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

Multiply By To Obtain

inch (in.) 25.4 millimeter

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

square mile (mi?) 2.590 square kilometer

foot per second (ft/s) 0.3048 meter per second

gallon per minute 0.2070 liter per second per
per foot (gal/min)/ft meter of drawdown

gallons per minute (gal/min) 0.000063 cubic meters per second

foot squared per day (ft2?/d) 0.0929 meters squared per day

million gallons per day 3785 cubic meter per day

(Mgal/d)

Temperature is given in degrees Celsius (°C), which can be converted to
degrees Fahrenheit (°F) by the following equation:

°F = 1.8 (°C) + 32

Sea level: 1In 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 this report: Chemical
concentrations and water temperature are given in metric units. Chemical
concentration is given in milligrams per liter (mg/L) or micrograms per
liter (pg/L). Milligrams per liter is a unit expressing the concentration
of chemical constituents in solution as weight (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.

Concentrations of major ions represented in Stiff diagrams in some of
the illustrations are in milliequivalents per liter (meq/L).

Specific electrical conductance of water is expressed in microsiemens
per centimeter (uS/cm) at 25 °C (degrees Celsius). This unit is equivalent
to micromhos per centimeter (umho/cm) at 25 °C, formerly used by the U.S.
Geological Survey.

Readers who are unfamiliar with hydrologic terms are directed to the

following glossaries and sources of information: Heath (1984), Freeze and
Cherry (1979), and Lohman and others (1972).

viii



WATER QUALITY OF THE POTOMAC-RARITAN-MAGOTHY AQUIFER SYSTEM
IN THE COASTAL PLAIN, WEST-CENTRAL NEW JERSEY

By Elisabeth M. Ervin, Lois M. Voronin, and Thomas V. Fusillo
ABSTRACT

The Potomac-Raritan-Magothy aquifer system includes some of the most
productive and extensive aquifers in the Coastal Plain of New Jersey. 1In
1983, 68 percent of all water withdrawn from the Coastal Plain aquifers was
from this aquifer system. This study, started in 1980 and conducted by the
U.S. Geological Survey in cooperation with the New Jersey Department of
Environmental Protection and Energy, was designed to define the areal and
vertical distribution of chemical constituents, to determine downdip water
quality, and to identify possible threats to the aquifer system as a result of
pumping and other human activities. The study area comprises parts of Mercer,
Burlington, Camden, Gloucester, and Salem Counties.

Predevelopment ground-water flow was from recharge areas along the
outcrop of the Potomac-Raritan-Magothy aquifer system in Mercer and Middlesex
Counties through the aquifer system; ground water ultimately discharged to the
Delaware River. Pumping has altered this flow pattern. A large cone of
depression is centered on Camden, N.J. As a result, the direction of ground-
water flow has reversed in some parts of the Potomac-Raritan-Magothy aquifer
system, particularly along the Delaware River, allowing estuarine water to
flow into the aquifer system.

Ground-water quality in the Potomac-Raritan-Magothy aquifer system
results from a combination of predevelopment and present-day flow patterns.
Hydrochemical facies correlate to a large extent with prepumping flow
patterns; water near the recharge areas is enriched with calcium, magnesium,
and sulfate. Downdip, a zone of bicarbonate and sodium and potassium-rich
water is present where the sediments of the Potomac-Raritan-Magothy aquifer
system have not been flushed with fresh recharge water.

Concentrations of many constituents and values of chemical properties,
such as dissolved solids, dissolved sodium, dissolved chloride, and dissolved
iron, and pH, reflect the predevelopment regional recharge and discharge
patterns. Water downdip in the Potomac-Raritan-Magothy aquifer system tends
to contain higher concentrations of dissolved solids than water in the outcrop
area and is, therefore, less desirable for human consumption. High
concentrations of dissolved iron in the outcrop area (greater than 0.3
milligrams per liter) have resulted in the abandonment of many wells.

Potential threats to the quality of water in the Potomac-Raritan-Magothy
aquifer system include flow of downdip saline water toward areas of large
ground-water withdrawals; intrusion of salty or saline water from the Delaware
River as a result of drought or rising sea level; possible migration of poor-
quality water from Philadelphia in response to changes in potentiometric-head
relations; and continued contamination of the aquifer system, especially by
purgeable organic compounds, in and near the outcrop area.



INTRODUCTION

The confined sand and gravel aquifers of the Potomac Group and Raritan
and Magothy Formations that comprise the Potomac-Raritan-Magothy aquifer
system are used extensively as sources of water in much of the Atlantic
Coastal Plain of New Jersey. Withdrawals of more than 220 Mgal/d from these
aquifers during 1983 for public-supply, industrial, commercial, and
agricultural use represent approximately 68 percent of total ground-water
withdrawals from the Coastal Plain aquifers in New Jersey. The greatest water
use in 1983 was in Camden County (fig. 1), where 97 percent of all pumped
water came from the Potomac-Raritan-Magothy aquifer system (C.L. Qualls, U.S.
Geological Survey, oral commun., 1986).

Total withdrawal from the Potomac-Raritan-Magothy aquifer system in New
Jersey has increased significantly since the early 1900's; withdrawals nearly
doubled from 1956 to 1973 (Luzier, 1980, p. 2). The increased withdrawal has
caused the potentiometric surface to decline over much of the aquifer system.
Declines in the potentiometric surface have, in turn, resulted in the movement
of poor-quality water! toward areas of major ground-water withdrawal.
Potential sources of poor-quality water include saline water from the Delaware
River estuary, water from industrially contaminated reaches of the Delaware
River, water from contaminated parts of the aquifer system, and naturally
occurring saline water in downdip parts of the aquifer system (Harbaugh, 1980,
pP. 2).

The U.S. Geological Survey (USGS), in cooperation with the New Jersey
Department of Environmental Protection (NJDEP), collected, analyzed, and
compiled water-quality data for the Potomac-Raritan-Magothy aquifer system in
parts of Burlington, Camden, Gloucester, and Salem Counties in west central
New Jersey to determine water quality in the aquifer system and to examine the
effects of pumping and human activities on water quality. The study area
(fig. 1) encompasses approximately 880 mi?. Emphasis was on water quality in
the downdip part of the aquifer system, defined as the area of the aquifer
system outside and southeast of the generalized outcrop area of the Potomac
Group and the Raritan and Magothy Formations (fig. 1).

Purpose and Scope

This report describes the areal and vertical distribution of chemical
constituents in the aquifer system in relation to past and present ground-
water-flow conditions, the quality of water in the downdip part of the aquifer
system, and the effects of human activities on water quality.

The report is based on water-quality data collected from 1980-86 in the
study area. Data from 1985 and 1986 were collected during this study, whereas
data from 1980-84 were compiled from other reports (Fusillo and Voronin, 1981;
Fusillo and others, 1984).

! In this report, poor-quality water is water that is not suitable for human
consumption because of elevated concentrations of one or more chemical
constituents that exceed State/Federal drinking-water regulations.
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Well -Numbering System

The well-numbering system used in this report is based on the numbering
system used by the USGS in New Jersey and Pennsylvania. The well number
consists of the county code and the sequence number of the well within the
county. New Jersey county codes are numerical two digit codes: Burlington
(05), Camden (07), Gloucester (15), Mercer (21), and Salem (33). Pennsylvania
county codes are two-letter codes. In this report the only Pennsylvania
county code used is for Philadelphia (PH). Examples of well numbers are 15-
137 for the 137th well in Gloucester County, N.J., and PH-19 for the 19th well
in Philadelphia County, Pa.

Previous Studies

The numerous studies on the ground-water resources of the Potomac-
Raritan-Magothy aquifer system in New Jersey and surrounding areas include
several countywide ground-water studies and regional studies that involved
ground-water modeling. An overview of previous studies is presented below.

Thompson (1932) studied ground-water supplies, pumping rates, and the
effect of pumping on ground-water quality of the Camden area. Graham and
Kammerer (1952) studied the ground-water resources in the area of the U.S.
Naval Base in Philadelphia and defined three aquifers and water-quality
problems in the aquifers. Barksdale and others (1958) reported on the quality
of water in the outcrop region of the aquifer system as compared to downdip
water quality, especially in relation to cations and anions; these authors
also discussed the occurrence and flow of highly mineralized ground water in
Philadelphia and Camden Counties. Greenman and others (1961) studied the
ground-water resources of the Coastal Plain in southeastern Pennsylvania and
defined a gradual decline in the water quality of the aquifers in the Raritan
and Magothy Formations (currently called the Potomac-Raritan-Magothy aquifer
system) in Philadelphia County.

Vecchioli and Palmer (1962) studied the ground-water resources of Mercer
County and reported on the water quality of the aquifer system. Rush (1968)
described the water quality in Burlington County and recharge from the
Delaware River to the aquifer system. Rosenau and others (1969) reported that
the water quality in the Potomac-Raritan-Magothy aquifer system was highly
variable in Salem County. Hardt and Hilton (1969) observed that water in the
Potomac-Raritan-Magothy aquifer system in Gloucester County was suitable for
public use in most of the county, owing to generally low concentrations of
dissolved solids. Langmuir (1969) investigated the distribution of iron in
the ground water of the Magothy and Raritan Formations in Camden and
Burlington Counties. Farlekas and others (1976) reported that the water
quality of the Potomac-Raritan-Magothy aquifer system in Camden County had
changed over time (1923-70) as a result of human activities.

The intrusion of saline water has been a concern in and near the study
area since the late 1950’'s, when Barksdale and others (1958) studied the
potential for saltwater intrusion in the southern Coastal Plain. Other
authors, including Seaber (1963), Parker and others (1964), Hardt and Hilton
(1969), Rosenau and others (1969), Luzier (1980), and Schaefer (1983) have
discussed this problem in relation to the Potomac-Raritan-Magothy aquifer
system,



The Delaware Valley Regional Planning Commission (1979) listed 48
potential sources of ground-water contamination in the outcrop area of the
aquifer system in Burlington, Camden, and Gloucester Counties; the 48 sites
consisted of landfills, lagoons, and industrial storage areas. Luzier (1980)
developed a single-layer, two-dimensional finite-difference digital model to
simulate the response of the Potomac-Raritan-Magothy aquifer system to pumping
stress. Harbaugh and others (1980) used Luzier’s model of the Potomac-
Raritan-Magothy aquifer system to simulate the effects of supplementing
ground-water supplies with water from the Delaware River. McAuley and Kendall
(1989) used data on the stable isotopes deuterium and oxygen-18 to trace
induced recharge from the Delaware River into the Potomac-Raritan-Magothy
aquifer system in the Camden area.

Acknowledgments
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HYDROGEOLOGIC SETTING

The Atlantic Goastal Plain in New Jersey is a region of mostly low relief
that is characterized by broad plains and gently sloping hills and ridges.
The Coastal Plain is underlain by a wedge-shaped mass of unconsolidated,
stratified sediments composed of gravel, sand, silt, and clay. These
sediments dip toward the Atlantic Ocean and range in thickness from nearly
zero at the updip limit of the sediments at the Fall zone to 6,500 ft in Cape
May County (Gill and Farlekas, 1976).

Geologic Formations of the New Jersey Coastal Plain

The formations of the Coastal Plain range in age from Cretaceous to
Holocene, and lie unconformably on a basement complex composed largely of
Precambrian and lower Paleozoic crystalline rocks. The geologic units of
primary interest to this study are the Potomac Group, the Raritan and Magothy
Formations, the Merchantville Formation, and the Woodbury Clay, all of
Cretaceous age (table 1). These deposits, the oldest in the Coastal Plain,
overlie the crystalline rocks of the Precambrian Wissahickon Formation and
consist of sand and gravel interbedded with silt and clay units. The
formations are exposed at or near the surface in a narrow band along the
Delaware River in New Jersey and Pennsylvania (fig. 1). The sediments average
250 ft in thickness near the outcrop area and attain a maximum thickness in
excess of 4,000 ft at Cape May (Gill and Farlekas, 1976). The formations
contain a relatively high percentage of sand near the outcrop area (57 to 67
percent) in Camden County and less sand (37 percent) downdip (Farlekas and
others, 1976, p. 18).

The Potomac Group is present at the base of the Coastal Plain strati-
graphic section and in the Delaware River Valley from Trenton to Salem, N.J.;
its geology and depostional history are similar to those of the overlying
Raritan Formation (both are fluvial-continental deposits). The Potomac Group
consists of alternating layers of unconsolidated sand, clay, and gravel.



Table 1.--Geologic and hydrogeologic units in the study area
[Modified from Zapecza, 1989, table 2]

SYSTEM | SERIES | GEOLOGIC UNIT LITHOLOGY HYDROGEOLOGIC | HYDROLOGIC CHARACTERISITICS
> Alluvial deposits Sand, silt, and black mud
o "
Surticial material, h icall
GE, Holocene Beach sand Sand, quartz, light-colored, medium- to coarse-grained, N ’ conrllected toeTﬂd:SyTnmgoggluﬂégrauma Y
5 and gravel pebbly Undifferentiated Locally some units may act as
a3 Cape May conﬁgl'ng lf.lnits.ld Thiger sands _are
. capable of yielding lar uantities
Pleistocene Formation of pwater y 9 e
Pensauken Sand, quartz, light-colored, heterogeneous, clayey,
Formation pebbly
Bridgeton
Formation
IG\ majgr aqtuiier system. ]
Beacon Hill Gravel | Gravel, quartz, light-colored, san . round water occurs generally
g 0 d Kirkwood-Cohansey | ynder water-table condidons,
aquifer system In Cape May County the
) . . Cohansey Sand is under
Cohansey Sand Sand, quartz, light-colored, medium- to coarse-grained, artesian conditions
pebbly; local clay beds
Miocene
Confining unit
Rio Grande Thick diatomaceous clay bed occurs
rwood | S0, quat, gray and an, vy fe o waarbsamg | Seng,coas and for & o dtanoe
Formation e mgrame cia;,“'ca"e"’“s' and dark-coloref zone is present in the middle of this unit
E Confining unit
5 Atiantic City . .
- 800-foot sand A major aquifer along the coast
Poorly permeable sediments
Oligocene
Piney Point
Formation 1 o . Pinev Point
Sand, quartz and glauconite, fine- to coarse-grained Ina%yuifer Yields moderate quantities of water
Shark River -
Eocene Formation g
Manasquan Clay, sitty and sandy, glauconitic, green, gray, and =3 .
Formation brown, contains line-grgined quartz sand £ Poorly permeable sediments
g
" Sand, quarz, gray and green, fine- to coarse-grained, Q 0 it
\ggcnig:i):nn glaucor%tic. and brown clayey, very fossiliferous, : Vincentown Zf'e,‘s;;"}ﬁ"at:d'?‘%gfri? :ut:grrggles
glauconite and quariz calcarenite = aquifer area
Paleocene @
£
Sand, clayey, glauconitic, dark green, fine- to S
Homerstown Sand f
coarse-grained o Poorly permeable sediments
Tinton Sand
fSanc!. quartz, and gladuoolnite, brown and gray,
ine- to coarse-grained, clayey, micaceous Yields small quantities of water
Red Bank Sand Red Bank Sand in and near its outcrop area
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The Raritan Formation overlies the Potomac Group and is typically
composed of light-colored, medium- to coarse-grained quartzose sand that
contains some gravel and clay (Barksdale and others, 1958). The Woodbridge
Clay is the predominant clay in this formation. In the outcrop area, adjacent
to the Delaware River, the sediments of the Raritan Formation are highly
variable vertically and horizontally.

The Magothy Formation, which lies unconformably on the Raritan Formation,
typically consists of marine and nearshore deposits of dark-gray or black clay
that contains alternating beds of white micaceous fine-grained sand (Barksdale
and others, 1958).

The Merchantville Formation lies unconformably on the Magothy Formation
and is conformably overlain by the Woodbury Clay. The Merchantville Formation
is typically a green to black glauconitic micaceous clay that contains beds
and lenses of quartzose or glauconitic sandy clay. The Woodbury Clay is
composed of dark-gray to black clay. The unit is distinguished from the
Merchantville Formation by a greater concentration of clay and a much lower
concentration of glauconitic sand. Fossil evidence indicates that both
formations are of marine origin (Owens and Sohl, 1969). The combined
thickness of the Merchantville Formation and the Woodbury Clay is
approximately 100 ft in the outcrop and more than 300 ft near the Atlantic
Coast (Luzier, 1980).

Potomac-Raritan-Magothy Aquifer System

Many of the geologic formations in the Coastal Plain contain aquifers
capable of yielding moderate to large quantities of water; however, the
Potomac-Raritan-Magothy aquifer system is the largest and most productive of
these. The aquifers contained in the Potomac Group and the Raritan and
Magothy Formations generally are confined; however, the aquifers can be
unconfined in parts of the outcrop area. The aquifers and the confining units
might not correspond exactly to the geologic formations of similar names. At
the Ocean and Atlantic County coastlines, a minimum of 2,000 ft of sediment
separates the bottom of the Atlantic Ocean from the top of the Potomac-
Raritan-Magothy aquifer system (Martin, 1990).

The Potomac-Raritan-Magothy aquifer system in the study area (fig. 1) has
been subdivided into a major confining layer--the Merchantville-Woodbury
confining unit--and three aquifer units, termed upper, middle, and lower
aquifers (Zapecza, 1989; E.O. Regan, U.S. Geological Survey, written commun.,
1986). A generalized hydrologic section through the aquifer system is shown
in figure 2.

The Merchantville-Woodbury confining unit is poorly permeable and forms
an extensive confining layer throughout the Coastal Plain. Significant
volumes of water can be transmitted through the confining unit, however, if
large differences in potentiometric head exist between overlying and
underlying aquifers. This unit separates the Potomac-Raritan-Magothy aquifer
system from the overlying Englishtown aquifer system. Where the Englishtown
aquifer system is absent, the Merchantville-Woodbury confining unit separates
the Wenonah-Mount Laurel aquifer from the Potomac-Raritan-Magothy aquifer
system.
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The upper aquifer is the most extensive of the three aquifers, and most
nearly corresponds to the Magothy Formation. It crops out in a narrow band
east of the Delaware River from Trenton to Penns Grove, N.J. 1In this area it
is unconfined and is recharged directly by precipitation and by vertical
leakage from discontinuous overlying post-Cretaceous sands and gravels. The
upper aquifer is composed of coarse-grained sediments and thin, localized,
clay beds. East of the outcrop, the upper aquifer is confined beneath the
Merchantville-Woodbury confining unit. The thickness of the upper aquifer
ranges from 100 ft near the outcrop in Salem County to 350 ft in the
northeastern Coastal Plain (Zapecza, 1989).

The confining unit between the upper and middle aquifers ranges in
thickness from 20 ft in Camden and Gloucester Counties to 50 ft in Burlington
County. The general thickness of the confining unit is 50 ft in the outcrop
area; in the southeastern part of the study area, the thickness ranges from
150 to 200 ft (Zapecza, 1989).

The middle aquifer crops out in a narrow band adjacent to and beneath the
Delaware River. This aquifer is unconfined in Burlington County and in
Pennsylvania; elsewhere in New Jersey, it is confined. The percentage of sand
and the thickness of the middle aquifer are variable. The unit also contains
silt and clay layers (Zapecza, 1989). The middle aquifer ranges in thickness
from a few feet to 230 ft and the sand content ranges from 60 to 100 percent.

The confining unit between the middle and the lower aquifers consists of
very fine-grained silts and clays; it is generally less than 50 ft thick over
half of its mappable extent (Zapecza, 1989). Near the river, the silts and
clays of this unit are less than 50 ft thick (H.E. Gill and G.M. Farlekas,
U.S. Geological Survey, written commun., 1970). The confining unit thickens
downdip in a nonuniform manner, as a result of lensing, to a total thickness
of greater than 100 ft (Zapecza, 1989). The limited extent of this confining
unit and the similarity in heads in the middle and lower aquifers (Walker,
1983) indicate the presence of a hydraulic connection between the two
aquifers.

The lower aquifer contains sediments of the Raritan Formation and the
Potomac Group. In Salem County, the lower aquifer appears to be equivalent to
the lower hydrologic zone of the Potomac Group (Zapecza, 1989). This aquifer
is the most limited in extent of the three aquifers, and it is not known to
crop out in New Jersey. E.O. Regan (U.S. Geological Survey, written commun.,
1986) confirmed that the lower aquifer is present beneath the Delaware River
and provides a connection between the Potomac-Raritan-Magothy aquifer system
in Pennsylvania and New Jersey. In the northern part of the study area, near
Mount Holly, N.J., the lower aquifer thins and pinches out against the
crystalline basement rock. The updip extent of the lower aquifer is shown on
plates 1C-7C. The percentage of sand ranges from 37 to 100, and the average
sand content exceeds 70 percent. The lower aquifer attains a maximum
thickness of 250 ft in Camden and Gloucester Counties (Zapecza, 1989).



Aquifer Characteristics

The Potomac-Raritan-Magothy aquifer system yielded more than 80 x 10°
gallons throughout the Coastal Plain in 1983 (C.L. Qualls, U.S. Geological
Survey, oral commun., 1986). The average yield of 106 large-diameter wells
(diameter 12 inches or greater) in Camden County is 1,085 gal/min, and the
average specific capacity is 29.3 (gal/min)/ft (Farlekas and others, 1976, p.
38). The results of aquifer tests in Burlington, Camden, and Gloucester
Counties indicate that the transmissivity of individual aquifers ranges from
2,300 to 31,000 ft2/d (Hantush, 1960). The storage coefficient ranges from
3.3 x 1075 to 4.0 x 10 % (Gill and Farlekas, 1976).

Predevelopment Ground-Water Flow

Regional ground-water flow before development was controlled by recharge
to two areas of the outcrop at high altitudes in Mercer and Middlesex Counties
(figs. 3 and 4) (Barksdale and others, 1958) and by areally distributed
leakage from the Englishtown Formation through the Merchantville-Woodbury
confining unit (H.E. Gill and G.M. Farlekas, U.S. Geological Survey, written
commun., 1969). Maps of the simulated predevelopment potentiometric surfaces
are shown in figures 3 to 5 for the upper, middle, and lower aquifers,
respectively. These maps are based on results from the Regional Aquifer
System Analysis (RASA) model (Martin, 1990). Water-level altitudes exceeded
70 ft above sea level in the middle and upper units in the recharge areas. In
the outcrop area, local flow patterns were complex because of variations in
topography and geology. Much of the precipitation entering the unconfined
aquifer in low-lying areas was discharged into streams crossing the outcrop
area.

The simulated predevelopment flow patterns in the Potomac-Raritan-Magothy
aquifer system are supported by carbon-14 dating (Winograd and Farlekas,
1974). The distribution of carbon-14 concentrations within the aquifer system
approximated the prepumping potentiometric contours shown in figures 3 to 5.

Before development, leakage through the Merchantville-Woodbury confining
unit was the major source of recharge to the aquifer system between Trenton,
N.J., and Wilmington, Del. (H.E. Gill and G.M. Farlekas, U.S. Geological
Survey, written commun., 1969). Simulated heads in the overlying Englishtown
and Wenonah-Mount Laurel aquifers are greater than 80 and 100 ft above sea
level, respectively, near Lindenwold, Camden County (Martin, 1990). Downward
vertical flow through the Merchantville-Woodbury clay would be possible as a
result of the potentiometric-head differences of 60 and 80 ft between the
Englishtown aquifer system and Wenonah-Mount Laurel aquifer, respectively, and
the Potomac-Raritan-Magothy aquifer system. Under predevelopment conditions,
potentiometric heads in the three aquifers of the Potomac-Raritan-Magothy
aquifer system were within 10 feet of each other (Martin, 1990); therefore,
under the prepumping scenerio, the aquifers can be considered as a single
hydrologic unit.

In predevelopment flow-budget simulations for the upper aquifer (Martin
1990), discharge to the Delaware River is exceeded only slightly by downward
flow to the middle aquifer. Similar simulations demonstrate that discharge to
the Delaware River exceeds all other outflow from the middle and lower
aquifers.

10
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Present-Day Ground-Water Flow

Ground-water withdrawals have significantly changed the distribution of
potentiometric heads in the aquifer system. Average yearly withdrawals from
the upper, middle and lower aquifers from 1920-80 in Burlington, Camden, and
Gloucester Counties are shown in figure 6. These ground-water withdrawals
have reversed the flow patterns in much of the aquifer system, especially in
and near the outcrop area.

The potentiometric surfaces in the upper, middle, and lower aquifers in
1983 are shown in figures 7 to 9. 1In the upper and middle aquifers, the
potentiometric surface in the recharge area in Mercer and Middlesex Counties
is above sea level and has changed little since 1900 (figs. 3 to 5). A
regional cone of depression--the result of ground-water withdrawals for public
supply, industry, and irrigation--is present in all three aquifers of the
Potomac-Raritan-Magothy aquifer system in central Camden and southwestern
Burlington Counties. This cone is located where overlying aquifers, such as
the Englishtown aquifer system, appear to be leaking. The associated
potentiometric heads at this location in the aquifer system are more than 80
ft below sea level. The decline in potentiometric heads in this area
represents a change of 90 to 100 ft from simulated predevelopment conditions
(figs. 3 to 5).

Another major cone of depression is in the middle aquifer in southwestern
Salem County, where water levels have declined to 70 ft below sea level near
Artificial Island. Several smaller cones of depression (figs. 7 to 9)
indicate locally large withdrawals from the aquifer system.

Changes in the distribution of potentiometric heads have resulted in a
reversal of the predevelopment ground-water-flow directions adjacent to the
Delaware River. The 1983 potentiometric surfaces and data from other sources
(Greenman and others, 1961; Barksdale and others, 1958) indicate that flow
patterns have changed and that ground water presently is flowing southeast
from the river into the aquifer system, especially in areas of extensive
pumping. Changes in flow directions in the upper, middle, and lower aquifers
also are evident from simulations of 1978 ground-water-flow conditions
(Martin, 1990). Results of these simulations demonstrate that the aquifer
system receives recharge from the Delaware River and verify that pumping is
responsible for most of the outflow from the aquifer system.

Results of simulations by Vowinkel and Foster (1981) indicate that the
area of greatest inflow from the Delaware River during 1973-78 was the area
adjacent to Camden, where recharge to the aquifer system was approximately
39 ft3/s in 1973 and 42 ft3/s in 1978. In addition, inflow along the river in
the northeastern part of Gloucester County was approximately 34 ft3/s in 1973
and in 1978.

Reversal of flow directions--especially near the Potomac-Raritan-Magothy
aquifer system outcrop area--affects the quality of water in the aquifer
system. Contaminated water could be drawn into these aquifers from parts of
the outcrop area on the New Jersey and Philadelphia sides of the river. The
inflow of water from the Delaware River to the aquifer system could dilute
contaminated water being drawn in from the outcrop area.

14
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aquifer system, 1983. (Modified from Eckel and Walker, 1986, pl. 5.)
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The Potomac-Raritan-Magothy aquifer system can be divided into two
regimes of flow--the active-flow area and an area of little flow in the
downdip area. The active-flow area is that part of the aquifer system in
which formation water has been flushed by fresh regional recharge in the
predevelopment flow system. Flow paths downdip are long relative to the flow
paths updip and little flushing of the formation water has occurred. Water in
this downdip zone of little flow has been in the aquifers for a longer time
than water in the recharge areas -and contains higher concentrations of
dissolved solids than does water in the active-flow area.

WATER QUALITY

Water-quality data for the Potomac-Raritan-Magothy aquifer system used in
this report were collected during three sampling periods: June through
December 1980, July through December 1982, and July 1985 through January 1986.
A total of 356 wells was sampled; because some wells were sampled several
times, a total of 503 water samples were collected. The wells sampled are in
the outcrop area of the Potomac-Raritan-Magothy aquifer system from Trenton to
Pennsville, as well as downdip in the confined part of the aquifer system.

The water samples collected during 1980-86 were analyzed for major and
common inorganic ions, dissolved metals, nutrients, dissolved organic carbon
(DOC), and purgeable organic compounds (POC’'s) at the USGS Central Laboratory
in Arvada, Colo. Water samples were scanned for POC's by use of a gas
chromatograph according to methods 601 and 602 of the U.S. Environmental
Protection Agency (USEPA) (U.S. Environmental Protection Agency, 1982) at the
USGS laboratory in Trenton, N.J. Water samples in which one or more compounds
were detected were sent to the USGS Central Laboratory for additional analysis
of POC's by means of gas chromatography/mass spectrometry.

The ground-water-quality data collected during 1980-82, as well as
historic data for the study area, are reported in Fusillo and Voronin (1981)
and Fusillo and others (1984). The latter report also summarizes chloride-
concentration and specific-conductance data for wells sampled more than once.
Surface-water-quality data are published in Hochreiter (1982).

Records of wells sampled in 1985 and 1986 for this study are listed in
table 2 (at end of report). Some wells were previously assigned to different
aquifers; changes in aquifer codes from those previously published by Fusillo
and others (1984), based on later hydrostratigraphic studies of the Potomac-
Raritan-Magothy aquifer system (E.O. Regan, U.S. Geological Survey, written
commun., 1986; Zapecza, 1989), are listed in table 3 (at end of report). A
statistical summary of water-quality data collected from 1985-86 is presented
in table 4. Water-quality data for the sampling period 1985-86 (common
constituents, trace elements, nutrients, and POC’s) are listed in tables 5-8
(at end of report). The locations of wells at which samples were collected
from the upper, middle, and lower aquifers are shown in figures 10-12. Water-
quality data are stored in the USGS National Water-Data Storage and Retrieval
System (WATSTORE).
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Figure 10.--Location of wells for which water-quality data are available,
upper aquifer, Potomac-Raritan-Magothy aquifer system.
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Figure 11.--Location of wells for which water-quality data are available,
middle aquifer, Potomac-Raritan-Magothy aquifer system.
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Figure 12.--Location of wells for which water-quality data are available,
lower aquifer, Potomac-Raritan-Magothy aquifer system.
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Table 4.-- Statistical summary of analyses of water from the Potomac-Raritan-Magothy aquifer system, 1985-86

[°C, degrees Celsius; uS/cm, microsiemens per centimeter at 25 degrees Celsius; ug/L, micrograms per liter; *, residue
on evaporation at 180 degrees Celsius; **, sum of constituents; <, less than; concentrations in milligrams per liter of
dissolved constituent except as noted]

Dissolved Number

constituent or of 25th 75th i
characteristic samples Minimum Percentile Median Percentile Max imum
Temperature (°C) 117 13.00 14.50 15.50 16.50 22.00
Specific conductance, field (uS/cm) 107 84.00 178.00 252.00 520.00 1,210.00
Specific conductance, lab (uS/cm) 116 58.00 184.25 259.00 508.25 1,080.00
pH, field (units) 117 4.20 6.00 6.70 7.65 9.30
pH, lab Cunits) 116 3.90 5.82 6.60 7.40 9.00
Alkalinity, field (as CaCO3) 111 0 37.00 82.00 137.00 456.00
Alkalinity, lab (as CaC03) 116 <1.00 17.00 68.50 124.00 438.00
Dissolved oxygen 113 0 .20 .3 .55 8.70
Hardness (CaC03) 116 11.00 31.00 62.00 91.50 448.00
Hardness, noncarbonate (as CaCO3) 67 0 1.00 24.00 44.00 240.00
Sodium 116 2.50 7.22 16.50 48.75 230.00
Potassium 116 1.30 3.10 5.15 6.60 32.00
Calcium 116 2.80 7.40 16.00 25.00 96.00
Magnesium 118 NAA 2.70 4.60 9.17 65.00
Silica 116 1.50 7.92 8.75 10.00 24,00
Chloride 116 1.30 6.42 16.50 41.75 170.00
Sulfate 116 <.20 9.70 23.00 42.00 210.00
Fluoride 116 <.10 <.10 .20 47 2.10
Iron, total (ug/l) 112 <10.00 110.00 445 .00 250.00 54,000.00
Iron, dissolved (ug/L) 115 <3.00 30.00 300.00 100.00 58,000.00
Manganese, total (ug/L) 111 <10.00 20.00 70.00 480.00 7,500.00
Manganese, dissolved (ug/L) 115 <1.00 22.00 57.00 430.00 7,400.00
Dissolved organic carbon 104 .40 <1.00 1.50 2.62 15.00
Phenol (ug/L) 108 <1.00 <1.00 3.00 5.00 68.00
Dissolved solids * 115 55.00 113.00 148.00 274.00 634,00
Dissolved solids ** 113 32.00 110.00 150.00 295.00 3,600.00
Aluminum (ug/L) 116 <10.00 <10.00 20.00 30.00 750.00
Arsenic (ug/L) 115 <1.00 <1.00 <1.00 <1.00 49.00
Barium (ug/L) 116 16.00 40.00 64.00 88.25 510.00
Beryllium (ug/L) 116 <.50 <.50 <.50 .80 .
Cadmium (ug/L) 116 <1.00 <1.00 <1.00 <1.00 6.00
Chromium (ug/L) 116 <10.00 <10.00 <10.00 <10.00 960.00
Chromium, hexavalent (ug/L) 116 <1.00 <1.00 <1.00 <1.00 980.00
Cobalt (ug/L) 116 <3.00 <3.00 <3.00 6.00 130.00
Copper (ug/L) 116 <10.00 <10.00 <10.00 <10.00 110.00
Lead (ug/L) 116 <10.00 <10.00 <10.00 <10.00 30.00
Lithium (ug/L) 116 <4.00 <4.00 7.00 11.00 47.00
Molybdenum (ug/L) 115 <10.00 <10.00 <10.00 <10.00 <10.00
strontium (ug/L) 116 36.00 130.00 330.00 725.00 4,200.00
Vanadium (ug/L) 116 <6.00 <6.00 <6.00 <6.00 8.00
Zinc (ug/L) | . 116 <3.00 5.00 13.50 33.25 240.00
Nitrate and nitrite nitrogen (as N) 116 <.10 <.10 <.10 .96 23.00
Nitrite nitrogen as N 116 <.01 <.01 <.01 <.01 1.20
Nitrogen,dissolved as N 44 .30 1.57 3.75 6.20 43.00
Ammonia nitrogen (as N) 116 <.01 .08 .21 .61 25.00
Ammonia and organic nitrogen (as N) 115 <.10 .30 .40 1.00 28.00
Ammonia nitrogen (as NH4) 109 .01 .13 .28 .88 32.00
Orthophosphate phosphorus (as P) 114 <.01 <.01 .02 .07 .33
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Water-quality data presented in this report were subject to standard
laboratory quality-assurance procedures (Friedman and Erdmann, 1982; D.B.
Peart, U.S. Geological Survey, written commun., 1985). Data collected before
1985 were subjected to similar quality-assurance techniques, as described in
Fusillo and others (1984). All data were examined by means of quality-
assurance checks, as described in Friedman and Erdmann (1982), Hem (1985), and
Fishman and Friedman (1989).

Ten replicate samples were collected as part of the quality-assurance
program. The data for these samples are presented along with the other water-
quality data in tables 5 to 8. 1In addition, three USGS Standard Reference
Water Samples (SRWS) were sent to the Central Laboratory as water-quality
samples from this project. These SRWS consisted of two trace-elements
standards and one standard for major constituents. On the basis of results of
duplicate samples and SRWS, the analyses of water-quality samples collected
during 1985-86 were considered acceptable.

Regional Variations

The chemical quality of the water in the Potomac-Raritan-Magothy aquifer
system is affected by the chemical composition of precipitation, the mineral
composition of the aquifers and confining units, the past and present ground-
water-flow patterns, the residence time in the aquifer, and human activities.

The earliest recorded chemical analysis of water from the Potomac-
Raritan-Magothy aquifer system was done in 1899 on water from the "Camden
Supply" (Myers, 1899, p. 148), presumably from the Morris well field of the
Camden City Water Department. This analysis showed that the water contained
32 mg/L of total solids, 5.7 mg/L of chloride, and 0.02 mg/L of nitrate
nitrogen. Thompson (1932) reported results of a chemical analysis of water
from the Morris well field in 1924, in which concentrations of 77 mg/L of
total dissolved solids, 7.0 mg/L of chloride, and 2.7 mg/L of nitrate nitrogen
were determined. The increase in concentrations of all three constituents in
the water from the Morris well field probably resulted from induced
infiltration of water from the adjacent Delaware River. Few additional data
are available on the predevelopment water quality of the aquifer system;
however, the current (1988) water quality in the confined, pumped parts of the
aquifer system is assumed to be similar to predevelopment water quality in
many areas because (1) the sources of water for the wells tapping the confined
part of the aquifer generally are either the deep part of the system or the
regional recharge areas, (2) newly recharged water from the Delaware River
generally is intercepted by well fields before it can migrate downdip, and
(or) (3) newly recharged water from the Delaware River has not had time to
reach downdip wells.

Differences in the major-ion chemistry between young ground water near
predevelopment recharge areas in Mercer and Middlesex Counties and old water
farther from these predevelopment recharge areas are illustrated by ground-
water data for wells along section B’'-B (fig. 1). The relative ages of the
water from these wells were calculated by carbon-14 dating techniques
(Winograd and Farlekas, 1974). Natural conditions were approximated by
selection of wells minimally affected by present-day pumping.
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Stiff diagrams (Hem, 1985) of the ionic composition of water from these
wells illustrate changes in water chemistry along section B'-B (fig. 13). The
most recent data are diagrammed for each well. Concentrations of dissolved
solids generally increase with time as water flows through the system. Water
near the regional recharge areas in Mercer and Middlesex Counties is a sodium-
calcium-sulfate water that contains low concentrations of dissolved solids, as
represented by water from well 21-25 (fig. 13). As the water flows through
the aquifer, the dissolved-solids concentration increases. In addition,
calcium carbonate dissolves from shells and calcareous deposits (such as clay
marls), and the water becomes a calcium bicarbonate type, as represented by
water from well 5-384 (fig. 13). Regional trends discussed by Winograd and
Farlekas (1974) indicate that pH also increases with the relative age of the
water as a result of the dissolution of calcium carbonate in the aquifer.

The subcrop of the Potomac-Raritan-Magothy aquifer system south of
Trenton, N.J., acted as a regional discharge area under prepumping conditions.
With development in the upper and middle aquifers, shallow, local ground-
water-flow systems were superimposed on the regional system. These local
systems have a greater effect on water quality in the subcrop area than in the
confined-aquifer areas. Water samples from wells in this area contained low
concentrations of dissolved solids (<150 mg/L) as a result of local recharge
and short residence times in the aquifer, compared to the long residence times
that are characteristic of a regional flow path.

Hydrochemical Facies

Hydrochemical facies provide an indication of the chemical character of
surface water and ground water (Back, 1966, p. All); they commonly are used to
characterize regional ground-water quality, especially in relation to ground-
water-flow patterns. Cation facies are defined as the percentage of calcium
and magnesium compared to the sum of the major cations. Anion facies are
defined as the percentage of chloride and sulfate compared to the sum of the
major anions (Back, 1966, p. Al5). Hydrochemical facies are expressed in
milliequivalents per liter. Facies are affected by the ground-water-flow
system, residence time of water in the aquifer, and chemical interactions
between water and aquifer material. In addition, facies can be affected by
the introduction of contaminants into the ground-water system and by microbial
processes.

Hydrochemical facies for the upper, middle, and lower aquifers of the
Potomac-Raritan-Magothy aquifer system are shown in figures 14-19. Data for
hydrochemical-facies maps are from the 1980-86 sampling period and represent
the most recent data from wells sampled more than once during that period.
Hydrochemical-facies maps were contoured according to the definition of
hydrochemical facies given in Back (1966, p. Al5). Hydrochemical facies were
subdivided further to include 25-percent and 75-percent cation or anion
contours. Stiff diagrams were constructed from the same data set for selected
wells within each facies designation.

Five zones of fairly distinct ground-water chemistry related to
hydrologic regimes are defined by the hydrochemical facies in the study area.
These correspond to (1) zones of recharge, (2) zones of active ground-water
flow, (3) zones of discharge, (4) zones of saltwater intrusion, and (5) a zone
of little flow. A transition zone is present in some areas between the zone
of active ground-water flow and the zone of little flow.
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Back (1966, p. Al5) characterized the predevelopment recharge zones in
Mercer and Middlesex Counties as dominated by a cation facies of calcium and
magnesium (>90 percent Ca + Mg) and by an anion facies of chloride and sulfate
(>90 percent Cl + SO,). In this study, it was found that anion facies for
recharge areas also can range from 50 to 90 percent Cl and SO,. Although most
of the regional recharge areas are outside the study area, some evidence of
recharge water from Mercer and Middlesex Counties exists, as illustrated in
the cation-facies maps in figures 14-16. Water from wells near Georgetown,
Burlington County, in the upper aquifer (fig. 14)--where cation facies are
greater than 90 percent--could indicate the recharge zone. In the middle
aquifer, calcium and magnesium also dominate in the same area, although they
do not exceed 90 percent (fig. 15).

The zone of active ground-water flow underlies a large area that includes
most of northwestern Burlington County and the northwestern half of Camden
County. In the zone of active ground-water flow, cation facies are
characterized mainly by the calcium and sodium facies (50-90 percent Ca + Mg)
in all three aquifers. Anions are characterized by a bicarbonate, chloride,
and sulfate facies (10-50 percent Cl + SO,). This zone becomes slightly
smaller in area from the upper to the lower aquifer.

Ground water in regional discharge zones has been characterized by Back
(1966, p. Al5) as consisting mainly of the bicarbonate facies (<10 percent Cl
+ S0,). Before flow patterns were disturbed by development, the regional
discharge area was along the Delaware River. Post-development ground-water-
quality data, however, provide little evidence of hydrochemical facies typical
of discharge zones in these areas. The lack of discharge-zone facies is
mainly a result of induced recharge from the Delaware River into the aquifers.
The areas thought to be former discharge zones currently (1988) are
characterized by anion facies typical of a recharge area: chloride, sulfate,
and bicarbonate (50-90 percent Cl + SO,), and chloride and sulfate, (>90
percent Cl + SO), and cation facies typical of active ground-water flow,
calcium and sodium, (50-90 percent Ca + Mg). Back (1966, p. A5) notes that
bicarbonate might increase as a result of dissolution of calcareous material
as water flows through the Tertiary sediments near the regional recharge
areas.

The zone of saltwater intrusion consists of areas that have been affected
by salty and brackish water in the Delaware River and its estuary.
Constituent concentrations in water from wells 15-140 and 15-118 in Gloucester
County, shown in figures 15 and 16, respectively, are evidence of saltwater
intrusion along the estuary. The sodium and potassium facies (<10 percent Ca
+ Mg) is the dominant cation facies in these areas. The chloride and sulfate
facies is the dominant anion facies (>90 percent Cl + SO ). In addition to
the intrusion of saltwater into the Potomac-Raritan-Magothy aquifer system,
ion-exchange processes could be partially responsible for the presence of
sodium facies in this zone (Back, 1966, AlS5).

The zone of little flow is evident far downdip on the cation-facies maps
for the upper, middle, and lower aquifers (figs. 14-16); it also can be seen
on the anion-facies map for the upper aquifer (fig. 17) as an area of
bicarbonate-rich water (<10 percent Cl + SO,). The dominant cation facies is
sodium and potassium (<10 percent Ca + Mg). Few data are available in this
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Figure 14.--Cation facies (calcium plus magnesium as percentage of sum of major cations),
and associated Stiff diagrams, in water from the upper aquifer, Potomac-Raritan-
Magothy aquifer system,1980-86.
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Figure 15.--Cation facies (calcium plus magnesium as percentage of sum of major cations),
and associated Stiff diagrams, in water from the middle aquifer, Potomac-Raritan-

Magothy aquifer system, 1980-86.
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Figure 16.--Cation facies (calcium plus magnesium as percentage of sum of major cations),
and associated Stiff diagrams, in water from the lower aquifer, Potomac-Raritan-
Magothy aquifer system, 1980-86.
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Figure 17.--Anion facies (chloride plus sulfate as percentage of sum of major anions),
and associated Stiff diagrams, in water from the upper aquifer, Potomac-
Raritan-Magothy aquifer system, 1980-86.

34



5-788

5-289

7-148

\VAYAs

7-193

V

7-410

15-341

15-340

TAYAY

15-248

Il

[
(@]

10
MILLIEQUIVALENTS PER LITER

EXPLANATION

Na+K Cl
Ca HCO,+CO,4
Mg SO 4

Fe F+NO,

STIFF DIAGRAM--Shows distribution of major-ion concentrations,
in milliequivalents per liter. Number beside diagram is well number

35



75°30 15’ 75°00 74°45

40°

EXPLANATION s e

OUTCROP AREA OF THE POTOMAC GROUP, RARITAN NN

FORMATION, AND MAGOTHY FORMATION (from Owens, -

1967, sheet 2) BUCKS'

¢ LOCATION OF WELL
—10 —— ANION HYDROCHEMICAL-FACIES CONTOUR--Represents facies
in terms of chloride plus sulfate as percentage of sum of major
anions. Dashed where approximate. Interval variable
0 5 10 MILES ~ PHILADELPHI/
- | J e L
7o AR i _
00 0 5 10 KILOMETERS ¢
BURLINGTON
DELAWARE
NEW JERSEY
390! CAMDEN —
45’
GLOUCESTER
- ) TATLANTIC
SALEM | | , ;

Base modified from U.S. Geological Survey digital
data, 1:100,000, 1983, Universal Transverse
Mercator projection, Zone 18

Figure 18.--Anion facies (chloride plus sulfate as percentage of sum of major anions),
and associated Stiff diagrams, in water from the middle aquifer, Potomac-

Raritan-Magothy aquifer system, 1980-86.

36



5-105

5-63

\/\/\’

5-144

7-559

IR

7-329

15-431

<

15-212

7-413

—\l\/U

15-399

> 15-374

15-616

D

33-305

10 5 0 5 10
MILLIEQUIVALENTS PER LITER

EXPLANATION

Na+K Cl

Ca HCO4+CO,
Mg SO,

Fe F+NO,

STIFF DIAGRAM--Shows distribution of major-ion concentrations,
in milliequivalents per liter. Number beside diagram is well number

37



75°30 15 75°00 74°45

40°
151 | I I N"‘*Z;;:% I ; ...
EXPLANATION N
............ OUTCROP AREA OF THE POTOMAC GROUP, RARITAN
AR 1Fg,36R7MAI‘1rION,2 AND MAGOTHY FORMATION (from Owens,
» sheet 2) BUCKS:
¢ LOCATION OF WELL .
——10 —— ANION HYDROCHEMICAL-FACIES CONTOUR--Represents facies ..~
in terms of chloride plus sulfate as percentage of sum of major
anions. Dashed where approximate. Interval vanable
0 5 10 MILES " PHILADELP
| | J s
a0 | T I : ] _
00 0 5 10 KILOMETERS '
BURLINGTON
“PENNSY[,
-~ DELAWAgL Vi Crs—~
390 CAMDEN _
45 )
SALEM N j SATLANTIC
S R | S

Base modified from U.S. Geologijcal Survey digital
data, 1:100,000, 1983, Universal Transverse
Mercator projection, Zone 18

Figure 19.--Anion facies (chloride plus sulfate as percentage of sum of major anions),
and associated Stiff diagrams, in water from the lower aquifer, Potomac-
Raritan-Magothy aquifer system, 1980-86.

38



MILLIEQUIVALENTS PER LITER

EXPLANATION

Na+K Cl
Ca HCO4+CO4
Fe F+NO,

STIFF DIAGRAM--Shows distribution of major-ion concentrations,
in milliequivalents per liter. Number beside diagram is well number



zone to define the quality of this downdip water because the water generally
is not of suitable quality for drinking. The Stiff diagrams for water from
wells 7-477 and 15-131 in Camden and Gloucester Counties, respectively (fig.
14), illustrate the major-ion chemistry of the zone of little flow.

A transition zone might exist between the zone of active ground-water
flow and the zone of little flow. This zone is evident in figures 14 through
16 as a band of water enriched in the sodium and calcium cation facies (10-50
percent Ca + Mg) in the northeastern part of Gloucester County, the central
part of Camden County, and the central and southwestern parts of Burlington
County.

In general, cations trend from calcium- and magnesium-rich recharge
waters updip to sodium- and potassium-rich waters downdip. Anions trend from
sulfate- and chloride-rich recharge waters updip to bicarbonate-rich waters
downdip. Water near recharge areas tends to be enriched in calcium and
magnesium and to contain some sulfate. As the water moves through the active-
flow system, concentrations of sodium and bicarbonate increase, whereas
concentrations of sulfate, calcium, and magnesium decrease. Water at the end
of a long flow path or far downdip in the aquifer tends to be sodium- and
bicarbonate-rich.

Areal Distribution of Chemical Constituents

Areal distribution patterns for dissolved solids, dissolved sodium,
dissolved chloride, dissolved iron, and pH in the upper, middle, and lower
aquifers of the Potomac-Raritan-Magothy aquifer system are shown in figures 20
through 34, respectively. Data illustrated were collected from 1980 through
1986 and represent the most recent data from wells sampled more than once
during that period. Statistical summaries are included in the discussion of
each constituent. These statistics might be spatially autocorrelated because
well locations are biased toward cities and public-supply wells. In addition,
because the data are not normally distributed, the median probably is a better
representation of the central tendency than is the mean.

Dissolved Solids

The concentration of dissolved solids is used widely as a general
indicator of the amount of soluble material, including inorganic salts,
organic material, and other residue in water (Hem, 1985, p. 157). Concen-
trations of dissolved solids in ground water are affected by interactions with
aquifer material, by chemical and biological processes, by the length of time
the water is in the flow system, or by contamination from human activities.
Commonly, the longer the water is in contact with the aquifer matrix and
confining units, the higher the dissolved-solids concentration is., In
general, elevated concentrations of dissolved solids resulting from local
ground-water contamination are considerably different from regional background
concentrations and are relatively easy to identify. The USEPA Secondary
Maximum Contaminant Level (SMCL) for dissolved solids in drinking water is 500
mg/L (U.S. Environmental Protection Agency, 1986). The distribution of
dissolved solids in each aquifer is shown in figures 20-22.
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Figure 20.--Generalized distribution of dissolved solids in water from the upper aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 21.--Generalized distribution of dissolved solids in water from the middle aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 22.--Generalized distribution of dissolved solids in water from the lower aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 23.--Generalized distribution of dissolved sodium in water from the upper aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 24.--Generalized distribution of dissolved sodium in water from the middle aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 25.--Generalized distribution of dissolved sodium in water from the lower aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 26.--Generalized distribution of dissolved chloride in water from the upper aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 27.--Generalized distribution of dissolved chloride in water from the middle aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 28.--Generalized distribution of dissolved chloride in water from the lower aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 29.--Generalized distribution of dissolved iron in water from the upper aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 30.--Generalized distribution of dissolved iron in water from the middle aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 31.--Generalized distribution of dissolve iron in water from the lower aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 32.--Areal variations in pH of water from the upper aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 33.--Areal variation in pH of water from the middle aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Figure 34.--Areal variations in pH of water from the lower aquifer,
Potomac-Raritan-Magothy aquifer system, 1980-86.
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Water from wells in the upper aquifer of the Potomac-Raritan-Magothy
aquifer system can contain greater than 500 mg/L dissolved solids. In
general, dissolved-solids concentrations, which ranged from 100 to 150 mg/L in
Burlington and Camden Counties, increased southwestward to 250 to 500 mg/L in
Gloucester County. This pattern is largely the result of the direction of
ground-water flow. Water from several wells in or near the outcrop area of
the upper aquifer, particularly from wells 15-390 and 5-731, contained
elevated concentrations of dissolved solids that probably result from
contamination as a result of human activities.

The distribution pattern of dissolved solids in the middle aquifer of the
Potomac-Raritan-Magothy aquifer system is similar to that in the upper
aquifer; concentrations increased, in approximately the same ranges, from
Burlington and Camden Counties southwestward to Gloucester County. Leakage
from the upper aquifer to the middle aquifer could affect water quality in
northern Camden and northwestern Burlington Counties in the area where
dissolved-solids concentrations were less than 75 mg/L. Contamination from
human activities could cause the elevated dissolved-solids concentrations at
some wells (7-562, 7-564, 7-566) that tap the middle aquifer near the Delaware
River that were anomalously high in relation to concentrations at surrounding
wells. These anomalous concentrations were near a landfill in Camden, and in
Logan Township, Gloucester County.

Concentrations of dissolved solids in the lower aquifer tended to
increase from northeast to southwest in the study area, from 150 mg/L in
Burlington County to greater than 500 mg/L in southwestern Gloucester and
Salem Counties. Possible leakage from overlying aquifers could be the cause
of an area of dissolved-solids concentrations less than 100 mg/L in northern
Burlington County and northern Camden County. This area (fig. 22) directly
undérlies an area of relatively low dissolved-solids concentrations in the
middle aquifer. In Gloucester and Salem Counties, near the Delaware River,
areas affected by saline-water intrusion are characterized by dissolved-solids
concentrations greater than 500 mg/L. It is unclear whether this area of high
concentration is the result of intrusion of brackish water from the Delaware
Estuary or flow of saline water from downdip in the aquifer.

A statistical summary of dissolved-solids-concentration data is presented
below.

Concentration of dissolved solids

Numbex in milligrams per liter
of
Aquifer analyses Minimum Mean Maximum Median
Upper 107 52 293 4,480 146
Middle 125 25 305 6,060 147
Lower 116 46 260 1,530 188
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Of the 107 dissolved-solids concentrations determined for water from the
upper aquifer, 5.6 percent exceeded the SMCL of the USEPA (1986) of 500 mg/L.
For the upper aquifer, less than 1 percent of the samples contained
concentrations greater than 1,000 mg/L. For the middle and lower aquifers,
13.6 percent and 12.9 percent of the samples, respectively, contained
concentrations greater than 500 mg/L. For the middle and lower aquifers,
concentrations in 4.8 percent and 1.7 percent of the samples, respectively,
exceeded 1,000 mg/L.

Sodium

Sodium is a common dissolved constituent in ground waters. Natural
sources of sodium are saltwater intrusion; ion exchange of calcium for sodium
on clays; geologic sources, such as evaporite deposits; and weathering of
rocks. Human-related inputs of sodium include road salt, septic-tank
effluents, some industrial wastes, and some agricultural chemicals and wastes.
A limit of 50 mg/L is recommended by the State of New Jersey (1982) as a
secondary standard (NJGW2) for ground-water quality.

The distribution of dissolved sodium in each aquifer is shown in figures
23-25. Several patterns are evident in all three aquifers of the Potomac-
Raritan-Magothy aquifer system. In Burlington County, dissolved-sodium
concentrations were low, generally below 5 mg/L, in water from the confined
part of the aquifer system. In Camden County, concentrations in water from
the confined part of the system increased to 25 mg/L. 1In the outcrop areas of
Burlington and Camden Counties, concentrations of dissolved sodium were higher
than confined parts of the aquifer, possibly as a result of human activity or
inflow from the Delaware River. For all aquifers in the Potomac-Raritan-
Magothy aquifer system, the 25-mg/L equal-concentration line for dissolved
sodium corresponded closely to the northern part of the Camden-Gloucester
County line. Water from areas in all three aquifers was found to contain
sodium concentrations that exceeded 50 mg/L.

In water from the upper aquifer in central Gloucester County, sodium
concentrations ranged from 50 mg/L to greater than 100 mg/L; although
variable, concentrations generally were less than 50 mg/L. In water from the
middle aquifer, sodium concentrations in most of Salem County were greater
than 50 mg/L, except in the northeastern corner of the county and in and near
the outcrop area. Water from other areas of the middle aquifer generally
contained sodium in concentrations less than 50 mg/L. Isolated areas of
elevated sodium concentrations were apparent near wells 15-98 and 15-380 (fig.
24). 1In water from the lower aquifer, sodium concentrations greater than 50
mg/L appeared to be more extensive than in the other aquifers. Water from
wells in the lower aquifer in Salem and Gloucester Counties contained sodium
concentrations greater than 50 mg/L, with the exception of some wells in
northeastern Gloucester County. Water from wells in the lower aquifer in the
Philadelphia area also contained elevated concentrations of dissolved sodium,
possibly related to contamination from human activity. A statistical summary
of dissolved-sodium-concentration data shown in figures 23-25 is presented
below.
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Concentration of dissolved sodium

Number in milligrams per liter
of
Aquifer analyses Minimum Mean Maximum Median
Upper aquifer 108 1.8 40 230 15
Middle aquifer 125 1.8 35.8 670 12
Lower aquifer 119 2.4 47.5 540.0 21.0

The percentages of water samples containing dissolved-sodium concentrations
greater than 50 mg/L are 29.6, 20.8, and 19.3 percent for the upper, middle,
and lower aquifers, respectively.

Chloride

Chloride is one of the major anions in ground water. Sources are similar
to those for sodium and generally are natural; however, chloride in ground
water can result from human activity such as sewage disposal and road salting.
The SMCL of the USEPA (1986) for chloride is 250 mg/L (U.S. Environmental
Protection Agency, 1986). The distribution of dissolved chloride in each
aquifer is shown in figures 26-28. Chloride-distribution patterns generally
are similar for all three aquifers in Burlington and Camden Counties. In the
confined part of the aquifer system in these areas, chloride concentrations
were low, typically less than 5 mg/L. In the outcrop areas, chloride
concentrations were slightly higher than confined areas of the aquifer. The
chloride distribution was variable among aquifers in Gloucester and Salem
Counties, and in other areas where localized contamination is possible.

In the upper aquifer, dissolved-chloride concentrations did not exceed
250 mg/L anywhere within the study area. In the central part of Gloucester
County, however, chloride concentrations in some water samples from the upper
aquifer were greater than 100 mg/L. Concentrations in Salem County were less
than 50 mg/L.

The water in the middle aquifer indicated possible contamination at
several wells, notably well 7-562 and well 7-48 (in the City of Camden), both
in Camden County; and well 15-163 in Logan Township, in Gloucester County.
Water from these wells contained chloride in concentrations higher than those
in the surrounding area. With the exception of these wells, chloride
concentrations exceeded the SMCL of the USEPA (1986) in only a few places in
the middle aquifer. An area of low chloride concentration (less than 10 mg/L)
was evident in the upper and the middle aquifers in southwestern Gloucester
County and northeastern Salem County. The low chloride concentrations could
result from leakage between the upper and middle aquifers and (or) a
localized, anomalously high rate of ground-water recharge. More rainfall may
be infiltrating in this area. Rainwater, which generally ranges in chloride
concentration from less than 1 to 10 mg/L (Feth, 1981, p. 11), may be causing
a dilution effect in chloride concentrations relative to the more typical
chloride range in that area of 10-50 mg/L.
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In the lower aquifer, dissolved-chloride concentrations increased from
northeast to the southwest in the study area and exceeded 100 mg/L in
Gloucester and Salem Counties; however, chloride concentrations exceeded the
SMCL of the USEPA (1986) in only one area in the southwestern corner of
Gloucester County. Unlike the upper and middle aquifers, the lower aquifer is
not characterized by an area of low chloride concentration (less than 10 mg/L)
in or near the outcrop area in southwestern Gloucester County and northeastern
Salem County.

A statistical summary of dissolved-chloride-concentration data for the
aquifer system is presented below.

Concentration of dissolved chloride

Number in milligrams per liter
of
Aquifer analyses Minimum Mean Maximum Median
Upper aquifer 110 0.7 22.8 170 10
Middle aquifer 141 .7 45.3 780 16
Lower aquifer 123 1.9 56.1 830 22

In the upper aquifer, none of the chloride concentrations in water from
the wells sampled exceeded 250 mg/L. In the middle and lower aquifers,
chloride concentrations in 3.5 and 4.1 percent of the samples, respectively,
exceeded 250 mg/L.

Iron

The solubility of iron in ground water depends on the pH and the
oxidation state of the water. Dissolved iron can be found in two oxidation
states, ferrous (Fe ?) or ferric (Fe 3), but iron in ground water generally is
in the reduced, ferrous state. Ferric iron commonly forms compounds of low
solubility, whereas ferrous iron is soluble under ground-water conditions
where the iron ion can gain orbital elections (a reduction reaction).

Elevated dissolved-iron concentrations are responsible for the most
persistent water-quality problems associated with ground water from the
Potomac-Raritan-Magothy aquifer system. Iron concentrations in ground water
can be increased indirectly by contamination. Microbiological decomposition
of organic wastes from sources, such as leaky sewers, septic systems,
landfills, and municipal and industrial wastewater disposal, consumes oxygen
(Langmuir, 1969, p. 21) and leads to reducing conditions in the ground water;
under these conditions, dissolved iron concentrations can be as high as 1,000
mg/L. The decomposition process also can release hydrogen ions into the
ground-water system, lowering the pH and thereby promoting the leaching of
iron from iron-bearing minerals in the aquifer matrix. Dissolved-iron
concentrations exceeding 0.3 mg/L also can be found in some outcrop areas
where (1) normally oxygen-rich waters have been depleted in oxygen by the
presence of clay layers and (or) (2) infiltration of oxygen-rich precipitation
has been hindered by impervious surfaces, such as pavement and roads.
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Confinement of ground water enhances the development of reducing conditions
and the production of highly soluble ferrous ions (Paulachok, 1991). The
USEPA (1986) SMCL for iron is 0.3 mg/L (U.S. Environmental Protection Agency,
1986) .

The distribution of dissolved iron in water from each aquifer is shown in
figures 29-31. Water from most outcrop areas of the three aquifers contained
iron in concentrations greater than 0.3 mg/L. Many wells have been abandoned
as a result of clogging screens and pumps by iron. Di