shows periods of modest decline and subse-
quent recovery. Wells 23-104 and 25-715 are located in updip
areas, and well 29-138 is within the mid-dip section of the
aquifer system. These wells are distant from the regional cone
of depression along the coast.

The water level in well 25-715, located near Sandy Hook
Bay in northern Monmouth County, has remained relatively
constant since the well was installed in 1991. Withdrawals
from the aquifer are made 1.25 mi to the west but are minor;
therefore, the range in seasonal fluctuations is small, from 2 to
less than 4 ft, and the long-term water-level change is barely
perceptible. Temporal fluctuations observed in well 23-104
show responses to changes in precipitation and subsequent
recharge; this well is located away from the influence of
pumping wells and within the outcrop where infiltration is
rapid and recharge paths are relatively short. From 1978 to
2008, the water level in this well has remained essentially
unchanged. Results of trend testing indicated a near-zero slope
for the periods of record (1978-2008) at both wells.

The hydrograph for well 29-138 (fig. 19) shows a gradual
decline of 7 ft during 1978-93, followed by a rise of 8 ft
through 1998; thereafter, annual high-water levels gener-
ally stabilized at 66 ft. During the latter part of the period of

Photograph was provided by U.S. Geological Survey field personnel

record, a slight downward trend was observed, and the water
level declined by nearly 4 ft from 2003 to 2008.

Observation wells 25-250 and 5-259 are located in updip
areas of western Monmouth and Burlington Counties, respec-
tively, far from major cones of depression but near areas where
the aquifer is pumped. From 2003 to 2008 a slight, downward
trend was observed at well 5-259. A calculated slope of -0.46
indicates a water-level decline of 2 to 3 ft during this period.
In comparison, the trend observed at well 25-250 was statisti-
cally insignificant. For the 10-year period, however, a slight
upward trend was observed in well 25-250, and for the 30-year
period, the trend, though insubstantial, was slightly downward.

Water-level change within the aquifer was more
dynamic at wells located nearer the regional cone of depres-
sion. Well 29-530 is located near the center of the cone,
and proceeding updip, in order of increasing distance, are
wells 25-429 and 25-638. Water-level trends observed in each
of the wells parallel one another, and with increasing distance
inland, the slopes of the hydrographs become shallower,
groundwater altitudes increase, and the seasonal variability
is tempered. Owing to Critical Area conservation strategies
introduced in the late 1980s, water levels rose sharply in all
three wells from 1990 to 1996; the magnitude of recovery
during this period was greatest in well 29-530 at approxi-
mately 100 ft. From 1998 to 2008, despite a brief decline
during 2001-3, an upward trend in water levels occurred for
wells 25-429 and 29-530. From 1998 to 2008, results of the
Mann Kendall trend test indicate that no change occurred in
the water levels in well 25-638; however, for the 5-year period
2003 to 2008, an upward trend is indicated. Both graphical and
statistical analyses of data from well 29-534 indicate a trend
similar to those in wells described above; however, the posi-
tion of the well on the southern edge of the depression, distant
from withdrawal centers, and the depth of its screened interval
contribute to the moderation in both decline and recovery.
Water levels in this well lack seasonality, and the inflection
point indicating recovery lagged others by nearly 3 years.
Results of the Mann Kendall trend test indicate significant
upward trends for the 5-, 10-, and 30-year periods.
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Potomac-Raritan-Magothy Aquifer
System

The PRM aquifer system includes the most produc-
tive aquifers in the New Jersey Coastal Plain. In order of
increasing depth they are the Upper, Middle, and Lower PRM
aquifers. The Upper PRM aquifer generally corresponds to the
Magothy Formation in New Jersey (Zapecza, 1989) and is the
most extensive unit within the aquifer system. In Monmouth
and Middlesex Counties, the aquifer is locally referred to as
the Old Bridge aquifer. The aquifer consists of coarse-grained
permeable sands with thin interbedded clay and clayey silt
layers present locally. The outcrop extends in a northeast to
southwest trending band from the Raritan Bay to the Dela-
ware River adjacent to Salem County and is mostly coincident
with the outcrop of the Magothy Formation. The downdip
part of the aquifer is well defined offshore of Monmouth and
Ocean Counties but less well defined in Atlantic, Cumberland,
and Cape May Counties. The thickness of the sand interval
ranges from more than 200 ft in eastern Monmouth County
to about 50 ft in Cape May County. Recharge to the aquifer is
mainly from outcrop areas in Mercer, Middlesex, and Mon-
mouth Counties and from the overlying Englishtown aquifer
system, but water also enters the system from outcrop areas
in Burlington, Camden, and Gloucester Counties because
long-term withdrawals and cones of depression in these areas
have altered the natural flow paths, converting areas formerly
receiving discharge into recharge areas. The overlying confin-
ing unit, ranging in thickness from 200 to 300 ft throughout
Monmouth, Ocean, and southern Burlington Counties, is
relatively impermeable and effectively impedes vertical flow
in downdip areas (Zapecza, 1989). Transmissivity of the
aquifer is greatest in the eastern part of Monmouth County,
although the sand bodies remain highly conductive throughout
western Monmouth County, as well as in western Camden and
Gloucester Counties.

The Middle and undifferentiated aquifer of the PRM
aquifer system extends from the Raritan Bay in the north-
eastern part of the study area to Maryland in the southwest.
Northeast of Burlington County, the aquifer is locally referred
to as the Farrington aquifer. The aquifer in this area is well
defined from the outcrop area to about 20 mi downdip; beyond
this distance the aquifer cannot be separated from the under-
lying sediments within the PRM aquifer system. Zapecza
(1989) refers to the aquifer in eastern Middlesex County
and western Monmouth County as the undifferentiated PRM
aquifer. Similarly, in southern New Jersey the aquifer can be
traced in the subsurface from the outcrop to an area extend-
ing approximately 10 mi to 12 mi downdip, beyond which
the aquifer is indistinguishable from the Lower PRM aquifer.
Where the confining unit between the Lower and Middle
aquifers is absent, the aquifer unconformably overlies bedrock
or weathered bedrock. The transmissivity of the aquifer is
greatest in northern Ocean County (greater than 16,000 ft?/d),
but the aquifer is most productive in Burlington, Camden, and

Gloucester Counties in, and within a short distance from, the
outcrop area where the transmissivity ranges from 6,000 ft*/d
to more than 10,000 ft*/d (Martin, 1998). To the southwest,
discontinuous silt and clay beds within the Middle aquifer

in Salem County inhibit its productivity. The Middle PRM
aquifer is continuous into Delaware where it is composed of
the sandy parts within the upper part of the Potomac Forma-
tion. The updip limit of the aquifer in Delaware is within the
outcrop of the Potomac Formation in northern New Castle
County. The downdip limit of the freshwater-saltwater inter-
face, as indicated by the 10,000 mg/L isochlor, extends into
eastern Sussex County, Delaware.

The Lower PRM aquifer is the lowermost aquifer within
the Coastal Plain of New Jersey and Delaware. The aquifer
does not crop out in New Jersey but is entirely overlain by
the confining bed separating the Middle and the Lower PRM
aquifers. The aquifer is recognizable about 8 to 12 mi downdip
from the outcrop area of the Potomac and Raritan Forma-
tions (Zapecza, 1989); beyond this limit the aquifer cannot
be differentiated from the overlying sediments of the Middle
PRM aquifer. The transmissivity of the aquifer is highest
in northwestern and central Camden County and adjoining
areas in Gloucester and Burlington Counties; this is where
the aquifer is most productive. The Lower PRM is continuous
into Delaware, coinciding with the lower part of the Potomac
Formation. The updip limit of the aquifer in Delaware lies
between the western edge of the Coastal Plain sediments and
the updip limit of the Middle PRM aquifer; the downdip limit
is in northern Kent County (Vroblesky and Fleck, 1991).

Extent of Saline Water

The PRM aquifer system contains saline water through-
out a broad area of southern New Jersey (2,490 mi?), extend-
ing from the banks of the Delaware River in Salem and
Gloucester Counties east through southern Ocean County
and to the south, encompassing parts of Burlington, Camden,
and Ocean Counties, much of Gloucester and Salem Coun-
ties, and all of Atlantic, Cumberland, and Cape May Counties
(fig. 20). The presence of saline water in the aquifer system
throughout much of southern New Jersey largely resulted
from past seawater incursions and the subsequent deposition
of paleoseawaters that accompanied eustatic rises in sea level.
Long residence times and continued reaction with miner-
als in the aquifer matrix, particularly in far downdip areas in
southern New Jersey, resulted in a dense, highly mineralized,
and geochemically mature groundwater. These waters have not
yet been flushed with more dilute groundwater from northern
recharge areas owing to low freshwater heads at and near the
transitional zone. The saltwater front arcs in the updip direc-
tion and toward the Delaware River in southern Gloucester
County, reflecting predevelopment flow paths and movement
of groundwater toward predevelopment discharge areas.
Chloride concentrations in the groundwater range from 1 mg/L
to more than 20,000 mg/L, generally increasing in the seaward
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Figure 20. Area of saline groundwater, Potomac-Raritan-Magothy aquifer system, New Jersey, 2008.

direction and with depth throughout the aquifer system.
Although saline groundwater in deeper parts of the aqui-

fer system in Salem, Gloucester, and Cumberland Counties
occasionally exhibits geochemical properties similar to those
of seawater (sodium and bromide to chloride ratios of 0.86 and
1.5 x 1073, respectively), the composition of the groundwater
generally indicates a reverse base-exchange reaction, whereby
calcium and magnesium ions are lost to sodium-bearing
exchange sites, resulting in sodium enrichment of the ground-
water (Meisler, 1989). As sodium enrichment progresses, cal-
cium-magnesium to chloride ratios decrease relative to those
for seawater. Concurrent increases in boron to chloride ratios
in the groundwater relative to seawater are consistent with
desorption from clay confining units (Pucci and others, 1997;
DePaul and Szabo, 2007; Vinson and others, 2011). Because
the aquifer system is in good hydraulic connection with the
Delaware River in Camden, Gloucester, and to a lesser degree
in Salem County (Navoy and others 2005), induced infiltration
during periods of drought and low river discharge may also be
a source of chloride contamination in southern New Jersey.

In the northern parts of the Coastal Plain, the PRM
aquifer system underlying Middlesex and Monmouth Counties
is hydraulically connected to the Raritan and South Rivers,
the Washington Canal, and the Raritan Bay, permitting saline
water to recharge the aquifer system where prevailing hydrau-
lic gradients are landward (Pucci and others, 1994).

Within the Upper PRM aquifer, freshwater is pres-
ent throughout much of the updip extent, but saline water is

present in Salem County, east through southern Ocean County
and south, encompassing most of Atlantic and all of Cum-
berland and Cape May Counties (pl. 7). Chloride concentra-
tions in the Upper aquifer range from 1 mg/L to more than
4,000 mg/L. The lowest concentrations occurred in mid-dip
and downdip areas of the aquifer throughout Monmouth,
Middlesex, northern Ocean, Burlington, and Camden Coun-
ties, where values are less than 10 mg/L. In updip areas adja-
cent to the aquifer outcrop, concentrations are typically higher,
ranging from 2 to 92 mg/L, likely resulting from anthropo-
genic sources such as road deicers and agricultural runoff in
nearby recharge areas. The highest concentrations of chloride
were observed in the downdip areas of Salem and Gloucester
Counties and in areas of limited extent near the Raritan Bay in
northern Monmouth County.

In areas adjacent to, and where the Upper PRM is in
good hydraulic connection with, the Raritan Bay, saline water
recharges the aquifer underlying parts of Keyport, Union
Beach, and Keansburg. Increasing chloride concentrations
and the related chemical quality of groundwater during the
past decade (1998-2008) indicate continued active saltwater
intrusion in this area. From 1998 to 2008 chloride concentra-
tions in wells 25-206 and 25-567 increased at rates of more
than 60 mg/L per year. In southern New Jersey, saline ground-
water is present within the aquifer throughout large parts of
southern Salem, central and western Gloucester, and southern
Camden Counties. Saline groundwater occurs throughout all
of Cumberland County and points south and likely beneath
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much of Atlantic and parts of southern Burlington and Ocean
Counties. Water-quality data for the area east of Gloucester
County is limited, and the location of the freshwater-saltwater
interface is inferred from water-quality data for wells located
to the north and by the relative position of this interface within
the underlying Middle PRM aquifer. Chloride concentrations
ranged from less than 1 mg/L to 30 mg/L in and around the
Camden cone of depression to as high as 250 mg/L in central
Gloucester County. At observation wells in the downdip direc-
tion of the saltwater front, chloride concentrations are as high
as 3,300 mg/L. Trends in chloride concentrations are most
often upward along this line in the direction of the Camden
cone of depression, particularly at production wells in Glass-
boro and Clayton, although annual rates of increase typically
are small.

Within the Middle PRM aquifer, groundwater is gener-
ally fresh throughout the northern counties, except in areas
where the aquifer underlies or is adjacent to the Raritan and
South Rivers in Middlesex County. The recent movement of
the saltwater front in the Raritan River and Bay area and the
extent of saline groundwater are not fully known because of
the lack of current data and wells open to the aquifer; there-
fore, the mapped location of this line has not changed dur-
ing the past several data-collection cycles. Recent (2006—8)
water-quality data for a limited number of observation wells,
however, indicate that moderate to highly saline groundwater
(500—4,800 mg/L) is still (2008) present in the Sayreville area
of Middlesex County. Within the southern extent of the Middle
PRM aquifer, the saltwater front roughly bisects southern
New Jersey from Salem County in the west to southern Ocean
County in the east. In similar fashion to the geographic pat-
tern of saltwater occurrence in the Upper aquifer, a tongue of
saline groundwater arcs in an updip direction toward areas
of higher potentiometric head in central Gloucester County
(pl. 8). To the west of this line in Salem County, trends in
dissolved chloride in groundwater were not significant or, in
some cases, were downward for 1998 to 2008. Northeast of
this line, toward the Camden cone of depression but in areas
where chloride concentrations are low to moderate (15 to
60 mg/L), slight upward trends were sometimes observed for
production wells.

The extent of freshwater within the Lower PRM aqui-
fer is shown on plate 9. The location of the saltwater front,
based on previously published works by Barksdale and others
(1958), Gill and Farlekas (1976), and Schaefer (1983), was
updated by using recent water-quality data (DePaul and oth-
ers, 2009). Chloride concentrations in groundwater from the
Lower PRM aquifer ranged from less than 2 mg/L to more
than 11,000 mg/L. The lowest concentrations, which gener-
ally did not exceed 20 mg/L, occurred in downdip areas of
Burlington and Camden Counties and away from the Dela-
ware River. Highest concentrations of chloride are present in
the aquifer underlying much of western Gloucester County
and northwestern Salem County and areas to the south and
east, where concentrations ranged from 143 to 850 mg/L. The
presence of chloride concentrations in excess of 22,000 mg/L

has also been determined in groundwater in eastern Cumber-
land County where, in the undifferentiated part of the sys-
tem, highly concentrated brines are encountered at depths of
3,000 ft or greater. The simulated 10,000 mg/L isochlor trends
northeast to southwest from southern Burlington to southern
Salem County (Pope and Gordon, 1999). This line, along with
the 250-mg/L isochlor, approximately defines the transition or
dispersion zone, whereby fresh and saline groundwater mix
primarily through the process of diffusion but by advection
and mechanical dispersion as well. The simulated location of
this line is 2 mi in the downdip direction from the 250-mg/L
isochlor in Gloucester and 3 mi distant in southern Salem
County, indicating a laterally narrow zone of dispersion

in places.

Groundwater Flow System

Groundwater flow in the Potomac-Raritan-Magothy aqui-
fer system is discussed in detail in Martin (1998) and Voronin
(2004), and for the Camden area, in Navoy and Carleton
(1995). Prior to water-supply development (pre-1900), ground-
water flow within the PRM aquifer system was controlled
primarily by variations in hydraulic properties of the saturated
sediments, as well as by land-surface topography. The aquifer
system was recharged by precipitation at outcrop areas in Mer-
cer and Middlesex Counties and by leakage from the overlying
Englishtown aquifer system. Groundwater flowed to the east
and southeast from topographic highs in Mercer, Monmouth,
and Middlesex Counties toward topographic low points near
the Raritan Bay and the Atlantic Ocean. Groundwater in the
shallow part of the system followed short flow paths and dis-
charged locally to surface-water bodies; water that entered the
deeper, regional groundwater flow system followed interme-
diate and relatively long flow paths toward discharge points
beneath the Raritan Bay and Atlantic Ocean. Longer flow
paths curved toward the southwest, trending arcuately across,
then up the aquifer dip, discharging to the Delaware River
and other low-lying surface-water bodies in outcrop areas of
Camden, Gloucester, and Salem Counties (Martin, 1998; Spitz
and DePaul, 2008).

After development, potentiometric surfaces and ground-
water flow patterns in the PRM aquifer system were sub-
stantially altered by the location and magnitude of ground-
water withdrawals. Withdrawals throughout the system had
increased, causing groundwater levels to decline and large
cones of depression to form. Long flow paths indicative of the
unstressed system were supplanted by short and intermediate
flow paths in many places, with groundwater discharging to
pumped wells. By the early 1980s, cones of depression had
formed in both the Upper and Middle aquifers in the northern
section of the Coastal Plain, marked by water levels below
-50 ft in both the Upper and Middle aquifers, and water levels
in the Middle aquifer were below -100 ft in northern Mon-
mouth County. In southern New Jersey, regional cones of
depression underlying central Camden County extended more



than 45 miles in the downdip direction and encompassed all
three aquifers. By the late 1980s and early 1990s, groundwater
levels in the Upper, Middle, and Lower PRM aquifers had
reached minima of -109, -92, and -107 ft, respectively. Owing
to this decline, groundwater flow patterns were reversed such
that recharge and discharge were redistributed throughout

the system, and areas that once supplied recharge to downdip
areas of the aquifer now (2008) supply discharge to produc-
tion wells. Moreover, areas of discharge, such as those in the
southwestern part of the State adjacent to the Delaware River,
were converted to recharge areas.

With the establishment of the Critical Areas and asso-
ciated management strategies, the progressive, long-term
declines in groundwater levels began to stabilize and subse-
quently recover. By 2008 groundwater levels typically recov-
ered from 10 ft to more than 30 ft in the Upper and Middle
aquifers across much of Monmouth County, with maximum
recoveries of 37 ft and 51 ft, respectively. In Middlesex
County, recovery of groundwater levels in the Middle aquifer
typically ranged from less than 10 ft to 40 ft but was as much
as 67 ft. Recovery in northern Ocean County was less dynamic
and ranged from 2 ft to 25 ft. In places, water levels contin-
ued to decline in the Upper aquifer. In southern New Jersey
groundwater levels recovered by as much as 53, 40, and 50 ft
in the Upper, Middle, and Lower aquifers, respectively.

A more detailed discussion of groundwater-level recovery
in the PRM aquifers as a result of Critical Area management
strategies is provided in Spitz and others (2008), DePaul and
others (2009), and Spitz and DePaul (2008). Groundwater-
level conditions in the PRM aquifer system during fall 2008
are discussed in the following sections.

Upper Potomac-Raritan-Magothy Aquifer
Water Withdrawals

Withdrawals from the Upper PRM aquifer are made in
Middlesex, Monmouth, and northern Ocean Counties from
upland recharge areas to the Atlantic coastline (fig. 214);
however, in the southern part of the study area from Burling-
ton County south to Salem County, withdrawals are confined
to a narrow band extending from the aquifer outcrop to about
12 mi downdip. Beyond this limit, depth to the top of the
aquifer is substantial and elevated (higher than background)
dissolved solids in the groundwater prompts the use of shal-
lower aquifers. The primary pumping centers are located in
eastern Middlesex County within and near the outcrop of the
Magothy Formation and in central Camden and Gloucester
Counties. Substantial withdrawals also are made in northwest-
ern Burlington, northern Ocean, and throughout Monmouth
County. Minor withdrawals are made in Mercer County and
in Salem County within close proximity to the up dip limit of
the aquifer.

Estimated groundwater withdrawals from the Upper PRM
aquifer during 1978-2008 ranged from 54.4 to 80.5 Mgal/d,
average withdrawals during 2008 were 55.1 Mgal/d (fig. 224;
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table 3). Withdrawals peaked during the early to mid-1980s
prior to emplacement of mandatory restrictions and alterna-
tive sources of supply. From 1989 to 1995, withdrawals were
relatively constant, ranging from 65 to 69 Mgal/d, and were
followed by a reduction of 8 Mgal/d or 12 percent during
1994-95. From 1996 to 2008 withdrawals ranged from 54.4 to
62.9 Mgal/d with reductions occurring in successive years,
except for 20001, 2004—5 and 2006—7. Average withdrawals
throughout the aquifer during 2008 were about the same as

in 2003.

Upper PRM aquifer withdrawals were highest in Middle-
sex, Gloucester, and Monmouth Counties, at 15.8, 8.7, and
8.6 Mgal/d, respectively (table 3). Throughout the northern
counties average withdrawals during 2008 were 32 Mgal/d,
nearly 30 percent greater than those in the southern coun-
ties (table 3, fig. 224). Combined withdrawals from the
northern counties peaked from 1981 to 1984 (approximately
47 Mgal/d); from 1984 to 2000, withdrawals generally
decreased in successive years with the largest reductions
occurring during 1988—-89. A marked increase occurred during
2001 when withdrawals were 17 percent greater than during
the previous year. Withdrawals decreased again by 2003 and
were followed by modest increases in 2005 and 2007. In the
southern counties, water withdrawals generally were stable
(approximately 30-32 Mgal/d) from 1978 through 1995; in
1996 withdrawals decreased to 27 Mgal/d, or by 16 percent,
from the year prior. Mandatory restrictions on withdrawals
from the Upper PRM aquifer further reduced these amounts,
and from 1997 to 2008, withdrawals ranged from 23 to
27 Mgal/d. Average withdrawals during 2008 (23 Mgal/d)
were at the low end of this range.

Water Levels

The potentiometric surface map for 2008 for the Upper
PRM aquifer is shown on plate 7; supporting water-level data
used to construct this map are provided in appendix 7. The
dominant feature of the potentiometric surface is the extensive
cone of depression that extends from the Raritan Bay in the
northeastern part of the study area to Salem and Cumberland
Counties in the southwest. The highest groundwater alti-
tudes occurred in and near the outcrop area in eastern Mercer
and Middlesex Counties; the lowest groundwater altitudes
occurred in northern Ocean and central Camden Counties. Pre-
vious water-level studies documented low water levels extend-
ing into northern Delaware and eastern Maryland (Lacombe
and Rosman, 2001; DePaul and others, 2009). Because of the
unavailability of data during 2008, groundwater conditions in
the Upper PRM aquifer in Delaware were not determined.

The regional cone of depression can be divided into two
sub-regional segments, northeastern and southwestern seg-
ments. The northeastern sub-regional depression encompasses
most of Ocean and Monmouth Counties. This cone of depres-
sion has expanded and deepened since the 2003 study as a
result of continued increases in groundwater withdrawals. The
well-defined center of the cone is beneath pumping centers
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in Manchester and Toms River Townships and Lakehurst
Borough; groundwater altitudes in this area ranged from -81 to
-95 ft. Lateral hydraulic gradients are steeper on the updip side
of this cone (because of proximity to recharge at and near the
outcrop) than on the downdip side; therefore, hydraulic stress
extends eastward and beneath the Barnegat Bay, encompass-
ing pumping centers on the barrier island from Mantoloking

to Seaside Heights. Moreover, despite constant or decreasing
withdrawals on the barrier islands, water levels were gener-
ally lower than in 2003 and likely were affected by increases
in groundwater withdrawals to the west. The small, localized
cone near Seaside Heights has deepened, and water levels
throughout the barrier islands declined by 6 ft to as much as

15 ft. Approximately 15 mi to the southwest, the water level

in well 5-1391 declined by nearly 10 ft to -35 ft, and the area
of aquifer encompassed by the -30 ft potentiometric contour
became contiguous with that in southern New Jersey.

Elsewhere throughout the northern counties, water levels
ranged from -37 to 76 ft with high altitudes near the outcrop in
Mercer and Middlesex Counties and low altitudes at the center
of a localized depression near Asbury Park. Such localized
depressions were more common in the potentiometric sur-
faces during previous studies; however, owing to rising water
levels in central and northern Monmouth County coupled with
declining water levels in southern Monmouth and northern
Ocean Counties, such depressions are no longer evident.

The southern segment of the regional cone of depres-
sion encompasses much of Burlington, Camden, Gloucester,
and eastern Salem Counties. In areas where data are sparse or
absent, simulated potentiometric contours by Voronin (2004)
were adapted to close the contours on the downdip edge of
the regional cone. Groundwater-level altitudes in this seg-
ment ranged from highs of 0-19 ft in extreme updip areas of
Burlington and Salem Counties to lows of -70 to -91 ft at and
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near the center of the cone in Berlin, Pine Hill, and Clementon
in Camden County and Medford Lakes in Burlington County.
From 2003 to 2008, water levels in this central segment, in
general, remained stable or had recovered modestly; however,
water levels at the center of the cone were as much as 16 ft
higher in 2008.

Water-level differences between the Upper and Middle
PRM aquifers are generally small to moderate near the outcrop
and to about 8 mi downdip, ranging from near neutral to
approximately 20 ft and indicating the potential for downward
flow out of the Upper PRM aquifer. Vertical head differences
in the southwest in Salem County are locally as much as 30 ft
along the Delaware River and, in the northeast within and
along the outcrop of the Magothy Formation in Middlesex
and western Monmouth Counties, range from 20 ft to as much
as 50 ft above the potentiometric low in the Middle PRM
aquifer. The potential for downward flow from the outcrop
to the underlying Middle aquifer is greatest in this area, and
the natural flow patterns have been altered such that recharge
to the Middle aquifer is enhanced, reducing the volume of
groundwater in the Upper aquifer that formerly flowed to
the south and east. Because of the reduction of groundwater
flow in the Upper aquifer, coupled with the loss of upward
discharge beneath the Raritan Bay from both the Upper and
Middle PRM aquifers, refreshening of the aquifer in the Union
Beach area cannot progress. In eastern Monmouth County, the
vertical gradient reverses; groundwater altitudes in the Upper
PRM aquifer are as much as 25 feet lower than in the underly-
ing Middle PRM aquifer in the Red Bank, Monmouth County,
and area. In north-central Ocean County within the cone of
depression near Lakehurst, vertical head differences between
the Upper and Middle aquifers increase to nearly 70 ft, and the
potential for vertical flow is upward into the Upper PRM. In
southern New Jersey, near the cone of depression in Camden
and Burlington Counties, vertical head differences range from
10 to 20 ft, and flow is upward from the Middle aquifer. To the
south and southeast (downdip) from the cone of depression,
vertical head differences are uncertain owing to the limited
amount of data in these areas.

Vertical head differences between the Upper PRM aquifer
and the Englishtown aquifer system are substantially greater
than those between the Upper and Middle PRM aquifers. Head
differences and potential for downward flow into the aquifer
are greatest in updip and mid-dip areas. Estimated vertical
head differences in 2008 were as much as 104 ft in Camden,
117 ft in Western Monmouth, and 115 ft in northwestern
Ocean County. In eastern Monmouth and northeastern Ocean
County, however, groundwater altitudes are higher in the
Upper PRM than in the Englishtown aquifer system. Despite
differences of more than 40 ft between the Upper PRM and
the Englishtown aquifer system beneath the cone of depres-
sion in eastern Monmouth and Ocean Counties, upward flow
is probably limited because of the thickness and low perme-
ability of the overlying Merchantville-Woodbury confining
unit (Martin, 1998).

The mapped difference in the potentiometric surfaces
of the Upper PRM aquifer from 2003 to 2008 is shown in
figure 234. Of 182 wells measured in 2003 and 2008, water
levels declined in 110 (60 percent) wells in 2008; declines
of 5 ft or greater were observed in 50 wells (27 percent)
and declines of 10 ft or more in 21 wells (12 percent). In
contrast, water levels rose in 61 wells (34 percent); rises of
5 ft or greater were observed in 27 wells (15 percent), and
rises of 10 ft or more were observed in 6 wells (3 percent).
Water levels remained about the same in 11 wells (6 percent).
Results of the Wilcoxon signed-rank test indicate that, on an
aquifer-wide basis, water levels were statistically lower in
2008 than in 2003 (appendix 10-2). When grouped by county,
this relation held for Monmouth, Ocean, and Salem Counties
but was strongest for Monmouth and Ocean, providing further
evidence of declining groundwater levels in these areas as
shown in figure 234. In Burlington, Gloucester, and Middle-
sex Counties, differences in water levels from 2003 to 2008
are not significant; however, differences in Camden County
were substantially higher. Similarly, water levels, grouped
according to management area, declined in Critical Area 1 but
recovered in Critical Area 2. For the 10-year period, signifi-
cant declines occurred in Critical Area 1, as well as in the sub-
regional group of Middlesex, Monmouth, and Ocean Counties.
Water-level increases occurred in Critical Area 2, as well as in
the sub-regional group of Burlington, Camden, and Gloucester
Counties.

Results of the Mann-Kendall trend analysis are listed
in appendix 10-1; supporting water-level hydrographs for
the northern and southern counties are shown in figures 24
and 25, respectively. In the northern counties, water levels
followed an upward trend from 2003 to 2008 at two wells
(23-292 and 23-228). Trends were insignificant at 3 wells
(23-351 25-206, 25-316), and a downward trend was observed
at 1 well (25-639). Observation well 25-639 is located in
southern Monmouth County at the northern edge of the
expanding sub-regional depression. In the southern counties,
upward trends from 2003 to 2008 were observed at 2 wells
(5-258 and 7-117), and insubstantial trends were observed at
2 wells (7-477 and 15-741). Downward trends were observed
at two wells (15-728 and 33-253); both are located beyond
the boundary of Critical Area 2. Downward trends for wells
in the southern counties, though statistically significant, were
generally small with annual rates of decline of less than 0.6 ft
that are sometimes difficult to see graphically. The absence
of nearby withdrawals and the lack of distinct seasonality in
water levels in well 33-253, much like those in observation
wells in Delaware, indicate regional influences from with-
drawals and sustained head declines in adjacent aquifers on
both sides of the Delaware Bay (DePaul and others, 2009).

From 1998 to 2008, for observation wells in the north-
ern counties, trends were similar to those observed during
the 5-year period; trends were upward in 2 wells (23-228 and
23-292), insignificant in 3 wells (23-351, 25-206, and 25-316),
and downward in well 25-639 along the periphery of the cone
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of depression. For observation wells in the southern counties,
trends were upward at four wells (5-258, 7-117, 7-477, and
15-741). The 10-year trend at well 15-728 was considered
insignificant; a downward trend was indicated for well 33-253.

In the northern Coastal Plain counties from 1978 to 2008
upward water-level trends were observed at 3 wells (23-292,
25-206 and 25-316), and water-level change was insubstan-
tial at 3 wells (23-228, 23-351, and 25-639) (app. 10-1). The
upward trend at well 25-206 was attained largely through a
substantial rise in water levels during 1990-92, which corre-
sponds to the cessation of withdrawals from the aquifer. In the
southern counties, upward trends in water levels were deter-
mined for four wells (same as those for the 10-year period);
rates of recovery ranged from 0.36 to 1.13 ft/yr. Results also
indicate slightly increasing water levels in well 15-728; how-
ever, the annual rate of recovery was considered insubstantial.
The highest annual rates of recovery coincided with the steep-
est lateral hydraulic gradients on the updip side of the regional
cone of depression; annual rates of recovery were lower on the
northern and downdip sides of the depression. A downward
trend was observed for well 33-253 for the 30-year period; the
net change in the water level in this well was 9 ft.

Middle Potomac-Raritan-Magothy Aquifer
Water Withdrawals

Groundwater withdrawals from the Middle and undif-
ferentiated PRM aquifer occurred throughout its extent from
the Raritan Bay to Salem County. Primary pumping centers in
the aquifer’s northern extent are located in eastern Middlesex,
northern Monmouth, and northern Ocean Counties and, in the
south, Burlington, Camden, Gloucester, and Salem Counties.
The distribution of withdrawals is similar to that in the Upper
PRM aquifer in that withdrawals are made in the updip and
mid-dip areas of the aquifer throughout the northern counties
of New Jersey, but withdrawals are confined to a relatively
narrow band extending from the outcrop to approximately
8 mi downdip in the southern counties (fig. 21B). Beyond this
limit, the presence of elevated concentrations of dissolved
solids in the groundwater inhibits development of the aquifer.

Groundwater withdrawals from the Middle PRM aquifer
from 1978 to 2008 ranged from 61 to 84 Mgal/d (fig. 22B).
Withdrawals peaked during the early 1980s, but from 1984 to
2000, withdrawals were reduced by 18 Mgal/d (22 percent)
as a result of mandated Critical Area cutbacks. From 2001 to
2005, however, withdrawals increased by 13 percent. By 2008
average withdrawals throughout the aquifer declined again,
and the reported withdrawals of nearly 65 Mgal/d represent
a 6-percent decrease from 2003, the year of the last regional
water-level study (table 3).

In the northern counties of New Jersey, average with-
drawals ranged from 26 to 43 Mgal/d from 1978 to 2008.
Withdrawals generally decreased during 1980-96; Critical
Area restrictions triggered notable single-year reductions from
1988 to 1989 and again from 1991 to 1992. From 1997 to

2002, withdrawals again increased and by 2005 were approxi-
mately 34 Mgal/d. Withdrawals across the northern counties
subsequently declined and in 2008 were at 32 Mgal/d, nearly

1 Mgal/d greater than the 2003 withdrawals. In the northern
counties in 2008, average groundwater withdrawals were
greatest in Mercer County (9 Mgal/d), followed by Middlesex,
Monmouth, and Ocean Counties at 8.4, 7.3, and 7.0 Mgal/d,
respectively (table 3). Historically, withdrawals among the
northern counties were greatest in Middlesex County and, at
their maximum in 1980, exceeded 15 Mgal/d. Declining water
levels and saltwater encroachment along tidal reaches of the
Raritan River and its tributaries led to the systematic reduction
of withdrawals in this area, and by 1990, average withdrawals
were approximately 8 Mgal/d. Since 1991, however, aver-

age withdrawals throughout Middlesex County increased and
receded during successive short 1- to 3-year periods. During
1998-2008, average withdrawals in Middlesex County peaked
in 2004 at 11.2 Mgal/d, but withdrawals decreased during
2005-8. In Ocean County, average withdrawals decreased

by approximately 7.2 Mgal/d or 58 percent during 1980-98;
thereafter, average withdrawals ranged from 6 to 8 Mgal/d.
Withdrawals in Monmouth County followed a similar trend
with the smallest annual volumes withdrawn during 1992-97.
Withdrawals increased slightly in 1998 and, from 1999 to
2000, ranged from 5.7 to 7.3 Mgal/d. In comparison, with-
drawals from the aquifer in Mercer County were relatively
constant during the 1980s, ranging from 7 to 8 Mgal/d,
increased in 1991, and stabilized through the early 2000s until
peaking in 2007 at 9.5 Mgal/d.

Withdrawals from the aquifer in the southern counties
were slightly greater on average than those in northern coun-
ties during 1978-2008. Average groundwater withdrawals in
the southern counties ranged from 33.3 to 46.1 Mgal/d during
the 30-period. Groundwater withdrawals in the combined
southern counties peaked in 1983, decreased by nearly
9 Mgal/d to 37 Mgal/d in 1984 and were relatively constant
from 1986 to 2007, alternately increasing or decreasing in any
given year by 1 to 10 percent. Average withdrawals in 2008
of approximately 33 Mgal/d were at their lowest levels since
1978. Withdrawals from the aquifer in southern New Jersey
were greatest in Burlington County and least in Salem County.

Water Levels

Water-level data from 173 wells open to the Middle and
undifferentiated PRM aquifer are provided in appendix 8; the
2008 potentiometric surface is shown on plate 8. The high-
est groundwater-level altitudes in the Middle PRM aquifer
occurred near the updip limit in Mercer and Middlesex
County, New Jersey. This potentiometric high coincides with
groundwater highs in the overlying Upper PRM aquifer and is
where the aquifer historically received most of the recharge.
The lowest groundwater-level altitudes occurred in central
Camden County where they are associated with the long-
term regional cone of depression and in southwestern Salem
County, adjacent to the Delaware Estuary. The major feature



of the potentiometric surface is the regionally extensive cone
of depression that encompasses much of the study area and
extends from the Raritan Bay in the northeast to Salem in
the southwest. Much like the regional cone of depression in
the Upper PRM aquifer, several discrete sub-regional cones
or areas of low potentiometric head are present within the
northern, north-central, central, and southwestern parts of the
larger cone.

The northern segment underlies eastern Middlesex
County and part of northwestern Monmouth County in New
Jersey and is within Critical Area 1. Groundwater altitudes in
the northern segment of the regional cone ranged from -11 ft
(well 23-194) to -36 ft (well 25-545) in 2008; water levels
were lowest along the Raritan Bay front and inland and south
to about 6 mi. Groundwater altitudes increased toward the
outcrop because of topographic influences. The north-central
area of the regional cone of depression includes much of
southeastern Monmouth County and is within Critical Area 1.
Groundwater altitudes in this segment ranged from -11 to
-33 ft (wells 23-194 and 25-272); lowest altitudes occurred
near pumping centers in and around Freehold, with groundwa-
ter altitudes increasing to the north and west.

The central segment of the regional cone of depres-
sion underlies a broad area of the New Jersey Coastal Plain,
extending from Ocean County southwest to Gloucester County
and eastward to Atlantic County; it includes substantial parts
of Burlington and Camden Counties. Water-level altitudes in
this segment ranged from 0 ft to -66 ft; the lowest water levels
were observed in central Camden County and in the vicinity
of Marlton in Burlington County. The shape and orientation
of the cone of depression is similar to that in the overlying
Upper PRM aquifer, though groundwater altitudes generally
were higher in the Middle aquifer near its center and on the
downdip side, indicating the potential for upward flow out of
the aquifer. Lateral hydraulic gradients on the updip side of
the cone of depression of nearly 8 ft/mi are steeper than those
in either the Upper or Lower aquifers, although at 1 to 2 ft/mi
on the downdip side, the gradients are similar to those of the
Upper aquifer and slightly less than those of the Lower aqui-
fer. Large areas of low hydraulic head are present in central
Camden County despite the absence of withdrawals from the
Middle aquifer; substantial withdrawals from both the Upper
aquifer and the underlying Lower PRM aquifer likely induce
leakage through adjacent confining layers, contributing to the
depth of the cone of depression here. Near the southeastern
edge of this central segment, depths to the top of the aquifer
are considerable, and the groundwater is highly mineralized;
consequently, few wells are open to the aquifer. Observation
well 11-137 in eastern Cumberland County, New Jersey, is
the farthest downdip well open to the aquifer included in this
study; total dissolved solids in the groundwater are such that
the density of the groundwater is substantially greater than
fresher waters within other parts of the aquifer. Correcting for
density, the measured groundwater altitude of -52 ft yields
a freshwater equivalent of -29 ft. In northern Ocean County,
at the northeastern edge of this segment, water levels ranged
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from -16 ft (well 29-626) to -39 ft (well 29-576); the low-
est water levels were measured at or near production wells
throughout Jackson Township.

The southwestern segment of the regional cone of depres-
sion encompasses Salem County in New Jersey and most of
New Castle County in Delaware. Groundwater altitudes in
Salem County ranged from -20 ft (wells 33-305 and 33-166)
to -75 ft (well 33-934). Groundwater altitudes were estimated
to be highest in the south-central part of Salem County, and
measured water levels were lowest along the Delaware River
and estuary where localized cones of depression are present in
Pennsville and on Artificial Island. Previous studies docu-
mented potentiometric lows extending beneath the Dela-
ware Bay and into northern Delaware and eastern Maryland
(Lacombe and Rosman, 2001; DePaul and others, 2009).
Water-level data for a comparable time period were not avail-
able, and groundwater conditions could not be determined.

Water-level differences were small to moderate near the
outcrop of the Middle aquifer and to about 8 mi downdip;
higher groundwater altitudes in the Middle aquifer indicate a
weak downward vertical gradient and the potential for flow
into the Lower aquifer. Despite the relatively small vertical
head differences between the two aquifers, flow rates between
the two may be substantial owing to high leakance of the
intervening confining unit (Martin, 1998). On the downdip
side of the cone of depression, estimated heads may be higher
in the Lower aquifer than in the Middle aquifer, by as much as
15 ft, indicating the potential for upward flow into the Middle
PRM aquifer. Water-level differences between the Upper PRM
aquifer and Middle PRM aquifer are presented in detail in
the previous section. In brief, a downward hydraulic gradi-
ent is present from the Upper to the Middle PRM aquifer in
most places along, and for short distances downdip from, the
western boundary of the Upper PRM aquifer. In parts of Mon-
mouth and north-central Ocean County where the Upper PRM
aquifer is stressed, the potential for flow is upward through the
top of the Middle aquifer. In southern New Jersey, within the
regional cone of depression, flow is generally upward through
the top of the Middle aquifer.

The 5-year change in water levels in the Middle PRM
aquifer is shown in figure 23B. Of 151 wells measured in both
2003 and 2008, water levels declined in 71 (47 percent) wells
in 2008. Declines of 5 ft or greater were observed in 15 wells
(10 percent) and of 10 ft or more in only 3 wells. In contrast,
water levels recovered in 63 wells (42 percent); rises of 5 ft
or greater were observed in 29 wells and of 10 ft or greater in
5 wells (19 percent). Water levels remained about the same in
17 wells (11 percent). Stable or rising water levels were most
often associated with the regional cone of depression in Criti-
cal Area 2 but were also observed throughout eastern Middle-
sex and northern Monmouth Counties. Moderate declines were
observed in central Monmouth and northern Ocean Counties
and in updip areas of Burlington, Gloucester, and Salem Coun-
ties, beyond the boundary of Critical Area 2.

Groundwater levels in northern Ocean and southern
Monmouth Counties were generally at or slightly below those
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observed during 2003 with declines of 1 to 6 ft typical. In
northwestern Monmouth County groundwater levels declined
by 5 to 10 ft since 2003, but near the Raritan Bay and in updip
sections in Middlesex County, water levels were stable or had
recovered. Near the Raritan and South Rivers, water levels
showed modest to substantial recovery, ranging from 2 to 8 ft,
as a result of continued reduction in groundwater withdraw-
als. Semi-annual water-level data collected from observation
wells in this area confirm small to moderate rises from 2003 to
2008 (U.S Geological Survey, 2010). Mapped recovery near
the Raritan Bay in Sayreville (greater than 20 ft) was based on
observations at a single well (23-401); however, a review of
reported static water-level measurements from nearby produc-
tion wells during this period indicated rises of at least as much.
Such large differences may be an artifact of residual pumping
effects during the earlier measurement period; however, rising
groundwater levels are likely because withdrawals from the
Middle aquifer were discontinued in this area by 2004, and
those from the Upper aquifer were minor.

In the central segment and within Critical Area 2, small to
moderate recovery of water levels was observed in most wells
(range of 2—11 ft), except for scattered wells located along
the updip side of the cone and beyond the depleted zone of
Critical Area 2. Although withdrawals typically decreased and
water levels recovered throughout much of the area, withdraw-
als at individual wells or small groups of wells have increased
since 2003 as a result of temporal and spatial shifts in local
pumping patterns, resulting in local declines in groundwater
levels. Near the center of the cone of depression, water levels
rose 3 to 8 ft in 10 wells and were unchanged in 3 wells.

On the downdip side of the cone, water levels recovered
slightly. Adjacent to the outcrop in and around Camden, N.J.,
unchanged water levels or rises of 2 to 4 ft were most com-
mon, although combined withdrawals from the Middle and
Lower aquifers remained at 2003 volumes. In eastern Cumber-
land County, far from withdrawal centers, the water level in
well 11-137 did not change. Within the southwestern segment
of the cone, water levels declined 1 to 5 ft throughout southern
Gloucester County and central Salem County.

Results of the Wilcoxon signed-rank test indicate that,
from 2003 to 2008, the differences in water levels between
paired measurements throughout the aquifer were not signifi-
cant (app. 10-2). A similar result was calculated for paired
measurements from Critical Area 1; however, within Criti-
cal Area 2, a significant increase was observed. Significant
increases are also indicated for Camden and Middlesex
Counties and significant decreases for Gloucester and Salem
Counties. Water levels in Monmouth, Ocean, Burlington, and
Mercer Counties did not appreciably change. For the period
1998 to 2008, a statistically significant rise in water levels was
observed in the study area as a whole, as well as in Critical
Area 2; however, differences between paired measurements
were not significant throughout Critical Area 1. Results
indicate significant increases in water levels in Burlington

and Gloucester Counties, significant decreases in water levels
throughout Monmouth and Salem Counties, and no significant
difference in the paired measurements for Camden, Middle-
sex, and Ocean Counties.

Water-level hydrographs for seven wells screened in
the Middle and undifferentiated aquifer of the PRM aquifer
system in the northern counties of New Jersey are shown in
figure 26; well locations are shown on plate 8. From 2003 to
2008, statistically significant downward trends in water levels
were detected at wells 29-19 and 29-85 (app. 10-1). Changes
were subtle, at -0.28 ft/yr at well 29-19 and -0.38 ft/yr at
well 29-85 and were, in part, responses to the increased
withdrawals and the deepening cone of depression within the
Upper PRM aquifer. Water levels in wells 25-635 and 23-291
showed no significant change during this period; however,
trend test results indicated a significant rise in the water level
in well 25-272. Limited water-level data during targeted peri-
ods precluded a statistical analysis of wells 23-97, 23-273, and
23-439. During 1998-2008, downward trends were detected
at three observation wells (29-19, 29-85, and 25-635), and
an upward trend was detected at well 23-291. No significant
upward or downward trends were observed at well 25-272.
The water level in observation well 29-19 declined during
this period. Although results of the Mann-Kendall produced
a p-value of less than 0.001 for well 29-19, the annual rate
of decline was less than 0.2 ft and, therefore, was considered
unimportant for the purposes of this discussion. During the
30-year period, 1978-2008, upward trends were detected
at five wells (23-291, 23-439, 25-272, 25-635, and 29-85);
neither an upward nor a downward trend was determined for
well 29-19.

Groundwater hydrographs for 10 wells open to the
Middle aquifer and the undifferentiated part of the PRM aqui-
fer system in southern counties of New Jersey are shown in
figure 27; observation well locations are shown on plate 8. For
the southern counties from 2003 to 2008, upward trends were
indicated for 6 wells, and downward trends were indicated
for 3 wells. The geographic patterns of both downward and
upward trends are consistent with observations based on the
water-level-change maps. Upward trends were detected at
observation wells within the depleted zone of Critical Area 2,
and downward trends were detected beyond the Critical Area 2
boundary and to the southwest in Gloucester and Salem Coun-
ties. Seasonal water-level fluctuations and the annual rate
of recovery were greatest at wells nearest the cone’s center
(7-413 and 5-261) and more temperate on the northern and
southeastern sides of the cone. Annual rates of decline were
highest in mid-dip areas in Salem County (wells 33-187 and
33-251) and moderate in updip areas of Gloucester County.
The wider seasonal fluctuations observed in well 33-187 show
the effects of nearby production wells at Woodstown; the
absence of distinct seasonality in water levels in wells 11-137
and 33-251 illustrate long-term regional trends that are not
dominated by the effects of local withdrawals.



Potomac-Raritan-Magothy Aquifer System 55

VT 7T T T 7 T T T T T T T T T T T T T T T T T T T T T T T T
% Middle aquifer

Tl dii ™ 00000, 0% % oo o0 Y 050 o o8 °

Missing ’

- 329

60
23-273 data
0 500000 000200 / %o N
40 F
) T T Y M

20

o

Water-level altitude, in feet referenced to NGVD 29

T T T T T T T T T T T T T T T T T T T T T T T T T T 1
Undifferentiated aquifer

-10
20 k
30 F i
40 F 3
_50 E L L L L L L L L L L L L L L L L L L L L L L L L L L L L L L 3

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year
EXPLANATION

Water-level measurement

Continuous

o——o Manual

Figure 26. Water-level hydrographs for selected observation wells screened in the Middle and undifferentiated Potomac-Raritan-
Magothy aquifer in the northern counties, New Jersey Coastal Plain, 1978-2008. (All hydrographs are at the same scale; vertical bars
denote 5-yr data collection cycles; well locations shown on pl. 8)
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Figure 27. Water-level hydrographs for selected observation wells screened in the Middle and undifferentiated Potomac-Raritan-
Magothy aquifer in the southern counties, New Jersey Coastal Plain, 1978-2008. (All hydrographs are at the same scale; well 11-37
corrected for density; vertical bars denote 5-yr data collection cycles; well locations shown on pl. 8)



Lower Potomac-Raritan-Magothy Aquifer

Water Withdrawals

Groundwater withdrawals from the Lower PRM aquifer
in New Jersey were made predominantly in areas adjacent to
the Delaware River, with most (approximately 24.4 Mgal/d
or 66 percent) in Camden County (table 3). Most withdraw-
als were made in the northwestern part of the county near the
eastern bank of the Delaware River, although pumping centers
are located as far as 11 mi downdip in the central part of the
county (fig. 21C). Substantial withdrawals (9.5 Mgal/d) were
made in Burlington County along the Camden border and
near the northern limit of the aquifer. In Salem and Glouces-
ter Counties, withdrawals were made in the extreme updip
parts of the aquifer owing to the presence of saline water in
downdip areas. Groundwater withdrawals from the aquifer
in Delaware were most common within or near the outcrop
area of the Potomac Formation; however, production wells are
also located in downdip areas adjacent to the Delaware River
(Delaware City).

From 1978 to 2008, average withdrawals from the
Lower PRM aquifer ranged from 37 to 75 Mgal/d (fig. 22C).
Withdrawals peaked in the early and mid-1980s; thereafter,
withdrawals generally decreased until 2000 and, from 2000 to
2005, remained constant at approximately 38 to 40 Mgal/d.
In 2006, groundwater withdrawals were further reduced by
1 Mgal/d to 37 Mgal/d. In 2008, average withdrawals were
37 Mgal/d with 66 percent occurring in Camden County. In
Camden County, most withdrawals were made by the Cam-
den City Water Department (United Water Camden), the
Merchantville-Pennsauken Water Commission, and New
Jersey American Water; together these utilities accounted for
78 percent of withdrawals in the county during 2008.

Trends in withdrawals throughout Camden and Glouces-
ter Counties were similar to regional trends, and although the
percentage of reductions was higher in Gloucester County,
reductions in volume were much greater in Camden County.
Reductions of 20 percent or greater from the previous year
occurred in 1989, 1991, 2000, and 2006 in Gloucester County;
in Camden County, reductions of 10 percent or greater
occurred in 1986, 1989, 1993, 1996, and 2006. In Burlington
County, withdrawals generally increased from 1978 through
1990, and during the ensuing decade withdrawals were rela-
tively constant, ranging from 8 to 10 Mgal/d. During 20014
withdrawals nominally decreased, and during 2005-8, with-
drawals increased by nearly 30 percent. These large increases
were associated with the city of Camden wells located along,
but just beyond, the boundary of Critical Area 2. In Salem
County, withdrawals were limited because of the widespread
presence of saline groundwater. Withdrawals were relatively
small at approximately 1 Mgal/d from 1982 to 2006, although
withdrawals in Salem County peaked during the early 1990s
at nearly 1.5 Mgal/d. Notable reductions in withdrawals (20
percent or greater) from any given year to the next occurred
during 1985, 1994, 2000, and 2007.
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Withdrawals from the aquifer in Delaware ranged from
approximately 3.5 to more than 8 Mgal/d during 1978-2001
and peaked during 1999-2001 (DePaul and others, 2009).
Recent data (2002-8) for this aquifer in Delaware were not
tabulated for this study.

Water Levels

The potentiometric surface map for fall and early winter
2008 for the Lower Potomac-Raritan-Magothy aquifer is
shown on plate 9; water-level data used to construct this map
are listed in appendix 9. Most of the water-level measurements
were made at wells located within New Jersey (80); 8 wells
in Delaware and 3 in Pennsylvania were included. Despite
the limited availability of water-level data, interpretation of
the potentiometric surface was extended into northeastern
Delaware, given the lateral flow beneath the bay and the effect
of long-term withdrawals in Delaware on low water levels
observed in southwestern New Jersey In addition, the cone of
depression in Delaware historically has been well documented
and mapped.

The configuration of the potentiometric surface in New
Jersey is a generally ovate depression, slightly elongated from
northeast to southwest along strike and centered beneath the
Camden County community of Gibbsboro. The location and
configuration of the cone of depression are similar to those
in the overlying Middle and Upper PRM aquifers, though the
Lower aquifer is shallower at its center and slightly updip
from the Middle aquifer. Lateral hydraulic gradients on the
updip side of the cone of approximately 8 ft/mi are similar to
those of the Middle aquifer along the same hydrogeologic sec-
tion; the estimated lateral gradient of 2.5 ft/mi on the downdip
side is slightly greater than that of the Middle aquifer.

During 2008, water-level altitudes ranged from 4 ft
to -66 ft throughout southern New Jersey. Throughout the
aquifer, groundwater altitudes typically were at or below 0 ft;
water levels greater than 0 ft occurred adjacent to the Dela-
ware River along the northwestern boundary of the aquifer
in Burlington County and immediately adjacent to the updip
boundary in New Castle County, Del. The lowest water levels
were observed in central Camden County. The general direc-
tion of lateral groundwater flow is dominated by the large
cone of depression in central Camden and is similar to that in
the southern extents of the Upper and Middle PRM aquifers;
flow moves radially from the updip and downdip margins of
the aquifer toward potentiometric lows at pumping centers. A
groundwater divide is present approximately along the border
between Gloucester and Salem Counties; beyond this divide,
groundwater flow is to the southwest and beneath the Dela-
ware Bay toward the regional cone of depression in Delaware.
Water-level differences between the Middle and Lower PRM
aquifers are discussed in the previous section, which describes
water levels within the Middle PRM aquifer in detail.

The 5-year change in water levels in the Lower PRM
aquifer is shown in figure 23C. Of the 84 wells measured
in both 2003 and 2008, water levels in 2008 were lower in
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22 of the wells (26 percent); however, all declines in New
Jersey were typically less than 5 ft (water levels in one well in
Delaware declined by 6 ft) and are represented as no substan-
tial change in figure 23C. Water levels increased in 54 wells
(64 percent) and remained the same in 8 (10 percent). Water
levels increased in 12 wells by more than 5 ft relative to 2003;
these changes occurred primarily in wells in north-central
Camden County and southwestern Burlington County.

Results of the Wilcoxon signed-rank test indicate increas-
ing water levels from 2003 to 2008 in the Lower aquifer as a
whole, in Critical Area 2, and in Camden County (app. 10-2).
Test results indicate differences in water levels throughout
Burlington and Gloucester Counties were insignificant likely
because scattered, modest declines and rises within the aquifer
offset one another. For 19982008, a statistically significant
increase was observed in the aquifer as a whole, in Critical
Area 2, and in Burlington, Camden, and Gloucester Counties.

Groundwater hydrographs for seven monitoring wells
in southern New Jersey and northern Delaware are presented
in figures 28 and 29; well locations are shown on plate 9.
Results of the Mann Kendall trend test (app. 10-1) indicate
that, from 2003 to 2008 upward trends were observed for four

Photograph was provided by U.S. Geological Survey field personnel

wells (5-262, 7-412, 15-671, and Dc34-05). A downward trend
was indicated for 1 well (15-712), and water-level changes
were insignificant for 2 wells. Much like recent trends in the
Upper and Middle PRM aquifers, upward trends observed
within Critical Area 2 were strongest for wells located nearest
the center of the cone of depression. Water levels observed at
Dc34-05, located within the outcrop of the Potomac Formation
on the northeastern side of the cone of depression in east-cen-
tral New Castle County, Del., followed a pattern similar to that
observed in Db33-17. From 1984 to 2003, water levels in both
wells, despite numerous brief periods of decline and recovery,
generally did not change, and from 2003 to 2008, water levels
recovered slightly. On the other hand, water levels in well
Ec32-07, located on the southern side of the cone of depres-
sion, declined from the early 1980s through 2007, followed by
rising water levels in 2008.

During 1998-2008, upward trends were indicated for
3 wells (5-262, 7-412, and 15-671), a downward trend was
indicated for 1 well (Ec32-07), and an insubstantial trend was
indicated for well 15-712. For the 30-year period, water-level
trends were upward for 4 wells, downward for 1 well, and
insubstantial for 1 well (appendix 10-1).
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Figure 28. Water-level hydrographs for selected observation wells screened in the Lower Potomac-Raritan-Magothy aquifer, New
Jersey Coastal Plain, 1978-2008. (All hydrographs are at the same scale; vertical bars denote 5-yr data collection cycles; well locations
shown on pl. 9)
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Figure 29.

Water-level hydrographs for selected observation wells screened in the Lower Potomac-Raritan-Magothy aquifer,

Delaware Coastal Plain, 1978-2008. (All hydrographs are at the same scale; vertical bars denote 5-yr data collection cycles; well

locations shown on pl. 9)

Potentiometric Heads in Relation to the
Tops of Aquifers

Withdrawals from confined aquifers can reduce the
pressure head, resulting in a lowering of the potentiometric
surface, but in most cases do not cause a dewatering of the
aquifer. Desaturation of confined aquifers can lead to adverse
effects, such as the compression of the aquifer materials
(resulting in decreased porosity and hydraulic conductivity)
and the deterioration of water quality by enhanced leak-
age through confining units of poor water quality, as well as
through potential oxidation reactions with the aquifer matrix.
In order to identify areas within selected confined aquifers that
are potentially unsaturated, the altitudes of the 2008 poten-
tiometric surfaces were compared to digital surfaces of the
associated hydrogeologic unit-top altitudes. Raster datasets
representing the differences between the two surfaces were
created and contoured by using GIS software. The contours of
the differences were then manually adjusted on the basis of the
current understanding of the hydrogeologic framework of the

Coastal Plain. Analyses were conducted for aquifers charac-
terized by persistent potentiometric lows: the Atlantic City
800-foot sand, the Piney Point aquifer, the Wenonah-Mount
Laurel aquifer, the Englishtown aquifer system, and the Upper,
Middle, and Lower aquifers of the PRM aquifer system.
Selected analyses and maps (fig. 30) are provided for informa-
tive purposes only and are best not applied at a local scale.

In the updip areas of the aquifers, the height of hydraulic

head above the unit top approaches zero as distance from the
outcrop decreases and is presumed to be at or near zero at the
downdip edge of the outcrop. Given the presence of an unsatu-
rated zone throughout much of the extent of the outcrops, this
difference is expected to be less than zero within the outcrop,
except at discharge points near lakes, streams, and major
rivers. Because water-level measurements from wells at the
downdip edges of the aquifer outcrops are generally not made
during data-collection cycles, the density and configuration

of available water-level data in these areas are not sufficient
for substantive interpretation. In downdip areas of confined
aquifers, however, a negative value would indicate that the
potentiometric surface is below the unit top and thus, the
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aquifer is potentially desaturated. On the basis of these com-
parisons, altitudes of selected 2008 potentiometric surfaces do
not approach unit-top altitudes in areas away from outcrops. In
areas of extreme potentiometric lows, such as the Piney Point
aquifer in Cumberland County, the minimum available head
above the top of the aquifer was approximately 50 ft where the
cone of depression intersected the updip boundary, and avail-
able head averaged more than 150 ft throughout the deepest
part of the cone (fig. 30). In comparison, within the deep cones
of depression in the Englishtown aquifer system and Weno-
nah-Mount Laurel aquifer, minimum available head above

the unit tops was 310 ft and 230 ft, respectively (along the
updip edge of the -30 ft contour for 2008), and available heads
averaged 680 ft and 470 ft, respectively. Even at their lowest
historical levels during the mid-1980s, potentiometric heads
within the Englishtown aquifer system and Wenonah Mount
Laurel aquifer exceeded the unit-top altitudes by a minimum
of 275 ft and 145 ft, respectively. Within the Critical Area 2
cones of depression, as defined by the -30 ft contour for the
Lower PRM aquifer, groundwater altitudes in the PRM aquifer
system exceeded unit-top altitudes on average by more than
370 ft for each of the three units (371, 560, and 860 ft; Upper,
Middle, and Lower aquifers, respectively). Minimum available
potentiometric heads during 2008, observed near the updip
edges of the cones of depression, were 42, 75, and 195 ft in the
Upper, Middle, and Lower PRM aquifers, respectively.

Summary

Groundwater levels measured in 936 wells in New Jersey,
eastern Pennsylvania, eastern Maryland, and northern Dela-
ware during fall 2008 were used to map the potentiometric
surfaces of 10 confined aquifers in the New Jersey Coastal
Plain. Potentiometric surface maps were prepared for the con-
fined Cohansey aquifer in Cape May County, the Rio Grande
water-bearing zone, the Atlantic City 800-foot sand, the Piney
Point aquifer, the Vincentown aquifer, the Wenonah-Mount
Laurel aquifer, the Englishtown aquifer system, and the Upper,
Middle, and Lower aquifers of the Potomac-Raritan-Magothy
(PRM) aquifer system.

Water-level differences, evaluated in 800 wells measured
during the fall of 2003 and 2008, indicate small to moder-
ate changes in many Coastal Plain aquifers in New Jersey.
Groundwater levels stabilized or had recovered, but in places,
water levels continued to decline as a result of withdrawals.

In the confined Cohansey aquifer in Cape May, groundwater
altitudes generally did not change. Groundwater levels in the
Atlantic City 800-foot sand typically were below those in
2003; declines were greatest near pumping centers in coastal
Atlantic County. Changes were less pronounced in Cape May
County, and water levels were, on average, less than 3 ft lower
than those measured during the previous study in 2003, except
near Rio Grande, N.J., where a localized cone of depression
had formed as a result of increased withdrawals. Large and

widespread water-level declines were observed in the Piney
Point aquifer in Cumberland County where water levels fell in
excess of 100 ft in and around Bridgeton and by 30 to 60 ft in
surrounding areas. Groundwater levels in the Wenonah-Mount
Laurel aquifer and Englishtown aquifer system continued to
recover in Critical Area 1. In Critical Area 2 water levels in the
Wenonah-Mount Laurel aquifer continued to decline.

In the Upper Potomac-Raritan-Magothy aquifer, ground-
water levels were substantially lower than those observed in
2003 in parts of northern Ocean County but did not change
appreciably in the Raritan Bay area, and water levels contin-
ued to recover in Critical Area 2. In the Middle Potomac-Rar-
itan-Magothy aquifer, water levels recovered near the Raritan
and South Rivers in Middlesex County; however, modest
declines occurred in the interior parts Monmouth and Ocean
Counties. Groundwater levels in both the Middle and Lower
PRM aquifers were stable to recovering in Critical Area 2.
Beyond Critical Area 2 in southern New Jersey, however,
water levels were slightly lower than in 2003.

Water-level trends were calculated for 73 wells for the
30-year period (1978-2008) and for 77 wells for both the
10-year (1998-2008) and 5-year (2003—8) periods. Results of
analyses of long-term water-level changes show that, during
1978-2008, trends were downward at 20 wells (27 percent),
upward at 27 wells (37 percent), and were insubstantial or
insignificant at 26 wells (36 percent). Declining water levels
were observed most often in wells screened within the Atlantic
City 800-foot sand where rates of decline ranged from less
than 0.1 to 1 foot per year (ft/yr) and in wells in the Piney
Point aquifer in southern New Jersey where rates of decline
were as much as 1.4 ft/yr. Upward water-level trends were
observed commonly for wells in the Englishtown aquifer
system and the Wenonah-Mount Laurel aquifer in Critical
Area 1 and in the PRM aquifer system in parts of Critical
Area 1 and most of Critical Area 2. Annual rates of increase
ranged from 1.1 to 5.6 ft in the Englishtown aquifer system
and Wenonah-Mount Laurel aquifer. For the aquifers of the
PRM aquifer system, annual rates of recovery were greatest in
the Lower aquifer.

From 1998 to 2008, downward water-level trends were
observed for 22 wells (29 percent), upward trends for 21 wells
(27 percent), and insubstantial trends for 34 wells (44 percent).
Downward water-level trends were observed most often for
wells open to the Piney Point aquifer and the Atlantic City
800-foot sand; rates of decline ranged from less than 0.2 to
7.6 ft/yr. Upward trends were observed mostly for wells open
to the Englishtown aquifer system in Critical Area 1 and for
wells within the PRM aquifer system in Critical Area 2 and
southern New Jersey.

From 2003 to 2008, downward trends were observed
for 30 wells (39 percent), upward trends for 20 wells (26 per-
cent), and insubstantial or insignificant trends for 27 wells
(35 percent). The geographic pattern of water-level trends for
the 30-year period was similar to that for the 10-year period
(1998-2008); however, annual rates of decline markedly
increased throughout the Atlantic City 800-foot sand and the



Piney Point aquifer in southern New Jersey where water levels
declined by as much as 9.4 ft/yr.

Long-term withdrawals from confined aquifers of the
New Jersey Coastal Plain have resulted in the lowering of the
potentiometric surface in places but have not caused aquifer
dewatering within the study area. In areas of persistent low
water levels and deep cones of depression, available potentio-
metric head above the tops of the aquifers is sufficient, and no
evidence of desaturation was observed.
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Appendixes 1-10.

1-1. Water-level data for wells screened in the confined Cohansey aquifer, New Jersey Coastal Plain, 1978-2008
Water-level data for wells screened in the Rio Grande water-bearing zone, New Jersey Coastal Plain, 1978-2008
Water-level data for wells screened in the Atlantic City 800-foot sand, New Jersey Coastal Plain, 1978-2008

Water-level data for wells screened in the Piney Point aquifer, New Jersey Coastal Plain, 1978-2008

2

2

3

4, Water-level data for wells screened in the Vincentown aquifer, New Jersey Coastal Plain, 1978-2008

5 Water-level data for wells screened in the Wenonah-Mount Laurel aquifer, New Jersey Coastal Plain, 1978-2008
6 Water-level data for wells screened in the Englishtown aquifer system, New Jersey Coastal Plain, 1978-2008

7

Water-level data for wells screened in the Upper Potomac-Raritan-Magothy aquifer, New Jersey Coastal Plain,
1978-2008

8. Water-level data for wells screened in the Middle and undifferentiated Potomac-Raritan-Magothy aquifer, New
Jersey Coastal Plain, 1978-2008

9. Water-level data for wells screened in the Lower Potomac-Raritan-Magothy aquifer, New Jersey Coastal Plain,
1978-2008

10-1. Results of the Mann-Kendall trend test on water levels from selected observation wells, New Jersey Coastal Plain,
1978-2008

10-2. Results of the Wilcoxon signed-rank test for paired water levels
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