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

Multiply By ‘ To obtain

inch (in.) 2.54 centimeter

inch per year (in/yr) 2.54 centimeter per year

foot (ft) 0.3048 meter

foot per mile (ft/mi) 0.1894 meter per kilometer

foot per day (ft/d) 0.3048 meter per day

foot per year (ft/yr) 0.3048 meter per year

foot squared per day 0.0929 | meter squared per day
(ft2/4)

acre 43,560 feet squared

cubic foot per second 0.3048 cubic meter per second

(ft3/s)

foot per day per foot 1.00 meter per day per meter
((ft/d)/fe)

gallon per minute (gal/min) 0.06309 liter per second

gallons per acre per day 3.7854 liter per acre per day

million gallons (Mgal) 3,785 cubic meter

million gallons per day 3,785 cubic meter per day

(Mgal/d)
mile (mi) 1.609 | kilometer
square mile (mi?) 2.590 square kilometer

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

Abbreviated water-quality units used in report:

Chemical concentrations, specific conductance, and water density are given
in metric units. Chemical concentration is given in milligrams per liter
(mg/L) or micrograms per liter (ug/L). Milligrams per liter is a unit
expressing the concentration of chemical constituents in solution as weight

X



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

(milligrams) of solute per unit volume (liter) of water. One thousand
micrograms per liter is equivalent to one milligram per liter. For
concentrations less than 7,000 mg/L, the numerical value is the same as for

concentrations in parts per million,

Specific conductance of water is expressed in microsiemens per centimeter at
25 degrees Celsius (puS/em). This unit is identical to micromhes per
centimeter at 25 degrees Celsius, formerly used by the U.S. Geological

Survey.

Water density is given in grams per milliliter (g/mL).
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HYDROGEOLOGY, SILMULATION OF REGIONAL GROUND-WATER FLOW, AND SALTWATER
INTRUSION, POTOMAC-RARITAN-MAGOTHY AQUIFER SYSTEM,
NORTHERN COASTAL PLAIN OF NEW JERSEY

by Amleto A. Pucci, Jr., Daryll A. Pope, and JoAnn M. Gronberg

ABSTRACT

The Potomac-Raritan-Magothy aquifer system in Middlesex and Monmouth
Counties in the northern Coastal Plain of New Jersey consists primarily of
unconsolidated Cretaceous sediments, which are divided into the upper and
middle aquifers and confining units. These units, which strike northeast-
southwest along the Fall Line, dip and thicken to the southeast., The upper
aquifer consists primarily of the 0ld Bridge Sand Member of the Magothy
Formation, which is composed of coarse-grained sands, localized thin clay
beds, and younger surficial sands and gravels in and near the outcrop.
Transmissivity ranges from 1,760 to 19,400 ft?/d (feet squared per day) and
tends to be higher in updip areas. Estimated withdrawals from the upper
aquifer in the northern Coastal Plain were approximately 42 Mgal/d (million
gallons per day) in 1986. Cones of depression whose centers range from 36
to 42 ft (feet) below sea level have developed as a result of these
withdrawals,

The upper aquifer is confined throughout most of the northern New Jersey
Coastal Plain by clays and silts of the Cretaceous Woodbury Clay and
Merchantville Formation and younger sediments of the Magothy Formation.

This confining unit generally is greater than 200 ft thick. The simulated
vertical hydraulic conductivity for the confining unit ranges from

8.4 x 10°% to 5.6 x 10 ? feet per day; interpreted vertical hydraulic
conductivities generally are lower except in southwestern Middlesex County,
where the vertical hydraulic conductivities of the confining unit are
higher.

The middle aquifer consists primarily of the Farrington Sand Member of
the Cretaceous Raritan Formation and surficial Holocene and Miocene sands
and gravels in its outcrop area. It also can include the uppermost sands of
the Cretaceous Potomac Group in parts of Monmouth County. The middle
aquifer is composed of fine to coarse sand that contains some lignite and
pyrite, and, locally, some clay beds. It pinches out in the northern part
of Sayreville Township, near Raritan River. The transmissivity of the
aquifer ranges from 2,140 to 13,800 ft2/d and tends to decrease in the
northern part of the northern Coastal Plain of New Jersey where the aquifer
thins. A poorly permeable confining unit composed mostly of clays and silts
of the Woodbridge Clay Member of the Raritan Formation overlies the aquifer
in most of this area. The confining unit generally is greater than 100 ft
thick, although it thins and is sandy in the southwestern part of Middlesex
County, where a good hydraulic connection exists between the middle and
upper aquifers. Estimated withdrawals from the middle aquifer in the
northern Coastal Plain were about 22 Mgal/d in 1986. These withdrawals have
caused cones of depression whose centers range from 77 to 93 ft below sea
level,



A finite-difference, quasi-three-dimensional ground-water flow model was
developed to simulate ground-water flow in the aquifer system. The confined
and unconfined areas of the upper and middle aquifers were modeled as
separate layers. The model was calibrated primarily by adjusting vertical
hydraulic conductivity in the confining units and horizontal hydraulic
conductivity in the aquifers, then matching simulated and measured ground-
water levels for the period 1896-1986 and simulated and interpreted
potentiometric surfaces under predevelopment conditions and in 1984,

_For the predevelopment period, the total flow into and out of the upper
and middle aquifers is 35 and 21 Mgal/d, respectively. Recharge to the
aquifer system is from direct recharge in the unconfined areas and from
vertical leakage through overlying confining units. The main recharge areas
are the topographically high areas in southwestern Middlesex County for both
aquifers, in the eastern Sayreville area for the upper aquifer, and north of
the Raritan River for the middle aquifer. Most ground water discharges to
low-lying regional surface-water drains (streams), which flow into the South
River.

For 1984 transient conditions, the total ground-water flow into and out
of the upper and middle aquifers is 61 and 34 Mgal/d, respectively. The
largest amount of recharge is from direct recharge in the unconfined areas,
but some recharge also is derived from vertical leakage through the
Merchantville-Woodbury confining unit, captured ground-water discharge to
streams, and induced inflow at artificial-recharge facilities. Regional
flow is from recharge areas toward major cones of depression.

Sensitivity analysis showed that the model was useful for representing
flow in the system, especially in the confined-aquifer areas. Meodel
representation of lateral and vertical boundary conditions was judged
acceptable. Simulation results were less sensitive to changes in aquifer
properties in the unconfined areas of the aquifers and to changes in storage
in the confining units. Sensitivity analysis and calibration of hydraulic
parameters and conditions showed that the distribution of hydraulic head was
sensitive to changes in horizontal hydraulic conductivity in the aquifers,
vertical hydraulic conductivity in the confining units, magnitudes of
.ground-water withdrawals, and initial hydraulic head in aquifer outcrop
areas.

Two scenarios were simulated to determine the effects of ground-water
withdrawals from 1986 through 2019. For the scenario in which ground-water
withdrawals increase to about 69 Mgal/d in the upper aquifer and 37 Mgal/d
in the middle aquifer, centers of cones of depression are as deep as 100 ft
below sea level in the upper aquifer and 170 ft below sea level in the
middle aquifer. For this scenario, most of the additional water comes from
captured surface-water discharge, induced cross-formational flow from
overlying aquifers, and increases in induced flow from artificial-recharge
areas. Induced flow from Raritan Bay also increases. For the scenario in
which ground water withdrawals are reduced to 42.5 Mgal/d in the upper
aquifer and 15 Mgal/d in the middle aquifer, water levels recover to above
sea level nearly everywhere. In each aquifer, ground-water discharge to
streams increases and induced flow through the confining units and from the
overlying sediments decreases, and discharge of ground water to Raritan Bay
in the upper aquifer exceeds the induced recharge from Raritan Bay.

2



Reversal of ground-water gradients has caused saltwater intrusion in the
two aquifers. Chloride concentrations in water from the upper aquifer in
Keyport and Union Beach Boroughs were as high as 2,100 mg/L (milligrams per
liter) in 1986. The intrusion has not increased significantly since well
fields in the area were closed in the late 1970's. Elevated chloride
concentrations also were measured in Keanesburg Borough in 1986. 1In both of
these areas, saltwater has entered the upper aquifer from the Bay because of
movement of the freshwater-saltwater interface in response to increasing
ground-water withdrawals,

Chloride concentrations in well-water samples from the middle aquifer
were as high as 6,000 mg/L in Sayreville Borough in 1987; concentrations in
samples from drive-point wells from the same aquifer near the Washington
Canal, the main source of saltwater, were as high as 7,100 mg/L. The
migration of the saltwater front at about 470 feet per year to the southeast
is influenced mainly by a thinning of the middle aquifer, which constrains
flow, and by the locations of regional cones of depression caused by ground-
water withdrawals.

INTRODUCTION

The first wells through which water was withdrawn from the Potomac-
Raritan-Magothy aquifer system in Middlesex and Mommouth Counties in the
northern Coastal Plain were drilled in the late 1800’s. Since that time,
ground-water use generally has increased. The Potomac-Raritan-Magothy
aquifer system is the major source of ground-water supply in the northern
Coastal Plaln of New Jersey. In 1989, this aquifer system supplied about 95
percent of the potable ground water used in Middlesex County and about 76
percent of ground-water supply in Monmouth County, where shallower, less
productive aquifers also are used as a source of water.

This historical increase in ground-water withdrawals from the aquifer
system has caused water levels to decline and saltwater to intrude from
Raritan Bay and its estuaries into the aquifer system. Ground-water
withdrawals have caused cones of depression whose centers exceeded depths of
90 ft below sea level in the middle aquifer and 40 ft below sea level in the
upper aquifer by 1986. Measured chloride concentrations were as high as
6,000 mg/L in well-water from the middle aquifer in 1987 and 2,100 mg/L in
water from the upper aquifer in 1986,

An extensive data base and a thorough understanding of this complex
aquifer system, particularly its response to ground-water withdrawals, are
critical to ensure the long-term availability of ground water in the study
area. Until the initiation of this study, information on the Potomac-
Raritan-Magothy aquifer system within Middlesex and Monmouth Counties was
incomplete and scattered. For these reasons, the New Jersey Department of
Environmental Protection and Energy targeted this area for an intensive 5-
year study. This study, done by the U.S. Geological Survey in cooperation
with the New Jersey Department of Environmental Protection and Energy, was
funded by the New Jersey Water Supply Bond Issue of 1981 and 1983. The
study was designed to collect and analyze hydrogeologic data in an effort to
develop an understanding of the dynamics of the Potomac-Raritan-Magothy
aquifer system in an area of approximately 600 mi? in the northern Coastal
Plain of New Jersey.



Purpose and Scope

This report presents data on, and interpretations of, the hydrogeology
and hydraulic properties of, ground-water withdrawals from, and ground-water
flow and intrusion of saltwater in the Potomac-Raritan-Magothy aquifer
system in the study area. Sources of ground water, flow of ground water
before and after development, and relations between intrusion of saltwater
and ground-water withdrawals are discussed.

In the first part of this report, the location of the study area is
described, and previous investigations are summarized. A general discussion
of the hydrologic system also is presented.

In the second part of the report, the hydrogeology of the Potomac-
Raritan-Magothy aquifer system in the northern Coastal Plain of New Jersey
is discussed. Information is presented on the lithology, stratigraphy,
structure and thickness, and hydraulic properties of, water levels in, and
withdrawals of ground water from the hydrogeologic units: streamflow and
ground-water/surface-water interactions; precipitation; and ground-water
recharge. This information was gathered from several sources, including
previously published data, unpublished data, and data-collection programs
that were part of this study.

In the third part of the report, the hydrogeology of the Potomac-
Raritan-Magothy aquifer system is analyzed by use of a digital modular
ground-water flow model. The purpose of the model is to augment the
understanding of the hydrology of the Potomac-Raritan-Magothy aquifer system
in the northern Coastal Plain of New Jersey. The model, referred to
hereafter as the “South River model," quantitatively represents the
hydrologic system and was used to examine the hydraulic properties of the
Potomac-Raritan-Magothy aquifer system, flow into and out of the aquifer
system, and the effects of development and (or) management of the aquifer
system within the study area. The ground-water-model area is slightly
different from the primary study area, as is described later in the report.
It includes all of the Coastal Plain in Middlesex County, much of Monmouth
County, and parts of Ocean and Mercer Counties. Calibrated digital models
can be effectively used to assess responses of water levels and flow in
aquifer systems to ground-water withdrawals. Digital-modeling methods can
also be used to evaluate the hydrogeologic and hydraulie complexities of
aquifer systems.

In the fourth part of the report, intrusion of saltwater into the
aquifer system is described, as is the migration of saltwater as a result of
ground-water withdrawals and canal construction.

Description of Study Area

The study area is located in east-central New Jersey and comprises the
northern part of the Coastal Plain physiographic province in New Jersey
(fig. 1). It encompasses approximately 600 mi?, including parts of Mercer,
Middlesex, and Monmouth Counties in New Jersey. The study area is bounded
on the northwest by the Fall Line, which separates the consolidated rocks of
the Piedmont physiographic province from the unconsolidated sediments of the
Coastal Plain; on the north by Staten Island (Richmond County), New York;
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and on the east by the Atlantic Ocean. The southern boundary extends west
from the Atlantic Ocean in southern Monmouth County to Mercer County; the
southwestern boundary extends from this point north to the Fall Line.

Elevations in the study area range from sea level to 360 ft above sea
level. The higher elevations generally are in central Monmouth County.
Locally, the study area is deeply dissected by streams and is hilly,
particularly in the northeast near the Raritan River. The remaining area is
relatively flat with sandy soils. River basins with drainage areas greater
than 5 mi? include Raritan River, South River, Navesink River, Millstone
River, Lawrence Brook, Cheesequake Creek, and Matawan Creek basins {Velnich,
1984). Major surface-water bodies are Raritan Bay to the north and the
Atlantic Ocean to the east.

Geologic Setting

The New Jersey Coastal Plain is underlain by unconsolidated deposits of
clay, silt, sand, and gravel that range in age from Cretacecus to Holocene .
(table 1) (Zapecza, 1989, p. B5). These sediments unconformably overlie
Triassic and Jurassic sedimentary and igneous rocks in the northern part of
the study area; these in turn overlie Precambrian and lower Paleozoic
bedrock (Zapecza, 1989, p. BS5). A thick diabase sill of Jurassic age
(Palisades sill) is present within the Triassic sequence (Barksdale and
others, 1943).

Three tectonic features--the Raritan embayment, the South New Jersey
uplift, and the Salisbury embayment--dominate the basement topography
beneath the Coastal Plain of New Jersey. The Raritan embayment, centered in
the Raritan Bay area, is the main structural feature of the northern Coastal
Plain. These structural features directly affected the deposition of
Coastal Plain sediments (Owens and Sohl, 1969, p. 237). In general,
individual units are thickest in the embayment areas, and depositional
facies changes are common between adjacent tectonic features (Olsson, 1978,
p. 941); some sedimentary sequences are thin or absent in uplifted or high
areas (Owens and Gohn, 1985, p. 26).

The Coastal Plain sediments form a wedge-shaped mass that strikes
northeast-southwest and dips toward the southeast. The thickness of the
deposits in the study area ranges from zero aleng the Fall Line to 1,100 ft
near the southeastern border of Monmouth County.

The Potomac Group (Lower and Upper Cretaceous) comprises the oldest
unconsolidated sediments of the Coastal Plain of New Jersey. These
sediments consist of alternating beds of clay, silt, sand, and gravel that
were deposited by meandering streams (Owens and Gohn, 1985, p. 41) on the
bedrock (Zapecza, 1989, p. BS). Although the individual formations of the
Potomac Group are mappable beyond New Jersey, the Potomac Group sediments
are considered to be a single unit in New Jersey because the boundaries of
the individual formations are indefinite (Owens and others, 1977, p. 7).



Table 1. Geologic and hydrogeologic units in the Coastal Plain of New Jersey

(Moditied from Zapecza, 1680, table 2)

SYSTEM SERIES GEDLOGIC LI THOLCGY HYOROGEOLOGIC HYDROLOGIC CHARACTERISTILS
UNIE UNIT
Alluvial sand, sflt, snd blsck md.
depositse
Holocane surficial aaterial, commonly hydraulically
Beach ward Sard, quartz, light-colored, mediun- to coarse: | Undifferen- connected £ riying squifers,
Cuaternary and gravel uralmd, p-ﬁhly. tiated Lecally some units ray act as
confining units, Thicker sands are
capable of yielding large quantities
Pleistocans | Capa M of wster,
Formation
Pensauken Sand, quartz, light-colered, haterogenecus,
Formation clayey, pel 1y.
Bridgeton
Format fon
Kl rkuwood- A ma)or aquifer system,
Cohangey Groungd water occurs generaliy
Bescor HillL Graval, quartz, light-colored, sandy, acuifer uncar water-table conditions.
Gravel system In Cape May County, the
Cohln?w smdl I: under
artasien conditions.
Cshansey Send | Sand rtz, light-colored, medium- to coarss-
grafned, pebbly; Local clay'beds,
Hiocane
Tertiary Contining unit
K1 rkwood Sand, quartz, gray and tan, very fine to Thick diatomacesus c¢lay bed pccurs
Formatfon mediim-graired, m}{:luou:,'and dark+ a Lra along coast and for a shert
tolored distomscecus clay. water-bearing distance Inland. A thin wster:
Besring sand is present in the
R micdle of this unit,
Conflning unit
Atlantic City A major aguifer al the tomet,
BOD- foat sand / h o
Poarly permesble sedimants.
Oligocens
Piney Point
Formation’
$and, quarts and glauconite, fine- to v |Piney Point] Yields moderate quantities of water.
coarse-grained. - iter
§ |
hark River]
Eocene Formation
Cley, silty ond sandy, glauconitic, green, .
M::nn:sg?gn grey, and zro\m. contalns fine-grolned quartz Poarly permeable gediments,
sand. ?
. Sardt, rt2, grey aed green, fine: to coarse- é : P
Vincentown !r.| glauconitic, snd brown clayey, very 3 Vincentoun | Yields cemll to moderste qusntities
Foreation ouiiiferms. glauconite and quarte L4 aquiter of water in and near fts outcrop
Paleocene calcarenite, ares.
Hornecstown sand, clayey, glauconitic, dark-green, fine-
Sand to coarse-grained,
Poorly permesble sediments.
Tinton Sand &
Sard, quartz and gloauconite, brown and gray, —
fine- te coarse-grained, clayey, micaceous. §
Red Bank Yields small quantities of water
Red Bank Sand 3 Sand in and near its outcrop ares,
Navesink Sand, clayey, sility, glauconitic, green and i
Formation black, medium- to coarse-grained. Poorty permesble sediments.
Mount Laurel Sand, quartz, brewn and gray, fine- ta Wenorah- R
Sand coarse-grained, slightly glauconitic. Mount Laurel A major mquifer,
equifer
Wenonah Sand, ver'{ fine- to fine-grained, gray and
Formation browh, silty, slightly glavconitic.
Marshal [tewn-
Wenonah A leaky confining unit.
confining unit
Marshalltoun | Clay, silty, dark-greenish-gray; contains
Formation plsuconitic quart: ssnd,
Upper Englishtown Sand, ttz, tan wnd gray, fine- to medium- EngLishtown
Cretatecus | Formation grained; local clay . aquifer A major souifer. Two sand Units in
system Mormouth and Ocean Counties.
Woodbury Clay | Clay, gray and black, and micaceous silt.
. A major confining unit. Locslly
Merchantville- the Merchantvilte formation may contsin
Cretaceous . Cley, plauconitic, micaceous, gray ard Moodbary & thin water-bearing
Merchantville | eiack: locally very fine grained quartz confining unit sand.
Formation and glauconitic sand are present.
Magothy Sand, rtz, Light-gray, fine- to coarse-
Formation greined, Locat 1 of drak gray lignitic Upper
clay, Inctudes Old Bridge Send Member. aquifer
I Ton- A major aqulfer system. In the
. Sand, rtz, Light-gray, fine- to coarse- e fining northern Coastal Plain, the upper
Raritan, grained, ly, arkosic: contains red, white, | C'3 |unit sguifer is equivalent to the
Formation and veriegated clay. Includes farrington :i-ﬁ R old gridge aguifer and the middle
Sand Member. Y Midkdle acuifer 1s equivalent ta the
224 | squifer Farrington aquifer. [n the Deleware
g‘&:' River Valley, three nquifers are
s Ton: recognized. [n the deepar sub-
25 fining surface, unbts below the upper
unit aquifer are undifferentisted.
bLower Potomac Altermating clay, silt, sand, and gravel.
Cretaceous i Group Lower
aquiter
Precambrian and lower Paleoric erystalline No wells obtsin water from
Pre-Cretaceous Bedrock rocks, metamorphic schist, and gneiss; locally | Bedrock these consolidated rocks,
Trinssic sandstone and shale and Jurassic eonfining unit except along Fatl Lina,
disbase are presant.

Vaf Olsson and others, 1980




Upper Cretaceous sediments of only the Raritan and Magothy Formations
have been found in outcrop near the Fall Line; sediments of the Potomac
Group are absent. The Raritan and Magothy Formations have been subdivided
into nine geologic units on the basis of their lithology and economic
importance (Christopher, 1979, fig. 2; Zapecza, 1989, p. B8). The geologic
subdivision of the Raritan and Magothy Formations near the Fall Line in the
northern part of the study area is shown in table 2.

The Raritan Formation consists of the Raritan fire clay (an informal
unit), the Farrington Sand Member, the Woodbridge Clay Member, the
Sayreville Sand Member, and the South Amboy Fire Clay Member. The sediments
of the Raritan Formation represent a wide variety of depositional conditions
and indicate deposition in a subaerial deltaic plain (Owens and Sohl, 1969,
pP. 239). Along the coast, the Raritan Formation was deposited in a
predominantly marine environment (Perry and others, 1975, P.- 1535). Where
present, the Raritan fire clay is a massive, multicolored clay that forms a
gradational contact with saprolite overlying bedrock (Ries and others, 1904,
p. 192). The Farrington Sand Member, which lies above it, is characterized
by sand, gravel, and lenses of clay. The overlying Woodbridge Clay Member
consists of micaceous silts and clays and contains lignite and siderite
concretions. The marine fossils present in this unit indicate that the
Woodbridge Clay Member was deposited in marginal marine swamps (Owens and
Sohl, 1969, p. 239). Overlying the Woodbridge Clay Member, the Sayreville
Sand Member is a light-colored, cross-stratified, medium-grained sand
interbedded with light- to dark-colored clayey silt (Owens and others, 1977,
P. 16). The cross-stratification indicates deposition in river chanmels,
possibly as point bars (Owens and Sohl, 1969, p. 239). The South Amboy Fire
Clay Member is similar to the Woodbridge Clay Member except that it lacks
siderite concretions and marine fossils (Owens and Sohl, 1969, p. 239).

The Magothy Formation, which lies unconformably on the Raritan
Formation, includes the 0Old Bridge Sand Member, the Amboy Stoneware Clay
Member, and the informal Morgan and Cliffwood beds. The Magothy Formation
consists largely of coarse beach sand and assoclated marine and lagoonal
sediments (Perry and others, 1975, p. 1535). The cross-stratification of
the Old Bridge Sand Member indicates deposition in river channels (Owens and
Sohl, 1969, p. 239). The Amboy Stoneware Clay Member is a dark, micaceous
silt containing white to pale-blue clay. The Morgan beds of interbedded
clay, silt, and sand lie unconformably on the Amboy Stoneware Clay Member;
these beds grade laterally into cross-stratified sand. The Cliffwood beds
range from a light-gray, clayey silt to very fine sand.

The Merchantville Formation lies unconformably on the Magothy Formation
(Owens and Sohl, 1969, p. 242). This marine deposit consists chiefly of
interstratified, massive, thick glauconite sand and thinly bedded, very
micaceous, carbonaceous clayey silt (Owens and Sohl, 1969, p. 242). The
Merchantville Formation is the oldest glauconite unit that crops out in the
New Jersey Coastal Plain.

The Woodbury Clay lies conformably on the Merchantville Formation. The
contact is gradational, and it is considered to be the point at which
glauconite becomes a minor constituent and clay becomes a major constituent



Table 2.--Lithologic subdivisions of the Raritan and Magothy Formations and

drogeolo units and near the outcrop in the study area
System Geologic unit Lithology Hydrogeologic unit
M F Cliftwood beds
a o
r Morgan beds Sand artz, light-gray, fine- to cosrse- Confining unit
g m fr-nhfmgk;'| local beds of E;‘:rk-nray Potomac-
t a Amboy Stoneware ignitic clay.
h t Clay Member .
vy i Raritan- 2
] old Bridge Sand Upper aquifer
Cretacecus n Member
Magothy
R F South Amboy Fire
8 0 Clay Member i
Fr aquifer i . .
im Sayreville Sand Canfining unit
t 2 Member
st Sand, quartz, light-fray, fine to systeml
n i Woocbridge Clay coarse-grained, pebbly arkosic, red
] Member white and variegated ¢ az, and saprolitic
n clay developed on bedrock.
Farr;fr:g:on Sand. Middle aquifer
Member
Fire Clay Confining unit
Member
Precambrian and lower Paleczoic Bedrock
Pre-Cretaceous Bedrock crystalline rocks, metamorphic shist confining
and gneigs; local[y Triassic, unit
sandstone, shale and Jurassic basalt.

Modified from Christopher, 1979, figure
and Zapecza, 1984, table :.

116 maintain consistent terminology, the aquifer-system name commonly used throughout New Jersey
is used in this report. The lower aquifer is not mappable within the study area.

2Locnlly_ the upper aquifer can include the Sayreville Sand Member where the South Amboy Fire Clay
Member is thin or missing



(Owens and others, 1977, p. 31). The Woodbury Clay is a thick, massive,
clayey silt. The calcareous fauna present in the formation indicate
deposition in a marine environment (Owens and Sohl, 1969, p. 243).

The ages and lithologies of younger geologic formations in the Coastal
Plain are described in table 1. Geologic units within the study area
include (from oldest to youngest): the Englishtown Formation, Marshalltown
Formation, Wenonah Formation, Mount Laurel Sand, Navesink Formation, Red
Bank Sand, Tinton Sand (all of Late Cretaceous age), and the Hornerstown
Sand, Vincentown Formation, Manasquan Formation, and Kirkwood Formation (all
of Tertiary age). Although they are shown in the general geologic table for
the Coastal Plain (Zapecza, 1989), the Piney Point and Shark River
Formations are not present in the study area (table 2). Zapecza (1989)
described the lithology and distribution of these sediments throughout the
Coastal Plain of New Jersey.

The Aquifer System in the Hydrologic Cycle

The Potomac-Raritan-Magothy aquifer system responds to physical
processes through which water is transmitted between it, the land surface,
surface-water bodies, and other hydrogeoclogic units in the ground-water
system of the Coastal Plain of New Jersey. The flow and exchange of water
as a result of these processes are described by the hydrologic cycle.

Ground water is present under two general conditions: water-table
(unconfined) and artesian {confined). Water-table conditions are found
where saturated, porous and permeable rocks that make up the ground-water
reservoir, or aquifer, are not overlain by rocks of substantially lower
permeability. A water-table aquifer is recharged by downward percolation of
precipitation, leakage from surface-water bodies, upward flow from
underlying geologic strata, or a combination of these sources. Under
artesian conditions, water in the aquifer is confined beneath poorly
permeable rock and is under pressure. Confined aquifers are recharged by
slow leakage from above or below through the less permeable strata and by
horizontal ground-water flow from the outcrop area of the aquifer. Water in
an artesian aquifer is confined by poorly permeable rocks and has no "free"
water surface or water table; instead, it has a potentiometric surface,
which is the level to which the water rises in tightly cased wells.

The hydrologic cycle is the continuous circulation of water from the
atmosphere to the land surface, to the soil and ground water in the
underlying rocks, and back to the atmosphere. It includes processes of
condensation, precipitation, evaporation, transpiration, infiltration, and
runcff. Ground water 1s constantly exchanged with water in the atmosphere
and the surface-water system. The movement of water through these phases of
the cycle is variable in both time and space. Precipitation that falls onto
the Earth's surface either becomes surface runoff or recharge to the ground-
water system or returns to the atmosphere through evaporation or
transpiration. Streamflow in the northern Coastal Plain of New Jersey is
derived mostly from discharge of shallow ground water, or base flow.
Shallow, unconfined ground water that is not captured by these processes can
enter the deeper, confined ground-water-flow system.

10



Development of ground-water resources alters the exchange of water in
some of these processes. The extent of the changes that result from the
stresses caused by withdrawals and diversions of ground water is considered
later in this report. The resulting changes in the hydraulic equilibrium of
the ground-water system have also caused two other processes to occur--
release of water from storage by compaction and saltwater intrusion.

The lowering of water levels has caused some water to be released from
storage in the sediments of the Potomac-Raritan-Magothy aquifer system. In
unconfined aquifers, water from storage is derived primarily from dewatering
of the pore spaces in the aquifers. In confined aquifers, the released
water is derived primarily from reversible compaction of the aquifers and
confining units as a result of reduced hydraulic pressure, which increases
the grain-to-grain loading; the remainder of the released water (a
comparatively small amount) is derived from expansion of the water. The
quantity of water released from storage is greatest in areas of greatest
reduction in water levels. Irreversible compaction of sediments in the
Coastal Plain of New Jersey is considered to be negligible (Martin, 1990)
and therefore is not considered in this report,

Ground-water withdrawals from the Potomac-Raritan-Magothy aquifer system
during the 1800's to present has lowered water levels in some parts of the
aquifers to below sea level. As a result, saltwater has become a source of
recharge and flows into parts of the aquifer system in the northern Coastal
Plain along estuaries and the coast of Raritan Bay that previously contained
freshwater. Saltwater intrusion also is discussed later in this report,

Previous Investigations

The hydrogeology and ground-water resources of the northern Coastal
Plain of New Jersey were first studied in the 1800's. Early investigators
described the geology from pits that were dug into the clay beds near the
South and Raritan Rivers for commercial development of the brick and clay
industry, Several investigators described and correlated the water-bearing
units, described the general structural features, and mapped the structure
of the Coastal Plain (Cook and Smock, 1878; Woolman, 1889-1902; Vermeule,
1894; Knapp, 1903; Ries and others, 1904; Kummel and Poland, 1909). A
number of geologic investigations during the early 1900's refined the
previously published geologic and hydrogeclogic maps of the aquifers and
confining units in the study area (M.E., Johnson, New Jersey Geological
Survey, written commun., 1925-40; Barksdale, 1937; Barksdale and others,
1%243; Richards and others, 1962).

Many subsequent reports included analyses and maps of the geologic
formations of the northern Coastal Plain in New Jersey (U.S. Geological
Survey, 1967; S.K., Whitney, New Jersey Geological Survey, written commun.,
1969; Gill and Farlekas, 1976; Zapecza, 1989; Lyttle and Epstein, 1987;
5.K. Sandberg, and others, New Jersey Geological Survey, written commun.,
1988; Gronberg and others, 1991). The hydrogeclogy of the Raritan Bay area
has been discussed in several reports (Berkey, 1955; U.S. Army Corps of
Engineers, 1963; Edgerton, Germeshausen, & Grier, Inc., 1965; Bokuniewicz
and Fray, 1979; Schaefer and Walker, 1981; Declercq, 1986; and Pucci, 1986).
Several researchers have investigated the stratigraphy, lithology, and
depositional history of the Coastal Plain in the study area (Hawkins and
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others, 1933; Hawkins, 1935; McCallum, 1957; Owens and Sohl, 1969; Olsson,
1975; Owens and others, 1977; Owens and Gohn, 1985; and Pucci and Owens,
1989). Various investigators have reported geologic data for the area
(Kasabach and Scudder, 1961: U.S. Geological Survey, 1979:; D.R. Hutchinson,
U.S. Geological Survey, written commun., 1985; Epstein, 1986).

Several reports have included discussions of the ground-water resources
and hydrology of the Potomac-Raritan-Magothy aquifer system in the northern
part of the New Jersey Coastal Plain (Vermeule, 1894; Barksdale and others,
1943; Jablonski, 1959, 1960, and 1968; Hardt and Jablonski, 1959; Parker and
others, 1964; Farlekas, 1979: Vowinkel and Foster, 1981; Leahy, 1985; Leahy
and others, 1987; Soren, 1988). The hydrogeology of the area near
Sayreville Borough has been the focus of several reports (Barksdale, 1937;
Appel, 1962; Hasan and others, 1969:; Pucci and others, 1988:; Pucci and
others 1989; S.K. Sandberg, New Jersey Geological Survey, written commun.,
1989). Several studies have produced reports and maps of data on water
levels and water use in the Coastal Plain of in New Jersey, which includes
the study area (Walker, 1983: Eckel and Walker, 1986; and Zapecza and
others, 1987).

Results of digital computer analyses of ground-water flow in the
Potomac-Raritan-Magothy aquifer system in the study area have been reported
by Remson and others (1965) and Farlekas (1979). Three ground-water
simulation studies of the Coastal Plain of New Jersey include the Potomac-
Raritan-Magothy aquifer system in study area (Luzler, 1980: Harbaugh and
others, 1980; Martin, 1990).

Saltwater intrusion in the area of Sayreville Borough has been a focus
of several investigations (Barksdale, 1937; Barksdale and others, 1943; U.S.
Army Corps of Engineers, 1962; Appel, 1962; Irwin Remson and C.A. Appel,
U.5. Geological Survey, written commun., 1963: Hasan and others, 1969;
Pucci, 1986; and Ervin and Puceci, 1987). Schaefer and Walker (1981) and
Pucci and others (1988) reported on saltwater intrusion in the middle
aquifer of the Potomac-Raritan-Magothy aquifer system near Keyport Inlet and
Conaskonk Point in Union Beach, The presence of elevated chloride
concentrations from saltwater intrusion in the New Jersey Coastal Plain,
including the study area, has been described by Seaber (1963), Schaefer
(1983), and Pucci (1986).

Unpublished lithologic data and borehole geophysical data throughout the
study area were compiled from the well-record archives at the New Jersey
Department of Environmental Protection and Energy and U.S. Geological Survey
from records of borings for municipal projects, Appendix A (at end of
report) is a summary of these and other major sources of information used
for this investigation.

Well -Numbering System

The well-numbering system used in this report is based on the numbering
system used by the U.S. Geological Survey in New Jersey since 1978. The
first part of the number is a two-digit county code: 21 for Mercer, 23 for
Middlesex, 25 for Monmouth. The second part is the sequence number of the
well within the county. For example, well number 23-137 represents the
137th well inventoried in Middlesex County.
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HYDROGEQLOGY

The sediments of the Potomac Group and Raritan and Magothy Formations
comprise the Potomac-Raritan-Magothy aquifer system (table 2). In the New
Jersey Coastal Plain, this aquifer system generally is divided into the
lower, middle, and upper aquifers, which are separated from each other by
confining units (Zapecza, 1989, p. B8). In the study area, the middle
aquifer is equivalent to the Farrington aquifer, and the upper aquifer is
equivalent to the 0ld Bridge aquifer (Farlekas, 1979). The lower aquifer is
not mappable within the study area (Zapecza, 1989, p. 6, Gronberg and
others, 1991); although Potomac sediments are present in the southern part
of the study area, water-level measurements indicate that these sediments
are not connected hydraulically to sediments that comprise the lower aquifer
of the Potomac-Raritan-Magothy aquifer system (Zapecza, 1989, p. B8-Bl2).

The Merchantville-Woodbury confining unit, the main confining unit
overlying the Potomac-Raritan-Magothy aquifer system, is discussed in detail
in this report. Other hydrogeologic units that overlie the aquifer system
in the study area are included in table 1 and are shown as undifferentiated
sediments in figure 2. Maps showing the structural contours of the top and
thickness of each unit and detailed discussion of each unit are given in
Zapecza (1989).

Units Overlving the Potomac-Rarjtan-Magothy Aquifer System

The water-table system generally consists of horizontally lying fine- to
coarse-grained Pleistocene and Miocene sands where they overlie Tertiary and
Cretaceous sediments that form confined aquifers (table 1; Zapecza, 1989, p.
B5).

The Kirkwood-Cohansey aquifer system is composed of the Kirkwood
Formation, the Cohansey Sand, and younger sediments (table 1). This aquifer
system is unconfined in southeastern Monmouth County (Zapecza, 1989, pl.
24). Near the coast, the Kirkwood Formation is predominantly made up of
clay beds and interbedded zones of sand and gravel. Updip from the coast in
the subsurface, the unit consists of fine to medium sand and silty sand,
with regionally extensive clay beds only in the basal part of the formation
(Zapecza, 1989, p. B19). The Cohansey Sand is predominantly composed of
sand and contains minor amounts of pebbly sand, fine- to coarse-grained
sand, silty and clayey sand, and interbedded clay. These sediments
generally are coarser than those of the underlying Kirkwood Formation
(Zapecza, 1989, p. B19).
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The Vincentown aquifer consists of the sandy part of the Vincentown
Formation (table 1). The outcrop area of the Vincentown Formation extends
in an irregular and discontinuous band from the northeastern shore of
Raritan Bay toward the southwestern corner of Mormouth County (Zapecza,
1989, pl. 19). These permeable sands are found in and near the outcrop area
and grade into finer grained silt and clay downdip, where the formation
functions as a confining unit. The Vincentown aquifer ranges in thickness
from 0 ft in the outcrop area in Monmouth County to more than 140 ft downdip
(Zapecza, 1989, p. Bl6).

In the northern Coastal Plain of New Jersey, the composite confining
unit overlying the Wenonah-Mount Laurel aquifer is composed of the basal
clay of the Kirkwood Formation, Manasquan Formation, Vincentown Formation
(where it consists of fine-grained silt and clay downdip), Hornerstown Sand,
Tinton Sand, Red Bank Sand, and Navesink Formation (table 1). These
formations crop out in an extensive area of central Monmouth County
(Zapecza, 1989, pl. 18). The sediments are predominantly poorly to
moderately permeable, silty and clayey, glauconitic quartz sands. The
permeable sands of the Vincentown Formation and Red Bank Sand within this
confining unit are used locally for water supply. In the study area, the
thickness of this confining unit increases considerably over a short
distance, from 50 ft in the outcrop area to more than 450 ft near the shore
(Zapecza, 1989, p. Bl4-Blé, pl. 18).

The Wenonah-Mount Laurel aquifer, which overlies the Marshalltown-
Wenonah confining unit, is composed of the Mount Laurel Sand and the coarse-
grained part of the Wenonah Formation (table 1). The sediments that
comprise the aquifer crop out in a relatively narrow band that extends from
the Atlantic Highlands in Monmouth County toward the area where Middlesex,
Monmouth, and Mercer Counties meet In the southwestern part of the study
area (Zapecza, 1989, pl. 17). The thickness of the aquifer ranges from 40
ft in the outcrop area to approximately 100 ft near the shore (Zapecza,
1989, p. Bl4, pl. 17)., Eckel and Walker (1986, p. 38 and pl. 5) reported
that the water levels in the aquifer in 1983 ranged from more than 140 ft
above sea level in southwestern Monmouth County to between 162 and 196 ft
below sea level in a deep, extensive cone of depression in southeastern
Monmouth County.

The Marshalltown-Wenonah confining unit separates the Wenonah-Mount
Laurel aquifer from the Englishtown aquifer system (table 1). It is
composed of the fine-grained, lower section of the Wenonah Formation and the
Marshalltown Formation. The sediments that make up the confining unit crop
out in a continuous band from an area east of Atlantic Highlands Borough
toward the southwestern part of the study area (Zapecza, 1989, pl. 15). The
Wenonah Formation generally is a dark-gray, poorly sorted, micaceous, silty,
fine quartz sand. The lower section also contains much glauconite (Zapecza,
1989, p. Bl4). The Marshalltown Formation is composed of glauconitic silt
and sand ranging from 10 to 20 ft in thickness in the study area (Zapecza,
1989, p. Bla).

The Englishtown aquifer system overlies the Merchantville-Woodbury
confining unit (table 1). The sediments that comprise the aquifer system
crop out from northern Monmouth County to southern Middlesex County.
Throughout most of the northern Coastal Plain of New Jersey, it functions as
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one aquifer; however, in southeastern Monmouth County, its two sand
lithofacies are separated by a clayey-silt lithofacies. The aquifer system
thickens from 40 ft near the outcrop to 140 ft near Red Bank in northern
Monmouth County, where it acts as a single water-bearing unit. 1In
southeastern Monmouth County, it increases in thickness to about 180 ft and
includes the clayey-silt lithofacies separating the upper and lower sand
units (Zapecza, 1989, p. B13). Eckel and Walker (1986, p. 33 and pl. 4)
showed that water levels in this aquifer in this area in 1983 ranged from
about 120 ft above sea level in southwestern Monmouth County to between 158
and 249 ft below sea level in a cone of depression in southeastern Monmouth
County.

Potomac-Raritan-Magothy Aquifer Svstem

The sediments of the Potomac Group and the Raritan and Magothy
Formations, which comprise the Potomac-Raritan-Magothy aquifer system, are
the basal sediments of the Coastal Plain (table 1). These sediments have
been considered as a single hydrogeologic system because (1) the formations
are lithologically indistinguishable throughout large areas of the Coastal
Plain (Barksdale and others, 1958, P. 92), and (2) the aquifers within this
system have been considered interconnected over some distance (Barksdale and
others, 1958, p. 91). 1In addition, the aquifer system is separated from the
overlying hydrogeologic units by the Merchantville-Woodbury confining unit,
This massive confining unit, which consists of the sediments of the
Merchantville Formation and Woodbury Clay, is considered to be an effective
confining unit between the upper aquifer of the Potomac-Raritan-Magothy
aquifer system and the overlying Englishtown aquifer system (Barksdale and
others, 1958, p. 136; Zapecza, 1989, p. B12). These hydrogeologic units and
their relation to the major geologic units, as illustrated in tables 1 and
2, are described below.

The maps of hydrogeologic units in this report show outcrop areas of
geologic formations (U.S. Geological Survey, 1967, sheets 3 and 4). The
depicted hydrogeologic units of the Potomac-Raritan-Magothy aquifer system
and the Merchantville-Woodbury confining unit typically are sandy or clayey
parts of respective geologic formations. Strictly defined, the outcrop
areas of the geologic formations shown on the hydrogeologic-unit maps are
not the outcrop areas of the hydrogeologic units. The outcrop areas of the
geologic formations can generally be used, however, to estimate updip limits
of aquifers and confining units and to approximate lines of zero thickness
of hydrogeologic units in the New Jersey Coastal Plain (Zapecza, 1989,

P- B8). 1In the northern Coastal Plain of New Jersey, the outcrop of the 0ld
Bridge Sand Member of the Magothy Formation coincides closely with the
outcrop of the ‘upper aquifer of the Potomac-Raritan-Magothy aquifer system
(Barksdale and others, 1943, p. 21). Similarly, the outcrop of the
Farrington Sand Member of the Raritan Formation coincides closely with the
outcrop of the middle aquifer of the Potomac-Raritan-Magothy aquifer system,

Errors in estimated locations of subsurface contours and thicknesses of
hydrogeologic units were caused by differences in reliability and accuracy
of diverse sampling methods. For example, the characteristics of the
hydrogeologic framework were interpreted from several sources, including
geologists’ logs, geophysical logs, terrestrial and marine geophysical
surveys, and drillers’ logs. The regional hydrogeologic framework for the
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study area presented in this report is considered a refinement of that
previously reported in Gronberg and others (1991).

Locations of well drilling and marine geophysical surveys were chosen on
the basis of distribution and reliability of available data {(Puceci, 1986;
Declerq, 1986; Pucci and Murashige, 1987). A summary of information on the
wells and test boreholes drilled during this project is presented in table
3. The locations of these wells and boreholes are shown later in the
report, in figure 22. Surface geophysical methods also were used to map
hydrogeologic units within the study area (S.K. Sandberg, New Jersey
Geological Survey, written commun., 1989).

The hydrogeologic framework of the Potomac-Raritan-Magothy aquifer
system is described through a series of hydrogeologic sections and maps of
the top surface and thickness of each unit. Data on wells and testholes
shown in figure 2 were used to generate hydrogeologic section A-A', which is
located approximately along dip, and section B-B', which is located
approximately along strike (Pucci and others, 1989).

Merchantville-Woodbury Confining Unit

The Merchantville-Woodbury confining unit overlies the upper aquifer of
the Potomac-Raritan-Magothy aquifer system. It is composed of the Woodbury
Clay, Merchantville Formation, and, locally, members of the Magothy
Formation, including the discontinuous Cliffwood and Morgan beds and Amboy
Stoneware Clay Member (tables 1 and 2). The Cliffwood and Morgan beds are
recognized locally in outcrop and in the subsurface of the Sandy Hook Bay
area, in the northeastern part of the study area (Zapecza, 1989, p. Bll).
These beds interfinger and pinch out within the Merchantville Formation and
the Woodbury Clay (Perry and others, 1975, fig. 11):. Because the Cliffwood
and Morgan beds and Amboy Stoneware Clay Member are part of the confining
unit, the updip extent of the confining unit is the outcrop area of the 0ld
Bridge Sand Member of the Magothy Formation near Raritan Bay. 1In the
southwestern part of the study area, these beds are not present near the
outcrop area; therefore, the updip extent of the confining unit coincides
with the updip extent of the Merchantville Formation.

The thickness map of the Merchantville-Woodbury confining unit (fig. 3)
and hydrogeologic section of Coastal Plain sediments through this confining
unit (fig. 2) show that it ranges from less than 25 ft in thickness in the
outcrop, then increases downdip and to the northeast, and attains a maximum
thickness of 369 ft in Atlantice Highlands Borough (well 25-119), in
northeastern Monmouth County. According to Zapecza (1989, p. Bl2), it is
the most massive confining unit in the Coastal Plain and is an effective
confining layer between the upper aquifer of the Potomac-Raritan-Magothy
aquifer system and the Englishtown aquifer system throughout the study area.
The hydraulic properties of the Merchantville-Woodbury confining unit are
discussed with those of the upper aquifer in the next section.

Upper Aquifer

The upper aquifer is the most extensive unit of the Potomac-Raritan-
Magothy aquifer system (Zapecza, 1989, p- Bll). It consists primarily of
the 0ld Bridge Sand Member of the Magothy Formation, and includes the
Sayreville Sand Member of the Raritan Formation where the South Amboy Fire
Clay Member is thin or absent (table 2)-(Farlekas, 1979, p. 22). At and
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near the outcrop area, the aquifer also includes the overlying surficial
sands and gravels (Farlekas, 1979, p. 22)., The top of the. aquifer is
clearly defined in well logs because the contact with the overlying
Merchantville-Woodbury confining unit is distinect and easily recognized
(Gronberg and others, 1991). Near Raritan Bay, the Magothy Formation also
includes the Amboy Stoneware Clay Member and the Cliffwood and Morgan beds
(table 2); permeability of these units is low, however, and these units are
included as part of the Merchantville-Woodbury confining unit (Gronberg and
others, 1991). The upper aquifer is characterized by coarse-grained
sediments and thin, localized clay beds (Zapecza, 1989, p. Bll). This unit
can be mapped from the outcrop to the southeastern corner of the study area
(fig. 4). In general, the surface of the upper aquifer strikes northeast-
southwest and dips about 50 ft/mi.

The thickness of the upper aquifer (fig. 5) ranges from less than 25 ft
in the outcrop area to more than 230 ft along the coast in the southeast.
In most places, the aquifer 1s between 75 and 175 ft thick. 1In the western
part of the study area, near the outcrop of the Magothy Formation, it
generally is less than 100 ft thick. 1In the southwestern part of the study
area, near Jamesburg and Hightstown Boroughs, the lower boundary of the
aquifer is difficult to determine because the underlying confining unit is
thin and sandy (Gromberg and others, 1991).

Declercq (1986) reported that the upper aquifer is found beneath Raritan
Bay and crops out just scuth of Staten Island, submerged beneath Raritan
Bay. The outcrop of the upper aquifer is submerged at the Raritan Bay
shoreline at Morgan, in Sayreville Borough, Middlesex County, N.J., and
extends into Raritan Bay. These interpretations are based on available
test-borehole data from Raritan Bay (Berkey, 1955; U.S. Army Corps of
Engineers, 1963), marine seismic data (D.R. Hutchinson, U.S. Geological
Survey, written commun., 1985), a marine seismic-reflection survey of
Raritan Bay done during this study (Declercq, 1986), and nearshore test
drilling done during this study (Gronberg and others, 1991).

A paleochannel of the ancient Raritan River may serve as a hydraulic
connection between the upper aquifer and Raritan Bay. On the basis of cores
from Raritan Bay (Berkey, 1955), MacClintock and Richards (1936; from
Bokuniewicz and Fray, 1979, p. 14-15) reported a channel that was eroded
into Cretaceous sediments by the ancient Raritan River along the northern
part of Raritan Bay (fig. 4). The bottom of the ancient channel is
approximately 150 ft below sea level. Because the channel is just south of
Staten Island (fig. 4), it probably penetrates the sediments of the upper
aquifer near the Staten Island shore (fig. 4). Bokuniewicz and Fray (1979,
P. 5-14) reported that erosion and filling in of the bay-bottom sediments
has probably occurred elsewhere along the ancient channel in Raritan Bay.
The Pleistocene channel-fill deposits are highly variable as a result of
their fluvial origin. Typically, fluvial channel-fill deposits consist of
lag gravel at the channel base, grading upward into sand, silt, clay, and
bay-bottom mud (Hack, 1957). As reported by D.D. Drummond (Maryland
Geological Survey, written commun., 1987) for the Kent Island, Maryland,
area near Chesapeake Bay, these paleochannels may be conduits through which
saltwater enters the aquifer,
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Holocene sands that directly overlie sands of the Magothy Formation in
the eastern part of Raritan Bay also may hydraulically conmect the upper
aquifer with Raritan Bay (fig. 4). In Kastens and others (1978) and
Bokuniewicz and Fray (1979, p. 12), lithologic sections through eastern
Raritan Bay show that sediments of the upper aquifer (Magothy Formation)
directly underlie glacial (Holocene) outwash sands (Perlmutter and Arnow,
1953) near Staten Island (fig. 4). Minard (1969, pl. 1) reported that
Holocene beach sands directly overlie the Magothy Formation in the northern
part of Sandy Hook; these sands range In texture from fine to coarse.
Kastens and others (1978) mapped these sands over a broad area and showed
that they are exposed to the floor of eastern Raritan Bay. Therefore,
several hydrogeologic features of the upper aquifer beneath Raritan Bay may
serve as conduits of saltwater into the upper aquifer.

Hydraulic properties

Hydraulic properties of the upper aquifer based on aquifer tests (fig.
5) and results of simulations by Martin (1990) are summarized in table 4.
The quality of estimates of hydraulic properties of the aquifer depended on
the method of data collection and analysis, which is discussed in greater
detail by Pucci and others (1989). Aquifer testing 1s the most reliable
method, but specific-capacity data from well-acceptance tests and lithologic
logs also were guides in estimating hydraulic properties, especially for the
deep confined-aquifer area for which aquifer-test data are sparse.
Estimates of vertical hydraulic conductivities of the confining units from
aquifer tests could have been affected by variation in the aquifer-test
procedures, such as the test duration, which may not have been long enocugh
to detect leakance.

Reported transmissivities for the upper aquifer, as determined from
aquifer tests, range from 1,760 to 19,400 ft?/d. Transmissivities determined
from results of the three northernmost tests in the unconfined area of the
aquifer (aquifer tests 1, 6, and 11, table 4) range from 1,760 to 5,820
ft?/d. The lower transmissivities for these tests are likely the result of
the thinness of the aquifer in the northern part of the study area. The
remaining transmissivities for the unconfined areas of the aquifer range
from 9,500 to 19,400 ft?/d. On the basis of interpretation of well logs,
the upper aquifer is believed to be semiconfined at the sites of aquifer
tests 2 and 3, although the test sites are in the outcrop area (Pucci and
others, 1989). Transmissivity values for the confined, semiconfined, and
leaky confined areas of the aquifer range from 4,010 to 15,450 ft2/d. Of
these values, the transmissivities derived from the six aquifer tests in the
deepest part of the system (4, 5, 7, 9, 10 and 15, table 4) range from 5,400
to 8,420 ft?/4,

The horizontal hydraulic conductivity of the upper aquifer, as
determined from aquifer tests and well-acceptance tests, ranges from 4 to
483 ft/d (Pucci and others, 1989, tables 5 and 7). Areas where the
hydraulic conductivity is less than 100 ft/d are distributed throughout the
study area, whereas areas where the hydraulic conductivity is greater than
100 ft/d are concentrated in or near the outcrop area of the 0ld Bridge Sand
Member of the Magothy Formation, which constitutes the unconfined area of
the upper aquifer (Pucci and others, 1989).
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Table 3.--Records of test boreholes and observation wells drilled, 1985-87

logs:

J, Gamma;

[All well locations shown in figure 22: all wells owned by U.S. Geological Survey; * indicates drive-point
well; --, data unavailable; Geophysice E, e
Geological Survey; NJDEP, New Jersey Department of Environmental Protection}

lectric; NA, not app[icable; UsGs, U.s.

Drilled
depth
Local Altitude (feet
iden- of land below
UsSGs ti- surface Date land
well number fier Latitude Longitude Municipality (feet} drilled surface)
21- 241 NA 401727 743640 West Windsor Township 100 09/18/85 133
23- 790 NA 402627 742247 South River Borough 75 09/05/85 147
23- ™ NA 401940 743353 Plainsboro Township 80 09/12/85 150
23-1058 Hess 402704 742139 Sayreville Borough 25 10/29/86 173
8ros. 1
23-105¢ gess 2 402704 742139 Sayreville Borough 25 11720/86 167
ros.
23-1060 Marsh 402802 742022 Sayreville Borough 40 12707786 251
Ave.
23-1077 JCPEL 402831 742120 Sayreville Borough 7 02/27/87 75
Sayreville
23-1078 Sayre St, 402721 742210 Sayreville Borough 12 02/05/87 B4
23-1120* drive point A 402744 742215 Sayreville Borough 1 11/17/87 11
23-1121* do. 402744 742215 Sayreville Borough 1 11/17/87 22
23-1122* do. 402744 742215 Sayreville Borough 1 11717787 32
23-1123* do. 402744 742215 Sayreville Borough 1 11718787 37
23-1124* drive point B 402748 742218 Sayreville Borough 3.5 11/20/87 12
23-1125* do. 402748 742218 Sayreville Borough 3.5 11/20/87 17
23-1126* do. 402748 742218 Sayreville Borough 3.5 11720/87 22
23-1127* do. 402748 742218 Sayreville Borough 3.5 11/20/87 29
23-1128* do. 402748 742218 Sayreville Borough 3.5 11/23/87 47
23-1129* drive point € 402752 742221 Sayreville Borough & 11/18/87 12
23-1131* do. 402752 7462221 Sayreville Borough & 11/18/87 22
23-1132* do. 402752 742221 Sayreville Borough 6 11/18/87 27
23-1133* do. 402752 742221 Sayreville Borough 6 11/18/87 32
23-1134* do. 402752 742221 Sayreville Borough 6 11/18/87 42
25- 565 Conaskonk Pt. 402704 741051 Union Beach Borough 10 11/11/85 555
25- 566 Oak Rise Dr. 401517 741351 Freehold Township 200 12/10/85 1,320
25- 567 Union Beach 402630 741029 Union Beach Borough 10 04704786 297
Water Tower
25- 568 JCPAL 402652 741100 Union Beach Borough 0 04/11/86 283

Union Beach

1 Nominal inside diameter

2 gefers to aquifer unit of the Potomac-Raritan-Magothy aquifer system
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Table 3,.--Record

-87--Continued

_anwmm_s_
creened

Geo-
Casing fnterval phys-
UsGs diameter feet below Core ical ) 2
well number (inches) land surface) sampl ing logs Driller Aquifer unit
21- 2 Not completed as well Every 10 feet J NJDEP
23- 790 Not completed as well Every 5 or 10 feet EJ NJDEP
23- ™1 Not completed as well Every 10 feet EY NJDEP .-
23-1058 4 112-122 - J NJDEP Middle
23-1059% 4 138-148 -- E NJDEP Middle
23-10560 4 $38-148 .- EJ NJDEP Middle
23-1077 2 46-56 .- J NJDEP Middle
23-1078 2 68-78 J MJDEP Middle
23-1120 1 9-11 -- .- USGS Middle
23-1121* 1 20-22 .- USGS Middle
23-1122* 1 30-32 -- USGS Middle
23-1123 1 35-37 .- UsGSs Middle
23-1124* 1 10-12 -- USGS Middle
23-1125* 1 15-17 -- USGS Middle
23-1126* 1 20-22 -- -- UsGs Middle
23-1127* 1 27-29 - -- USGS Middle
23-1128* 1 45-47 -- USGS Middle
23-1120* 1 10-12 .- USGS Middle
23-1131* 1 20-22 -- usGs Middle
23-1132* 1 25-27 -- USGS Middle
23-1133« 1 30-32 -- USGS Middle
23-1134* 1 40-42 -- .- USGS Middle
25- 565 4 201-211 EJ NJDEP Upper
25- 566 2 716-726 Continuous EJ NJDEP Upper
25- 567 4 250-27¢ -- EJ NJDEP Upper
25- 568 4 245-265 EJ NJDEP Upper
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Table 4.--Summary of reported range of values for hydraulic properties of the upper aguifer

(ALl aguifer-test results reported

Pucci and others (1989); location of aquifer tests shown in figure 5; WO,
Water Department; MUA, Municipal Utility Authority; Leakance represents the combined leakance of overlying and
middle confining units except where * or ** are noted: *, Leakance of overlying confining unit; **, Leakance of
middie confining unit; --, data missing or not applicable.]

Location Transmis- Hydraulic
number ) givity conduc- Storage
from Aguifer test Aguifer- (feet tivity coefficient Leakance
figure igentifier test Aqui fer squared (feet per (dimen- (feet per day)
g and location date description per day) day) sionless) per day
1 East Brunéuick WD 9/12/78-9/15/78 Unconfined 5,000 250 1.0 x 10'2 -
Phase [ aquifer test :
East Brunswick Township
2 East Brunswick WD 10/30/78-11/6/78 Semiconfined 5,600 108 1.4 x 107 .-
Phase Il (test well 6)
aquifer test
East Brunswick Township
3 East Brunswick 1/24/79-2/1/79 Semiconfined 4,010 81 1.8 x 1(‘1'3
Phase I1 (test well 8)
aquifer test
East Brunswick Township
4 Freehold Township 5/16/84-5/17/84 Confined 7,500 - 50 - I3 x 10'4
aquifer test 8,420 54
Freehold Township
] Hightstown WD 30/77-3/23/77 Leaky confined 4,900 v 1.2 x 10°% 3.0 x 1074
aquifer test
Hightstown Borough
6 Madison Industries 3/4/82 Unconfined 5,130 - 8% - 5.7 x 10°2 -
aquifer test 5,820 97
Ola Bridge Township
7 Levitt and Sons 1/23/62-1/26/82 Leaky confined 5,600 67 2.6 x 1074 1.5 x 10:2
aquifer test 1.6 x 10
Aberdeen Touwnship
8 Nonroe MUA 8/21/80-8/24/80  Leaky confined 15,450 150 1.0 x 10°° *2.5 x 1074
aquifer test 2.5 x 10
Monroe Township
@ Nestle aquifer test 6/22/70-6/25/70 Confined 8,060 a7 3.1 %x 1074
Freehold Borough
10 Olympia & York 7/8/81-7/10/81 Confined 5,400 84 1.9 x 1074 -
aquifer test
Old Bridge Township
1" Perth Amboy WD 3/73 Unconf ined 1,760 - 26 - 4.0 x 1072 --
aquifer test 2,850 1
Old Bridge Township
12 Parlin 5/31/39-6/6/3%9 Unconfined 11,500 - 195 - 3.7 x 10:4 --
ui fer test 19,400 329 1.4 x 10
0ld Bridge Township
13 Perth Amboy WD 6/20/85-6/22/85 Unconfined 2,500 146 .-
aquifer test
Runyon
14 Spotswood WD 3718758 Semiconfined 9,750 - 7.0 x 1074 -
aquifer test
Spotswood Borough
15 Union Beach 4/21/86-4/28/86 Leaky confined 8,400 120 4.2 X 1074 6.5 x 10 5
aquifer test
Union Beach Borough
- RASA Model results @ .- .- 3,000 - . 1.0 x 1078 1.0 x10 '}
New Jersey 11,000 8.0 x 10 5.0 x 10

Coastal Plain

8 Martin (1990, fig. 56)
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The range of storage coefficients, derived from eight of the nine
aquifer tests (tests 3, 4, 5, 7, 8, 9, 10, and 15, table &), in the
confined, semiconfined, and leaky confined areas of the upper aquifer range
from 1.0 x 10°% to 1.8 x 10 3. The storage coefficient derived from test 2
(table 4) was 1.4 x 10 !, which is more typical of an unconfined system than
of a confined system. Interpretation of lithologic logs at this site and
proximity to the general outcrop area of the aquifer indicate that the
system is semiconfined at the site of test 2 (Pucci and others, 1989,

p. 25).

Analysis of drawdown data from three of five aquifer tests in the
unconfined area of the aquifer (tests 1, 6, and 12) yielded storage
coefficients representative of unconfined aquifers, ranging from 3.7 x 10 3
to 5.7 x 10 2. A storage coefficient below this range, 4.0 x 105, was
calculated for test 11, in which the well screen penetrated only 11 percent
of the aquifer thickness. When the screened interval is a small fraction of
the aquifer thickness, clay layers within the aquifer can limit the
migration of water to the screen, and can result in a low estimate of the
storage coefficient (Pucci and others, 1989). Although test 14 was done
near the edge of the unconfined area of the upper aquifer, it resulted in a
low storage coefficient (7.0 x 10 %), which could indicate the presence of
confining units at the site.

Pucci and others (1989) reported that leakage into the upper aquifer
through the overlying and (or) underlying confining units was observed from
the stresses caused by withdrawals at four locations (sites of aquifer tests
5, 7, 8, and 15) in the confined area (table 4; fig. 4). Leakage during
test 8, in the shallow part of the aquifer, probably was derived from both
confining units. Aquifer tests 4, 7, 9, 10, and 15 (table 4; fig. 4) were
done in the central part of the study area, and leakage was observed at two
locations (sites of tests 7 and 15). Results of test 25 (table 5), which
was done in the middle aquifer near the site of test 8, also indicate that
the confining unit between the middle and upper aquifers is leaky in this
part of the study area. As discussed earlier, lithologic data confirm that
the confining unit overlying the middle aquifer is thin or sandy--and
probably is leaky--in the southwestern part of the study area; in parts of
Jamesburg Borough, South Brunswick Township, and Cranbury Township; and in
the northwestern part of the Hightstown Borough area (Gronberg and others,
1991).

Lithologic and geophysical logs of sediments at the site of test 5
indicate that the underlying confining unit is continuous. Pucci and others
(1989) reported that most of the leakage calculated from results of test 5
probably is through the Merchantville-Woodbury confining unit. Results of
test 22 (table 5), done in the middle aquifer near the location of aquifer
test 5, show that the confining unit between the middle and upper aquifers
is virtually impermeable.

The hydraulic properties of the sediments that fill the ancient Raritan
River channel in Raritan Bay are not well known because no laboratory or
field hydraulic tests or accurate mapping has been done. The paleochannel
south of Staten Island was eroded into the upper aquifer and Merchantville-
Woodbury confining unit and was filled with sediments of varying
permeabilicty.
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Table 5.--Summary of reported range of values for hydraulic properties of the middle aguifer
[All aquifer-test results reported by Pucci and others (1989)ﬁ locstion of aguifer tests shown in figure 15; WD, Water
the

Department; MUA, Municipal Utility Authority; * Leakance of :
hydreutic conductivity of the confining unit overlying middle aquifer, ft/d; --

confining uni

, data missing or not applicable.]

t overlying middle aquifer; **, vertical

Location Transmiss-
n jvity Hydraulic Storage
from Aquifer test (feet conduc- coefficient Leakance
fi?ure identifier Aquifer test Aquifer squared tivity (dimen- - (feet/day)
5 and location Date description per day) (feet/day) sionless) /feet
16 Dupont aquifer test 6/16/44 Confined 7,750 4 5.8 x 10'5_
Sayreville Borough '
17 East Brunswick #4 7/8/75-T/10/75 Confined %,800 140 - 1.4 x 10'4 -
aquifer test 10,400 148
East Brunswick Township
18 East Brunswick #5 TITITS-7/9175 Confined 10,200 111 3.4 x ‘IO'3 -
aquifer test . 13,180 143
East Brunswick Township
19 East Brunswick #6 9/29/75-9/30/75 Confined @,630 116 - B.0 x 10'5
aquifer test 10,600 128
East Brunswick Tounship
20 East Brunswick #7 10/16/75-10/17/75 Confined 9,400 17 4.2 x 1072 --
aquifer test
East Brunswick Township
21 Hercules aguifer test  6/16/44 Confined 7,420 14 1.6 x 1073 ..
Sayreville Borough
22 Hightstown 3/10/77-3/23/77  Confined 11,500 100 5.0 x 10°3 --
aquifer test
Hightstown Borough
23 Mar lboro MUA 4/3/72 Leaky confined 9,800 100 1.0x10°%  *7.0x 10
aquifer test
Marlboro Township
24 Runyon, Old Deep 8/41 Conf ined 6,250 76 3.0 x 107
aquifer test
Old Bridge Township
25 South Brunswick 5/21/56-5/29/56 Leaky confined 11,800 200 3.5 x 107 *1.1x 1073
aquifer test
South Brunswick Township
26 spotswood 1976 &/21/T6-4/27/76 Confined 13,800 153 2.2 x 1074 -
aquifer test
Cld Bridge Township
27 Woodbr fdge 3/25/57-3/28/57  Confined 2,140 - 36 2.6 x 105 2.3 x 103
aquifer test . 2,145 2.3. x 10
Woodbridge Township
Model results @ .- 42 105 1.6 x 10°% 3.6 x 102-
Middlesex, 16,800 : 8.6 x 10
Monmouth,
Southeastern Mercer
and northern Ocean
Counties
.- Model results D .- . 4,000 - 1.0 x 1074 +5.0 x 1077
New Jerse 22,000 8.0 x 10 *1.0 x 1

Coastal Plain

a
b

From Farlekas {1979
From Martin (1990, figs. 56 and

p- 32 and 5

1)
66}
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Ground-water withdrawals

Reported withdrawals from the upper aquifer within the study area began
at the Perth Amboy Water Works in 1902 (Barksdale and others, 1943, p. 72).
The largest volume of the water withdrawn during the early development of
the aquifer was from or near the outcrop area of the 0ld Bridge Sand Member
of the Magothy Formation, in the unconfined part of the upper aquifer.
Since the early 1900's, the distribution of withdrawal centers has changed
with growth in population and expansion of population and commercial and
industrial development to the south and east into confined parts of the
aquifer in both Middlesex and Monmouth Counties. Horn and Bratton (1991)
reported that, for the period 1981-85, the upper aquifer provided about 57
percent of ground water used for publiec, industrial, and commercial supply
in Middlesex and Monmouth Counties. The locations of the major water users
within the modeled area described in this report (fig. 25) and a graphical
representation of their 1985 withdrawals are shown in figure 6.

Table 6 is a summary of rates of ground-water withdrawal from the upper
aquifer by major ground-water purveyors. Withdrawal rates are reported as
averages in million gallons per day for pumping periods, or stress periods,
from 1896 through 1985. These pumping periods were used for numerical
analysis of ground-water flow. In 1985, the largest users of ground water
in Middlesex County were Duhernal Water Company, Perth Amboy Water Works,
Anheuser-Busch, Inc.!, Sayreville Water Department, Monroe Township
Municipal Utility Authority (MUA), 0ld Bridge MUA, and P.J. Schweitzer,
Inc.; in Monmouth County the largest users were Monmouth Consolidated Water
Company (WC) (outside modeled area, and not in table 6), Gordons Corner WC,
Shoreline WC, Keansburg MUA, Freehold Township Water Department, and
Aberdeen Township MUA.

Annual withdrawal rates for the upper aquifer in all of Middlesex and
Monmouth Counties for the period 1900-85 are shown in figure 7. Except for
a period of decline in production from the upper aquifer in the 1920's,
withdrawal rates in the upper aquifer Increased fairly steadily until about
1970. The decline in total annual withdrawals since 1971 has resulted
principally from reductions in withdrawal rates by Duhernal WC and Perth
Amboy Water Works (table 6) and from the shutdown of wells in Keyport and
Union Beach Borough municipal well fields because of the saltwater intrusion
(Schaefer and Walker, 1981). For 1985, withdrawals from the upper aquifer
were about 43 Mgal/d (fig. 7).

! The use of firm names in this report is for identification or location
purposes only and does not impute responsibility for any present or
potential effects on water resources in the study area.

28



62

40°
35’

30

15' |

40°

74°35' 30 25’ 20 15’ 10 74°
T T T ) u 71T /- 1
EXPLANATION ! /,f \\ ] \% o 4 MILES
AREAS OF OUTCROP / - A <
MAGOTHY PORMATION ~ Dashed where sppraimately /’j’?‘ 4 KILOMETERS
locamd. (Modified trom U5, Gealogical Sarvey, 1967) g
: Staten Island. N.Y.
OLD BRIDGE SAND MEMBER OF THE ,‘\ .
MAGOTHY PORMATION—Dashed whers spproximaicly \“‘ Sanguine /
Josaied. (Modifiod from Barkadale and others, 1943, fig. 6) 1 point \ . N
7 LT
MAJOR CENTER OF WITHDRAWAL FROM UPPER ,J
AQUIFER [N 1985--Reletive magnitude of withdrawal is \’, 1
proportianat to circle area; cirdles at left, fom smallestto -
lirgest, respectively reprosem withdrawl passs £ 8.0, 8.0, 7 § RARITAN BAY _ - Sandy Hook
3.0, 1.0, and 0.5 millions gallons per day. Number refers - - Union Beach
the liings of major purveyors in the moddl arca (ablc 5), i Borough
Numbers without circtes indicate locations of former major 577 I Keyport N
withdrawal comers which 1 loniges withdrew by 1985 )% . Borough /| i
E \ @, _’;'2\‘} »..',\; . .
/ .fﬁ/l .y 1 Hll:r;lec ™
PPN e \ i y T ighlands H
Ty A NG) azier 14 3 8ocough . |
L ™ ; e e : L T ip_—7 Highlangds
e Py \ I ; \ / Borough' |
* SN Yoo Dy — J
; South Brunswick Township d Bridae AN t/ h ﬁ—rx,.[\ \
2 A i ’
~{
7~
Aberdeen ,‘/
Township |
/ Y
k\

21

. Borough /“.
—— a {11 . )7/
. "5’—’1@ Monroa\‘l{wnshnp y
¢ N RN
1 : “\/ T
A\
e\ '

NN
\ /

N0

; 9 )

'Jame!bu'ot \3‘\90“\ Mariboro Township --LL
~

S
\\_@ SR
/.

i

i

i

f/-\_‘\ II
\ b

®
Ay

- o 7/
N -y \\ / T/
L j_(i - ‘\ e /" Howell Township
fv ™ / //O-.

. i|\ s { 3 -
\ " Freehold Township '!' Lt

\ / x v

! | l.""”‘"----—ﬂ——v--——.—l 1 1

A !
raehold '____‘_ o,
10420/ T

10

Figure 6.--Locations

of major withdrawal centers in the upper aquifer, 1985,




Potentiometric surface

The predevelopment potentiometric surface of the upper aquifer shown in
figure 8 was constructed from water levels measured before 1900 or from
water levels measured in wells after 1900 that were in areas considered to
be unaffected by withdrawals. A ground-water high in Cranbury and Monroe
Townships in southwestern Middlesex County corresponds to a topographic high
and a regional recharge area for the upper aquifer. Ground-water flow is
toward low-lying streams in the north and toward discharge regions in
Raritan Bay and the Atlantic Ocean.

The potentiometric surfaces in the upper aquifer in 1959 and 1983 are
shown in figures 9 and 10, respectively. By 1959, heads in the upper
aquifer had declined as much as 40 ft, and a cone of depression had
developed in the northern part of the study area near Keyport and Keanesburg
Boroughs and Hazlet Township (Farlekas, 1979). By 1983, increased
withdrawals had lowered heads to as much as 90 ft below predevelopment heads
and had created new cones of depression in parts of Freehold, Marlboro,
Colts Neck, and Howell Townships in Monmouth County. The lowering of the
potentiometric surface has caused the direction of ground-water flow in
eastern Monmouth County to reverse from the predevelopment flow direction.

Maps of more recent potentiometriec surfaces were prepared from two
synoptic measurements of water levels in wells in November 1984 and in early
spring 1986. Heads calculated from these synoptic water-level measurements
represent the potentiometric surface that has resulted from current and
historical withdrawal patterns. Measurements in production wells were made
about 1 hour after pumping was stopped, if possible. Pumps on nearby
production wells were not shut off before water levels in observation wells
were measured; therefore, these synoptic measurements reflect water levels
under stress conditions. For the 1983 synoptic measurements, pumps on most
production wells were shut off the day before water-level measurements were
made in production wells.

The 1984 and 1986 synoptic measurements were timed to observe the
seasonal high and low water levels. In general, heavy withdrawals during
summer lower the water level to a minimum from late summer through fall.
Water levels recover through winter and reach an annual high in late winter
or early spring. The first synoptic measurement was completed in early
November 1984, when the water levels had recovered partially from the
maximum seasonal drawdowns. The second synoptic measurements were completed
in late March and early April 1986, when water levels presumably had
recovered from the previous drawdowns.

The potentiometric surface in the upper aquifer determined from water
levels in 94 wells during the fall 1984 synoptic measurements is shown in
plate la (data are listed in appendix B, at end of report). The most
significant features of the potentiometric surface of the upper aquifer in
1984 are the generally lowered heads (from 60 to 80 ft below predevelopment
levels in Monmouth County) and large cones of depression, which are 30 ft
below sea level in northern Holmdel Township, southern Marlboro and northern
Freehold Townships, and Neptune Township, all in Monmouth County. Heads at
the centers of the cones of depression in fall 1984 were 38 ft below sea
level (well 25-85) in Marlboro Township, 42 ft below sea level (well 25-154)

30



in Holmdel Township, and 46 ft below sea level (well 25-333) in Neptune
Township. Small cones of depression also are noted in Highlands Borough and
near Red Bank in Monmouth County. - '

The potentiometric surface based on water levels measured in 101 wells
during spring 1986 is shown in plate 1b, The broad cone of depression
throughout Monmouth County is the most significant feature of the 1986
potentiometric surface of the upper aquifer. The contour line for 30 ft
below sea level is centered on cones of depression in southern Marlboro
Township and Howell and Freehold Townships, all in Monmouth County. Heads
in the centers of the cones of depression in spring 1986 were 39 ft below
sea level (well 25-251) in Marlboro Township and 36 ft below sea level (well
25-174) in Howell Township.

Confining Unit Overlying the Middle Aquifer

Farlekas (1979, p. 16) reported that the confining unit between the
middle and upper aquifers consists mainly of the Woodbridge Clay Member of
the Raritan Formation. Locally, the confining unit can also include the
clayey lithofacies of the overlying South Amboy Fire Clay Member of the
Raritan Formation and the Sayreville Sand Member. This confining unit is a
thick, continuous unit of clay and silt whose general outcrop area is
delineated by Gronberg and others (1991) as the area southeast of the
unconfined area of the middle aquifer of the Potomac-Raritan-Magothy aquifer
system, or the outcrop of the Farrington Sand Member of the Raritan
Formation, and the area northwest of the unconfined area of the upper
aquifer of the Potomac-Raritan-Magothy aquifer system, or the outcrop of the
0ld Bridge Sand Member of the Magothy Formation. Southeast of the outcrop
area, the confining unit generally is greater than 100 ft thick (fig. 11).
In the northeastern part of the study area, in Holmdel Township, this unit
is as much as 241 ft thick (Gronberg and others, 1991).

In the southwestern part of the study area, the confining unit contains
a high proportion of sand, and its thickness generally is less than 100 ft
(fig. 11) (Gronberg and others, 1991). The confining unit thins to 39 ft in
Monroe Township and teo 26 ft in Cranbury Township (Gronberg and others,
1991). Further to the southwest, near the Middlesex-Mercer County line,
geophysical logs and surface geophysical data show that the confining unit
is sandy (Gronberg and others, 1989) and may be discontinuous (S.K.
Sandberg and others, New Jersey Geological Survey, written commun., 1989).

The variation in the thickness and lithology of the confining unit
probably is the result of one or more of a number of depositional and post-
depostional factors. One possible reason for the change in lithology is the
influence of the basement structure on the deposition of the sediments.
Proximity to a junction of the basement tectonic features could have caused
a thinning or change in the lithology of the sediments (Owens and Sohl,
1969, p. 237; Owens and Gohn, 1985, p. 26). The absence of the Woodbridge
Clay Member could also be the result of post-depositional erosion and
reworking of the sediments by the flow of the ancestral Hudson River or one
of its tributaries (Owens and Minard, 1979, p. D19).
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Table 6.--Withdrawal rates of major ground-water purveyors, by pumping pericd, upper aquifer, 1896-1985

[Withdrawal rates, in million gallons per day, are averages reported for
simulation periods discussed in this report; --,

ing periods that correspond to
no data reported and no withdrawals used for that simulation

period; MUA, Municipal Utilities Authority; WD, Water Department; Tup, Township; Boro, Borough; Co., Company;

Corp., Corporation; Inc., Incorporated]

%gca- Withdrawal rate by pumping period

ion

number ’ 1 2 3 4 5 6
from

figure (1896-  (1921-  (1946- (1953- (1958- (1965-
6 Owner Municipality 1920) 19453)  1952)  1957) 1964)  1967)

1 3N Co. Freehold Twp .. -- .- 0.036 0.259 0.353

2 Aberdeen Twp MUA Aberdeen Twp 0.023 0.128 0.088 247 162 .784

3 Adelphia Water Co. Howell Twp - -- . .- -- .-

4 Anheuser-Busch Corp. E. Brunswick Twp -- .195 .352 .870 .803 493

5 Atlantic Highland Atlantic Highlands Boro -- .055 319 394 .508 .285

6 Carter Wallace Corp. Cranbury Twp -- -- .005 .036 .280 323

7 ODuhernal Water Co. Old Bridge Twp 2.578 12.956 14.476 13.419 13.847

B E. 1. Dupont Corp. Sayreville Boro .- 246 157 .015 -- -

9 Freehold Borough WD Freehold Twp .042 463 .670 .640 .820 .966
10 Freehold Tup WO Freehold Twp - - - -- .032 .30
11 General Foods, Inc. Cranbury Twp -- .- .027 .078 079
12 Gordons Corner Water Co. Marlboro Twp .. .- .- -- 027 106
13 Highlands WD Highlands Boro 113 .277 357 342 .356 617
14 Int Flavor Frag, Inc. Union Beach Boro -- .. .008 .051 113 .218
15 Keansburg MUA Keansburg Boro 066 .526 1,007 1.255 1.379 1.480
16 Keyport Borough WO Keyport Boro 036 462 754 958 1116 1,115
17 Matawan Borough WD Matawan Boro -- 016 .258 441 543 792
18 Monroe Twp MUA Monroe Tw .- -- .008 061 .051 .041
19 NAD EARLE Colts HecE Twp -- 006 -104 .138 -13¢ .139
20 Nestle Co. Freehold Boro -- .- 13 317 41 .532
21 N.J., Water Co. Jamesburg 8oro .on .058 i) . 166 242 33
22 old Bridge MUA Old Bridge Twp .- -- .096 .227 .569 947
23 Perth Amboy WD Oid Bridge Twp 1.136 4.556 4.T10  T7.429 7.724  7.130
24 Red Bank WD Red Bank Boro .. -- 164 456 .684 .8561
25 Sayreville WD Sayreville Boro -- - .- 1.304 2.4B4
26 P.J. Schweitzer, Inc. Spotswood Boro .006 476 1.198  2.4618 2.9
27 Shoreline Water Co. Hazlet Twp -- -- -- -- 795 1.326
28 South Amboy WO Sayreville Boro .- .832 .730 749 .568 .299
29 South River WD South River Boro .051 . 165 .222 .203 .240 345
30 Spotswood WD Spotswood Boro .. -- .- .030 .299 .400
3t Union Beach WD Union Beach Boro -- .080 .252 AL 475 .485
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Table 6.--Withdrawal rates of major ground-water purveyors, by pumping period, upper agujfer, 18%96-1985--Continued

Loca- Withdrawal rate ing period
tion ] Numbes
number 7 8 9 10 1 12 of wells
from in service
figure (1968- (1973- (1978- (1981-  (1/1/84- (1/1/85- durin?
6 1972y  1977) 1980) 1983) 12/31/84) 12/31/85) 1896-1985
1 0.363 0.296 0.182 0.264 0.273 0,234 1
2 1.035 1.088 1.046 914 727 599 -]
3 016 .09 .105 .128 .138 167 2
4 565 1,169 1.266  1.5%1 1,956 1.958 7
5 449 505 .528 481 473 468 4
6 L334 N b8 358 L4568 424 S
g 13.508 11.062 11,301 9.148 7.796 7.920 2?
@ 1.159  1.578 1.611 1.101 1.061 761 6
10 S10 1.7 1,371 1,550 1.714 1.446 5
11 .148 121 .088 084 .136 L140 2
12 363 .887 813 1,008 1.222 1.581 S
13 .5641 .613 .505 573 663 .672 5
14 .508 440 348 .351 334 .23 5
15 1.461  1.410 1,499 1.310 1,270 1.240 8
16 o31 875 a33 .824 663 727 7
17 939  1.412 1.015 896 855 87 4
18 174 412 606 .910 1.284 1.735 7
19 .133 114 111 113 077 077 2
20 1,104 1.536  1.634  1.144 861 743 3
21 397 415 407 459 .386 377 3
22 1.052 1.273 2.027 2.176 2.364 1.990 6
23 7.719  5.083 4.979 4.738 5.514 5,578 14
24 1.008  1.332  1.643 1.675 1.735 1.686 2
25 2.168 2.015 1.B&4 2.718 3.367 3.425 15
26 3.104 2,532 2.073 1.673 1.381 1.317 10
27 1,927  2.059 1.989 1.908 1.766 1.6 3
28 623 393 .080 48 .550 .512 5
29 296 307 .318 193 247 .178 1
30 569 568 418 414 .387 419 4
3 593 843 .- 4
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ANNUAL MEAN GROUND-WATER WITHDRAWALS,
IN MILLION GALLONS PER DAY

45 r, \ -

N + UPPER AQUIFER .

MIDDLE AQUIFER

10

| L
1900 1910 1920 1930 1940 1950 1980 1970 1980 1990 200

Figure 7.--Rates of withdrawal from the upper and middle aquifers in
Middlesex and Monmouth Counties,
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The lithology and decreased thickness of the confining unit in the
southwestern part of the study area results in a significant hydraulic
connection between the upper and middle aquifers. This hydraulic connection
causes the aquifers to respond similarly, rather than independently, to
hydraulic stresses. Hydrographs of two pairs of nested wells near the area
in which the confining unit between the middle and upper aquifers is thin
and sandy (wells 23-228 and 23-229 in Monroe Township; wells 23-291 and 23-
292 in South Brunswick Township; see fig. 11) demonstrate that the aquifers
tend to respond similarly to hydraulic stresses. Each palr of nested wells
is screened separately in the upper aquifer and in the middle aquifer.
Water-level records from the early 1960‘'s show that water-level trends in
both aquifers are similar through time, although the water levels in wells
in the upper aquifer generally are 4 to 6 ft higher (figs. 12 and 13).

Middle Aquifer

The middle aquifer is composed of the Farrington Sand Member of the
Raritan Formation in most of the northern Coastal Plain of New Jersey. It
also includes younger surficial sand and gravel at or near the outcrop area
(Farlekas, 1979, p. 8). The middle aquifer is characterized by fine to
coarse sand containing minor amounts of lignite and pyrite (Farlekas, 1979,
p. 8). Locally, it also contains clay beds (Barksdale and others, 1943, p.
104-105) and, in Monmouth County, it can include the uppermost sands of the
Potomac Group (Farlekas, 1979, p. 9).

The middle aquifer is usually identified as the sand unit beneath a
thick and continuous confining unit. In areas where the overlying confining
unit becomes sandy or contains many sandy layers, identification of the top
of the aquifer is difficult (Gronmberg and others, 1991)., The base of the
aquifer is marked by the presence of the Raritan fire clay, pre-Cretaceous
bedrock, and saprolitic clay in the Mercer and Middlesex Counties part of
the study area. Southeast of the Middlesex-Monmouth County line, the base
of the aquifer is considered to be the first layer of clay beneath the
middle aquifer that is more than 20 ft thick (Farlekas, 1979, p. 7).

The altitude of the top the middle aquifer is shown in figure 14. 1In
general, the aquifer strikes northeast-southwest and dips to the southeast
at approximately 60 ft/mi (Gronberg and others, 1991)., In the downdip areas
of Monmouth County, the great variation of lithologic material makes it
difficult to distinguish the middle aquifer from other beds within the
Potomac Group and Raritan Formation (Zapecza, 1989, p. Bll). The log of
well 25-566 (Gronberg and others, 1989, p. 133), the Oak Rise Drive test
borehole in Freehold Township, New Jersey (table 3; fig. 2), shows the great
thickness of undifferentiated sediment.

The thickness of the middle aquifer is shown in figure 15. Thickness
contours generally are parallel to the strike. The aquifer thickness
generally ranges from about 75 to 150 ft and is greatest near East Windsor,
where the maximum measured thickness is 168 ft. Along the shore of Raritan
Bay the middle aquifer ranges in thickness from 33 ft (in Aberdeen Township)
to 81 ft (in Union Beach Borough) (Gronberg and others, 1991).
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As shown in figure 15, the middle aquifer is thin or absent south of the
Raritan River in Sayreville Borough and neighboring townships (Gronberg and
others, 1991, pl. 2), probably as a result of postdepositional erosion (S.K.
Sandberg and others, New Jersey Geological Survey, written commun., 1989).
Sea level was 300 ft lower during Pleistocene time, and the ancient Raritan
River cut a channel to, or almost to, bedrock, from the mouth of Lawrence
Brook to Perth Amboy. Sediments filled the channel as sea level rose.

These sediments consisted mainly of poorly permeable river silts and clays
and some sand and gravel. Where these fine sediments are present, the
hydraulic connection between the part of the aquifer north of the Raritan
River and the part south of the river is minimal (Barksdale, 1937, p. 5-7;
Farlekas, 1979, p. 8). Alternatively, the absence of middle aquifer could
be the result of the presence of the Palisades diabase sill, which formed a
ridge of bedrock that prevented deposition of the Farrington Sand Member
(Barksdale, 1937, p. 6-7).

The construction of the Washington Canal in Sayreville Borough was
accomplished by removal of confining-unit material that separated the middle
aquifer from the brackish estuarine water at the surface. Dredging in 1929
removed additional alluvium and exposed the middle aquifer to the brackish
surface water (Barksdale, 1937, P. 9; Appel, 1962, p. 12). 1In other areas,
such as the southwestern part of the outcrop near West Windsor and
Plainsboro, the overlying confining unit thins, is absent, or becomes sandy,
and the aquifer is exposed to or connected with overlying sediments.

Hydraulic properties

A summary of hydraulic properties of the middle aquifer is listed in
table 5. The table includes results of aquifer-test analyses (aquifer-test
locations are shown in figure 15) and calibrated model results. The
discussion in this section summarizes results from aquifer and well-
acceptance tests (Pucci and others, 1989, tables 4 and 6). Discussion of
calibrated model results are included later in the report.

The transmissivity of the middle aquifer, determined from the 12 aquifer
tests done in the study area, ranges from 2,140 to 13,800 ft2/d.
Transmissivities at the low end of this range in the northern half of the
study area, in Sayreville Borough (test 16 and 21), 014 Bridge Township
(test 24), and Woodbridge Township (test 27) (Hardt and Jablonski, 1959},
are attributed to the thinness of the aquifer in these areas (Pucei and
others, 1989). Removal of these four aquifer tests from consideration
results in a range in transmissivity from 9,400 to 13,800 ft2/d.

The horizontal hydraulic conductivity of the middle aquifer, determined
from aquifer-test and well-acceptance-test data, ranges from 17 to 385 ft/d
(Pucci and others, 1989, tables 4 and 6). Hydraulic conductivities less
than or equal to 100 ft/d were found in isolated locations throughout the
study area; however, areas in which hydraulie conductivities are greater
than 100 ft/d were concentrated near the outcrop area of the Farrington Sand
Member of the Raritan Formation (Pucci and others, 1989).
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Storage coefficients derived from aquifer-test analyses of the middle
aquifer range from 2.6 x 10 ® to 3.4 x 10 % (table 5). As previously
mentioned, errors in the storage coefficient can result if the screened
interval of the pumped well is small compared to the aquifer thickness and
if the aquifer contains semipermeable units that retard the vertical flow of
water. For these reasons, the most accurate estimates of the storage
coefficient were derived from six aquifer tests (tests 16, 17, 20, 23, 24,
and 26; table 5) in which the well screen in the pumped well extends through
a large part of the aquifer (Pucci and others, 1989). The storage
coefficient for these six tests ranges from 4.2 x 10 5 to 3.0 x 10 4.

Results of the aquifer tests in the middle aquifer indicate that the
overlying confining unit in most of the study area is relatively
impermeable; however, leakage from the confining unit was observed at three
test locations (tests 23, 25, and 27; table 5). Leakage from the underlying
basal fire clay (tables 1 and 2) and bedrock is assumed to be negligible in
this analysis; leakage into the middle aquifer is more likely to be from the
overlying confining unit. The results of tests 23, 25, and 27 indicate a
range of leakance from 7.0 x 10 ¢ (ft/d)/ft to 1.1 x 10 2 (ft/d)/ft for this
unit,

Cround-water withdrawals

The first recorded withdrawals from the middle aquifer in the study area
were at the Perth Amboy Water Works in 1897. Industrial development in
Perth Amboy, South Amboy, and Sayreville during World War I resulted in a
sudden increase in the use of water from the aquifer (Barksdale and others,
1943, p. 107). Barksdale and others (1943, p. 107-109) and Farlekas (1979,
p. 16) documented the early development of water from this aquifer. Horn
and Bratton (1991) reported that, for the period 1981-85, the middle aquifer
provided 33 percent of ground-water for public, industrial, and commercial
supply In Middlesex and Monmouth Counties., The distribution of withdrawal
centers has changed with the growth of population and the expansion of
commercial and industrial development to the south and east into confined
parts of the aquifer in Middlesex and Monmouth Counties. The locations of
the major water users within the area of the ground-water flow model and a
graphical representation of their 1985 withdrawals are shown in figure 16.

Ground-water withdrawals from the middle aquifer by major ground-water
purveyors are summarized in table 7. Withdrawal rates are reported as
averages for time periods from 1896 through 1985, which correspond to
pumping periods used for numerical analysis of ground-water flow. For
modeling reasons, the pumping periods begin in 1886. Actual withdrawal
rates tend to vary seasonally, with maximum withdrawals during summer and
minimum withdrawals during winter. Seasonal withdrawals are reflected in
regular annual variations in water levels, as seen in the hydrograph of well
25-272 (fig. 17), which is screened in the middle aquifer in Marlboro
Township, Monmouth County (fig. 14). 1In 1985, the largest users of ground
water in Middlesex County were Old Bridge MUA; P.J. Schweitzer, Inc.; East
Brunswick Township WD; Anheuser-Busch Corporation; South Brunswick MUA; and
South River WD. In Monmouth County the largest users were Marlboro Township
MUA, Shoreline Water Company, Gordons Corner Water Company, Aberdeen
Township MUA, and Union Beach Water Department.
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Annual rates of withdrawal from the middle aquifer in Middlesex and
Monmouth Counties generally increased from 1900 through 1983 (fig. 7).
Several of the large users in the early period of development reduced
withdrawals during the 1940’s and early 1950's because of the migration of
saltwater into the middle aquifer (Barksdale, 1943, p. 118). These users
include Duhernal Water Company, Hercules Corporation, Perth Amboy Water
Department, NUODEX Incorporated, and E.I. duPont Corporation (table 7).
Because of saltwater intrusion into its wells in the upper aquifer (Schaefer
and Walker, 1981, p. 12), Union Beach Water Department began withdrawing
water from the middle aquifer in the late 1970's. 1In 1985, withdrawals from
the middle aquifer totaled about 23 Mgal/d (fig. 7).

Potentlometric surface

Because only three water-level measurements in the middle aquifer prior
to develbpment are available, a predevelopment potentiometric-surface map
could not be constructed. Because no withdrawals from either the upper or
middle aquifer took place during predevelopment, the water levels in the
middle aquifer can be assumed to have been about the same as those in the
upper aquifer. Comparison of the available predevelopment measurements in
the middle aquifer with the predevelopment surface of the upper aquifer
shows that heads in the middle aquifer were within about 5 ft of those in
the upper aquifer (Zapecza and others, 1987, fig. 4); therefore, the
predevelopment potentiometric surface of the upper aquifer approximates the
regional head distribution in the middle aquifer (fig. 8).

The potentiometric surface in the middle aquifer in 1959 (fig. 18) was
prepared from water-level data collected from 1958 through 1960 (Farlekas,
1979, p. 13). The map shows the regional cone of depression centered in
Sayreville and 0ld Bridge Townships, Middlesex County. This cone results
from withdrawals in South Amboy City and near Temnnent Pond and Duhernal Lake
(fig. 16). The potentiometric surface in the middle aquifer in 1983 (fig.
19) was delineated after large-capacity wells within 1 mi of the measured
well had been shut off for at least 1 hour (Eckel and Walker, 1986, pl. 5).
In 1983, the areal extent of the regional cone of depression was larger and
heads were lower than in the potentiometric surface in 1959 and in 1973
(Farlekas, 1979, fig. 6) over much of the area. The center of the cone
shifted eastward between 1959 and 1983, toward Keyport Borough and Aberdeen
Township in Monmouth County, where the heads decreased by 70 to 90 ft from
1959 levels, In the rest of Monmouth County, 1983 heads generally were 20
to 40 ft below 1959 heads. Heads in the Sayreville area declined about 20
to 30 ft from 1959 heads. Heads in southern Middlesex County declined about
20 ft.

Water levels in the middle aquifer were measured in 1984 and 1986 by use
of the same procedure described previously for the upper aquifer. The
effect of the pinchout of the middle aquifer in Sayreville Borough was
considered in the mapping of the 1984 and 1986 potentiometric surfaces;
however, the potentiometric-surface maps of previous investigators for this
area were not changed. The potentiometric surface of the middle aquifer
produced from measurements made in 95 wells in early November 1984 is shown
in plate lc. Heads had decreased at least 20 ft below those in the
predevelopment potentiometric surface everywhere except at or near the
outcrop area. The largest declines were at the two cones of depression

47



Table 7.--Withdrawal rates of major ground-water purveyors, by pumping period, middle aquifer, 1895-1985

[Withdrawal rates in million gallons per day are averages reported for pumping_periods that correspond to
simulation perjods discussed in this report; -+, no data are reported and no withdrawals used for that
simulation period; MUA, Municipal Utilities Authority; WD, Water Cepartment; Twp, Township; Boro, Borough;

Co., Company; Corp., Corporation; Inc., Incorporated)
Loca- Withdrawal rate by pumping period
tion !
number 1 2 3 4 5 6
from
figure (1896-  (1921- (1946- (1953- (1958- ({1945-
20 Owner Municipality 1920) 1945y  1952) 1957)  1964)  1967)
1 Aberdeen Tup MUA Aberdeen Tu? .- -- -- .- 0.391 0.551
2 American Cyanamid Corp. Woodbridge u? .438 1.534 1.213 .65 L150 135
3 Anheuser-Busch Corp. E. Brunswick Twp -- .195 .220 .185 .37 .932
4 BASF-Wyandotte Corp. S. Brunswick Twp -- .- -- .- . .0n
5 Chevron 0il Co. Perth Amboy City -- 096 .284 262 452
6 Cranbury Twp WO Cranbury Twp .004 .018 .030 .036 077 124
7 Duhernal Water Co. 0ld Bridge Tw? .- .030 3.831 3.514 1.009 717
& E. Brunswick Twp WD E. Brunswick Twp .- .- .043 .93 1.181  1.607
9 E.1. DuPont Corp. Sayreville Boro .- 2.015 .736 . 149 .D53 .038
10 Elizabethtown Water Co. §. Pinsboro Boro -- -- - - .- .-
i} Freehold Borough Water Dept. Freehold Tup -- .- - .. -- --
12 Gordons Corner Water Co. Manalapan Twp . - .- - -- .002 .248
13 Helmetta Water Co. Helmetta Boro -- - -- .- .00% .010
14 Hercules Corp. Sayreville Boro .- 1.868 .708 166 .- --
15 Heyden Chemical Co. Woodbridge Twp 720 364 - -
16 Marlboro Twp MUA Marlboro Twp -- -- - - v
17 Monroe Tug MUA Monroe Twp -- -- -- 050 .178
18 National Park Service Middletown Tup -- - -- -- -- 165
19 NJ Home For Boys Monroe Twp 016 i [ .205% L1589 160 124
20 NL Industries Inc. Sayreville Boro .. 512 .526 130 100 .0%4
2% NUODEX Inc. Edison Twp 167 691 487 .355 345 .345
22 Old Bridge MUA old Bridge Tuwp .- .- -- - 440 .87
23 Perth Amboy WD 0ld Bridge Tu? .- 2,111 2,028  2.091 2.324 2.658
24 Phelps Dodge Co. S. Brunswick Twp .. -- -- 055 .2 .835
25 S. Brunswick MUA $. Brunswick Twp . .- -- .001 .049 .509
26 Sayreville, WD Sayreville Boro .- -- -- -- -- --
27 P.d. Schweitzer, Inc. Spotswood Boro .- .001 .606 1.856 2.087 2.214
28 Shoreline Water Co. Hazlet Twp .- -- .- - L --
29 South Amboy WD Sayreville Boro .- -- .382 .318 .355 499
30 South River WD South River Boro 016 .154 .242 492 5648 799
31 Spotswood WD Spotswood Boro .- .- .- --
32 Union Beach WO Union Beach Boro -- .. -- .. --
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Annual rates of withdrawal from the middle aquifer In Middlesex and
Monmouth Counties generally increased from 1200 through 1985 (fig. 7).
Several of the large users in the early period of development reduced
withdrawals during the 1940’'s and early 1950's because of the migration of
saltwater into the middle aquifer (Barksdale, 1943, p. 118)., These users
include Duhernal Water Company, Hercules Corporation, Perth Amboy Water
Department, NUODEX Incorporated, and E.I. duPont Corporation (table 7).
Because of saltwater intrusion into its wells in the upper aquifer (Schaefer
and Walker, 1981, p. 12), Unlon Beach Water Department began withdrawing
water from the middle aquifer in the late 1970's. 1In 1985, withdrawals from
the middle aquifer totaled about 23 Mgal/d (fig. 7).

Potentiometric surface

Because only three water-level measurements in the middle aquifer prior
to development are available, a predevelopment potentiometric-surface map
could not be constructed. Because no withdrawals from either the upper or
middle aquifer took place during predevelopment, the water levels in the
middle aquifer can be assumed to have been about the same as those in the
upper aquifer. Comparison of the available predevelopment measurements in
the middle aquifer with the predevelopment surface of the upper aquifer
shows that heads in the middle aquifer were within about 5 ft of those in
the upper aquifer (Zapecza and others, 1987, fig. 4); therefore, the
predevelopment potentiometric surface of the upper aquifer approximates the
regional head distribution in the middle aquifer (fig. 8).

The potentiometric surface In the middle aquifer in 1959 (fig. 18) was
prepared from water-level data collected from 1958 through 1960 (Farlekas,
1979, p. 13). The map shows the regional cone of depression centered in
Sayreville and 0ld Bridge Townships, Middlesex County. This cone results
from withdrawals in South Amboy City and near Tennent Pond and Duhernal Lake
(fig. 16). The potentiometric surface in the middle aquifer in 1983 (fig.
19) was delineated after large-capacity wells within 1 mi of the measured
well had been shut off for at least 1 hour (Eckel and Walker, 1986, pl. 5).
In 1983, the areal extent of the regional cone of depression was larger and
heads were lower than in the potentiometric surface in 1959 and in 1973
(Farlekas, 1979, fig. 6) over much of the area. The center of the cone
shifted eastward between 1959 and 1983, toward Keyport Borough and Aberdeen
Township in Monmouth County, where the heads decreased by 70 to 90 ft from
1959 levels. In the rest of Monmouth County, 1983 heads generally were 20
to 40 ft below 1959 heads. Heads in the Sayreville area declined about 20
to 30 ft from 1959 heads. Heads in southern Middlesex County declined about
20 fc.

Water levels in the middle aquifer were measured in 1984 and 1986 by use
of the same procedure described previously for the upper aquifer. The
effect of the pinchout of the middle aquifer in Sayreville Borough was
considered in the mapping of the 1984 and 1986 potentiometric surfaces;
however, the potentiometric-surface maps of previous investigators for this
area were not changed. The potentiometric surface of the middle aquifer
produced from measurements made in 95 wells in early November 1984 is shown
in plate lc. Heads had decreased at least 20 ft below those in the
predevelopment potentiometric surface everywhere except at or near the
outcrop area. The largest declines were at the two cones of depression
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Table 7.--Withdrawal rates of major ground-water purveyors, by pumping period, middle aquifer, 1896-1985

[(Withdrawal rates in million gallons pe
simulation periods discussed in this re

port; --

Co., Company; Corp., Corporation; Inc., Incorporated]

r day are averages reported for pumping periods that correspond to
no data are reported and no withdrawals used for that
simulation period; MUA, Municipal Utilities Autﬁority; WD, Weter Department; Twp, Township; Boro, Borough;

Loca- Withdrawal rate by pumping peried
tion
number 1 2 3 4 5 [
from
figure (1896-  (1921- (1946- (1953- (1958- (1965-
2 Owner Municipality 1920) 1945)  1952)  1957)  1964)  1967)
1 Aberdeen Tup MUA Aberdeen Tu? . -- .- -- 0.391  0.551
2 American Cyanamid Corp, Woodbridge u? 438 1.534  1.213 .565 .150 .135
3 Anheuser-Busch Corp. E. Brunswick Twp -- .195 .220 .185 37 .932
4 BASF-Wyandotte Corp. §. Brunswick Twp .. .- -- -- -- 011
5 Chevron 0il Co. Perth Amboy City .. -- .096 .284 262 452
& Cranbury Twp WD Cranbury Twp 004 018 .030 .036 077 124
7 Duhernal Water Co. old Bridge Tu? .- 030 3.831  3.514  1.009 17
8 E. Brunswick Twp WD E. Brunswick Twp -- .- .043 593 1.181 1.607
9 E.l. DuPont Corp. Sayreviile Boro - 2.015 736 149 .053 .038
10 Elizabethtown Water Co. §. Plnsboro Boro .- -- -- -- --
" Freehold Borough Water Dept, Freechold Twp - -- - .- -- .-
12 Gordons Corner Water Co. Manalapan Twp .- -- -- .002 . 248
13 Helmetta Water Co. Relmetta Boro -- -- - .005 .010
14 Hercules Corp. Sayreville Boro 1.868 .708 166 -- --
15 Heyden Chemical Co. Woodbridge Twp .720 364 - --
16 Martboro Twp MUA Marlboro Twp .- -- - .- --
17 Monroe Tug MUA Monroe Tuwp .- -- - 050 .178
18 National Park Service Middletown Tup -- .- -- -- -- 165
19 #J Home For Boys Monroe Twp 016 146 .205 159 160 124
20 NL Industries Inc. Sayreville Boro . .512 526 L130 .100 094
21 NUODEX Inc. Edison Twp 167 691 487 .355 .345 .345
22 0Old Bridge MUA old Bridge Twp .- .. -- .- LG40 .87
23 Perth Amboy WD Old Bridge Twp -- 2,111 2.028 2.091 2.324 2.658
24 Phelps Dodge Co. S. Brunswick Tup -- .- .. 055 984 .835
25 §. Brunswick MUA §. Brunswick Twp -- -- .001 049 .50%9
26 Sayreville, WD Sayreville Boro .. -- .- .. -- .-
27 P.d. Schweitzer, Inc. Spotswood Boro - .001 L606 1.856 2.087 2.214
28 Shoreline Water Co. Hazlet Twp - -- -- . -- .-
29 South Amboy WD Sayreville Boro - .- .382 .318 .355 499
30 South River WD South River Boro .016 154 242 492 648 799
N Spotswood WD Spotswood Boro - -- - -
32 Union Beach WD Union Beach Boro -- .. - - -
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Table 7.--Withdrawal rates of major ground-water purveyors, by pumping period, middle aquifer, 1896-1985--Continued

Coca- Withdrawal rate b in riod
tion Number
number 7 8 9 10 n 12 of wells
from in service
figure (1968-  ¢1973- (1978- (1981- (1/1/B4- (1/1/85- durln?
20 1972) 1977y 1980)  1983) 12/31/84) 12/31/85) 1896-1985
1 0.735 0.896 0.922 0.874 0.812 0.780 3
2 .132 .091 .083 062 .010 .01 3
3 904 979 970 .964 952 .938 3
4 .178 .295 .553 514 .352 .181 2
5 318 .338 .370 .215 .- .- 3
6 130 .130 .129 .136 147 .138 3
7 .329 .136 D13 1,244 .021 010 2
8 2.192  2.164 2.373 1.617 2.408 1.852 2
9 .067 .022 .050 051 -- -- 4
10 -- .. .. 274 .343 299 2
1 -- -- .- .292 562 .88 1
12 1.317  1.524 1.793 2.259 2.002 2.164 6
13 .012 017 040 041 045 046 1
14 .- -- -- -- .- -- 3
15 . .- .- -- .- -- 2
16 -- .216 562 1.525 1.037 1.186 4
17 .285 443 42 394 .370 037 2
18 254 .231 .182 190 164 164 1
19 30 .168 .152 .055 -- . 4
20 L1414 .093 012 .008 .158 . 4
21 345 316 .288 .288 062 033 3
22 1.899 2.933 2.882 3.064 2.35% 3.213 7
23 2.957 1.872 1.337 .50 -- .- 4
24 .94 172 -- -- .- 2
25 .983  1.857 2.222 2.929 3.707 2.904 5
26 985 1.64% 3115 1.435  1.219 1.267 3
27 2.621 2,471 2.314 1.795 2.688 2.541 4
28 216 1.236  1.180 1.392 1.880 1.783 3
29 447 544 .080 .1 -- . 1
30 L7 1,143 1,137 1,144 .988 892 é
k3| - 038 243 .253 266 265
32 - 200 668 4696 701 1
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centered in Spotswood Borough, Middlesex County, and Hazlet and Holmdel
Townships, Monmouth County, where 1984 heads were more than 100 ft below
predevelopment heads. Heads in the centers of these cones of depression in .
fall 1984 were 67 ft below sea level (well 23-456) in Spotswood Borough, and
89 ft below sea level (well 25-153) in Holmdel Township. In surrounding
areas in northwestern Monmouth County and northeastern Middlesex County,
heads declined 80 ft from predevelopment heads. Compared to the 1983
potentiometric surface, heads generally rose about 5 ft.

The potentiometric surface delineated from measurements made in 96 wells
in spring 1986 is shown on plate 1d (data are listed in appendix B). Heads
generally were the same or slightly higher than in fall 1984. The only
major changes were increases of about 20 ft near South Amboy and increases
of 5 to 15 ft south of Spotswood. Heads in the centers of these cones of
depression in spring 1986 were 77 ft below sea level (well 23-456) in
Spotswood Borough and 93 ft below sea level (well 25-153) in Holmdel
Township.

Lower Confining Units

In updip parts of the study area, the confining unit underlying the
middle aquifer consists of either the Raritan fire clay member of the
Raritan Formation, pre-Cretaceous bedrock, or saprolitic clay. Southeast of
the Middlesex-Monmouth County line, the lower confining unit can be
considered to be the first layer of clay more than 20 ft thick below the
middle aquifer. Further downdip, the confining unit underlying the middle
aquifer also can consist of fine-grained sediments of the Potomac Group
(Gronberg and others, 1991).

Precipitation and Evapotranspiration

Recharge to the ground-water system is primarily from precipitation.
Mean annual precipitation, based on data from the U.S. Weather Service
Stations at New Brunswick, Freehold, and Hightstown, New Jersey (National
Climatic Data Center, Asheville, North Carolina), is about 45 in. Snowfall
averages 26 in/yr, which is equivalent to about 2.5 in. of rain. Mean
annual precipitation for the period 1951-80 at these stations is given in
table 8, below:

Table 8.--Mean annual precipitation at
selected U, S, Weather Service

stations in New Jersev. 1951-80

[Locations of stations shown in figure 20

Mean annual

precipitation
Station (inches)
New Brunswick 45,50
Freehold 45.89
Hightstown 44 .39
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Evapotranspiration (ET) is the sum of the losses of water by evaporation
from the streams, lakes, and ground-water system and by transpiration from
plants to the atmosphere. Barksdale (1937, p. 15) estimated ET in the study
area to be 20 in/yr. Forman (1979, p. 157) estimated the ET south of the
study area, in the New Jersey Pine Barrens, to be 22.5 in/yr. Vowinkel and
Foster (1981, p. 18-19) estimated the average annual water loss, primarily
as a result of ET, in selected drainage basins in the Middlesex and Monmouth
County areas to be 25.9, 24.3, and 25.5 in/yr, respectively.

Potential ET for the study area was calculated to be 27.5 in/yr by use
of Thornthwaite’s method (Thornthwaite, 1948)., On the basis of the
Thornthwaite ET, about 81 percent of the annual potential ET ocecurs from May
through September. Because this method incorporates the monthly mean
temperatures and is based on the assumption that moisture is always
available, potential ET estimates of 27.5 in/yr are higher than actual ET.

Surface-Water Svstem

Raritan Bay, which is part of the Lower Bay of New York Harbor, covers
approximately 20 percent of the study area. Raritan Bay is salty, typically
shallow (1-10 ft deep), and rarely exceeds 20 ft in depth. The natural
bathymetry of the bay has been altered by the dredging of channels for
shipping, by the mining of sand and gravel, and by landfilling and
development at the shore (Kastens and others, 1978, p. 7).

The Raritan River (fig. 20), which drains the Piedmont physiographic
province, flows southeast and east into the study area. Woodbridge Creek,
which is north of the Raritan River, flows southeast to Arthur Kill. Both
rivers are bordered by tidal marsh and ultimately empty into Raritan Bay.
Additional major streams south of the Raritan River are Lawrence Brook,
South River, Millstone River, and Cheesequake Creek (fig, 20). These
streams flow northward and empty into either the Raritan River or Raritan
Bay. They are tranquil streams characterized by moderate rises in stage
after heavy rains and slowly diminishing base flows during extended dry
periods.

Lawrence Brook was dammed in East Brunswick Township to form Farrington
Lake and Weston’s Mill Pond; about three-quarters of Lawrence Brook
traverses the outcrop of the Potomac-Raritan-Magothy aquifer system
(Barksdale, 1937; p. 17). Beaverdam Brook and Ireland Brook are the
principal tributaries to Lawrence Brook. The South River is formed where
Manalapan and Matchaponix Brooks unite in Spotswood; its principal
tributaries include Iresick Brook, Deep Run, and Tennent Brook. Duhernal
Lake was formed in 1939 by the construction of a dam and recharge pond near
the confluence of the South River and Iresick Brook. Tennent Pond was
formed by the construction of a dam on Tennent Brook. A similar surface-
water impoundment is under construction (1989) on Deep Run.

Streams in the upstream part of the Millstone River basin, in
southwestern Middlesex County, western Monmouth County, and northeastern
Mercer County, flow to the northwest. The major tributaries to the
Millstone River are Big Bear Brook, Devils Brook, and Cranbury Brook. The
Millstone River flows out of the study area to the northwest and eventually
enters the Raritan River.
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Streamflow

Daily streamflow data were collected at eight stations in the study area
(fig. 20). Some of these streamflow-gaging stations are on sections of
streams where the flow is partially controlled by dams. Data for the eight
stations and their basins are summarized in table 9.

Base Flow

The mean annual discharge of a stream can be separated into two flow
components--direct runoff and base flow. Base flow is the component of
streamflow that is derived from ground-water discharge. Base-flow
separations for each streamflow-gaging station listed in table 9 were
computed by use of a hydrograph-separation program (Pettyjohn and Henning,
1979) for the periods for which data are available. This program
Incorporates three different methods of hydrograph separation to separate
base flow from direct runoff; the program then averages the results. Base
flow at these stations ranged from 51 to 65 percent of total flow and
averaged 59 percent. The highest percentage of base flow was at station
01405400 (Manalapan Brook at Spotswood); the lowest was at station 01406500
(Tennent Brook at Browntown). The low percentage of streamflow derived from
base flow at the latter station is attributed to the effects of long-term
ground-water withdrawals in the area (Parker and others, 1964, p. 112 and
138).

Interactions of Ground Water and Surface Water

Under predevelopment conditions, the hydraulics of the unconfined
ground-water system included recharge from precipitation, lateral flow of
water through the aquifer, and discharge to streams, rivers, or the bay.

The streams are connected hydraulically to the water-table system and derive
about 59 percent of their flow from ground-water discharge, as discussed
previously. Movement of water between aquifers and streams depends on the
hydraulic stage of the stream, the water level in the aquifer, and the
hydraulic properties of the ground-water and surface-water systems. Most of
the time, the streams are shallow drains from the unconfined aquifers. Some
streams are intermittent--that is, they stop flowing during dry periods.

The major drainage basins in the unconfined, or water-table, areas of
the middle and upper aquifers of the Potomac-Raritan-Magothy aquifer system
are the South River, Millstone River, and Lawrence Brook (fig. 20).
Surface-water subbasins within the major drainage basins also are shown in
figure 20. Other minor drainage basins in parts of the recharge area of the
upper aquifer, or north of the Raritan River for the middle aquifer, are not
discussed here. Water is more easily exchanged directly between surface
water and ground water in areas where the aquifer is unconfined and is
hydraulically well connected to the confined aquifer than in the outcrop
area of the confining units (fig. 20). 1In addition, because of the reversal
of flow directions caused by large ground-water withdrawals in the region,
Raritan Bay has become an area of recharge of saltwater to the upper aquifer
where it is hydraulically well connected to Raritan Bay.

56



Table 9.--Chara ge bas riputarie

risg g O eqional draina
thin the outcrop area of the Potomac-Raritan-Magothy aquifer syste
(Gaging-station locations shown in fig. 20; in/year, inches per year]

Drainage Mean annual
Station Station Period of ares (cubic feet Discharge Estimated base flow
number name record (square miles) per second) (in/year) n/year percent
0140550 South River 1939-1987 4.6 143 20.3 12.4 61
at Old Bridge1
01405400 Manalapan Brook 1957-1987 40.7 85.6 21.4 13.9 85
at Spotsuood2
01405300 Matchaponix Brook 1958- 1967 43.9 62.5 19.2 1.4 5¢
at Spotswood2
01405000 Deep Run near 1933-1940 8.07 .1L.0 23.4 14.8 63
Browntown'
01406500 Tennent Brook 1932- 1941 5.2 4.6 11.7 5.9 51
at Brountown2
01400730 Millstone River 1965-1975 65.8 99.2 20,45 12.2 &0
at Plainsboro1
01404500 Lawrence Brook 19221927 29.0 26.9 13.4 7.5 56
at Patrick Corner1
01405000 Lawrence Brook 1927- 1987 34.2 39.0 15.2 8.4 55

at Farrington Dam1

1 Regional drainage basin

Tributary drainage basin
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Estimated Ground-Water Recharge

Several estimates of recharge to the unconfined-aquifer areas have been
reported in the literature (Vowinkel and Foster, 1981, p. 19). Recharge is
precipitation that has percolated through the unsaturated zone to the water
table. This water ultimately discharges to the surface-water system as base
flow or recharges the deeper, confined system. Barksdale (1937, p. 16)
reported that 20 in/yr of recharge to the middle aquifer is likely,
Barksdale and others (1943, p. 84-87) estimated that the recharge to the
upper aquifer probably is similar to the recharge to the middle aquifer (20

in/yr),

Wilson and others (1972, p. 57) estimated the net recharge to the
Coastal Plain unconfined-aquifer areas in the Millstone River basin in the
southwestern part of the study area, based on streamflow analysis, to be
0.61 ft/yr (7 in/yr) for the 1969 water year. They also stated that this
estimate could vary from year to year and from one area within the basin to
another. Geraghty and Miller, Inc. (1976, table 6), estimated total net
recharge (recharge minus ET) to the Coastal Plain unconfined-aquifer area in
Middlesex County to be 15 in/yr, of which 13 in/yr discharges to streams.
On the basis of calibration of a ground-water flow model, Farlekas (1979,
p. 36) estimated the amount of recharge to the confined area of the aquifer
system from the recharge area of the middle aquifer to be 5.2 in/yr.

The hydrelogic budget is an accounting of all water entering and leaving
a basin area. The flow of water within a basin is influenced by
precipitatioen, ET, hydrogeology, and other natural and human factors. Over
extended periods of time, streamflow varies in response to these factors to
maintain hydraulic equilibrium within the basin. Nevertheless, the
hydrologic budget within a surface-water basin area can be estimated by use
of long-term average flow values. The water budget can be described by the
relation

P + Qin + ng - ET + Qout + QWell + AS.

Water enters each basin as precipitation (P) and through streams that flow
into the area (Q.n). Water is lost from the drainage basin through
evapotranspiration (ET), streamflow out of the basin (Q )}, net ground-
water discharge to surface water (Q_ ), and net ground-%gger withdrawals
(Qgell)' A necessary assumption wh&n estimating Q w by means of surface-
water hydrologic budgets is that the areas of the §irface-water drainage
basin and ground-water drainage basin are equal. In reality, these areas do
not necessarily coincide. The area that contributes surface-water drainage
to the stream is determined by use of a planimeter on a topographic map,
whereas the ground-water contributing area is determined from water-table-
contour maps that can be used to infer ground-water flow directions during
base flow. Some of the ground water withdrawn ( o 1) could be discharged
to the ground-water system within the basin or disc%arge to streamflow
within the stream basin. Diversions and withdrawals of surface water and
ground water, which are not accounted for, also introduce errors into the
budget. Some of the precipitation flows directly into the stream as
overland flow or as interflow; this water is included in Qo term. Change
in storage (AS) includes surface-water and ground-water .storage.

58



The Q, and Q terms in the surface-water hydrologic budget are
calculatea from eStimates of mean annual discharge determined at low-flow
streamflow-gaging stations on a stream (Gillespie and Schopp, 1982, p. 10-
11). This method is most useful over short reaches of streams, where
streamflow measurements are made at both ends of the reach and where the
effects of ground-water withdrawals and surface-water diversions are
minimal.

Hydrologic budgets were calculated for selected stream reaches from
discharge records from nine available low-flow partial-record stations in
the study area (fig. 20). Average annual discharge data (Q and Q ) at
these partial-record stations were estimated and normalized *Bo data grom
nearby continuous-record stations (index stations) by use of least-squares
regression equations (Gillespie and Schopp, 1982, p. 15-19). Data from each
low-flow partial-record station were correlated with data from three to five
nearby index stations, and a mean annual discharge for the available period
of record was computed. Instead of separate terms for ET and P, an
estimated net recharge to the basin (P - ET) of 20 in/yr was used in this
calculation.

Change in ground-water storage is reflected as a change in ground-water
level. For these water-budget estimates, changes in storage are assumed to
be zero. Where this assumption iIs invalid (where water levels in the water-
table aquifer have declined), a hydrologic budget tends to yield estimates
of ground-water discharge to streamflow (Q ) that are greater than actual
values for the budget area. Changes in th& amount of water stored in
surface-water bodies are negligible and are assumed to be zero for these
budgets.

Hydrologic-budget calculations for stream subreaches in four drainage
basins in the recharge areas of the aquifers showed that the exchange of
water between the streams and the unconfined-aquifer areas is variable
(table 10). Hydrologic budgets were computed for one subreach in the
Ireland Brook basin, one in the Millstone River basin, and two in the Bear
Brook basin where satisfactory measurement sites were available. Subreaches
of Ireland Brook (between stations 01404460 and 01404470), the Millstone
River (between stations 01400600 and 01400640), and Bear Brook between
Hickory Corner and Grover Mills (between stations 01400770 and 01400750 and
station 01400800), were gaining subreaches in which the estimated mean
annual streamflow at the upstream partial-record station was less than the
estimated mean annual streamflow at the downstream partial-record station
(Q. Q Between Grover Mills and Princeton Junction on Bear Brook
(begween sEations 01400800 and 01400810), the stream subreach was losing,
and the estimated mean annual streamflow at the upstream partial-record
station was greater than the estimated mean annual runoff at the downstream
partial-record station (Qin >Q ).

Estimates of net recharge to the ground-water system within the four
stream subreaches ranged from -11.9 to 26.8 in/yr. These estimates were
based on the assumption that the contribution from well discharge or
recharge in the drainage area ( ) affecting the stream reach is
negligible. For the reach along %ﬁe Millstone River, the stream was
discharging to the aquifer (ng was negative). Estimates for the reach of
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Table 10.--Estimated ground-water recharge between low-flow partial-record stations

[Assumed net recharge from
locations shown in fig. 20.

?recipitation and evapatranspiration is 20 inches per year; partial-record-station

Station Net drainage
Calculated mean annual runoff drainage area between
. Period of low-flow cubic feet 1inches million area inflow and outflow
Station Station measurements per per gallons  (square stations
number name (number of measurements) second year per year miles) {square miles)
+01404460 Ireland 1947 - 1949 1.99 7.8 469 3.47
Brook near (8 measurements)
French Pond 3.05
*01404470 Ireland 1973 - 1977 6.36 13.2 1,500 6.52
Brook near {10 measurements)
Patrick Corner
+01400770 Little Bear 1950 - 1964 1.5 4.7 354 1.88
Brook near (11 measurements)
Kickory
Corner and
' 5.34
+01400750 Bear Brook 1960 - 1945 5.2 16.9 1,227 3.46
near Hickory(14 measurements)
Corner 4.18
*01400800 Sear Brook 1959 - 1964 2.4 13.4 2,217 9.52
near Grover (11 measurements)
Mills
+01400800 Bear Brook 1959 - 1964 9.4 13.4 2,217 9.52
near Grover (11 measurements)
Mills
2.88
*01400810 Besr Brook 1962 - 1971 7.95 8.7 1,875 12.4
at Prince- (16 measurements)
ton Junction
+01400600 Millstone 1959 -1971 55.0 19.9 12,974 37.5
River near (16 measurements)
Locust Corner 5.1
*01400640 Millstone 1959 - 1971 67.0 21.3 15,805 42.6

River near (18 measurements)
Grover Mills

+ Subreach inflow, @. in
* Subreach outflow, Q. out

60



Table 10.--Eg

Net precipitation
and evapotrenspir-
ation in area

Estimated
round-water recharge

Station {million gallons m1 [{Ton galTlons nches
number per yesr) per yeat) per year}
+01604460

1,060 29.0 0.6
*01404470
+01400770
+01400750

1,450 817 11.2
*01400800
+01400800

1,000 1,340 26.8
*01400810
+01400600

1,770 -1,060 -11.9
*01400640
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Ireland Brook and both reaches of Bear Brook showed that ground water was
discharging to streamflow (Q was positive). Low-flow measurements

also have shown that the upp§¥ Millstone River and Matchaponix Brook
sometimes lose water along some reaches, possibly as a result of surface-
water diversion for irrigation or ground-water withdrawals from the basing
(R.D. Schopp, U.S. Geological Survey, oral commun., 1987).

Hydrogeologic factors that control flow within each ground-water basin
and the effects of ground-water withdrawals most likely affect the
calculations within the boundaries of the surface-water basins; however, the
range of estimates of net recharge to the ground-water system indicates that
the hydrologic equilibrium between aquifer and streams varies between
subreaches of the same stream and between basins.

A long-term decline in water levels in the unconfined-aquifer area was
observed in some wells. An example is shown for well 23-151 for the period
1938-67 (fig. 21), for which the water-level trend is downward. These
declines probably are caused by surface-water diversions in combination with
ground-water withdrawals. At other wells in the area, such as well 23-292
(fig. 13}, water-level variations in the unconfined-aquifer area are caused
by variations in precipitation (Barksdale and others, 1943, p. 36).

Declines in water level followed by a trend of recovery for well 23-292
reflect variations Iin annual precipitation. Years of drought or
significantly reduced rainfall during 1964-66, 1977, 1981-83, and 1985-86
were followed by years of high or average rainfall (National Climatic Data
Center, Asheville, North Carolina). Areas 1in which water levels in wells in
the unconfined-aquifer area are constant indicate that water movement within
the unconfined-aquifer area has not been affected by ground-water
withdrawals or by a surface-water recharge source, as for well 23-181 (fig.
21). Effects of withdrawals and recharge on water levels in wells in an
unconfined aquifer are discussed in detail in the next section.

Artificial Recharpe

A goal of managing the aquifers in the Coastal Plain is to determine an
appropriate withdrawal rate that will satisfy the demand for water in the
area without exceeding the recharge rate. Years ago, consumptive use of
water was minimal and, therefore, water demands were easily satisfied.
Ground-water' demand has grown with the development of the area, however, and
the need to increase recharge to the ground-water system has been considered
for several reasons. Increased ground-water recharge would (1) increase the
available yield of ground-water withdrawals, (2) facilitate the treatment of
ground water, (3) prevent the loss of recharge to the aquifer system through
increased runoff caused by development, and (4) mitigate the encroachment of
saltwater. Water-management regulations promulgated by the New Jersey
Department of Environmental Protection and Energy for the control of ground-
water diversions have encouraged the enhancement of artificial-recharge
capacity in the study area (Gaston, 1985).

The potential for artificial recharge of ground water in the study area
to increase the available yield has been discussed by Barksdale and others
(1943, p. 87-90, p. 110), Barksdale and DeBuchananne (1946, p. 726-731), and
Appel (1962, p. 30-33) for the study area and by May (1985, p. 12) for the
Atlantic City area in the New Jersey Coastal Plain. More recently, May
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(1985) reported on the feasibility of artificial recharge in an area to the
south of the study area but within the New Jersey Coastal Plain. Barksdale
and DeBuchananne (1946, P. 727) reported that successful methods of
artificial recharge had been practiced in the study area for 30 to 40 years.
Artificial recharge has been limited to areas near well fields pumping from
the unconfined-aquifer areas or from areas near the main recharge areas for
the upper aquifer. Various methods of surface-water spreading in the
vicinity of wells have been used, such as damming streams, digging recharge
canals, and diverting surface water to recharge lagoons. In the unconfined
areas of the upper aquifer in the study area, these techniques have been
used at Duhernal Lake, Tennent Pond, and Sayreville recharge lagoons in
Middlesex County (fig. 22). 1In 1985, facilities at those sites withdrew
ground water at a rate of 16.9 Mgal/d--about 40 percent of the total
withdrawals from the upper aquifer in the entire