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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain

inch (in.) 25.4 millimeter

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

acre 0.4047 hectare

square mile 2.590 square kilometer
(mi?)

cubic yard (yd?3) 0.7646 cubic meter

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

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

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

pound (1b) 4.536 kilogram

Temperature Conversion
Temperature in degrees Celsius (°C) is converted to degrees Fahrenheit
(°F) by using the equation: °F = (9/5) °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 both the United States and Canada, formerly
called Sea Level Datum of 1929,



HYDROGEOLOGIC, GEOPHYSICAL, AND GROUND-WATER-QUALITY RECONNAISSANCE AT
AND NEAR THE CIBA-GEIGY SUPERFUND SITE, OCEAN COUNTY, NEW JERSEY

by Gary J. Barton and Tamara Ivahnenko
ABSTRACT

Ground water is the principal source of drinking water in the vicinity of
the Ciba-Geigy Superfund site near Toms River in Ocean County, New Jersey.
Organic compounds and trace metals from several point sources have
contaminated ground water at the Ciba-Geigy Toms River Chemical Company plant.
The point sources of contamination include a production area, a backfilled-
lagoons area, a former fire-prevention training area, several sludge-disposal
areas, and a drum-disposal area. A gravel pit or borrow area also is
considered a potential source of contamination. The number and locations of
buried drums containing hazardous chemicals at the site are unknown.

In order to evaluate the hydrogeologic conditions and extent of ground-
water contamination at the Superfund site and in adjacent areas, the U.S.
Geological Survey, in cooperation with the U.S. Environmental Protection
Agency, conducted a hydrogeologic and ground-water-quality reconnaissance on
the property of the plant (which includes the Superfund site) and in Winding
River Park, which borders the Toms River immediately to the east of the
Superfund site. This study determined the electrical conductivity of the
upper part of the Kirkwood-Cohansey aquifer system in the vicinity of the
Superfund site and further defined the extent and character of ground-water
contamination at and near the site by using surface- and borehole-geophysical
techniques and by sampling ground water from drive points. In addition,

geophysical methods were used to locate possible buried trenches in part of
the borrow area.

The field investigation consisted of an electromagnetic-induction survey
covering 45 line miles, installing 5 temporary drive points; gamma-ray logging
in 8 wells and at 5 drive-point sites; measuring specific conductance of
ground water in 20 wells; measuring ground-water levels in 20 wells; and
conducting a ground-penetrating-radar survey in part of the borrow area. The
area of investigation totaled approximately 1,870 acres. Thirteen sets of
water-quality samples and two duplicate sets of samples were collected from

the drive points for analysis for purgeable organic compounds, inorganic
constituents, and nutrients.

The Kirkwood-Cohansey aquifer system is approximately 150 to 200 feet
thick in the vicinity of the Superfund site. From land surface to
approximately 20 to 60 feet below sea level, aquifer materials are primarily
sand with discontinuous silt and clay layers. The aquifer system is less well
defined at greater depths because few observation or production wells at the
site penetrate deeper than 60 feet below sea level. The aquifer system is
underlain by a confining unit consisting of glauconitic sand, silt, and clay.

Test holes were drilled into the confining unit, but no wells we¢re completed
in the unit.
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The hydraulic connection between the Kirkwood-Cohansey aquifer system,
the Toms River, and the associated wetlands is poorly understood. Ground
water from the shallow part of the aquifer system discharges into the Toms
River; however, ground water from the deep part of the aquifer system may flow
beneath the river and the associated wetlands.

|

Results of the electromagnetic-terrainrconductivity survey show that the
apparent terrain-conductivity is higher than background levels in an area
extending eastward from the production area|to the Toms River, and in part of
Winding River Park. Areas with apparent terrain-conductivity higher than
background levels are limited to, and approximately coincide with, areas where
ground-water contamination was identified previously. Regression analysis of
apparent terrain-conductivity of sediments and ground water and specific
conductance of ground water shows that terrain conductivity is a rough
indicator of ground-water contamination in the absence of other influences.

The depth of the ground-penetrating-radar exploration ranged from
approximately 30 feet in the central and southeastern part of the borrow area
to greater than 56 feet in the northwestern part of the borrow area. Ground-
penetrating-radar anomalies detected form a continuous east-west-trending band
across part of the borrow area. They are generally trough-shaped and may
indicate the presence of a buried trench, but a natural feature such as a
buried channel also could cause the anomalies. These ground-penetrating-radar
anomalies generally extend to depths ranging approximately from 8 to 11 feet.
The trend of the anomalies is similar to the trend of a trench previously
identified from aerial photographs in the western part of the borrow area.

Electrically conductive ground water (maximum specific conductance 1,860
millisiemens per centimeter) extends about 2,000 feet eastward from the
production area to the Toms River, and underlies part of Winding River Park.
Areas of elevated specific conductance coincide roughly with areas containing
purgeable organic compounds.

Drive-point water-quality data confirm |the presence of organic compounds
beneath the floodplain west of the Toms River where no wells have been
installed, near the borrow area, and in the Equestrian Park in Winding River
Park. The deepest interval sampled at all five drive-point sites contained
purgeable organic compounds; however, the depth to the base of the
contaminated ground water is unknown because sampling was limited to depths of
less than 50 feet. A total of 36 purgable organic compounds were identified
in the water-quality samples; these compounds included two that had not been
found previously in ground water at the Superfund site--1,2,3-trichloropropane
and 1,2-dichloropropane. Two ground-water-qmnality samples contained
concentrations of cadmium and selenium exceeding the U.S. Envirommental
Protection Agency’s maximum drinking-water contaminant limits for these
constituents. On the basis of the presence of trichloroethylene and
chlorobenzene in 51 wells and drive point sites, the following conclusions can
be drawn: (1) concentrations are highest at the source areas and decrease
downgradient, toward the Toms River, except in the Equestrian Park; (2) the
zone of ground-water contamination appears to have migrated east of the Toms
River; and (3) wells deeper than those sampled during this study are required
to determine the depth of contamination.



INTRODUCTION

Ground water is the principal source of drinking water in the vicinity of
the Ciba-Geigy Toms River Chemical Company plant! (hereafter called the
plant), Dover Township, Ocean County, New Jersey (fig. 1). The presence of
many point sources of contamination at the plant has resulted in severe
degradation of ground-water quality and has increased the potential for water-
supply problems. The presence of contaminated ground water at the plant site
was first identified in 1959 (Leggette, Brashears, & Graham, 1959), and in
1982 the U.S. Environmental Protection Agency (USEPA) placed part of the plant
and vicinity on the National Priorities Superfund List. The part of the plant
and vicinity on the National Priorities List is now known as the Ciba-Geigy
Superfund site (hereafter called the Superfund site).

Previous studies have identified a number of actual or potential source
areas of contamination at the site. These include the production area, a
backfilled-lagoons area, a drum-disposal area, an active landfill, a compactor
area, several sludge-disposal areas, a former fire-prevention training area, a
borrow area, a "suspected" overflow area, and a "casual" dumping area. These
source areas are described later in this report. The contamination already
identified includes both inorganic (metals) and organic constituents--
specifically, inorganic and organic compounds used in the manufacture of
synthetic organic pigments, organic dye stuffs and intermediates, and epoxy
resins. Drums containing hazardous chemicals are buried at the site, but the
number of drums is not known, nor have all drum locations been verified.

In order to more fully assess the extent and nature of ground-water
contamination at and near the Superfund site, the U.S. Geological Survey
(USGS), in cooperation with the USEPA, evaluated the hydrogeologic conditions
and conducted a geophysical and water-quality reconnaissance to determine the
distribution of contamination at selected locations at and near the Superfund
site. This information will help the USEPA to select the locations and depths
of monitoring wells in selected areas, the placement of trenches for locating

buried drums in part of the borrow area, and the locations of soil-sampling
sites.

Purpose and Scope

This report presents the results of a hydrogeologic, geophysical, and
ground-water-quality reconnaissance conducted during 1989 at selected sites at
and near the Ciba-Geigy Superfund site.

The report includes lithologic and gamma-ray logs along lines through the
study area, contour maps of apparent electromagnetic terrain-conductivity of
the subsurface, a map of ground-penetrating-radar anomalies in part of the
borrow area, maps of specific conductance of ground water and water levels,
and hydrochemical lines showing concentrations of trichloroethylene and
chlorobenzene in monitoring wells and drive points. The report also includes

1 Use of company names in this report is for identification only and does not

impute responsibility for any present or potential effects on the natural
resources.
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tabulated results of well- and drive-point-construction data, quality-
assurance and quality-control procedures, and results of water-quality
sampling and analysis.

Delineation of the hydrogeologic framework in the study area was limited
by the absence of deep wells. Water levels were measured only at selected
wells in conjunction with specific-conductance measurements; therefore, water-
level data are sparse. The ground-penetrating-radar (GPR) survey was
conducted only in the part of the borrow area that was accessible to the
equipment. The electromagnetic terrain-conductivity (EM) data, however, are
comprehensive because the survey lines covered most of the area at the plant
and extended into the floodplain on both banks of the Toms River. Ground-
water samples were collected from depths of 50 ft or less below land surface
because the drive points could not be installed to depths greater than 50
feet; therefore, water quality in the deep parts of the aquifer system was not
investigated.

History of the Site

The chemical plant at Toms River was constructed in 1950-52; production
began in 1952. The earliest known hydrogeologic study at the plant was
conducted by Ranney Method Water Supplies, Inc. (1956). This investigation
recommended that water supply for the plant consist of several production
wells northeast of the production area near the Toms River floodplain. After
contamination was discovered in two production wells, Leggette, Brashears &
Graham (1959) studied the extent of the ground-water contamination and
predicted which additional production wells were likely to become contaminated
in the future. Geonics, Inc. (1978), conducted the initial hydrologic
investigation at the then-proposed landfill at the plant. Geonics, Inc.

(1980, 1982), also reported on the presence of contamination in soils at the
known source areas.

In 1980, the plant owners (Ciba-Geigy Corporation and Sandoz Limited)
contracted AWARE, Inc., as their primary hydrogeologic and environmental
consultant. (AWARE, Inc., became Eckenfelder, Inc., in 1988.) This company
conducted a performance test on the active landfill (AWARE, Inc., 1980),
developed a computer model to simulate the water-table aquifer and effects of
pumping a proposed recovery-well system (AWARE, Inc., 1984), and conducted an
intensive hydrogeologic investigation which included characterizing the
hydrogeologic framework, the hydraulic properties of the aquifers, ground-
water-flow patterns, and soil and ground-water contamination (AWARE, Inc.,
July 18, 1986a). As part of an annual monitoring program, AWARE, Inc. (1986b,
1987¢c) and Eckenfelder, Inc. (1989), measured apparent electromagnetic-
terrain-conductivity in the vicinity of the active landfill. AWARE, Inc.,
studied treatment alternatives for decontaminating ground water (1987a),
conducted a supplemental investigation focusing on soil contamination in the
backfilled-lagoons area and filtercake-disposal area (1987b), and investigated

the source of organic compounds in ground water in the vicinity of the active
landfill area (1988).

USEPA involvement at the plant began in early 1980; throughout that year,
the agency performed a site inspection and hazardous-waste investigations. 1In
1982, part of the plant and the adjacent land was designated a Superfund site.
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USEPA contracted NUS Corporation to conduct a remedial investigation/
feasibility study for the USEPA. The NUS report (NUS Corporation, 1988)2
included characterization of the hydrogeologic framework, the hydraulic
properties of the aquifer, ground-water-flow patterns, and soil and ground-
water contamination at and near the plant.

|

ENVIRON (1986a) developed a computer %odel to simulate ground-water flow
at the Superfund site and vicinity and assessed environmental risks associated
with ground-water contamination at the Supzrfund site (ENVIRON, 198éb).

During 1986, officials of Ciba-Geigy #orporation appointed a scientific
advisory committee to review hydrogeologic investigations conducted at the
Toms River plant. The resulting report (Pinder and others, 1988) includes
information on the hydrogeologic character of the Kirkwood Formation; the
effects of the Toms River on the regional flow system, the potential migration
of dense, nonaqueous phase liquids, and the potential contamination of the
unit referred to as the Kirkwood no. 1 sand.

Camp Dresser & McKee, Inc. (1988), developed a computer model for USEPA
to simulate ground-water flow and solute transport at the Superfund site and
the nearby Toms River Water Company fieldsI (The model simulated the
effectiveness of ground-water decontamination.) Camp Dresser & McKee, Inc.
(1989), and subcontractor Dynamac developed a workplan for characterizing
contamination at the source areas for USEPA. This work began in late 1989.

Ackngwledgménts

The authors express gratitude to JohniSimas of the Ciba-Geigy Toms River
Chemical Company plant for providing an on-site field office, air-quality data
for monitoring wells, construction of roads for the USGS drilling rig, and
acquisition of a digital map of the site. 'We also thank Dennis O’Neil and
Gary Krammer of the Dover Township Parks and Recreation Department for
information about, and access to, Winding River Park for drilling and
geophysical surveys.
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DESCRIPTION OF THE&STUDY AREA

\
Location and Extent

|

The Ciba-Geigy Toms River Chemical Co@pany plant is in Dover Township,
Ocean County, New Jersey, approximately 3 mi (miles) northwest of Toms River,
New Jersey (fig. 1). The plant is an active manufacturing facility consisting
of 30 major buildings on 320 acres (fig. 2). The plant site comprises 1,402
acres, with 1,082 acres undeveloped and mainly forested. The plant site is
bounded by the Toms River, Winding River Park, and the development adjacent to
Cardinal Drive (hereafter the Cardinal DriWe area) on the east; by Route 37,
residential developments, and commercial and light-industrial complexes to the
south and west; and by the Pine Lake residential development to the north.

2 The views represented in this report (NUS Corporation, 1988) are not
necessarily the views of the U.S. Environmertal Protection Agency.

|
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The study area includes the plant site, parts of Winding River Park, and
the Cardinal Drive area (fig. 2). The study area is flat except for a scarp
adjacent to the Toms River. Altitudes range from approximately 70 ft (feet)
above sea level in the extreme western part to approximately 10 ft above sea
level along the Toms River.

A Superfund site is defined as the area that is presently contaminated
and adjacent areas where contamination is likely to migrate (S. Cipot, U.S.
Environmental Protection Agency, oral commun., 1990). Although the boundary
of the Ciba-Geigy Superfund site is variable because the exact location and
extent of the contamination are unknown, thr approximate boundary, estimated
on the basis of previous work (NUS Corporation, 1988, fig. 4-29), is shown in
figure 2.

|
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Hvdrogeolopy

Structural Setting

The Superfund site is situated in the New Jersey Coastal Plain, a
seaward-dipping wedge of unconsolidated sediments that range in age from
Cretaceous to Holocene (table 1). These sediments, for the most part, are
composed of clay, silt, sand, and gravel (Zapecza, 1989, p. B-5) and are
classified as continental, coastal, or marine deposits. The Cretaceous and
Tertiary sediments generally strike northeast-southwest and dip gently to the
southeast at 10 to 60 ft/mi (feet per mile), Overlying Quaternary deposits,
where present, are essentially flat-lying. |The Coastal Plain deposits thicken
seaward (Zapecza, 1989, p. B-5 and pl. 3) and are approximately 2,100 ft thick
in the study area. The Coastal Plain sediments lie unconformably on
pre-Cretaceous bedrock that consists mainly of metamorphic and igneous rocks.

In 1968 a deep test hole drilled in the study area in Cretaceous
sediments to 2,254 ft below land surface was completed as a USGS observation
well (Toms River Chemical 84 well) screened in the Potomac-Raritan-Magothy
aquifer system (app. A). Cores from the test hole were used to determine the
geologic age of the sediments at the site. Figure 3 shows the Cretaceous
geologic units from 600 ft below the surfacd to the bottom of the hole (Perry
and others, 1975, fig. 11). Enright (1969)\used the core samples from the
upper part of the same test hole to describe the Eocene deposits in the
northern Coastal Plain of New Jersey. Enright (1969, p. 16 and 18) places the
bottom of the Manasquan Formation of Eocene age at about 500 ft below land
surface and the top of the Eocene Shark River Formation at about 220 ft below
land surface at the test hole. The Shark River Formation is overlain by
Miocene (Kirkwood Formation) sediments. In lareas in the northeastern Coastal
Plain of New Jersey, the Piney Point Formation may be equivalent to part of
the Shark River Formation. Overlying the Kirkwood Formation in the study area
is the Miocene Cohansey Sand (Carter, 1978) and, where present, younger
Quaternary sediments. \

Hydrogeologic Units

The hydrogeologic framework of the New Jersey Coastal Plain was described
by Zapecza (1989) primarily on the basis of subsurface correlations of
distinctive signatures of electric and natural gamma-ray logs. The hydrologic
framework was described in a series of strucrure-contour and isopach maps,



Table 1. Geologic and hydrogeologic units in the Coastal Plain of New Jersey
(Modified from Zapecza, 1989, table 2)

SYSTEM SERIES GEOLOGIC LITHOLOGY HYDROGEOLOGIC HYDROLOGIC CHARACTERISTICS
UNIT UNIT
Alluvial Sand, silt, and black mud.
deposits
Holocene surficial material, commonly hydraulically
Beach sand Sand, quartzébtight-co(ored, mediun- to coarse- Urt\q\:f(ejren- fg?:ﬁ;ego;g m?i;lz‘;’;gaz‘t‘“‘a;ers'
N iate . a
Quaternary and gravel grained, pebbly confining units. Thicker sands are
capable of yielding large quantities
Pleistocene | Cape May of water.
Formation
Pensauken Sand, quartz, light-colored, heterogeneous,
Formation clayey, pel {y.
Bridgeton
Formation ~ .
Kirkuood: Aerand dter ocotrs: generally
: B Cohan: A
Beacon Hill Gravel, quartz, light-colored, sandy. aqu,?gl under water-table conditions.
Gravel system In Cape May County, the
Cohansey si?\g"? under
artestan conditions.
Cohansey Sand | Sand, quartz, light-cotored, medium- to coarse-
grained, pebbly; local clay beds.
Miocene
Tertiary Confining unit .
K1rkwood sand, quartz, gray and tan, very fine to Thick diatomaceous clay bed occurs
Formation medium-grained, micaceous, and dark- Ri¢ Grande along coast and for a short
colored diatomaceous clay. water-bearing distance inland. A thin water-
zone bearing sand is present in the
middle of this unit.
Confining unit
Atlantic City A major aquifer along the coast.
800- f, nd
-foot sa
poorly permeable sediments.
Ol igocene
Piney Point
iont
Formation N f
Sand, quartz and glauconite, fine- to « |Piney Point| Yields moderate quantities of water.
coarse-grained. z aqui fer
E
Eocene Shark River|
Formation
M: Clay, silty and sandy, gltauconitic, green,
?2?;2;’?2“ gray, and brown, contains fine-grained quartz Poorly permeable sediments,
sand. B
. c
R Sand, quartz, gray ani green, fine- to coarse- pel . L.
Vincentown grained, glatconitic, and brown clayey, very € |vincentown | Yields small to moderate quantities
Formation fosstliferous, glauconite and quartz 8 aquifer of water in and near 1ts outcrop
Paleocene catcarenite. area.
Hornerstown Sand, clayey, glauconitic, dark-green, fine-
Sand to coarse-grained.
Poorly permeable sediments.
Tinton Sand e
Sand, quartz and glauconite, brown and gray, -
fine- to coarse-grained, clayey, micaceous. g
g Red Bank Yields small quantities of water
Red Bank Sand 3 sand in and near its outcrop area.
Naves1nk sand, clayey, sitty, glauconitic, green and i
Formation black, me&)jlium- to Zéarse-grained. poorly permeable sediments.
Mount Lauret Sand, quartz, brown and gray, fine- to Wenonah- . .
coarse-grained, slightly glauconitic. NOUT\(,%EU?&[ A major aquifer.
aquifer
Wenonah Sand, ver{ fine- to fine-grained, gray and
Formation brown, silty, slightly gtauconitic.
Marshalltown-
Uen?pah . A leaky confining unit.
confining unit
Marshal | town Clay, silty, dark-greenish-gray; contains
Formation glauconitic quartz sand.
Upper Englishtown sand, quartz, tan and gray, fine- to medium- Englishtown .
Cretaceous Formation grained; local clay beds. aquifer A major aquifer. Two sand units in
system Monmouth and Ocean Counties.
Woodbury Clay | clay, gray and black, and micaceous silt.
" . A major confining unit. Locally
Merchantville- the Merchantville Formation may contain
Cretaceous ) Clay, glauconitic, micaceous, gray and Woodbury ) a thin water-bearing Y
Merchantville | black; locally very fine grained quartz confining unit sand,
formation and glauconitic sand are present.
Magothy Sand, quartz, light-gray, fine- to coarse-
Formation grained. Local beds of drak gray lignitic r
clay. Includes Old Pridge Sand Member. aqui fer
‘53 Con- A major aquifer system. In the
Sand, quartz, light-gray, fine- to coarse- i fining nortiern Coastal Plain, the upper
Raritan, grained, pebbly, arkosic; contains red, »hite, 5 umt aquifer is equivalent to the
Formation and variegated clay. Includes Farrington ST Old Bridge aquifer and the middle
Sand Member . © O | Middle aquifer is equivalent to the
82% aqui fer Farrington aquifer. In the Delaware
ggﬁ River Valley, three aquifers are
- ton- recognized. In the deeper sub-
s fining surface, unltrs‘dl?cfslou the upper
unit aquifer are undifferentiated.
Lower Potomac Alternating ctay, silt, sand, and gravel. N
Cretaceous | Group Lower
aquifer
Precambrian and lower Paleozic crystalline No wells obtain water from
Pre-Cretaceous Bedrock rocks, metamorphic schist, and gneiss; locally Bedrock these consolidated rocks,
Triassic sandstone and shale and Jurassic confining unit except along Fatl Lipe.
diabase are present.
L
1

of Olsson and others, 1980
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Figure 3.--Generalized hydrogeologic section through the Coastal Plain
in Ocean County, New Jersey. (Modified from Perry and others,

1975, fig. 11.)
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hydrogeologic sections, and a table of the tops and bases of hydrogeologic
units of wells and test holes, including the Toms River Chemical 84 test hole,
located in the study area. Hydrogeologic data obtained from below 600 ft in
that test hole are shown in figure 3.

The uppermost hydrogeologic unit in the study area is the Kirkwood-
Cohansey aquifer system, which is predominantly a water-table aquifer with
locally perched water tables and semiconfined conditions (Zapecza, 1989,

p.- 32). This aquifer system is composed of the Kirkwood Formation and the
Cohansey Sand, and, depending on location, it can include overlying Tertiary
and Quaternary deposits (Rhodehamel, 1973). This aquifer system is 225 ft
thick at the Toms River Chemical 84 well site and is a major source of
domestic, public, and industrial water supply in Ocean County (Vowinkel, 1984,
p. 7 and 19).

The Kirkwood Formation has a variable lithology. 1In coastal areas, thick
clay beds with interbedded zones of sand and gravel are dominant. Updip from
the coast, fine to medium sand and silty sand are common, and regionally
extensive clay beds are found in the basal part. The base of the Kirkwood-

Cohansey aquifer system at the Toms River Chemical 84 well site is 140 ft
below sea level.

The Cohansey Sand, also of Miocene age, tends to be coarser grained than
the underlying Kirkwood Formation. It is predominantly a light-colored quartz
sand containing minor amounts of pebbly sand, fine- to coarse-grained sand,
silty and clayey sand, and interbedded clay (Rhodehamel, 1973, p. 24). Some
local clay beds within the Cohansey Sand are relatively thick.

Underlying the Kirkwood-Cohansey aquifer system is a composite confining
unit that consists of a complex series of geologic units ranging in age from
Late Cretaceous to Miocene. The predominant lithology of most of these units
is silty and clayey glauconitic quartz sand. The units have low to moderate
permeabilities and generally are grouped together and described hydrologically
as a composite confining unit (Rush, 1968; Anderson and Appel, 1969; and
Nemickas, 1976). 1In some areas of the Coastal Plain, the composite confining
units are sufficiently sandy to serve as aquifers. Depending on location
within the Coastal Plain, the composite confining unit can include most, or
only a few, of the following geologic units: Red Bank Sand, Tinton Sand,
Hornerstown Sand, Vincentown Formation, Manasquan Formation, Shark River
Formation, Piney Point Formation, and the basal clay of the Kirkwood Formation
(Zapecza, 1989, p. 24). At the Toms River Chemical 84 well, the bottom of the
composite confining unit is 589 ft below sea level (Zapecza, 1989, p. B45).

The hydrogeologic units below the composite confining unit are the
Wenonah-Mount Laurel aquifer, the Marshalltown-Wenonah confining unit, the
Englishtown aquifer system, the Merchantville-Woodbury confining unit, and the
Potomac-Raritan-Magothy aquifer system. The lithology of the geologic
formations comprising these hydrogeologic units and their hydrogeologic
characteristics are given in table 1. The tops and bases of these
hydrogeologic units are shown in figure 3.
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Ground-Water Withdrawals

Potable water for the study area and vicinity is obtained from either
domestic or public wells. Residential areas in Dover Township obtain water
from domestic wells or from the Toms River Water Company. Although in the
past residents in the Cardinal Drive area (ﬁig. 2) relied solely on domestic
wells for potable water, all now receive public water. Potable water in Dover
Township, including the Cardinal Drive area, is furnished by the Toms River
Water Company. Residents in the Coulter Street area still (1990) obtain water
from domestic wells. 1In the past, residenti of Pine Lake Park, Manchester
Township, north and east of the study area, have relied solely on water from
domestic wells; however, the area will soon receive public water. In 1989-90,
two deep wells screened from 997 to 1,146 and 1,013 to 1,189 ft below land
surface in the Potomac-Raritan-Magothy aquifer system were placed into
operation by the Manchester Township Municipal Utility Authority. Part of
Pine Lake Park is currently (1990) served by these wells.

A number of large-capacity wells in and near the study area are used for
industrial, ground-water-decontamination (f g 4), and public-supply purposes
(app. A; fig. 5). The wells are located w1‘hin a radius of 2 mi of the center
of the Ciba-Geigy plant (fig. 4 and 5). 1In 1990 Ciba-Geigy operated eight
production wells and seven ground-water-decontamination (purge) wells on the
plant site. Some of the production wells provide potable water for the plant.
Ciba-Geigy production wells withdrew 3.8 Mgal/d (million gallons per day), and
the purge-well system along Cardinal Drive withdrew 0.36 Mgal/d for the time
November 1985 through January 1986. (Camp, Dresser & McKee, March 1988,

P. 3-8).

\

Toms River Water Company operated 13 wells within 2 mi of the Ciba-Geigy
plant site in 1989. Eleven wells were screened in the Kirkwood-Cohansey
aquifer system, one in the Piney Point aquijer, and one in the Potomac-
Raritan-Magothy aquifer system. Total withdrawals in 1989 were 29 Mgal/d.

Site Operations

Construction at the Ciba-Geigy Toms River plant began in 1950. The
manufacturing facility commenced operation in 1952. By 1962 the manufacturing
facility at the Ciba-Geigy Superfund site coﬂprised 30 major buildings, a
wastewater-treatment plant with a rated capacity of 7.5 Mgal/d, and a lined
reservoir for emergency storage of untreated and treated wastewater (NUS
Corporation, 1988, p. 3-51). The active landfill, consisting of three cells
in various stages of operation, began operation in 1977 (Roman Luzeky, N.J.
Department of Environmental Protection, written commun., 1990). Many of the
buildings have since been demolished or are jscheduled for demolition. The
property is fenced except for the wooded areE in the northwestern part of the
study area. ‘

A variety of synthetic organic pigments, organic dye stuffs and
intermediates, and epoxy resins were produced at the plant during 1952-88.
The facility had a daily production capacity of 220,000 pounds of dye stuffs
and intermediates and 105,000 pounds of epoxy resins (NUS Corporation, 1988).
Dye manufacturing was phased out in 1988. Epoxy-resin manufacturing is
scheduled to end in late 1991. Dye-standardization operations are expected to
continue indefinitely (Camp Dresser & McKee,| Inc., 1989, p. 2-2).
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The manufacturing operations produce both liquid and solid wastes. As of
1990, liquid waste is treated on-site in a wastewater-treatment plant prior to
discharge to the Atlantic Ocean. Solid wastes are disposed of off-site.
Sludges from the wastewater-treatment plant are disposed of in the third cell
of the permitted on-site solid-waste landfill. 1In the past, solid waste and
sludges from the on-site wastewater-treatment plant, as well as bulk or
drummed solvent-soaked residue, were disposed of in several unlined on-site
lagoons and landfills (Camp Dresser & McKee, Inc., 1989, p. 2-5).

Twelve soil- and ground-water-contamination source areas and potential
source areas have been reported at the plant (NUS Corporation, 1988, p. 3-1).
The locations of the source areas are shown in figure 2. The 12 source areas
cover approximately 194 acres. At least 107,000 drums were placed in one or
more of the source areas. The total volume of waste at the site is estimated
to exceed 5,885,000 gallons (NUS Corporation, 1988, p. 3.1 and 3.51).
According to Pinder and others (1988, p. 21), dense, nonaqueous-phase liquids
(DNAPLs) probably also are present at the Superfund site.

Organic and inorganic contaminants detected in soil and ground water
during a number of previous investigations are listed in appendix B. Detailed
descriptions of source areas are available in Camp Dresser & McKee, Inc.
(1989, p. 3-1 to 3-35).

Location of Soil- and Ground-Water-Contamination Sites

Production Area.--This area is the industrial facility where
manufacturing occurs (fig. 2). Several tank- and drum- storage areas are
located here. Until 1980, inspection reports indicated a lack of spill-
prevention controls in some drum-storage areas (Camp Dresser and McKee, Inc.,
1989). This area is a possible source of DNAPL contamination (Pinder and
others, 1988, p. 22).

Backfilled Lagoons Area.--This area contains five unlined lagoons (fig.
2) that received effluent from the former wastewater-treatment system, which
operated from 1952 through 1977. The three southern lagoons were used for
sediment settling and biological treatment, and the two northern lagoons were
sludge-drying beds. Closure in 1978 involved the removal of waste, which was
placed in the active landfill, and backfilling of lagoons (NUS Corporation,
1988, p. 3-6).

Drum-Disposal Area.--This area covers 5.3 acres (fig. 2) and originally
was part of a large, unlined settling lagoon. Drums are evident in photo-
graphs taken in 1965 (Hickerson, 1984, p. 15). An estimated 92,000 drums in
the drum-disposal area contain resin residues, clarification residues, and
distillation residues from manufacturing epoxy resins, dyes, and pigments
(Camp Dresser & McKee, Inc., 1989, p. 3-6). During closure, the site was
overlain with a 30-mil PVC (polyvinyl chloride) membrane. The PVC casing of
well 0111, located near the drum-disposal area (fig. 2), was dissolved above
the water table at the top of a clay layer (NUS Corporation, 1988, p. 3-28).

A granular, asphalt-like material appears to have flowed through the dissolved
part of the PVC casing, down the well casing, and probably out through the
screen. Some of the granular, asphalt-like material was found in the interior
of the casing and on the screen. Consequently, DNAPLs may be present in the
vicinity of well 0111 (Camp Dresser & McKee, Inc., 1989, p. 3-9). The
deteriorated well casing subsequently was removed.
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Lime-Sludge-Disposal Area.--This 3.9-a$re area was used from 1952 to 1977
and contains approximately 49,600 cubic yards of waste (fig. 2). Waste
consisted of calcium carbonate sludge enriched with metals from the
wastewater-treatment operations. The area was closed with a 30-mil PVC liner
(Camp Dresser & McKee, Inc., 1989, p. 3-24).

Filtercake-Disposal Area.--This area covers approximately 12 acres (fig.
2) and was used from 1952 to 1977 for disposal of dried sludge from waste-
water-treatment operations. Aerial photographs taken in 1956 show evidence of
disposal activity and drums appear on photographs taken in 1961 (Hickerson,
1984, p. 7 and 9). The site was covered wiQh a soil layer on closure.

Former Calcium Sulfate-Disposal Area.--This area was used in the mid-
1960's as a repository for calcium sulfate sludge (fig. 2). The site
consisted of a 75-ft? (square feet) pit excavated to a depth of 10 ft that
currently is covered with soil (Camp Dresser & McKee, Inc., 1989).

Wastewater-Treatment-Facility Area.--The wastewater-treatment facility
began operation in 1952 and has been upgraded continually. The facility
discharged wastewater to the Toms River from 1952 to 1966 and to the Atlantic
Ocean through a pipeline from 1966 to the present (1990). The original
facility was south of the production area. odifications included the
addition of five lagoons adjacent to the Toms River (see section on
backfilled-lagoons area). The current faciliity (fig. 2) began operation in
1987 (Camp Dresser & McKee, Inc., 1989).

Active Landfill.--This facility, which became operational in 1977,
consists of three cells and covers approximately 18 acres. Landfill cells 1
and 2 are double-lined with 30-mil PVC and include a leachate-collection
system. Cell 3 is double-lined with 80-mil high-density polyethylene, and
only wastewater-treatment-facility sludge is permitted for disposal (Roman
Luzecky, N.J. Department of Environmental Protection, written commun., 1990).
Wastes permitted for disposal in cells 1 andL2 are filtercake from the
wastewater-treatment plant and resin residues, clarification residues, and
distillation residues from the manufacture of epoxy resins, dyes, and
pigments. The upper landfill liners of cells 1 and 2 have been reported to
leak into the lower detection system above the second liner (Roman Luzecky,
N.J. Department of Environmental Protection, written commun., 1990). During
1984, 34 drums of toluene-contaminated waste were removed from the landfill.
More than 15,000 drums of waste were removed from cell 2 in 1985 and 1986 (NUS
Corporation, 1988, p. 3-49). %

Compactor Area.--Nonhazardous plant refuse, predominantly construction
debris, reportedly was compacted here beginning in 1975 (fig. 2; NUS
Corporation, 1988, p. 3-56). Packaging material containing residual wastes
may have been disposed of in this area. (NUS Corporation, 1988, p. 3-56.)

Fire Prevention-Training Area.--This area is located east of the
production area and adjacent to the Toms River (fig. 2). Oils and solvents
reportedly were burned in kettles in this area for fire-prevention exercises
(AWARE, Inc., 1986a). Water used to put out the fires apparently flushed
contaminants into the soils and ground water (AWARE, Inc., 1986a). According
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to Pinder and others (1988, p. 22), "the high concentrations of contaminants
(2.5-quote of the solubility of the observed compounds) at RI-9 suggest the
possibility of the fire prevention area as a DNAPL source." (RI-9 is an
observation well near the fire-prevention area.)

Borrow Area.--The gravel pit or borrow area is a large site north of the
production area that has been a source of fill and a place for piling
construction debris resulting from plant activities. Aerial photographs taken
in 1956 (Hickerson, 1984, p. 7) show the first evidence of activity in this
area (fig. 2). Two separate areas of activity were identified--the first is
north of the eastern half of the production area, and contains debris; the
second is southwest of the production area, and consists of an access road
leading from the western half of the production area to a pit. Aerial
photographs taken during 1962 (Hickerson, 1984, p. 13) show that the original
sites were expanded into one large area. Drums were stored in this area,
which contained a large trench, and the old pit area was covered with fill.
By 1965, the large trench also had been covered with fill. 1In 1976, many
drums were stored in the borrow area.

Suspected East-Overflow Area.--This area parallels the pipeline that
carries effluent from the wastewater-treatment plant to the backfilled lagoons
(fig. 2). This area first appeared as a light-toned “"possible" impoundment in
aerial photographs taken in 1976 (Hickerson, 1984). This area existed in 1983
and has since been covered with fill.

Casual Dumping Area.--By 1956 several roads crossed this area (Hickerson,
1984, p. 7). During 1962, the road network included a clearing where ground-
staining was evident (Hickerson, 1984, p. 11). By 1976, the production area
had expanded to encompass the road network. Deteriorated drums currently are
exposed on the ground surface in this area.

STUDY METHODS

In order to delineate areas of ground-water contamination at and near the
Superfund site, geophysical techniques were used in combination with water-
quality sampling. Geophysical methods also were used to identify possible
burial sites for drums containing waste, and to enhance the interpretation of
the hydrogeologic framework in the study area. A surface geophysical
technique--electromagnetic- (EM) terrain-conductivity--was combined with
measurements of ground-water specific conductance to identify areas of
electrically conductive ground water, and to facilitate the optimum placement
of drive points for collection of water-quality data from potentially
contaminated parts of the study area. A borehole geophysical technique--
gamma-ray logging--was used to assist in delineating the hydrogeologic
framework. Another surface geophysical technique--ground-penetrating radar--
was used in part of the borrow area to locate possible buried trenches that
might be repositories for drums containing waste.
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Geophysical Reconnaissance
Electromagnetic-Terrain-Conductivity Survey
Theory

The EM terrain-conductivity technique measures variations in the apparent
conductivity of the surficial material. A Geonics EM34-33 terrain-
conductivity meter was used during this investigation. The EM34-3 consists of
a transmitter and receiver, each consisting of a portable coil and an
electronic module. Coils are held in a coplanar position (in the same plane),
and are placed on edge for the horizontal-dipole configuration and flat for
the vertical-dipole configuration. The electromagnetic dipole that is created
passes through the transmitting coil'’s centet perpendicular to the plane of
the coil. This instrument has coil-spacing options of 32.8, 65.5, and
131.2 ft and is calibrated so that it directly measures apparent conductivity
in mS/m (millisiemens per meter) on the basis of the low induction number
(McNeil, 1980; Grantham and others, 1987).

In the horizontal-dipole configuration, the instrument is most responsive
to material from land surface to depths of ome-half the coil spacing; in the
vertical-dipole configuration, it is most responsive to materials at depths of
one-quarter to three-quarters the coil spacing (fig. 6). Increased coil
separation proportionately increases depth of penetration of the magnetic
field generated by the instrument in both coil positions (McNeil, 1980).

|

After placement of coils at the land surface at a specific coil
separation and orientation, the transmitter is energized by an alternating
current at an audio frequency of 0.4, 1.6, or 6.4 kHz (kiloHertz). The
alternating current generates a time-varying primary magnetic field, which in
turn induces eddy currents in the ground. Eddy currents generate a secondary
magnetic field, which is measured by the voltage induced in the receiver coil
(Keller and Frischknecht, 1966, p. 278). The magnitude and phase of the
secondary magnetic field are functions of coil spacing, ground conductivity,
and the operating frequency of the transmitter. Figure 6 shows the primary
and secondary magnetic fields and the eddy currents generated by the
instrument in the vertical-dipole mode.

The EM surveying method detects lateral and vertical changes in the
apparent conductivity of the terrain. High apparent conductivity values in
most cases indicate a shallow water table, m tal the presence of clays, and
(or) highly conductive ground water, such as saltwater or water contaminated
with electrically conductive inorganic or organic material. Where ground-
water contamination is entirely organic, and therefore nonconductive, ground-
water contamination may not be detected by using this method. Low apparent-
conductivity values indicate a deep water table, sands, and (or) dilute ground
water. Geologic and borehole geophysical logs are then used to determine
whether high apparent conductivity is caused by geologic materials.

% Use of the trade names in this report is for identification only and does
not constitute endorsement by the U.S. Geological Survey.
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Figure 6.--Diagram showing configuration of electromagnetic-terrain-
conductivity equipment and depth of exploration. (Modified from
McNeil, 1980, fig. 1.)
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Field Procedure

Apparent conductivity was measured at selected stations along roads, fire
breaks, open fields, and wooded areas (fig. 7). Areas with above-ground and
buried utilities were avoided to minimize interferences that affect
electromagnetic fields. Distances between EM measuring stations along survey
lines throughout the study area were either 100 or 200 ft. Equipment-
calibration procedures are given in Barton (1989).

uality Assurance and Quality Contr
\

EM measurements were made at the start and end of each field day at the
base station (fig. 7) to ensure instrument precision. The two daily base-
station readings with each coil orientation and coil spread are shown in
appendix C. Daily base-station readings for coil spacings of 65.6 and
131.2 ft are within 0.5 mS/m of each other, whereas daily base-station
readings for instrument coil spacings of 32.B ft (both dipole modes) are
within 1.2 mS/m of each other. Transient changes of about 1.5 mS/m in
apparent terrain-conductivity occurred during the survey, which was conducted
during a period of 90 days. Lack of repeatability is a function of the
dynamic range of the instrument (approximately 1-1,000 mS/m; McNeil, 1980, p.
10) and the shallow, dry, sandy soil at the base station, which has a
conductivity of less than 1 mS/m. Transient changes probably result from
alteration of the conductivity of the shallow soil by precipitation.
Instrument precision at instrument coil spacings of 65.5 and 131.2 ft (both
dipole modes) is more than acceptable, and at 32.8 ft (both dipole modes) is
adequate.

In order to further ensure precision of the terrain-conductivity meter,
apparent terrain-conductivity measurements were made at selected stations
where EM-survey lines intersect or were repeated. These measurements,
compared in table 2, typically are within 1 mS/m of each other. The percent
difference between measurements, tabulated in table 2b, is less than 10 for
the majority of stations, which is within the recommended control limit of 15
percent (Lockhead Engineering and Management Services Company, Inc., 1984).

Borehole Gamma-Ray Logging

Gamma-ray logs were run at eight wells and five drive points (fig. 8) in
order to identify lithology by determining changes in conductivity and ambient
radioactivity of subsurface material. These logs were used in conjunction
with existing gamma-ray logs to define the hydrogeologic framework of the
study area, and to help interpret the electromagnetic terrain-conductivity
data and water-quality data from drive-point sampling.

A gamma-ray log is a record of the amount of natural gamma radiation that
is emitted by the sediments that surround a borehole as a function of depth.
This radiation results primarily from the radioisotopes of uranium, thorium,
and potassium-40 and their decay products. In the New Jersey Coastal Plain
the natural gamma radiation is proportional to the clay content of the
formation. The chief uses of natural gamma-ray logs are the identification of
lithology and stratigraphic correlation (Keys and McCary, 1971, p. 64). The
logging tool measures natural gamma radiation in counts per second. Observa-
tion wells and drive-point holes were loggedifrom the bottom to land surface.
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Table 2A.--%gmg§[ison of apparent-elec

1nes 1ntersect or at

\

[EM, electromagnetic; VD, vertical dipole; HD, horizontal dipole; --, data not availablel

tromagnetic-terrain-conductivity measurements made twice at a station where survey

d h udy area

repeated stations_i1n the study

EM Distance between coils EM Distance between coils
sgg::y Station feet feet feet feet feet feet sf?:iy Station feet feet feet feet feet feet
number  number VD HD VD HD VD HD number r HD VD HD VD HD
1 2800 -- -- 1.7 0.55 4.5 2.2 5 , 2950 -- .- 1.7 1.8 4.7 2.3
1 3800 -- -- 2.4 1.1 5.6 2.4 4 ‘2000 -- -- 2.0 1.6 5.3 2.7
1 5600 -- -- 1.8 .6 4.6 1.5 1600 -- -- 1.8 .7 5.1 1.2
1 7000 -- -- 1.8 .9 4.7 1.2 10 t1700 -- -- 1.5 4 5.0 2.0
1 8000 -- -- 2.4 1.2 5.6 1.8 1" ' 1200 -- -- 2.5 .9 6.7 3.9
1 9200 -- -- 3.5 1.8 8.1 5.6 14 ' 4200 .- -- 3.4 2.9 8.5 5.5
3 600 -- .- 1.8 1.1 4.4 2.5 40 800 -- -- 1.8 1.6 4.0 2.4
15 1600 2.3 1.2 2.6 2.0 8.0 5.2 24 600 2.3 1.7 2.6 1.8 6.2 3.2
19 2600 9.2 6.4 1.0 9.0 11.0 10.0 55 9.2 5.6 11.0 8.0 10.0 8.0
32 400 2.2 1.2 3.1 2.6 4.6 3.2 36 3.4 3.0 3.0 2.8 4.8 3.2
50 400 9.8 6.2 1.0 1.0 8.0 10.0 64 50 9.8 5.8 13.0 8.8 9.0 9.0
19 1200 2.6 2.4 3.0 2.4 6.5 3.2 19 4200 3.5 2.2 3.5 3.2 6.7 4.3
19 1200 2.6 2.4 3.0 2.4 6.5 3.2 31 2600 2.7 1.7 3.4 2.0 6.0 3.4
10 400 -- .- 1.5 .5 5.0 2.3 58 1400 -- -- 1.7 .6 4.9 1.8

Table 2B.--Percent difference between agggrent-electrgmggnetic-terrain-

conductivity meagurements made twice at a
lines intersect or at repeated stations in

station where survey

the st

area

[W, vertical dipole; HD, horizontal dipole; --, data not availablel

Distance between coils

32.8 32.8 65.6 65.6 131.2 131.2
feet feet feet feet feet feet
VD HD VD HD v, HD
-- .- 0 56 2 4.3
-- -- 9.1 18.5 2.% 5.9

-- -- 0 7.7 5. 1"
-- -- 9.1 38 3 2.8
-- -- 2.0 25 8.9 37
-- -- 1.4 23 2.8 .9
.- .- 0 185 12 2.0
0 17 0 5.2 2. 28.8
0 6.6 0 5.9 4.8 1.1
21.6 42 1.6 3.7 2.1 0

0 3.3 3.7 1" 5.9 5.3
1%.8 4.3 7.7 14.2 1.5 14.7
1.9 17 63 9.1 4 3.0
-- -- 6.3 7.1 1.0 12.2
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Ground-Penetrating-RJdar Survey

A ground-penetrating-radar (GPR) surveﬁ was conducted at the plant in
part of the borrow area (fig. 8). Because records of waste disposal at the
plant are incomplete, it is unknown whether drums of waste were buried in the
borrow area; previously existing trenches were identified from aerial
photographs. The GPR survey was undertaken ito identify subsurface structures
that might be trenches or buried drums.

Theory

GPR systems radiate short pulses of elertromagnetic energy from a
transmitting antenna. This energy enters the subsurface and, when electrical
inhomogeneities are encountered, some energy is reflected back to the radar
antenna and some is transmitted downward to deeper layers (fig. 6).

Electrical inhomogeneities are caused by changes in degree of saturation, clay
content, and composition of the subsurface materials, and by anthropogenic
features such as buried drums.

The GPR record displays total travel time for a signal to pass through
the subsurface, reflect from an inhomogeneity, and return to the surface
(fig. 9). This two-way travel time, measure% in nanoseconds (ns, equal to
10 ® seconds), can be converted to depth below land surface if the relative
dielectric permittivity of the subsurface material is known or if a control
point is available from which it can be calculated (Sheriff, 1984, p. 51).

If depth to a GPR reflector is known, relative dielectric permittivity at
a given point can be calculated by using the following equation (Haeni and
others, 1987, p. 6): ‘

Er = (t/2)% x (c/d)?2

|

where Er = relative dielectric permittiﬁity (a dimensionless ratio);
t = two-way travel time, in seconds;
¢ = speed of light in free space (9.835712 x 10% ft/s unit of
measurement), and
d = depth to the reflector, in feet.

If relative dielectric permittivity is éalculated from the equation above

or is estimated from published data, depth to a reflector can be calculated by
use of the equation: l

, |

|
|
|

d = ¢t 2
2

where t = two-way travel time, in seconds; |

c = speed of light in free space (9.83§712 x 10% ft/s unit of
measurement), and ‘

d = depth to the reflector, in feet.
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Figure 9.--Functional operation of a ground-penetrating-radar system.
(Modified from Haeni and others, 1987, fig. 3.)



Field procedure ‘

A GPR system manufactured by Geophysical Survey Systems with an 80- and
300-MHz (megahertz) transceiver was used to profile the subsurface of the
borrow area (fig. 8). The GPR grid was established by using standard
surveying methods. Each cell of the grid measures 50 ft by 50 ft. The
latitude and longitude of selected grid locations were measured, enabling
reconstruction of the grid at a later date. GPR profiles were collected
continuously along north-south traverses (total length of 2,400 ft) and west-
east traverses (total length 2,100 ft). All GPR profiles were run with a scan
of 300 ns (two-way travel time), which for this survey gives a penetration
depth of approximately 56 ft.

\

Water-Quality Reconnaissance

Measurement of Specific ‘Conductance

Nineteen of the existing observation wells were selected for measurement
of specific conductance. A broad geographic distribution of wells was chosen
to ensure that the specific-conductance measuyrements would be representative
of conditions throughout the site. One well nest (one shallow well and one
deep well) was included. Static ground-water levels (app. D) were measured
with a steel tape to determine the required purging volume for the well.
Wells were pumped with a submersible or centnifugal pump. Three casing
volumes were pumped and purging continued until three successive measurements
of specific conductance, made at S-minute intervals, differed by less than
five percent. |

Drive-Point Sampling

Ground-water samples were collected by use of a drive-point sampler at
five sites, one site adjacent to the borrow area, two Ciba-Geigy-owned sites
adjacent to Winding River Park, and two sites in the park (fig. 8). Site
selection for drive points was based on the results of the EM terrain-
conductivity survey and the layout of the observation-well network. Ground
water was sampled at two or three depths at each drive-point site. (Locations
of drive points were surveyed by the U.S. Geological Survey's National Mapping
Division.) ‘

Drive-point installation and sample collectiog

The drive-point water-quality sampler is| constructed from a 2-ft length
of steel AW drill rod (fig. 10). Thirty-eight 1/2-in.-diameter holes were
drilled in rows 2 in. apart into the drill rod. A stainless-steel 100-mesh
wire cloth screen is inside the drill rod. A!hardened-steel drive point is
screwed onto the bottom of the sampler to facilitate driving the device into
the subsurface. At the top of the sampler, a 3/8-in. outside-diameter
stainless-steel tubing connector is threaded into the top of the coupling to
allow attachment of polyethylene sample tubing. Five-ft-long sections of
drill rod were added to the top of the drive-point sampler as it penetrated
the subsurface. The drive point was driven into the subsurface using either a
140- or 300-pound safety hammer.
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Sampling intervals were determined from lithologic and gamma-ray lines
and from field observations of water yields from particular intervals. When
the drive point reached the sampling depth, sample tubing was attached to the
peristaltic pump. Imbrigiotta and others (1988) reported a loss of purgeable
organic compounds (POCs) by vacuum pumps to be approximately 20 percent. The
peristaltic pump causes the POCs to degas into the vacuum created by the
pump’s suction-1ift mechanism; however, samples can be obtained from the
drive-point sampler only with a peristaltic pump. Before water samples were
collected, five or more casing volumes were purged until three successive
measurements of temperature, specific conductance, pH, and dissolved oxygen,
taken at S-minute intervals, differed by less than 0.2 °C (degrees Celsius), 5
percent (or 5 puS/cm when less than 100 uS/cm), 0.1 unit, and 0.1 mg/L
(milligrams per liter), respectively. Data from the field forms are listed in
appendix E. !

After the sample was collected, anotherkdrill rod was attached and the
sampler was driven to the next sampling interval. The drive-point sampler was
removed from the ground after sampling at each site was completed. A
temporary 2-in.-inside-diameter black steel (BW casing) drive point was
installed in the same hole. Borehole gamma-ray logs were collected in the 2-
in.-inside-diameter BW casing. The drive po%nt was removed after gamma-ray
logging, and the hole was filled to land surface with a cement (95 percent)
and bentonite (5 percent) slurry by means of la tremie pipe to prevent vertical
migration of contaminants.

The drive-point sampler was decontaminated according to USEPA guidelines
(Kenneth Wilkowski, U.S. Environmental Protecdtion Agency, Monitoring
Management Branch, written commun., 1989). The steps are listed below--

. Wash with a low-phosphate detergent.

Rinse with tap water. |

. Rinse with 10-percent nitric acid, ultrapure.

Rinse with tap water.

. Rinse with acetone.

Rinse with deionized, analyte-free water.

. Air dry.

If not used immediately, wrap the drive point in aluminum foil.
\

New polyethylene sample tubing was used |at each drive-point sampling
site, and wash- and rinse-water was contained and disposed of at Ciba-Geigy's
wastewater-treatment facility. This procedure was followed to avoid possible
contamination of water-quality samples with organic rinses and to ensure that
the presence of other contaminants in these samples would not be masked.
Also, the use of 10-percent nitric acid to rinse steel drill rods could
contaminate samples with metals.

OOV P WN

Sample Analysis

Samples collected from drive points were sent to the USGS National Water-
Quality Laboratory (NWQL) in Denver, Colorado, for analysis. The NWQL is a
USEPA-Region II-approved laboratory for determinations of the USEPA regulated
POCs and the following trace elements and nutkrients: arsenic, barium,
cadmium, chromium, silver, lead, mercury, nitrate, fluoride, and selenium.
Analytical methods for the determination of constituents in ground-water
samples are described in Fishman and Friedman (1985) and in Wershaw and others
(1987).
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Drive-point water-quality samples were analyzed for dissolved ions, POCs,
phenolic compounds, dissolved metals, and dissolved nutrients. Twenty-five
percent of the samples collected were analyzed for total metals. Constituents
determined and constituent reporting levels are listed in table 3. The
sample-collection procedures are described in Hardy and others (1990). Sample
treatment, preservation and containers, and container preparation are
described in Feltz and others (1985). Sample holding times are those
recommended by the USEPA (1986). The samples were chilled and shipped
overnight to the NWQL on the day of collection on Mondays through Thursdays;
samples collected on Friday were kept chilled and shipped overnight on the
following Monday. Samples collected on Friday include those from drive
point 1 at sampling intervals of 28 to 30 ft, 40 to 42 ft, and 45 to 57 ft;
those from drive point 2, at sampling intervals of 40 to 42 ft and 47 to
49 ft; and those from drive point 5 at a sampling interval of 2 to &4 ft.

Quality Assurance and Quality Control

The quality assurance and quality control (QA/QC) program is described in
Barton (1989, p. 36) and is summarized here. Included are checks on data
precision (comparison of differences in concentration between sequential
samples) and procedural precision (the repeatability of the measurement). The
NWQL’s QA/QC program is described in Jones (1987) and Friedman and Erdman
(1982).

Accuracy.--The accuracy (the relation between the reported data and the
"true” values) of the analytical methods for ground-water-quality analysis for
this study was determined on the basis of USEPA’s most recent (February 1989)
performance-evaluation study. Because spiked samples are submitted by USEPA
to the NWQL on a regular basis to determine analytical accuracy, no spiked
drive-point samples were submitted to the NWQL.

Performance and system audits and data validation.--Field instruments
(pH, specific-conductance, and dissolved-oxygen meters) were calibrated at
each sampling site. Of the samples collected, five percent were replicated
and submitted "blind" (as an unknown QA/QC sample) to the NWQL. The drive-
point water-quality samplers were rinsed with deionized water after
decontamination; the rinse water was submitted for analysis as a wash blank to
determine the effectiveness of the decontamination procedure. Trip blanks of

deionized, analyte-free water were shipped with the samples to NWQL and were
analyzed.

HYDROGEOLOGY
Framework

Hydrogeologic sections were developed to help in selecting sites for
drive-point water-quality sampling and to assist in interpreting surface EM-
conductivity data. The locations of the hydrogeologic sections were chosen to
provide information throughout the study area (fig. 11). Sections A-A'and
B-B’ (pls. 1 and 2) profile the study area north-south and east-west,
respectively, and section C-C' (pl. 3) shows a north-south profile through
Winding River Park. Drive-point sections D-D’, E-E’, and F-F’' (pls. 4-6) are
east-west profiles from the plant to Winding River Park through the Toms River
floodplain. Collectively, the six sections show data from gamma-ray logs,
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Table 3.--Minimum reporting level

[mg/L, milligrams per liter; ug/L, micrograms per liter; uS/cm, microsiemens per centimeter at 25 degrees Celsius]

Physical and chemical properties

Alkalinity (lab, as CaC03) 1.0 mg/L Specific conductance 1.0 uS/cm
pH 1.0

Dissolved constituents

Arsenic 1.0 ug/L Mol 10.0 ug/L
Barium 2.0 ug/L Nickel ) 1.0 ug/L
Beryllium 5 ug/L Nitrogen (ammonia plus orgenic) .2 mg/L
Cadmium 1.0 ug/L Phosphorous ortho (as P) .01 mg/L
Calcium .02 mg/L ‘ Silica 1.0 ug/L
Chloride .1 mg/L I Silver 1.0 ug/L
Chromium 1.0 ug/L I Sodium .2 mg/L
Cobalt 3.0 ug/L . Strontium 5.0 ug/L
Copper 10.0 ug/L . Sulfate .2 mg/L
Iron 3.0 ug/L Vanadium 6.0 ug/L
Lead 10.0 ug/L . Zine 3.0 ug/L
Lithium 4.0 ug/L
Manganese 1.0 ug/L |
Magnesium .01 mg/L ;
Mercury .1 wg/L i
Total constituents
Arsenic 1.0 ug/L Mercur 1 ug/L
Barium 100" pg/t  Nitrate "1 mg/L
Cadmium 1.0 ug/L Phenols 1.0 ug/L
Chromium 1.0 pg/L ! Silver 1.0 ug/L
Lead 5.0 ug/L | Selenium 1.0 ug/L
L
Purgeable organic ch
Dichlorobromomethane 3.0 ug/L 1,1,2-Trichloroethane 3.0 ug/L
Carbon tetrachloride 3.0 ug/L 1,1,2,2-Tetrachloroethane 3.0 ug/L
1,2-Dichloroethane 3.0 ug/L 1,2-Dichlorobenzene 3.0 pg/L
Bromoform 3.0 ug/L 1,2-Dichloropropane 3.0 ug/L
Chloro-dibromomethane 3.0 ug/L 1,2-Trans-dichloroethene 3.0 ug/L
Chloroform 3.0 ug/L 1,3-Dichloropropene 3.0 ug/L
Phenols 3.0 ug/L 1,3-Dichlor zene 3.0 ug/L
Toluene 3.0 ug/L 1,4-Dichlorobenzene 3.0 ug/L
Benzene 3.0 ug/L 2-Chloroethyl vinyl ether 3.0 ug/L
Chlorobenzene 3.0 ug/L Dichloro-difluoromethane 3.0 ug/L
Chloroethane 3.0 ug/L Trans-1,3-dichloropropene 3.0 ug/L
Ethylbenzene 3.0 ug/L Cis-1,3-dichloropggpene 3.0 ﬁg/L
Methylbromide 3.0 ug/L Vinyl chloride 3.0 ug/L
Methylchloride 3.0 ug/L Trichloroethylene 3.0 ug/L
Methylene chloride 3.0 ug/L Styrene 3.0 ug/L
Tetrachloroethylene 3.0 ug/L 1,2-Dibromoethane water, whole 3.0 ug/L
Trichlorofluoromethane 3.0 ug/L Xylene 3.0 ug/L
1,1-Dichloroethane 3.0 ug/L
1,1-Dichloroethyiene 3.0 ug/L
1,1,1-Trichloroethene 3.0 ug/L
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lithologic interpretations, and water-quality data from 36 observation wells,
3 purge wells, 3 production wells, and 4 drive-point sites. Construction
details for wells and drive points used to determine the framework are listed
in appendix A. Lines were constructed from' gamma-ray logs, drillers’ logs,
and geologists' logs.

Gamma-ray logs were collected at several wells in the study area by the
USGS, AWARE, and ETE for NUS Corporation. TE is asconsulting company
subcontracted by NUS Corporation to collect|gamma-ray logs. Logs collected by
USGS, AWARE, and ETE for NUS Corporation are compared in figures 12, 13, and
14. These logs show comparable responses t¢ natural gamma-ray activity.

Gamma-ray logs collected by the USGS for this study are shown on plates 1
through 6 and in figure 21. \

The Kirkwood-Cohansey aquifer system in northern Ocean County has been
mapped as a single geohydrologic unit (Zape#za, 1989, pl. 3) consisting of
sand and silt with interbedded clay layers. | Because the sediments that
comprise the aquifer system dip gently to the southeast at approximately 11 to
25 feet per mile (Isphording, 1970, p. 987), layering is nearly horizontal.

In the study area, the aquifer system consists of sand with discontinuous
silt and clay layers and some lenses of gravel from land surface to approxi-
mately 60 ft below sea level. Southwest and southeast of the production area
at the plant, the shallow part of the aquifer system is composed primarily of
sand with discontinuous clayey silt layers (pl. 6, well RI-24XD; pl. 2, well
RI-27XD) and some clay layers. Although the layers of fine material are
discontinuous across the site, they are in some places continuous over 1,880
ft, as shown in line F-F’, pl. 6, wells 0122 through 0139. At some sites, as
determined from borehole gamma-ray logs, the upper part of the aquifer system
consists mainly of sandy material. The upper 82 to 85 ft at wells RI-32XD
(from 17 ft above sea level to 65 ft below sea level, pl. 3) and RI-24XD (from
65 ft above sea level to 20 ft below sea level, pl. 6) is mainly sand.

All production wells and most observation wells at the plant in the study
area are screened above 60 ft below sea level. Observation wells generally
are screened in fine sands and silts. Data from well logs for production
wells 403, 404, and 206 are included in lines D-D' and B-B' (pls. 4 and 2,
respectively); data from logs for purge wells 748, 747, and 750 are shown in
lines A-A' and F-F' (pls. 1 and 6, respectiv?ly).

\

A clay layer, identified in logs of four deep wells in the study area,
was mapped by AWARE, Inc., as the Kirkwood-Cohansey transitional unit (AWARE,
Inc., 1986a, fig. 4-27). Because few wells at and near the plant penetrate
deeper than 60 ft below sea level, the hydrogeologic framework of the deep
part of the Kirkwood-Cohansey aquifer system is poorly defined, and the
lateral continuity of layers cannot be determined. On the basis of limited
data from several well logs, silt, clayey silt, and clay layers appear to be
thicker in the deep (more than 60 ft below sea level) part of the aquifer
system than silt and clay layers in the shallow part of the aquifer system. A
silt layer identified in the gamma-ray log of deep well RI-32XD, located from
74 to 150 ft below sea level, is 76 ft thick (pl. 5).
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GAMMA RADIATION INCREASES———
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Figure 12.--Comparison of borehole gamma-ray log (A) run by the U.S.
Geological Survey with log (B) run by AWARE, Inc., in well 0139 at
the Ciba-Geigy Superfund site near Toms River, New Jersey.
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Figure 13.--Comparison of borehole gamma-ray log (A) run by the U.S.
Geological Survey with log (B) run by AWARE, Inc., and log (C) run
by NUS Corporation in well 0167 at the Ciba-Geigy Superfund site
near Toms River, New Jersey. |
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Figure 14.--Comparison of borehole gamma-ray log (A) run by the U.S.
Geological Survey with log (B) run by AWARE, Inc., in well 0187 at
the Ciba-Geigy Superfund site near Toms River, New Jersey.
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In the deep part of the aquifer system, two sand layers were identified
in the logs of deep wells; these layers appear to be relatively continuous
within the study area. The upper sand layer is found at altitudes ranging
from 64 ft below sea level (log of well RI-27XD, pl. 2) to 98 ft below sea
level (log of well RI-21XD, pl. 1). The thickness of the upper sand layer
ranges from 8 ft (logs of wells 0182 and RI-21XD) to 26 ft (log of well 0179);
this layer is absent in the log of well RI-32XD. The upper sand layer in the
deep part of the aquifer system was mapped by AWARE, Inc. (1986a, fig. 4-14),
as the Kirkwood No. 1 sand.

The altitude of the upper surface of the lower sand layer ranges from
132 ft below sea level (log of well 0182, pl. 2) to 150 ft below sea level
(logs of wells RI-21XD, pl. 1, and RI-32XD, pl. 3). The lower sand unit was
not found in the log of the USGS Toms River Chemical well 84 (fig. 15;
Zapecza, 1989, pl. 18), which is located near well RI-27XD. Further, the
lower sand layer was not positively identified in the log of well RI-27XD.
This lower sand layer was mapped by AWARE, Inc. (1986a, fig. 4-11), as the
Kirkwood no. 2 sand.

The limited well-log data available indicate that the deep part of the
aquifer system is predominantly sand with lenses of greenish silt and clay,
which probably contain glauconite. The basal Kirkwood Formation (Isphording,
1970, p. 996) and the underlying Shark River and Manasquan Formations also
contain glauconite (Enright, 1969, p. 18).

Several observation wells (0182, 0179, ﬁI-2lXD, RI-24XD, and RI-27XD)
were drilled to depths below their screened intervals. Split-spoon samples
were collected from the formation below the finished depth of the well, but no
gamma-ray logs were run in these boreholes below the screened interval.
According to geologists’ logs, the top of the composite confining unit
underlying the Kirkwood-Cohansey aquifer system ranges from 152 ft to 162 ft
below sea level (pls. 1-3). The confining unit consists of fine to medium
glauconitic sand with lenses of clay and silt (NUS Corporation, 1988, app.
D-9). The altitude of the upper surface of the composite confining unit at
the USGS Toms River Chemical observation welh 84 is approximately 140 ft below
sea level (fig. 15; Zapezca, 1989).

Hydrologic Characteristics of ?he Aquifer System

Movement of contaminated water within the ground-water system at and near
the Superfund site depends on the hydrologic characteristics of the aquifer
system. Aquifer tests have been conducted at| a few locations. The Ranney
Company conducted a test using wells in the vicinity of well RI-28D (Ranney
Method Water Supplies, 1956, p. 1-2). Wells used in this test were screened
from 17 to 57 ft below river level. An aquifEr test at purge well 747
(screened from 12.0 ft above sea level to 26 ft below sea level, pl. 1),
conducted by AWARE, Inc., in 1986, showed that hydraulic conductivities ranged
from 2.66 x 10 2 ft/d (feet per day) to 3.4 x 10 2 ft/d (AWARE, Inc., 1986a,
P. 4-32). (Purge and production wells and their specific capacities at the
time of installation are listed in app. A.)
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Toms River Chemical

Well 84
29-85
RADIATION INCREASES —>
+ FEET
Sea level
Kirkwood-Cohansey aquifer system
-140
Composite confining unit
Wenonah-Mount Laurel aquifer _222
Marshalltown-Wenonah confining unit 717
-851
Merchantville-Woodbury confining unit
-1052

Potomac-Raritan-Magothy
aquifer system

Figure 15.--Gamma-ray log of Toms River Chemical Well 84. (Modified from
Zapecza, 1989, pl. 3 and table 4.)
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Because no aquifer tests were conducted using wells screened in the deep
(greater than 60 ft below sea level) part of the aquifer system, the hydraulic
conductivity of that part of the aquifer system is unknown. Similarly, no
hydraulic-conductivity data are available for the underlying confining unit.
However, a regional ground-water-flow model of the New Jersey Coastal Plain
simulated a hydraulic conductivity of 5.0 x 10 § ft/d in the upper 100 ft of
the confining unit (Martin, 1990, figs. 16 aFd 70).

Ground-water-flow patterns within the study area have been studied
previously. Water-table maps generated as pbrt of previous investigations
indicate an east-southeast gradient towards the Toms River (AWARE, Inc.,
1986a; NUS Corporation, 1988). The water-table maps probably do not represent
the true water table, because semiconfined cbnditions, caused by clay lenses,
are likely to exist in some parts of the study area. Further, pumping at the
purge wells (see fig. 4 for locations) affects ground-water movement at and
near the Superfund site. Water levels measured during the current study (app.
C) show a pronounced decrease in the area east and southeast of the active
landfill and west of Cardinal Drive (fig. 16). This water-table depression
can be related to the pumping of the purge wells. Water levels in both
shallow and deep wells (RI-21S and RI-21D) were measured in the southernmost
part of the plant area immediately west of Cardinal Drive. The head gradient
in this area shows a strong downward component with a difference in head of
5.82 ft between shallow and deep wells. Additional water-level data from
other nests of wells are needed to accurately determine the magnitude of the
vertical component of ground-water flow at the site.

The few water-level measurements shown %n figure 16 indicate that, in
general, shallow ground water moves toward, and apparently discharges to, the
Toms River. Again, because of the lack of deep wells, the hydraulic
connection between the deep part of the aquifer system and the Toms River and
associated wetlands is poorly understood. The presence of dissolved
contaminants on the east bank of the Toms River suggests that ground water
from the deep part of the system (well RI-9, screened from 7.2 ft above to
28.3 ft below sea level) may pass beneath the river rather than discharging to
it. Additional data are required to adequately assess ground-water movement
beneath the river.

GEOPHYSICAL CHARACTERISTICS

Apparent Terrain-Conductivity ané Specific Conductance

Apparent terrain-conductivity measured in the study area from April
through July 1989 ranges from less than 1 to 56 mS/m. Anomalously high values
of apparent terrain-conductivity (greater than 10 mS/m) extend eastward from
the production area at the plant to the Toms |River, and east of the Toms River
into the Equestrian Park. The areal extent of anomalously high apparent-
terrain-conductivity values, shown on plates '7 through 9, approximately
coincides with those areas where organic contamination of ground water was
identified previously (NUS Corporation, 1988, fig. 4-30). The mapped area of
contaminated ground water extends into the Cardinal Drive area; no apparent-
conductivity measurements could be taken in the Cardinal Drive area, however,
because of anthropogenic interferences. On the basis of its coincidence with
known areas of contamination, anomalously high apparent terrain-conductivity
values probably indicate the presence of contaminated ground water. No other
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areas of high (greater than 5 mS/m) apparent conductivity were detected during
the EM survey. An area with apparent-conducTivity values slightly higher than
background was found northeast of the borrow area, however. These slightly
elevated values could result from the presenie of organic silt layers, but
also could be caused by the presence of ground water that is less dilute than
ambient ground water in the area. |

Throughout the study area, apparent-con&uctivity values at EM stations
generally increased with increasing depth of 'exploration. This trend is most
likely related to an increase of silt and clay with depth (silt and clay are
more conductive than sand and gravel) and thd depth to the water table. In
the area of ground-water contamination, the trend also could be related, in
part, to the distribution of contaminants within the aquifer system.

Ground water in the area near Toms River, New Jersey, generally has low
specific conductance. Wells screened in the Kirkwood-Cohansey aquifer system
within a 5-mi radius of the study area yield water with a mean specific
conductance of 70 uS/cm (microsiemens per centimeter at 25 °C). The specific
conductance of water from observation wells (fig. 17) that does not contain
POCs or inorganic elements or compounds in concentrations greater than the
USEPA maximum contaminant level (MCL) range from 37 uS/cm (well RI-26) to
56 uS/cm (well RI-24S). 1Ions in solution (metals, chloride, and sulfate)
cause water to be electrically conductive. Specific conductance increases
with increasing concentrations of dissolved inorganic and some (ionic) organic
compounds. Electrically conductive ground water (maximum specific conductance
1,560 uS/cm (well 0127)) extends eastward fro@ the production area to the Toms
River. Electrically conductive ground water also is present in the Equestrian
Park (maximum specific conductance 1,860 uS/cim (DP-2)) and in the vicinity of
observation well RI-13S in lower Winding River Park (fig. 17). Elevated
specific-conductance values coincide approximately with elevated chloride

concentrations (AWARE, Inc., 1986, fig. 4-45) and total POCs (NUS Corporation
1988, fig. 4-30).

The relation between the apparent terrain-conductivity of the sediments
and fluids and the specific conductance of water sampled from wells and drive
points throughout the study area is shown in figure 18. Criteria for
regression analysis included selecting water samples from wells and drive
points to represent both ambient and contaminated ground water, and proximity
(within 100 ft) of an EM station to the sampled well or drive point. Less
than five percent (28 samples) of the terrain-conductivity data was used in a
regression analysis because the number of sampled wells near EM stations was
limited. The screened depth in the sampled wells determined the choice of
EM34-3 coil spacing and dipole orientation used in the regression analysis.
The depth from land surface to the bottom of the well screen ranged from
10.5 ft to 106 ft; altitudes of the screened intervals ranged from 3.3 ft
above sea level to 33 ft below sea level. The locations of the wells and
drive points sampled are shown in figure 8.
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The relation between apparent terrain-conductivity (ATC) in millisiemens
per meter and specific conductance (SC) in microsiemens per centimeter in the
study area (shown in fig. 18) can be described by the regression equation

ATC = -4.66 + 2.24 1nSC.

The correlation coefficient is 0.427. Unexplained variance associated with
the regression line was greater than 50 percent, indicating that other
variables, such as heterogeneity of the sediments and the concentration of
dissolved ions in the contamination plume, probably have a large influence on
the concentrations of measured constituents.

Apparent-terrain-conductivity values are a rough indication of ground-
water contamination. On the basis of the low correlation coefficient and
large variance, accurate prediction of specific-conductance values from
apparent-terrain-conductivity values is difficult without considering other
influencing variables.

Geophysical Anomalies in the Eastern Part of the Borrow Area

GPR profiles were collected along 3,400 ft of survey lines in the eastern
part of the borrow area. The entire borrow area comprises about 17 acres;
however, the western part was inaccessible to the GPR instrument. Therefore,
only about 16 percent of the borrow area was surveyed (fig. 19), and no
assessment of the presence of manmade structures or buried debris was possible
in the western part of the borrow area.

Figure 20 shows the GPR-survey grid and the locations of the geophysical
anomalies detected in the eastern part of the borrow area. The GPR profiles
and the interpreted subsurface conditions are shown on plate 10. During the
survey, the water table was approximately 14 ft below land surface at
well 0146, 60 ft southwest of the southern boundary of the GPR grid. Water

levels within the grid could not be measured because well 0261, located within
the grid, had been damaged.

Two-way travel-time velocities of GPR pulses within the surveyed area
were calculated by use of the equation on page 24 and published relative
dielectric permittivities (Geophysical Survey Systems, Inc., 1974, p. 20). An
average GPR velocity of 0.38 ft/ns (feet per nanosecond) was calculated for
the unsaturated layer from GPR profile 14, grid coordinates 1000 NS - 1000 EW,
and profile 8, grid coordinates 0950 NS - 1400 EW, (pl. 10). GPR velocities
below the water table ranged from 0.1 to 0.3 ft/ns.

The depth of exploration ranged from approximately 30 ft on GPR profile
0-0', grid coordinates 1100 NS - 1250 EW (pl. 10), to greater than 56 ft in
the northwestern part of the surveyed area (GPR profiles S-S’, T-T', and U-U’,
fig. 21). The GPR signal was attenuated throughout the northeastern and
southeastern parts of the surveyed area except near grid coordinates 1100 NS -
1200 EW on GPR profiles L-L' and P-P' (fig. 20). The signal attenuation
generally was pronounced beneath identified GPR anomalies, which appeared as
shallow, trough-shaped reflectors that cut across nearly horizontal reflectors
(pl. 10). Signal attenuation can be caused by landfilled anthropogenic
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