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Conversion Factors and Vertical Datum

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?)
million gallons (Mgal) 3,785 cubic meter (m?)
Flow rate
cubic foot per second (ft¥/s) 0.02832 cubic meter per second (m?/s)
cubic foot per second per square 0.01093 cubic meter per second per square
mile [(ft}/s)/mi?] kilometer [(m?/s)/km?]
gallon per minute (gal/min) 0.06309 liter per second (L/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m*/d)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)
Specific capacity
gallon per minute per foot 0.2070 liter per second per meter [(L/s)/m]
[(gal/min)/ft)]
Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)
Hydraulic gradient
foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)
Transmissivity*
foot squared per day (ft*/d) 0.09290 meter squared per day (m?/d)

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

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

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

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft}/d)/ft?]ft. In this report, the mathematically reduced form, foot
squared per day (ft%d), is used for convenience.

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

or micrograms per liter (pg/L).



Aquifer Properties, Stream Base Flow, Water Use, and
Water Levels in the Pohatcong Valley, Warren County,

New Jersey

By G.B. Carleton, A.D. Gordon, and C.M. Wieben

Abstract

A study was conducted to define the hydrogeology and
describe the ground-water flow in the Pohatcong Valley in
Warren County, N.J. near the Pohatcong Valley Ground Water
Contamination Site. The area is underlain by glacial till and
alluvial sediments and weathered and competent carbonate
bedrock. The northwest and southeast valley boundaries are
regional-scale thrust faults and ridges underlain by crystalline
rocks. The unconsolidated sediments and weathered bedrock
form a minor surficial aquifer. The carbonate rocks form a
highly transmissive fractured-rock aquifer with well yields
commonly as high as 500 gallons per minute. Ground-water
recharge and flow in the crystalline-rock aquifer bordering
the valley is minor compared to flow in the carbonate—rock
aquifer, and little ground water flows into the carbonate-rock
aquifer directly from the crystalline-rock aquifer. The thrust
faults separating the carbonate and crystalline rocks may fur-
ther impede flow between the two rock types.

Interpretations of water-level and transmissivity data
collected during 2000 to 2003 indicate that the carbonate
formations generally can be considered to be one aquifer.

The transmissivity of the carbonate-rock aquifer was estimated
from the results of four aquifer tests conducted with two
public supply wells. The transmissivity estimated from

aquifer tests at a well located in Washington Borough is about
8,600 square feet per day. An aquifer test at a well located near
the southwest border of Washington Borough was conducted
to estimate transmissivity and the direction and magnitude of
anisotropy. The estimated direction of maximum horizontal
transmissivity near the second well is about 58° east of north
and the magnitude is 7,600 square feet per day. The minimum
horizontal transmissivity is 3,500 square feet per day and the
ratio of anisotropy (maximum transmissivity to minimum
transmissivity) is 2.2 to 1.

Stream base-flow data indicate that Pohatcong Creek
steadily gains flow, but most of the gain is from tributaries
originating in the crystalline rock areas (valley walls). There-

fore, it is concluded there are no major heterogeneities (such
as karst springs) in ground-water discharge to surface water.
During periods of low ground-water levels, it is likely that,
within the study area, Pohatcong Creek gains no flow from the
carbonate-rock aquifer and may even lose flow to the surficial
aquifer (which then recharges the carbonate-rock aquifer).

There are few sites in the Pohatcong Valley with large-
scale (greater than 10 million gallons per year) ground- or
surface-water withdrawals. The only substantial withdraw-
als in the valley are from two public supply wells and from
two industrial facilities. Average annual withdrawals during
1997-2002 at these four locations totaled 298 million gallons
per year. About 95 percent of the water withdrawn by the large
industrial user (108 million gallons per year) is re-injected into
the aquifer.

In some locations throughout the valley, water levels in
the shallow surficial deposits were substantially higher than
those in underlying carbonate-rock aquifer. Water levels in
the deep part of the surficial aquifer and underlying carbon-
ate-rock aquifer were similar, although the gradients were
often (but not always) downward. Furthermore, data collected
during aquifer tests at a public supply well in Washington Bor-
ough and a public-supply well west of Washington Borough
show that the deep part of the surficial aquifer is hydraulically
well connected to the underlying carbonate-rock aquifer at
these two locations. The shallow surficial deposits, however,
are not well connected to the deep surficial deposits and car-
bonate rock at these two locations.

The overall ground-water-flow pattern in the valley
appears to be that precipitation recharges the surficial aquifer
and is discharged from the surficial aquifer to the underlying
bedrock aquifer and the Pohatcong Creek and its tributaries.
Ground-water flow within the carbonate-rock aquifer is mostly
down-valley, but near the valley walls additional recharge
creates a gradient with a component of flow towards the valley
center. At the downstream end of the Pohatcong Valley, ground
water discharges from the carbonate-rock aquifer directly to
the Delaware River.
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Introduction

The chlorinated solvents trichloroethene and tetrachlo-
roethene were detected in Pohatcong Valley in public supply
wells in Washington Borough and Washington Township,
Warren County, New Jersey in 1978 (CH2M Hill, 2003).
Subsequent investigation revealed that many domestic wells in
Washington and Franklin Townships also were contaminated,
and in 1989 the Pohatcong Valley Ground Water Contamina-
tion Site (hereafter referred to as the study area) was added to
the U.S. Environmental Protection Agency (USEPA) National
Priority List (U.S. Environmental Protection Agency, 2004).
The remedial investigation by the USEPA and CH2M Hill,
with technical assistance from the U.S. Geological Survey
(USGS), was begun in 1999. The USGS provided technical
assistance to the USEPA with various hydrogeologic aspects
of the remedial investigation. The part of the remedial inves-
tigation described in this report was conducted in cooperation
with the USEPA.

The Pohatcong Valley is located in the Highlands Prov-
ince of New Jersey in an area of ridges (underlain by crystal-
line rocks) and valleys (underlain by carbonate rocks). The
study area extends from Washington Borough and Washington
Township to New Village at the southwestern edge of Franklin
Township (fig. 1). Pohatcong Creek is a tributary to the Dela-
ware River with a total basin area of 57 mi? (square miles).
The basin area upstream from the USGS streamflow-gaging
station at Pohatcong Creek at New Village is 33 mi?, and the
mean annual discharge at New Village is about 32 ft*/s (cubic
feet per second). Land uses are industrial, commercial, and
residential in Washington Borough; residential and commer-
cial in Washington Township near Washington Borough and in
Franklin Township in the villages of Broadway and New Vil-
lage; and agricultural in some parts of Washington Township
and most of Franklin Township.

Purpose and Scope

This report describes the hydrogeology of and ground-
water flow in the surficial and carbonate-rock aquifers of the
Pohatcong Valley in the area from the northeastern border of
Washington Township to the southwestern border of Franklin
Township, Warren County, N.J., including all of the USEPA
Pohatcong Valley Ground Water Contamination Site. The
hydrogeologic assessment of the Pohatcong Valley includes
discussion and interpretation of hydrogeologic, aquifer-test,
stream-discharge, water-use, and water-level data. Multiple
aquifer tests were conducted to estimate the carbonate-rock
aquifer properties transmissivity, storage coefficient, and
anisotropy. Stream base-flow measurements were made to
quantify outputs from the ground-water system. Water-level
altitudes in the carbonate and crystalline-rock aquifers, surfi-
cial aquifer, and streams were measured to estimate flow paths
in the ground-water system. Base flow, water use, water levels,
and results of aquifer tests are shown in figures and tables.

Well-Numbering System

Various numbering systems for identifying wells and
boreholes are used in this report (table 1, at end of report).
All wells were numbered according to the New Jersey Unique
Identification (NJUID) system used by the USGS, New
Jersey District. The USGS well-identification code consists
of a two-digit county code followed by a three-digit sequen-
tial number. All wells referred to in this report are located in
Warren County, N.J., and, thus, begin with the corresponding
county code 41. The New Jersey Department of Environmen-
tal Protection (NJDEP) well permit number is included for
wells for which the permit number is known. For continuity
with other publications on the study area (CH2M Hill, 2003),
identification codes developed for this study by CH2M Hill,
Inc. (CH2M Hill) or ICF-Kaiser, Inc. (ICF-Kaiser, 1997) also
are used.

Wells installed specifically for this study by CH2M Hill
for the USEPA are identified using an alpha-numeric sys-
tem implemented by CH2M Hill. These wells are identified
beginning with “PV”, short for Pohatcong Valley, followed
by a three-letter site abbreviation and a two-digit sequential
number. For example, PVWBGO1, represents Pohatcong
Valley, Washington Borough Garage, well number 1. Domes-
tic or observation wells not linked to a specific site have a
three-letter abbreviation of DOM or MWO, respectively,
in place of the site abbreviation, (for example, PVDOMO02
or PVMWOO03). In other cases, domestic wells sampled by
CH2M Hill are reported beginning with “PV”, followed by
a three-digit sequential number, then the letters “DW” (for
example, PVO76DW).

Wells installed prior to this study that did not have an
identification code assigned by CH2M Hill are identified with
a one- or two- letter abbreviation describing the well use,
followed by a three-digit sequential number. The well-use
abbreviations used in this report are A (agriculture), C (com-
mercial), D (domestic), P (production), and MW (observation
well). This well-identification system originally was developed
by ICF-Kaiser (1997). Wells identified by the USGS that were
not included in either the ICF-Kaiser or CH2M Hill number-
ing systems were assigned an identification code based on the
ICF-Kaiser system.

Geology

The Pohatcong Valley, located in the New England
Physiographic Province (also known as the Highlands Phys-
iographic Province), is bounded on the north and south sides
by Middle Proterozoic (Precambrian) crystalline rocks.
Although there are many rock types in this assemblage, for
the purposes of this study they are grouped together. Ground-
water flow through the crystalline rocks is considered to be
minor compared with flow in the carbonate rocks of the valley.
The crystalline rocks do, however, have a major effect on the
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ground-water-flow system because they are a barrier to flow
from the carbonate rocks across the ridges.

The valley is underlain by Paleozoic rocks (Cambrian
and Ordovician age, 600—435 million years old) including the
Leithsville Formation (Cl), Allentown Dolomite (OCa), Lower
and Upper Beekmantown Group (Obl and Obu, respectively),
all members of the Kittatiny Supergroup, and Jacksonburg
Limestone (Oj) (fig. 2). Descriptions of these units in the
Washington quadrangle (Drake and others, 1994), Blooms-
bury quadrangle (Drake, 1967), eastern part of the Belvidere
quadrangle (Drake and Lyttle, 1985), and northern New Jersey
(Drake and others, 1996) differ slightly, but are similar overall
and are summarized below.

The Leithsville Formation contains fine- to coarse-
grained dolomite and calcitic dolomite, phyllite (between
shale and mica schist), and thin beds of dolomite-cemented
quartz. The unit is about 1,000 ft thick. Drake describes the
Leithsville as one of the primary karst-forming formation in
the study area (ICF-Kaiser, 1997, p. 8).

The Allentown Dolomite contains very fine- to medium-
grained, rhythmically-bedded dolomite with beds and lenses of
orthoquartzite, which are particularly abundant near the upper
contact. Lower dolomite beds are interbedded with shaly
dolomite. The shaly dolomite increases towards the conform-
able contact with the underlying Leithsville Formation. The
Allentown Dolomite is about 1,900 ft thick.

The Beekmantown Group is divided into lower and upper
parts. The lower part of the Beekmantown Group is equivalent
to the Stonehenge Formation of Drake and Lyttle (1985) and
the Rickenbach Dolomite and Epler Formation of Markewicz
and Dalton (1977). The upper part of the Beekmantown Group
is equivalent to the Rickenbach Dolomite and Epler Forma-
tion of Drake and Lyttle (1985) and the Ontelaunee Forma-
tion of Markewicz and Dalton (1977). The lower part of the
Beekmantown Group contains thin- to thick-bedded, very
fine- to medium-grained dolomite, fine-grained limestone,
dolomitic shale laminae surrounding limestone lenses, and
solution-collapse breccia. The upper beds of the unit are fine-
to medium-grained dolomite, the middle beds are very fine- to
medium-grained dolomite and fine-grained limestone, and the
lower beds are very fine- to coarse-grained dolomite, locally
containing chert, quartz-sand laminae, and oolites. The unit is
as much as 700 ft thick.

The upper part of the Beekmantown Group contains thin-
to thick-bedded, very fine- to medium-grained dolomite. The
upper beds of the unit locally contain medium-bedded, fine-
grained limestone lenses. The lower beds contain chert lenses
and locally occurring chert beds. Thicknesses statewide range
from near O to 800 ft; the unit could be as much as 500 ft thick
in the Pohatcong Valley. Drake describes the Beekmantown
Group as “the other [in addition to the Leithsville Formation]
main karst unit in the study area” (ICF-Kaiser, 1997); however
sinkholes observed at land surface are present typically only
in the upper part of the Beekmantown Group (Donald Monte-
verde, New Jersey Department of Environmental Protection,
oral commun., 2001).

The Jacksonburg Limestone (Jacksonburg Formation),
present in the Pohatcong Valley only southwest of New Vil-
lage (fig. 1), is divided into two units, the upper Cement Rock
facies (Ojr) and lower Cement Limestone facies (Ojl). The
upper unit is a fine-grained, thin-bedded, argillaceous (clayey)
limestone with some beds of crystalline limestone in places.
The lower unit is a medium- to coarse-grained well-bedded
calcarenite and fine- to medium-crystalline high-calcium lime-
stone. The upper and lower units are from 300 to 600 ft and up
to 200 ft thick, respectively.

The locations of the Paleozoic formations are shown
in figure 2. The locations of contacts between the carbonate
formations are approximate in many locations within the
Pohatcong Valley because the rocks are covered by 30 ft or
more of glacial, coalluvial, and alluvial deposits. Drillers’ logs
rarely are detailed enough to assist in delineation. In some
cases, the location of the contact is based on the estimated
thickness of the formation and the expression of that thickness
at the estimated dip. Drillers’ logs for wells throughout the
valley for the most part confirm the mapped contact between
carbonate rocks and crystalline rocks. Notable exceptions
include a well drilled for this study, PVWPC14 (fig. 1), into
weathered gneiss rather than the mapped dolomitic Leithsville
Formation; water-level data indicate the wells PVHBRO7 and
PVHBROS also are not open to the Leithsville Formation,
although they are in the area mapped as underlain by the
Leithsville Formation.

The contacts between the carbonate (valley) and crys-
talline (ridge) rocks are regional thrust faults. G.C. Herman
(in Drake and others, 1996) concludes from seismic reflec-
tion data that a sole thrust fault is present in the Proterozoic
basement rocks from which subsidiary splay faults reach the
surface. The three faults mapped in the Pohatcong Valley are
the Pohatcong (which joins the Kennedy’s fault just northeast
of Washington Borough), Karrsville, and Brass Castle faults.
The Pohatcong and Brass Castle faults form the southeastern
and northwestern borders, respectively, of the carbonate rocks
in the Pohatcong Valley. The locations of these faults are well
known because of the substantial change in rock type on either
side of the fault, recognizable in drillers’ logs, outcrop, and
float. The location of the Karrsville fault is less certain. The
Karrsville fault was not known until mapped by Drake and
others (1994) because it is hidden by surficial deposits in the
Pohatcong Valley. The presence of the fault is indicated by
otherwise unexplained sequences southwest of the study area
(Donald Monteverde, New Jersey Department of Environmen-
tal Protection, oral commun., 2001) and low magnetic expres-
sion under Upper Pohatcong Mountain observed in aeromag-
netic data (Drake and others, 1994).

The surficial deposits in the study area are composed
primarily of deposits of Illinoian and Jerseyan age, recently
re-worked alluvial sediments close to Pohatcong Creek, and
weathered bedrock. The units mapped by Stanford and Ashley
(1993) in the study area are mostly Jerseyan till plus one zone
each of Jerseyan fluvial sediment, Illinoian moraine, and Illi-
noian till. Logs from wells throughout the study area typically
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describe low permeability, poorly sorted, clay-bearing sedi-
ments, but no clearly identifiable zone of high-permeability
sediments. A higher sand-and-gravel content may be present in
the part of the valley between the western border of Wash-
ington Borough and the village of Broadway (fig. 1), but the
distribution is inconsistent. Similarly, clay may predominate in
the southwestern part of the study area.

Hydrology

The ground-water-flow system in the Pohatcong Valley
area apparently has two distinct scales—local recharge to, flow
in, and discharge from the surficial aquifer to Pohatcong Creek
and recharge to, and regional, down-valley flow in, the Cam-
brian/Ordovician carbonate formations that underlie the valley.
Ground water also flows in the Precambrian crystalline rocks
that bound the valley, but specific-capacity data indicate that
the transmissivity and, therefore, the ground-water-flow are
low compared with the carbonate rocks. Surface runoff from
the hills and discharge from springs near the contact between
the crystalline and carbonate rocks re-enter the ground-water
system as recharge to the surficial and carbonate-rock aquifers
in addition to the direct recharge from precipitation falling on
the valley floor (fig. 3).

The surficial aquifer is an unproductive, unconfined
aquifer. No high-permeability zones have been documented
and few domestic wells are completed in this aquifer. The
thickness is highly variable, in part because of the substantial
differences in the altitude of the top of competent carbon-

Glacial deposits weathered
bedrock alluvial and colluvial

Aquifer Properties, Stream Base Flow, Water Use, and Water Levels in the Pohatcong Valley, Warren County, N.J.

ate rock over tens to hundreds of feet. A perched water table
was observed in some locations; for example, in the center of
Washington Borough, on the northern border of the Borough,
and near well PVCHUO?2 (fig. 1) west of the borough. In some
locations, the bottom of the surficial deposits are unsaturated,
including those where a perched water table is present; for
example, on the northern border of Washington Borough.
Data on water levels and depth to rock for various locations
indicate that the water table is present only in the surficial
aquifer where the bottom of the aquifer is below the regional
water level in the underlying carbonate-rock aquifer and that
horizontal flow in the surficial aquifer is not an important part
of the flow system as transmission of vertical recharge to the
underlying carbonate-rock aquifer.

The carbonate-rock aquifer is an unconfined to semi-
confined aquifer made up of the Leithsville, Allentown,
Beekmantown, and Jacksonburg Formations. Specific-capacity
data from records of wells completed in the Pohatcong Valley
and from the USGS statewide Ground-Water Site Inventory
(GWSI) database indicate that these formations have similar
transmissivities and are, therefore, grouped together as one
aquifer. The permeability of the aquifer occurs in secondary
fractures, joints, and solution channels in the rock; therefore,
the aquifer is heterogeneous. Results of an aquifer test
(described later in this report) indicate that the aquifer is
horizontally anisotropic: transmissivity along the axis of the
valley is greater than transmissivity across the valley. The
sources of this anisotropy most likely include fractures and
solution channels preferentially created along bedding planes
that strike along the axis of the valley (northeast/south-
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west) and dip steeply to the southeast. CH2M Hill (2003,
appendix D) provides fracture orientation data from borehole
acoustic televiewer logs of 16 boreholes. The fracture
orientation data indicate that most of the fractures that dip

at an angle greater than 30° strike in the range of 15° west

of north to 105° east of north, indicating that bedding-plane
fractures and fractures perpendicular to bedding along the
same strike are more prevalent than other fracture sets. No
caves are known to be present in the study area, but cavities
up to three feet across were encountered in wells PVLNLOS
and PVWLYO08. Some collapse resulted in wells PVBMCO1,
PVGSSO05, PVLNLOS5, PVRABOS, PVSTJO1, PVVANOI,
PVWBGI12, PVWCCI15, and PVWLYO0S during or after
drilling. Well P483 (a re-injection well at an industrial facility)
also has some collapse features.

Aquifer Tests

Analysis of the results of large-scale aquifer tests (in
which a well is pumped at a sustained rate designed to sub-
stantially stress the aquifer and water levels are monitored in
one or more observation wells) provides a better estimate of
average aquifer properties than slug tests, single-well aquifer
tests, or short duration (1-2 hour) multi-well aquifer tests. Six
large-scale aquifer tests (24-hour or longer) were conducted
by pumping public supply wells PVMSWO0I and PVMSW04
and measuring the aquifer response in nearby observation
wells. The water purveyor pumps these two wells continuously
(when they are in service) to reduce the chances of fluctuating
water levels causing collapses in the formation. A third well,
PVMSWO02, located outside the Pohatcong Valley, is turned on
and off on an hourly basis to meet fluctuations in demand. The
three public supply wells are sufficiently isolated so that there
is no pumping interference among them or any other sup-
ply wells in the study area. The continuous pumping allowed
drawdown or recovery data to be collected for as long as 2—

3 months when the wells were turned on or off, respectively.

Public supply well PVMSWOI, completed in the
Leithsville Formation and open from 88 to 345 ft below
land surface, typically is pumped continuously except for
approximately 1-day shutdowns twice a year for minor service
and occasional shutdowns for major service. Data were
collected when the well was turned off for major servicing
on April 5, 2001, when the well was returned to service on
June 14, 2001, and when the well was turned off for 30 hours
for minor servicing on October 24, 2001. Public supply well
PVMSWO04, completed in the Allentown Formation and open
from 143 to 184 ft below land surface, is used only when the
other two wells in the supply system cannot meet demand,
typically during the summer. Data were collected when the
well was turned on for the summer season (and to make up for
the shutdown of public supply well PVMSWOI) on April 9,
2001, turned off for the winter season on September 20, 2001,
and turned on for the summer season on May 24, 2002. Water
levels were measured with pressure transducers (calibrated
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with manual measurements), and measurements were stored
on data loggers for later retrieval. Resource limitations and
some equipment malfunctions prevented the monitoring of all
available observation wells for all tests, but the combination
of all data collected allows for the comparison of results
among wells and among tests. The drawdown or recovery data
were analyzed using the “straight line” analytical solution

by Cooper and Jacob (1946). The heterogeneous, anisotropic
nature of the fractured carbonate rock clearly violates many of
the simplifying assumptions of this solution but, in most cases,
the matches are good enough to indicate that the estimated
aquifer properties are reasonable.

Public Supply Well PYMSWO01

Three aquifer tests were conducted using public supply
well PVMSWOI1. The results from all three tests were similar,
but the data from the first test are considered the most com-
plete and highest quality. Therefore, only the first test is dis-
cussed below. Well PVMSWOL is completed in the Leithsville
Formation and is open from 88 to 345 ft below land surface.

The first test using public supply well PVMSWOI1 was
conducted when the well was turned off for maintenance on
April 5, 2001. The pumping rate (reported by the purveyor) at
the time of shutdown was 288 gal/min. Recovery was mea-
sured in one observation well completed in the carbonate-rock
aquifer (PVWBG12), two observation wells completed in the
deep part of the surficial aquifer (PVWBGO01, PVWBGL11),
and four observation wells completed in the shallow part
of the surficial aquifer, including PVWBGO02, PVWBGO03,
PVWBGO04, and MW4609 (figs. 1 and 4). All of the observa-
tion wells are within 350 ft of the public supply well (fig. 4).
Water levels in wells PVWBG12, PVWBGO02, PVWBGO03,
and PVWBGO04 were measured with an electric water-level
indicator (electric tape) every 1-5 minutes at the beginning
of the test and daily to weekly after the first day. Water levels
in wells PVWBGI11 and MW469 were measured with pres-
sure transducers at 1-minute intervals at the beginning of the
test and 15-minute intervals for the duration of the test. Water
levels in well PVWBGO1 were measured with an automatic
float-type recorder at 1-minute intervals for 25 minutes, and
5-minute intervals until 160 minutes, then daily to weekly with
an electric tape after the first day.

Recovery data from three of the observation wells are
shown in figure 5. Data for PVWBG11 and MW469 appar-
ently were affected by light precipitation that began on the
second day of the test and ended on the third day and heavier
precipitation that began on the fifth day and ended on the
seventh day. The apparent water-level recovery in the shal-
low part of the surficial aquifer shown in figure 5 (MW469)
actually is the aquifer response to precipitation. Water-level
data from subsequent aquifer tests confirm that in this area
the shallow part of the surficial deposits are not hydraulically
well-connected to the underlying carbonate-rock aquifer and
water levels in the shallow surficial aquifer do not respond to
pumping in the carbonate-rock aquifer.
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The water-level recovery curve from well PVWBG12
was analyzed using the Cooper-Jacob straight-line technique
(Cooper and Jacob, 1946). The calculated transmissivity and
storage coefficient are 8,600 ft*/d and 1 x 10, respectively.
Although wells PVWBGO01 and PVWBGI1 1 are completed in
the deep part of the surficial aquifer, water levels responded
quickly; therefore, these data also were analyzed. The calcu-
lated transmissivities using recovery data from PVWBGOI and
PVWBGI1 are 2,500 and 2,000 ft*/d, respectively. Calculated
storage coefficients are 1 x 10? and 3 x 1072, respectively.

The lower transmissivity and similar or higher storage values
obtained from surficial aquifer data most likely reflect the
lower transmissivity and release of water from storage in the
surficial deposits. Plots showing output from the software
program AQTESOLV for Windows, version 3.01 (Duffield,
2000) used to analyze aquifer-test results are included in the
appendix. Although the Cooper-Jacob straight-line technique
was used to calculate final transmissivity and storage coef-
ficients, other analyses were also considered. The plots from
one of these analyses, the Theis method (Theis, 1935), also are
included in the appendix.

The time-recovery data from the public supply well
PVMSWOI aquifer tests could not be modeled perfectly with
any analytical methods probably because of the effects of
aquifer heterogeneity (for example, the presence of large solu-
tion channels), anisotropy caused by preferentially oriented
fractures (possibly along bedding planes), no-flow boundaries,
or recharge (including recharge from precipitation on April
67, 2001). The curve matches are not unreasonable, however,
and the range of results is small enough that the estimated
transmissivity and storage coefficient are believed to be repre-
sentative of actual aquifer properties.

Public Supply Well PYMSW04

Three aquifer tests were conducted using public supply
well PVMSWO04 when it was turned on at the beginning of, or
off at the end of, the summer pumping season.

April 9, 2001

The first aquifer test was conducted when the well was
turned on for the season on April 9, 2001. Water-level draw-
down data were collected for the supply well and two observa-
tion wells, PVCHUO2 and PVFCCI12. The general locations of
observation wells with respect to the pumped well are shown
in figure 6. The initial pumping rate (calculated by timing a
totalizing meter for 1 minute) was 453 gal/min and declined
less than 2 percent (to 440 gal/min) over the duration of the
test. Water levels in the pumped well were measured with
an electric tape as rapidly as possible for the first 15 min-
utes, then at increasing time intervals for the duration of the
test (fig. 7). Water levels in the two observation wells were
measured with pressure transducers at 15-minute intervals.
Fluctuations in water levels in the observation wells early in
the test are attributed to recharge from light precipitation that
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occurred on April 6-7, 2001. The time-drawdown data from
the two observation wells were analyzed using the Cooper-
Jacob straight-line technique (Cooper and Jacob, 1946). The
transmissivities calculated using data from wells PVCHUO02
and PVFCC12 are 3,100 and 2,700 ft*/d, respectively. Calcu-
lated storage coefficients are 6 x 102 and 2 x 1072, respectively.
The time-drawdown curve for the pumped well could not be
matched well enough to results from porous media analytical
solutions to obtain a reasonable estimate of transmissivity and
storage coefficient.

September 20, 2001

A second aquifer test was conducted using well
PVMSWO04 when the well was shut down for the season on
September 20, 2001. Water levels in the pumped well were
measured at 1-hour intervals with a pressure transducer for
2 days (until the transducer went out of range). Water levels
were measured in observation wells PVCHUO02 and PVFCC12
at 15-minute and 1-hour intervals, respectively, for about
one month (fig. 8). The pumping rate at the time of shut
off was about 440 gal/min (reported by the purveyor). The
transmissivities calculated from data from wells PVCHUO02
and PVFCC12 are 4,900 and 13,000 ft*/d, respectively, and
storage coefficients are 4 x 102 and 3 x 1072, respectively. The
calculated transmissivities are higher than those for the first
aquifer test. The reason for this difference is not known, but it
is possible that regionally rising water levels because of heavy
but brief precipitation beginning about 100 minutes before the
test began and ending about 1,400 minutes into the test, and
about 2 days of light precipitation from about 6,200 minutes
to 8,500 minutes into the test increased the apparent recovery
and, therefore, increased the calculated transmissivity.

May 24, 2002

A third aquifer test was conducted using well PVMSW04
during which water-level data were recorded for seven
observation wells (PVCHUO02, PVFCC12, PVSTIOIA,
MW42D, MW42F, MW42H, and A474; see fig. 6) to quantify
aquifer anisotropy. The test began when the well was turned
on for the season on May 24, 2002, pumping at 280 gal/min
(reported by the purveyor). Water levels in each of the seven
observation wells were measured with a pressure transducer
every 15 minutes for the duration of the test. Water levels
could have been affected by light precipitation beginning
17 hours (about 1,000 minutes) before the beginning of the
test and ending about 1,500 minutes after pumping began.
Water levels were affected substantially by heavy precipitation
after about 20,000 minutes (14 days) of pumping. Water levels
in well A474 were affected by intermittent pumping of that
well during the first 500 minutes of the test and about 9 times
after 20,000 minutes. Water levels in well PVSTJO1A may
have been affected by daily fluctuations attributed to diurnal
barometric effects. Drawdowns early in the test were affected
by the distance of the observation well from the pumped
well, an initial rising water level (attributed to precipitation
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Figure 7. Time drawdown of water
levels in public supply well PVMSW04
and two observation wells in Pohatcong
Valley, Warren County, N.J., during the
aquifer test beginning April 9, 2001.
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Figure 8. Time recovery of water levels in public supply well PYMSWO04 and two observation wells in Pohatcong
Valley, Warren County, N.J., during the aquifer test beginning September 20, 2001.

beginning prior to the beginning of the aquifer test), and

the diurnal fluctuations (fig. 9). The water-level recorder

in PVSTJO1A was removed 9,000 minutes (6 days) after
pumping began so the well could be sampled, and water levels
in that well were affected for about 2,000 minutes.

The transmissivities calculated from data from wells
PVCHUO2 and PVFCC12, 2,500 and 7,100 ft?/d, respectively,
are similar to transmissivities calculated from the previous two
tests. The transmissivities calculated from data from observa-
tion wells MW42D, MW42F, MW42H, A474, and PVSTIO1A
are 9,600, 8,000, 4,800, 6,000, and 5,000 ft*/d, respectively,
which are similar to transmissivities calculated for wells
PVCHUO02 and PVFCC12. The storage coefficients calculated
from drawdown data from the seven observation wells fall in a
relatively narrow range, from 7 x 10 to 3 x 102,

Analysis of Horizontal Anisotropy of the
Carbonate-Rock Aquifer
Fractured sedimentary rocks frequently are anisotropic

(the aquifer is more transmissive in one direction than another)
because, for example, of preferential orientation of fracturing

along bedding planes or structural stress lines. The carbonate
formations in the Pohatcong Valley are layered sedimentary
formations that have been subjected to tectonic forces and
have been substantially tilted and folded. Bedding-plane
fractures and structural fractures along fold axes strike along
the axis of the valley; therefore, it was hypothesized that

the carbonate-rock formations are more transmissive along
strike than across strike (horizontally anisotropic). Ideally, the
orientation and magnitude of the vector representing maxi-
mum transmissivity are determined with tests and analysis
designed specifically for the task. Horizontal anisotropy (the
two-dimensional tensor of transmissivity) can be quantified
by pumping a central well and estimating transmissivity and
storage coefficient from drawdown data for at least three sur-
rounding observation wells.

For this study, the horizontal anisotropy was quantified
using the techniques and Fortran computer program
(Tensor2D) described by Maslia and Randolph (1987).
Directional transmissivity (Td) is a vector determined for each
observation well where the origin of the vector is located at
the pumped well, the direction is towards the observation well
(for example, compass direction), and the magnitude of the
vector is the transmissivity estimated from the time-drawdown
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Figure 9. Time drawdown of water levels in seven observation wells in Pohatcong Valley, Warren County, N.J., during
the aquifer test using public supply well PYMSWO04 beginning May 24, 2002.

data measured at that well. The direction and magnitude of
maximum and minimum transmissivity are determined by
(1) calculating the square root of Td or the square root of
diffusivity (transmissivity divided by storage coefficient, Td/S)
for each observation well, (2) plotting the result on a polar
plot, and (3) fitting an ellipse to the data. The direction and
magnitude of the major and minor axes of the ellipse represent
the maximum and minimum transmissivity (Tmax and Tmin)
of the aquifer, and the anisotropy is Tmax/Tmin. When data
from only three wells are available, the ellipse is fit directly
to the data. If data from more than three wells are available,
the orientation and shape of the ellipse is calculated using
a least-squares or weighted least-squares optimization. For
the weighted least-squares optimization, the user can choose
weighting factors for each well based on user-defined criteria
that may be subjective. For example, if data from one well are
believed to be less reliable than data from other wells, most
wells can be assigned a weight of one and the less reliable well
can be assigned a weight of less than one, causing the resulting
orientation and shape of the theoretical transmissivity ellipse
to be less affected by the data from the less reliable well.

The input data to the Tensor2D program for determin-
ing the orientation and shape of the theoretical transmissivity

ellipse are, for each observation well, X and Y coordinates

(in feet, with respect to the pumped well), the time-axis
intercept and slope of the straight line derived from analysis of
drawdown data using the straight-line technique (Cooper and
Jacob, 1946), and the weight assigned to each well (table 2).
The drawdown data from the public supply well PVMSWO04
aquifer test of May 24, 2002, were used in this analysis. The
Tensor2D program calculates transmissivity and storage coef-
ficient values for each observation well, calculates the square
root of diffusivity, determines the polar coordinates for each
data point, and calculates the best-fit ellipse to those data
points using a least-squares algorithm.

The ellipse representing the transmissivity tensor and
the data points from which the coordinates of the ellipse were
calculated are shown in figure 10. The direction of maximum
transmissivity is N. 58°E., the maximum transmissivity is
7,600 ft*/d, the minimum transmissivity is 3,500 ft?/d, and the
ratio of anisotropy (maximum transmissivity: minimum trans-
missivity) is 2.2:1. The direction of maximum transmissivity,
N. 58°E., is similar to the trend of the valley and bedding-
plane strike (about N. 55°E.), indicating that bedding-plane
fractures and structural fractures that strike parallel to bedding
planes could provide a preferential flow path.
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Table 2. Data used to determine the orientation and shape of the theoretical transmissivity ellipse for the carbonate-rock aquifer
from the aquifer test beginning 5/24/2002 using public supply well PYMSWO04, including transmissivities calculated from water-level
drawdown data collected in seven observation wells, Pohatcong Valley, Warren County, N.J.
[ft, feet; ft*/d, foot squared per day; ft¥/d, foot cubed per day; ft/log, (days), feet per base 10 log of days; --, not applicable; see figure 6 for well locations]
x-coordinate y-coordinate Tra|_1sm|ss|_vny of . Va_Iug of time- Slope of line,  Weight
S . - aquifer estimated  Discharge of axis intercept, .
Well identifi-  with respect to with respect to . . Cooper-Jacob  assigned
. b b using data from this pumped well Cooper-Jacob .
cation code the pumping well the pumping well . 3 . (1946) analysis  to each
(f) (ft) observation well (f/d) (1946) analysis (ft/log (days)) well
(ft/d) (days) 1

PVMSWO04 0 0 - 53904 - - -
PVCHU02 -19.38 -513.45 2500 - 1.390 4.00 |
PVFCC12 1077.24 -1036.75 7100 - 2.780 1.38 |
MW-42D -1060.63 47.57 9600 - 1.320 1.01 |
MW-42F -1395.69 -50.85 8000 - 2.640 1.22 1
MW-42H -980.35 -173.88 4800 - 1.319 2.09 |
A474 844.61 692.26 6000 - 2.153 1.68 1
PVSTIO1A 274145 1133.53 5000 - 5.625 1.98 1
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Figure 10. Directional transmis-
sivity (T,"?) calculated at seven
observation wells surrounding
pumped well PVMSWO04 in Pohat-
cong Valley, Warren County, N.J.,
during the aquifer test beginning
May 24, 2002, and theoretical
transmissivity ellipse fit to the
observation-well data using the
technique of Maslia and Randolph
(1987).
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It is mathematically possible to fit an ellipse representing
the anisotropic transmissivity tensor of two-dimensional flow
to the data from this aquifer test (fig. 10); therefore, the data fit
the conceptual model of a homogeneous, anisotropic aquifer.
No data points plot directly on the ellipse, however, indicat-
ing that heterogeneities in the aquifer affect the results. For
example, the data points for wells PVFCC12 and MW-42H
plot farther from the ellipse than the data points for the other
five observation wells (fig. 10). The reasons for this difference
are not known but could include small-scale heterogeneities
that affect the hydraulic connections of a particular well to the
fractures most affected by the pumped well. Alternatively, the
Karrsville fault (fig. 2) is a large-scale heterogeneity that is
hypothesized (Drake and others, 1996) to pass near, but south
of, the pumped well. Heterogeneous features are not accounted
for in the homogeneous, anisotropic model and adversely
affect the accuracy of the results.

Stream Base Flow

Measurement of stream base flow provides an estimate
of ground-water discharge from the aquifer system to streams.
Because ground-water recharge is difficult to measure, it can
be equated to basin-wide stream base flow minus additions
(such as sewage-treatment outflows) plus withdrawals or other
discharges (such as consumptive-use ground-water withdraw-
als) from the system. Ground-water flow into or out of the
measured stream basin also must be subtracted or added,
respectively, when estimating recharge from stream base flow.

Stream base-flow synoptic measurements were conducted
on Pohatcong Creek, Shabbecong Creek, Brass Castle Creek,
and nine smaller tributaries on July 13 and August 8, 2000
(fig. 11). On August 8, discharges ranged from 6.78 to
20.9 ft*/s on Pohatcong Creek (table 3), 0.28 to 0.92 ft*/s on
Shabbecong Creek, and 2.13 to 2.81 ft’/s on Brass Castle
Creek, and 0 to 2.58 ft*/s on other tributaries. No rain had
fallen for 8 days prior to the July 13 measurement or for
3 days prior to the August 8 measurement, except for a report-
edly brief shower that fell over some parts of the basin on the
night of August 7. Stream stage at Pohatcong Creek at New
Village dropped only 0.01 ft during the day on August 8,
indicating no substantial effect from the overnight shower. The
same slow decline in stage with no effect from precipitation
was observed at the nearby continuous gages on the Musconet-
cong River near Bloomsbury and South Branch Raritan River
at High Bridge (outside the study area) on August 8. Data from
both base-flow synoptic surveys indicate that Pohatcong Creek
was a steadily gaining stream along the measured reaches.
Brass Castle Creek lost flow to the underlying formations over
the relatively long reach (compared to other streams in the
study area) from the crystalline/carbonate rock contact to the
confluence with Pohatcong Creek. Shabbecong Creek either
was losing flow (July 13 measurement) or neither had gain
nor loss (August 8 measurement) from the crystalline/carbon-
ate rock contact to the first measurement point on the section

within the area underlain by carbonate rock and was gaining
thereafter. Some of the gain was effluent from the sewage-
treatment plant in Washington Borough. Measurements were
made at an upstream station and a downstream station on three
tributaries to Pohatcong Creek: tributary 9 was gaining flow
on both July 13 and August 8, tributary 10 was losing flow

on July 13 but showed no significant change in flow on
August 8, and tributary 7 showed no significant change in flow
on August 8 (no measurement was made at one of the stations
on tributary 7 on July 13). Flows in several small tributaries to
Pohatcong Creek are affected by diversions into agricultural
ponds in their upstream reaches. The ponds typically recharge
the surficial aquifer and are minor features.

Discharge data for Pohatcong Creek were normalized by
square mile of surface drainage basin area above each measur-
ing point (table 3). On August 8, the discharges per square
mile of basin area above each gaging point were within
15 percent of each other (from 0.63 to 0.73 ft*/s/mi?), which
is only twice the estimated measurement error at some sites,

8 percent. On July 13, the normalized discharges were within
32 percent of each other; excluding the Tunnel Hill Road site
(01455135, fig. 11) they were within 13 percent. The increase
in discharge from the July 13 to the August 8 measurements
was from 8 to 18 percent, except for the 56 percent increase at
the Tunnel Hill Road site. This increase indicates substantial
measurement error at that site.

Pohatcong Creek is underlain by carbonate rocks with
karst (cave) features; therefore, it is possible that one or
more springs account for a large percentage of ground-water
discharge to Pohatcong Creek. The stream base-flow data
collected in July and August 2000 show that Pohatcong Creek
steadily gained flow, but the majority of the gain was from
tributaries in which virtually all flow originated in the crystal-
line rock areas (valley walls). Therefore, it is concluded that
no major springs were present under those conditions. Water-
level data collected during a period of low ground-water levels
(June 2002, discussed further on in this report) indicate that, in
all measured locations, surface-water levels were higher than
ground-water levels in the underlying carbonate-rock aquifer.
Therefore, it is likely that Pohatcong Creek does not gain flow
from the carbonate-rock aquifer and probably loses flow to
the surficial aquifer (which then recharges the carbonate-rock
aquifer) during periods of low ground-water levels.

Ground- and Surface-Water Withdrawals

There are few sites in the Pohatcong Valley where large-
scale (greater than 10 million gallons per year (Mgal/yr))
ground- or surface-water withdrawals are made. The only
substantial withdrawals in the valley are from the public sup-
ply wells PVMSWO0I and PVMSWO04 (and PVMSWO?2 in the
adjacent Musconetcong Valley), and four wells at industrial
facilities in Washington Borough (P484, P485, P494, and
P495). The water withdrawn using wells P484 and P485 is
used for non-contact cooling, and about 95 percent of the
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Figure 11. Stream base-flow measurement stations in Pohatcong Creek and selected tributaries, Warren County, N.J.,

July 13 and August 8, 2000.
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Table 3. Stream base flow and stream base flow per square mile of basin area of Pohatcong Creek, Warren County, N.J., measured

on July 13, 2000, and August 8, 2000.

[Ck, Creek; Rd, Road; nr, near; Rt, Route; ft*/s, cubic feet per second; mi?, square mile; ft*/s/mi>, cubic feet per second per square mile]

Streamflow
Station Streamflow on  Drainage per square
Streamflow-gaging station identification  July 13, 2000 area mile of
number (ft¥/s) (mi?) basin area
(ft%/s/mi?)
Pohatcong Ck at Tunnel Hill Rd 01455135 4.34 9.20 0.47
Pohatcong Ck at Mine Hill Rd 01455140 7.73 12.5 0.62
Pohatcong Ck at Rt 57 01455145 8.97 14.7 0.61
Pohatcong Ck nr Buttermilk Bridge Rd 01455155 11.4 18.6 0.61
Pohatcong Ck at Broadway 01455180 15.0 27.1 0.55
Pohatcong Ck at New Village 01455200 19.3 333 0.58
Streamflow Difference Percent
Station Streamflow on  Drainage per square between stream- increase in
Streamflow-gaging station identification August 8, 2000 area mile of flow measured on  streamflow
number (ft3/s) (mi?) basin area 7/13/00 and 8/8/00 from 7/13/00 to
(f/s/mi?) (ft/s/mi?) 8/8/00

Pohatcong Ck at Tunnel Hill Rd 01455135 6.78 9.20 0.73 2.44 56
Pohatcong Ck at Mine Hill Rd 01455140 8.58 12.5 0.69 0.85 11
Pohatcong Ck at Rt 57 01455145 10.5 14.7 0.72 1.53 17
Pohatcong Ck nr Buttermilk Bridge Rd 01455155 13.0 18.6 0.70 1.60 14
Pohatcong Ck at Broadway 01455180 17.7 27.1 0.64 2.70 18
Pohatcong Ck at New Village 01455200 20.9 333 0.63 1.60 8

water withdrawn is re-injected into the carbonate-rock aquifer
through well P483 (table 4). An average of about 2 Mgal/yr
was withdrawn from well C493 in Washington Borough for
cooling purposes and from Pohatcong Creek and a pond for
irrigation of a golf course. Two farmers in the study area have
surface-water withdrawal permits but did not report any with-
drawals from 1997 to 2002. Some irrigation ponds have been
observed in the valley, but the water quantities withdrawn,

if any, are not known. Agricultural withdrawal quantities are
believed to be limited and are considered negligible here. In
addition to the wells with reported withdrawals, there are hun-
dreds of domestic wells in the valley, primarily located north
of Washington Borough, along the northern edge of the valley,
and southwest of the village of Broadway (fig. 1).

Water Levels

Water levels were measured to determine vertical
gradients, horizontal gradients, and estimate the direction(s)
of ground-water flow. A ground-water-level synoptic study
was conducted in June 2001 during which water levels were
measured in 97 wells (table 5, at end of report). During the
following year, 28 wells were drilled at the Pohatcong Valley

Ground Water Contamination Site, and additional previously
drilled wells were located. A second water-level synoptic
study was conducted in June 2002 during which water levels
were measured in 118 wells (table 5). Seventy-seven of the
synoptic-study wells measured in 2002 are open to the carbon-
ate-rock or crystalline-rock aquifers, 21 are screened in what
is believed to be the deep surficial deposits (typically more
closely connected to the underlying carbonate-rock-aquifer
water levels than shallow surficial deposit ground-water levels
or surface-water levels), and 20 are screened in the shallow
surficial deposits. Land-surface altitudes for about 100 of the
wells were measured with 0.3-ft accuracy or better. Water
levels were more than a foot deeper in June 2002 than in
June 2001 in about 85 percent of the wells because of the
pervasive drought from September 2001 to March 2002. The
2001 synoptic water-level data are more representative of
long-term average annual conditions than the 2002 synoptic
data because of the drought. Interpreted water-level contours
for the carbonate-rock aquifer in June, 2001 and June, 2002
are shown in figures 12 and 13, respectively.

In some locations, water levels in the shallow part of
the surficial aquifer (5-20 ft below first water) are as much as
63 ft higher than in the deep part of the surficial aquifer (5—
20 ft above the top of bedrock) and underlying carbonate-rock
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Table 4. Ground- and surface-water withdrawals, Pohatcong Valley, Warren County, N.J.

[NJDEP, New Jersey Department of Environmental Protection; BWA, Bureau of Water Allocation; Mgal/yr, Millions of

gallons per year; — not available]

Average reported annual

Facility type NJD.EP BWA NJD.EP well Local identifier withdrawals, 1997-2002
permit number permit number
(Mgal/yr)

Public supply 5053 24-8261 PVMSWO1 117
24-12183 PVMSWO04 58

24-16653 PVMSWO02 133

Industrial 2050P 24-4975, 24-22618  P484, P485 108
-- P483 (Injection well) -103

Industrial 10429W 24-22566, 24-31397 P494, P495 15
Commercial ~ 10781W 24-3250 C493 2
Golf course 10705W -- Pohatcong Creek, Pond 1 2
Farm WA0022 -- Pond 0
Farm WAO41R -- Pond 0

! Negative value indicates water injected into the aquifer.

aquifer. Water-level altitudes in June 2002 in the shallow part
of the surficial aquifer and surface water were higher than in
the underlying carbonate-rock aquifer in all locations. Water-
level altitudes in June 2001 in the carbonate-rock aquifer were
higher than those in the adjacent Pohatcong Creek in the upper
part of the valley (northeast of Washington Borough) but were
lower than surface-water altitudes in the central part of the
valley. In July 2000, the water-level altitude in one bedrock
well (PVWCCI1S5) was 0.1 ft higher than in nearby Pohatcong
Creek, but the altitude was lower than in the nearby creek in

a second bedrock well (PVFCC12) closer to Washington Bor-
ough. The upward and downward water-level gradients mea-
sured at different times indicate that it is possible that there is
an upward vertical gradient from the carbonate-rock aquifer

to the surficial aquifer and overlying Pohatcong Creek in most
locations close to the creek during periods of high water-levels
and a downward gradient in most locations during low water-
level periods. The average condition is not known, but there
probably is a slight upward gradient (less than 0.5 ft) directly
under Pohatcong Creek and a downward gradient elsewhere.
At the downstream end of the Pohatcong Valley (outside of
the study area) ground water most likely discharges f