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GEOPHYSICAL INVESTIGATIONS TO DETERMINE
BEDROCK TOPOGRAPHY IN THE
EAST HANOVER-MORRISTOWN AREA, MORRIS COUNTY, NEW JERSEY
by

Suhas L. Ghatge and David W. Hall
ABSTRACT

Gravity, seismic refraction, electrical resistivity, and induced polarization methods were used to
determine bedrock topography in the East Hanover-Morristown area of Morris County, New Jersey.
Previous investigations, based on well information and seismic refraction surveys, had identified parts of
the East Hanover buried valley system, but not in sufficient detail for ground-water pollution investiga-
tions.

A residual gravity anomaly map generated from a Bouguer anomaly map by the removal of the regional

gravity (represented by a first degree double Fourier series trend surface) shows the East Hanover buried
valley and the northern extension of the Chatham buried valley.

Two-dimensional inverse modeling of three gravity profiles adequately resolves the depth to bedrock
along the profiles. Interpretation of 22 seismic refraction lines, 3 out of 6 electrical resistivity-induced
polarization soundings, and well logs provided bedrock depths at spot locations. A bedrock topography
map was prepared using all the geophysical and well data. This map has been utilized in ground-water
pollution studies of the area to show ground-water flow.

INTRODUCTION

This geophysical investigation was carried
out to assist in the investigation of ground-water
pollution in the East Hanover-Morristown area
(tig. 1), Mortis County, New Jersey. The major
pollutants are volatile organic compounds
(Oudijk, 1987). A single source of the con-
tamination has not been determined but there
are several industries in the area which may be
sources.

Direct detection of contaminated ground-
water was not possible using geophysical techni-
ques because of the low concentrations of
contaminants. However indirect study seemed
possible because the bedrock surface is believed
to influence the local ground-water flow.

Four surface geophysical methods were in-
tegrated with depth-to-bedrock data from well
records and results of previous geophysical in-
vestigations to determine the topography of the
bedrock surface. The geophysical methods were
gravity, seismic refraction, electrical resistivity,
and induced polatization.

The choice of methods and placement of
stations was severely constrained by the urban
character of the study area. Space limitations,
buildings and roads, electrical noise from power
lines, and acoustic noise from highways and
equipment limited quality of data from seismic
and electrical methods. Gravity measurements

are effective for buried valley delineation (Hall
and Hajnal,1962; Stewart, 1980), less susceptible
to cultural noise than other methods, and require
only a small area to take a reading. Therefore,
gravity measurements were considered to be the
best geophysical method to determine bedrock
topography in this area. Gravity data can also be
collected with a minimum amount of field time,
even though each measurement station has to be
surveyed for vertical and horizontal control. The
majority of the geophysical data collected in this
study was, therefore, gravity data.

Gravity measurements were taken at 131 sta-
tions within an area of approximately 20 square
miles. In addition, seismic refraction data were
collected at 22 locations and six electrical resis-
tivity soundings and three induced polarization
soundings were taken.
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Figure 1. Location of the study area and regional geology.

The Boonton Formation, the youngest unit of
the Newark Supergroup in New Jersey (Olsen,
1980) forms the bedrock in the study area. The

Boonton Formation, part of the Brunswick

GEOLOGY

Group (Lyttle and Epstein, 1987), consists of
about 1640 ft of red, brown, gray, and black, fme
to coarse clastics and minor evaporite beds. It

overlies the Hook Mountain Basalt (Olsen,



1980), the youngest extrusive rock unit in the
Watchung Syncline (fig. 1). There are no
bedrock exposures within the study area, but
Lyttle and Epstein (1987) show the bedrock
beneath the unconsolidated sediment to be
rather flat lying, with dips of less than 10 degrees.
The Border Fault, west of the study area,
separates rocks of the Brunswick Group (fig. 1)
from Precambrian gneisses.

Above the bedrock is unconsolidated, valley-
filling sediment of Quaternary age. These
deposits consist of till, clay, silt, sand, and gravel
of glacial, lacustrine, and fluvial origin (Salisbury,
1902; Gill and Vecchioli, 1965). The sediments
are predominantly late Wisconsinan tills and
lacustrine sediments deposited in glacial Lake
Passaic.

Previous Investigations

Maps showing inferred locations of sedi-
ment-filled valleys in the study area are in Salis-
bury (1902), but little was known at that time as
to their exact location or depth. Gill and Vec
chioli (1965) used well data and Gill and others
(1965) incorporated seismic data in bedrock
topographic maps of the area. These were sub-
stantially improved by Vecchioli and Nichols
(1966), Vecchioli and others (1967), and Nichols
(1968). Nichols (1968), using bedrock elevations
from wells, test holes, and seismic refraction,
identified the East Hanover valley as a separate
tributary of the Chatham valley extending from
Flotham Park into East Hanover Township
where it joins the Millburn valley.

GEOPHYSICAL FIELD METHODS

Gravity

The gravity meter used in this study was a
Lacoste & Romberg Gravimeter (Model G77)
capable of reading to the nearest 0.01 milligal
(mGal; 1 mGal = 0.001 cm/s?).

Gravity readings were taken at 131 locations
(plate 1II; table 1, appendix) mainly at
benchmarks, road intersections, or along roads.
The accuracy of the micrometer readings was
maintained by taking successive observations
until duplication was obtained to within 2
micrometer divisions (1 micrometer division is
about 0.010356 mGal). Counter readings were
converted to mGal values according to the
gravity meter specifications. Station elevations
were obtained by leveling to an accuracy of £0.2
ft. Latitudes were obtained from USGS 7.5
minute quadrangle maps and by surveying from
benchmarks. The margin of error in latitude was
0.025 minutes. The gravity measurements had an
accuracy of +0.02 mGal due to instrument,
elevation, and latitude accuracy.

The primary base station was that established
by Bonini and Woollard (1957) in Guyot Hall,
Princeton University, about 32 miles south of the
survey area. The observed gravity at the
Princeton base station is 980177.6 mGal (Bonini
and Woollard, 1957). A secondary base station,
EH1, was established at New Jersey Geodetic
Control Survey monument no. 53006, located op-
posite the Washington Monument on Morris
Avenue (route 510) in Morristown. A value of
980198.48 mGal was established by repeated
loops with the primary base station.

Seismic Refraction

Seismic refraction data (table 2, appendix)
were collected at 22 locations (plate 11I) in the
East Hanover-Morristown area in the vicinity of
the Morristown Municipal Airport. Data were
collected using a Bison 8012A, 12-channel, sig-
nal enhancement seismograph, and automat-
ically recorded in the field. A 20-ft geophone
spacing was used for most lines. A 50-ft spacing
was used on lines EH 1 for greater depth pen-
etration. The geophones used were Terra
Dynamics ADR-711 accelerometers. Acces-
sibility and the level of background noise dic-
tated which seismic source was used. A trailer-
mounted vacuum-actuated weightdrop (E.G.&
G. Dynasource) was used at the majority of the
shotpoints. An 8- or 10-gauge "Buffalo Gun"
was used in remote areas.

Electrical Resistivity and Induced Polarization

Electrical resistivity and induced polatization
(IP) sounding data were collected at 3 of the 22
locations where seismic refraction data were
collected. Resistivity sounding data (without IP
data) were also collected at 3 other seismic
refraction traverse sites (plate III; table 3,
appendix).

Resistivity and IP data were collected using
the Schlumberger configuration (Dobrin, 1970).
The Schlumberger electrode array was used with
varying maximum current-electrode (AB) spac-
ing. For soundings EHVES-1, EHVES-2,
EHVES-3, and EHVES-6, maximum AB spac-
ings were 1312.4 ft; EHVES-4 had a maximum



spacing of 16403 ft; and EHVES-5 had a maxi-
mum spacing of 2073.6 ft. Data were obtained
using the Huntec M4 2.5kW resistivity/induced
polarization system. Steel stakes were used for
transmitting current into the ground. Copper-
copper sulfate, porous-pot electrodes were used
at the receiver for making the voltage measure-
ments; data were automatically recorded.

Data were collected in response to a trans-
mitted waveform composed of successive two-
second intervals each of on-positive, off, on-

negative, and off pulses. Voltage readin's at the
receiver were obtained during the on-time and
for ten windows of 100 milliseconds (ms) width
starting 100 ms after turnoff of the transmitted
current. The on-time voltage measurements
were used to obtain the resistivity data. The in-
duced polatization data consisted of apparent
chargeabilities in milliseconds which were ob-
tained by summing the average voltage from
each of the ten time windows and then dividing
this sum by the average on-time voltage.

GEOPHYSICAL DATA REDUCTION AND INTERPRETATION

Gravity

Data Reduction

Gravity measurements were reduced to
simple Bouguer gravity values using formulas in
Dobrin (1976). Corrections for tidal effects, in-
strtumental drift, latitude, and elevation were
performed using a gravity reduction computer
program.

Gravity readings were converted to observed
gravity values by correcting for tidal and instru-
mental drift with base-station readings at inter-
vals of two hours or less. The latitude effect at
each station was calculated from the theoretical
gravity at sea-level, using the International
Gravity Formula of 1930 (Dobrin, 1976). The
effect of station elevation above sea-level datum
was determined using the free-air and Bouguer
corrections. A density of 2.67 gm/cc was used in
the Bouguer correction. Terrain corrections,
which account for the deviation of topography
from a horizontal surface, were calculated at
some stations but were not used because they
were not significant. Bouguer gravity values were
then calculated, plotted, and contoured to ob-
tain a Bouguer gravity anomaly map (plate I).

A residual gravity map (plate II) was
prepared from the Bouguer anomaly data using
the double Fourier seties analysis computer pro-
gram of James (1966). This program is used for
trend surface analysis of irregularly spaced data.

The program removed from the Bouguer
gravity values all wavelengths in excess of 4.375
miles in the north-south direction and 6.25 miles
in the east-west direction.

Interpretation
The residual gravity map (plate 1I) shows
gravity lows which coincide with parts of East

Hanover buried valley filled with relatively low-
density clay and muck. This trend in gravity lows is
interrupted by a WNW-ESE trending gravity high
located northeast of Morristown Airport. This
gravity high may be relatively high-density
overburden, possibly till or weathered bedrock,
underlying the clay. The trend of gravity lows
coincident with the East Hanover buried valley is
flanked on the west by a gravity high trending NE-
SW indicating a bedrock high.

A gravity low in the southwestern part of the
residual gravity map (pl. 1) may be due to the
low density material within the northern exten-
sion of the Chatham buried valley.

For higher-resolution gravity interpretation
and depth determination, a two-dimensional,
non-linear, least-squares gravity inversion pro-
gram was used to model the gravity data in
profile form. This program incorporates the
Marquardt procedure (Beck and Arnold, 1977) to
calculate the new model parameters. Three
profiles, A-A', B-B' and C-C' (plate I), wete
modeled using this program.

The gravity field of the initial model was
calculated at each station on the surface using the
line integral algorithm (Talwani and others, 1959).
The initial model consisted of depths to bedrock
obtained from well information, seismic refraction,
and, in profile B-B', electrical resistivity and IP
data. The Hook Mountain Basalt and gneiss west
of the Border Fault were included in the models
since they contribute to the regional gravity effect.
Density contrasts of the various bodies were the
fixed parameters in the modeling.
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Densities used in the modeling, adapted
from Dobrin (1976), Telford and others (1976),
and Kodama (1983) are as follows:

GICISS vveeereeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneaeas 2.72gm/cc
Boonton Formation ... 2.67 gm/ cc
Hook Mountain Basalt . . . . 296 gm/cc
Saturated clay and muck . . . 1.20 gm/cc

Unconsolidated sediments . . 2.22 gm/cc

Bedrock depths at gravity stations on the
profiles were the values that were changed in the
modeling process. There are many possible
models that would result in the same gravity
anomaly, therefore the interpretation of gravity
data is ambiguous. Hence, constraints on depths
or densities obtained using other methods are
essential. Depth at each gravity station was re-
calculated when the calculated gravity value did
not adequately fit the Bouguer gravity value.
When the gravity values from the calculated
model fit the observed gravity data with an error
of no more than +0.02 mGal and the model
provided the lowest standard deviation for all
parameters it was accepted as the fmal model.

Interpreted depth sections corresponding to
gravity profiles B-B' (fig. 4) and C-C' (fig. 5) are
geologically reasonable and data fit is good. In-
terpretation of gravity profile A-A' (figs. 2, 3) is
problematic. In figure 2, bedrock elevations at
two wells, located at 15,089 ft and 16,230 ft, are
used to constrain the model for profile A-A'.
These two wells show bedrock elevations of 125
and 126 ft according to Gill and others (1965)
and Nichols (1968), showing a bedrock high in
the area. The interpreted depth section from
gravity modeling (fig. 2) does not seem to be
geologically reasonable in the vicinity of the two
wells. In order to raise the bedrock surface of the
gravity model to the level of the wells, it was
necessary to increase the thickness of the muck
and saturated clays in the depth section and
extend it beneath denser unconsolidated sedi-
ments.

The location of these two wells is ques-
tionable. Despite careful search at U.S. Geologi-
cal Survey, Trenton, and NJ Department of
Environmental Protection, Trenton, no records
could be found. Accordingly, the gravity profile
was reinterpreted without these two bedrock
elevations as constraints (fig. 3). The interpreted
depth is geologically reasonable and shows the
valley to be broader and deeper. Data fit is good
except at station EH 22, table 1, possibly due to
instrument noise.

Seismic Refraction

The seismic refraction data analysis was per-
formed using the computer programs HRASSD
(Hoffman and Waldner, 1986) and SIPT (Scott,
1977). HRASSD was used to pick the time
breaks and the corresponding layer numbers for
individual shot points. These values were input to
the SEPT program of Scott (1977). SIPT was
used to calculate average apparent velocities for
each layer and then assemble data from several
shotpoints from both the forward and reverse
traverses into a single profile using the ray trac-
ing algorithm of Scott and others (1972).

Generally, a three-layer model was used in
analysis of the refraction data. In the near-sur-
face layer (layer 1) average velocity is between
925 and 2000 ft/s and probably represents the
unsaturated overburden. The next layer (layer 2)
has an average velocity between 4000 and 7000
ft/s and is probably saturated overburden below
the water table. The deepest layer (layer 3) is the
shale of the Boonton Formation, with an average
velocity between 10,000 and 13,000 ft/s. Figure 6
shows a time-distance curve and interpreted
depth section for seismic refraction profile EH 2.
The profile itself is shown on gravity profile B-B'
(tig. 4). The interface between layer 1 and layer
2 is the water table, which has an average depth
of 5.4 ft below surface. The depth below land
surface to layer 3 ranges from 46 to 83 ft. Average
velocity of layer 3 is 10,200 ft/s. This velocity
indicates that the bedrock is probably shale. A
well south of the seismic profile shows a bedrock
depth of about 100 ft.

Electrical Resistivity and Induced
Polarization (IP)

The electrical resistivity and IP data were
reduced to apparent resistivities and charge-
abilities by fitting a horizontally stratified earth
model to the resistivity data or, where both data
sets were collected, resistivity and IP simul-
taneously. A non-linear, least-squares inversion
program was used for modeling. This program
incorporates the Marquardt procedure (Beck
and Arnold, 1977) to calculate new model
parameters. The forward routine used in the
inversion program is based on the convolution
method presented by Koefoed (1972). The
parameters solved for in the modeling process
are the depth to each layer and resistivities of the
layers. The model that provided the lowest
standard deviation for all parameters was used
as the final interpretation. More confidence can
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Figure 6. Seismic refraction travel time curve (top) and interpreted cross section (bottom) for line 2.

be placed in the profiles where resisitivity and IP
data were interpreted simultaneously.

The location, surface elevation, layer number,
resistivity, chargeability and depth to top of each
layer and geologic interpretation of each of the six
electrical soundings are shown in table 2,
appendix. All six soundings show a near-surface
unsaturated sediment which is3 to 7 ft thick and
has an average resistivity ranging from 29 to 251
ohm-meters. Four electrical soundings were made
in Black Meadows swamp. EHVES-1 and
EHVES-2 show a low resistivity (15 to 18 ohm-
meters), low chargeability (1.8 ms) layer that is
about 2 ft thick. This could be an organic-rich
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muck. EHVES-3 and EHVES-4 indicate a 5- to
6-ft thick layer of soil mixed with some organic
material. Below this layer, soundings in the
swamp indicate interbedded clay and sand mixed
with clay. The sand mixed with clay has
resistivity ranging from 27 to 85 ohm-meters but
low chargeabilities (0 to 8 ms). The clays have
low resisitivities (less than 38 ohm-meters) and
low chargeabilities (0 to 2.3 ms).

Bedrock was not detected on soundings
EHVES-1 and EHVES-3. A shallow, thick, low-
resistivity clay layer made resolution of the
deeper, high-resistivity bedrock difficult. The
other four soundings show a deep, high-resis



tivity layer with average resistivities ranging from
128 to 318 ohm-meters. This layer correlated well
with bedrock as determined by seismic refraction
and well log information.

Figure 7 shows depths, resistivities and charge-
abilities for the layers at sounding EHVES-2.

The deepest high-resistivity layer (148 ohm-
meters), at a depth of 73 ft, is interpreted as
bedrock. The overlying low-resistivity, low-char-
geability layer is interpreted as a mixture of sand
and clay. The near-surface layer is interpreted as
organic-rich muck and unsaturated soil.

1000 1 1 [ | 1 I I I I | | | L 1 1 111l15
3 .
B -
J . M
L] | .
E 100+ "got8ifaond 10
G >
. E
= EXPLANATION >
> B = Calculated resistivity =
5 - o Apparent resistivity 9(3 =
o « Calculated apparent chargeability eSS
E o ¢ Observed apparent chargeability 8
2 3
& 5
E 10 4 "5
& (5= 94.4 Om $
= . 88, s Mg= 4.0 ms .
- < 8 8 §
3 s . b4
1 {p=1830m {4=2750m ozs.cg,go
{1 Ma=18ms | Mg=40ms 7]
{4=7060m (3=7280m {g= 147.95 Qm
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Figure 7. Electrical resistivity-1P sounding EHVES-2 with interpretation.

SUMMARY AND CONCLUSIONS

Lennox and Carlson (1%7), Eaton and Watkins
(1970), and van Overmeeren (1981) have used
combinations of geophysical techniques in
ground-water exploration, buried valley studies, or
to determine bedrock topography. Hall and Hajnal
(1%2), lbrahim and Hinze (1972), and Stewart
(1980) have used the gravity method to determine
bedrock topography in buried valley
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glacial terrains. They have used different inter-
pretive techniques to analyze the gravity data.

In this study we have used data gathered from
gravity, seismic refraction, electrical resistivity,
and induced polarization surveys, as well as well
record data to construct a bedrock topography
map (plate 111) of the area. This map has been



utilized in ground-water pollution investigations
in the East Hanover area (Oudijk, 1987).

The residual gravity data allowed delineation
of the East Hanover buried wvalley and the
north-ern extension of the Chatham buried
valley.

The western extent of the East Hanover
buried valley has been clearly defined by the
delineation of a bedrock high along the western
boundary of the Morristown Airport. The East
Hanover valley appears to trend to the south

from southwestern East Hanover to Florham
Park, indicating preglacial drainage to the south.
A bedrock low has been inferred in the Birch
Hills-Monroe area by gravity interpretation.
This bedrock low is beneath 400 ft or more of
glacial material and may contain substantial
ground water. This bedrock feature needs to be
better delineated. Drilling of wells to bedrock, or
a detailed gravity survey, is recommended as
collection of other geophysical data is hampered
by the cultural noise.
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TABLE 1. Principal facts of gravity stations'

Sta. Latitude Longitude Elev. Observed TSLGV SBAN
no. (deg. min.) (deg. min.) (fo gravity (mGal) (mGal) (mGal)
EH1 40 47.75 74 27.99 354.80 080198.48 980251.35 -31.59
EH2 40 48.58 74 25.95 309.70 980200.97 980252.58 -33.03
EH3 40 49.13 74 25.13 243.17 980207.34 980253.40 -31.47
EH4 40 49.02 74 24.73 215.05 980209.50 980253.23 -30.83
EH5 40 48.77 74 23.65 182.09 980212.11 980252.86 -29.82
EH6 40 48.92 74 2332 180.02 980212.47 980253.09 -29.82
EH7 40 47.10 74 25.92 266.47 980203.13 980250.38 -31.26
EH8 40 46.95 74 26.92 365.38 980197.03 980250.15 -31.21
EH9 40 47.68 74 26.92 408.91 980194.18 980251.24 -32.53
EH10 40 47.63 74 26.45 361.98 980197.29 980251.16 -32.16
EH11 40 4757 74 26.09 290.99 980202.26 980251.08 -31.37
EH12 40 47.56 74 25.95 250.14 980204.84 980251.06 -31.21
EH13 40 4754 74 25.81 210.82 980207.41 980251.04 -30.98
EH14 40 47.53 74 25.67 198.27 980208.11 980251.01 -31.01
EH15 40 4751 74 25.53 186.74 980208.67 980250.99 -31.12
EH16 40 47.50 74 25.39 182.84 980208.78 980250.97 -31.21
EH17 40 47.48 74 25.25 180.80 980208.77 980250.94 -31.33
EH18 40 47.46 74 25.11 180.18 980208.68 980250.92 -31.43
EH19 40 47.45 74 24.97 180.18 980208.64 980250.90 -31.45
EH20 40 47.43 74 24.83 179.99 980208.49 980250.87 -31.59
EH21 40 47.42 74 24.68 200.72 980207.13 980250.85 -31.68
EH22 40 47.40 74 2455 226.13 980205.17 980250.83 -32.09
EH23 404739 74 24.40 192.02 980207.73 980250.80 -31.56
EH24 40 47.37 74 24.26 181.43 980208.42 980250.78 -31.48
EH25 40 47.36 74 24.12 183.02 980208.54 980250.76 -31.25
EH26 40 47.34 74 23.98 200.57 980207.32 980250.74 -31.39
EH27 404733 74 23.84 207.13 980207.09 980250.72 -31.21
EH28 404731 74 23.70 198.24 980207.90 980250.70 -30.90
EH29 40 47.30 74 23.56 189.03 980208.55 980250.67 -30.78
EH30 40 47.34 74 23.39 193.53 980208.26 980250.74 -30.87
EH31 40 47.78 74 27.56 380.72 980196.86 980251.39 -31.69
EH32 40 48.01 74 27.05 389.83 980195.29 980251.72 -33.06
EH33 40 48.34 74 26.79 312.49 980200.28 980252.22 -33.20
EH34 40 48.48 74 26.49 289.67 980201.95 980252.44 -33.11
EH35 40 48.21 74 26.03 231.43 980206.04 980252.03 -32.10
EH36 40 47.91 74 26.03 252.99 980204.57 980251.59 -31.84
EH37 40 47.98 74 26.69 401.34 980194.51 980251.69 -33.10
EH38 40 47.93 74 26.93 408.33 980194.07 980251.62 -33.06
EH39 40 48.20 74 26.46 316.71 980200.23 980252.01 -32.79
EH40 40 47.89 74 26.32 312.11 980200.58 980251.55 -32.25
EH41 40 48.78 74 25.74 282.50 980203.30 980252.87 -32.63
EH42 40 48.95 74 25.57 248.29 980206.52 980253.13 -31.72
EH43 40 49.20 74 24.97 232.23 980208.52 980253.50 -31.05
EH44 40 49.30 74 24.74 193.95 980211.55 980253.65 -30.47
EH45 40 49.27 74 24.60 192.41 980211.72 980253.60 -30.34

1Density = 2.670 g/cc; Theoretical Sea-level Gravity (TSLGV) based on 1930 International Gravity Formula; Principal gravity base station at
Princeton University (Bonini and Woollard, 1957): Observed gravity = 980177.6 mGal; SBAN: Simple Bouguer Anomaly
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TABLE 1. cont.

Sta. Latitude Longitude Elev. Observed TSLGV SBAN
no. (deg. min.)  (deg. min.) (ft) gravity (mGal) (mGal) (mGal)
E446 40 49.22 74 24.47 203.47  980210.96 980253.53  -3037
EH47 40 49.15 14 24.37 201.70  980211.18 980253.42  -30.15
EH48 40 49.07 74 24.27 191.97  980211.78 980253.31  -30.02
EH49 40 49.01 74 24.16 183.89  980212.06 980253.21  -30.13
EHSO 40 48.93 74 24.05 181.30  980212.05 980253.11  -30.19
EH51 40 48.87 74 23.95 182.36  980211.78 980253.01  -30.29
EH52 40 48.80 74 23.80 181.14  980212.02 98025291  -30.03
EH53 40 48.72 74 23.43 22431  980209.11 980252.79  -30.24
EH54 40 48.69 74 23.30 22218  980209.40 980252.74  -30.02
EH55 40 48.65 74 23.16 217.46  980209.64 980252.68  -30.00
EH56 40 48.61 74 23.03 21333  980210.00 980252.62  -29.83
EH57 40 48.56 74 22.90 209.00  980210.23 98025256  -29.80
EH58 40 49.51 74 2522 217.13  980210.06 980253.96  -30.89
EH59 40 49.46 74 25.10 208.80  980210.31 980253.89  -31.05
EH60 40 49.39 74 25.00 20558  980210.68 980253.78  -30.77
EH61 40 49.34 74 24.87 199.48  980211.09 980253.70  -30.66
EH62 40 48.59 74 23.64 190.50  980211.25 980252.60  -29.92
EH63 40 48.33 74 23.66 204.11  980209.54 980252.20  -30.42
EH64 40 48.12 74 23.67 232.07  980207.17 980251.90  -30.82
EH65 40 47.92 74 23.60 219.24  980207.49 98025159  -30.96
EH66 40 47.71 74 23.42 21430  980207.49 980251.28  -30.94
EH67 40 47.38 74 23.36 19151  980208.69 980250.79  -30.61
EH68 40 47.39 74 27.29 379.80  980196.91 980250.81  -31.12
EH69 40 47.55 74 27.08 389.74  980195.84 980251.04  -31.83
EH70 40 4731 74 26.04 317.10  980200.14 980250.69  -31.53
EH71 40 46.99 74 26.34 373.49  980196.31 980250.21  -31.50
EH72 40 48.68 74 24.95 190.50  980210.45 980252.73  -30.86
EH73 40 48.77 74 25.10 196.76  980209.81 980252.86  -31.25
EH74 40 48.93 74 24.08 231.49  980207.95 980253.10  -31.27
EH75 40 48.85 74 24.98 20059  980210.09 980252.98  -30.86
EH76 40 47.97 74 2532 201.15  980208.63 980251.67  -30.98
EH77 40 48.62 74 25.62 262.72  980204.69 980252.63  -32.19
EH78 40 48.68 74 25.30 203.48  980209.00 980252.73  -31.53
EH79 40 48.47 74 25.75 302.59  980201.64 980252.41  -32.63
EH80 40 48.38 74 25.47 266.17  980204.06 980252.29  -32.27
EH81 40 49.60 74 24.90 258.21  980207.60 980254.10  -31.01
EH82 40 49.79 74 24.73 269.21  980207.61 980254.38  -30.63
EH83 40 50.03 74 24.50 24859  980209.74 980254.74  -30.09
EH84 40 50.30 74 24.50 21937  980212.02 980255.14  -29.97
EH85 40 50.08 74 24.10 231.16  980211.20 980254.81  -29.76
EH86 40 49.83 74 23.67 195.78  980212.98 980254.44  -29.72
EH87 40 49.70 74 23.90 239.26  980209.98 980254.24  -29.91
EH88 40 49.85 74 24.12 230.78  980210.79 980254.47  -29.84
EH89 40 49.12 74 2417 277.85  980206.67 980253.38  -30.04
EH90 40 49.77 74 24.37 24252  980209.59 980254.34  -30.21

Density = 2.670 g/cc; Theoretical Sea-level Gravity (TSLGV) based on 1930 International Gravity Formula; Principal gravity base station at
Princeton University (Bonini and Woollard, 1957): Observed gravity = 980177.6 mGal; SBAN: Simple Bouguer Anomaly
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TABLE 1. cont.

Sta. Latitude Longitude Elev. Observed TSLGV SBAN
no. (deg. min.) (deg. min.) (ft) gravity (mGal) (mGal) (mGal)
EH91 4049.45 7424.32 248.21 980208.41 980253.87 -30.58
EH92 4049.55 7424.70 236.33 980209.17 980254.02 -30.68
EH93 4049.69 7424.53 252.41 980208.82 980254.23 -30.27
EH94 4049.33 7424.95 198.48 980212.07 980253.70 -29.73
EH95 4049.52 7423.68 216.23 980211.05 980253.97 -29.96
EH96 4049.63 7423.45 186.96 980213.39 980254.14 -29.55
EH97 4048.96 7423.65 195.07 980212.45 980253.15 -29.01
EH98 4048.75 7423.62 184.23 980212.63 980252.83  -29.15
EH99 4049.50 7423.08 173.91 980213.90 980253.95 -29.62
EH100 4049.50 7422.82 178.50 980213.92 980253.95 -29.33
EH101 4049.52 7422.45 188.55 980213.52 980253.97 -29.15
EH102 4049.23 7422.33 198.51 980212.51 980253.55 -29.13
EH103 4049.05 7422.97 189.14 980212.38 980253.28 -29.56
EH104 4048.90 7423.27 180.50 980212.69 980253.05 -29.54
EH105 4048.17 7423.95 179.09 980210.62 980251.96 -30.60
EH106 4048.00 7423.85 180.78 980210.14 980251.72 -30.73
EH107 4047.81 7423.75 197.62 980208.90 980251.43 -30.69
EH108 4047.58 7423.65 185.67 980209.03 980251.10 -30.93
EH109 4047.47 7423.93 193.54 980208.04 980250.92 -31.28
EH110 4047.60 7424.12 181.60 980209.03 980251.12 -31.20
EH111 4047.82 7424.18 192.77 980208.46 980251.44 -31.42
EH112 4047.62 7424.80 180.33 980208.67 980251.15 -31.67
EH113 4047.82 7424.37 178.58 980209.01 980251.44 -31.72
EH114 4048.05 7424.23 178.96 980209.71 980251.79 -31.35
EH115 4047.82 7425.18 181.57 980208.82 980251.44 -31.74
EH116 4048.04 7421.56 177.32 980212.42 980251.78 -28.73
EH117 4048.85 7422.70 203.09 980211.43 980252.98 -29.38
EH118 4047.57 7425.15 180.92 980208.60 980251.07 -31.62
EH119 4047.72 7425.02 182.53 980208.80 980251.29 -31.55
EH120 4047.80 7424.93 182.64 980208.88 980251.42 -31.58
EH121 4047.78 7424.58 180.94 980208.99 980251.39 -31.54
EH122 4048.12 7424.64 181.14 980209.64 980251.89 -31.39
EH123 4048.13 7424.65 180.70 980210.01 980251.91 -31.07
EH124 4048.40 7424.49 180.35 980210.42 980252.31 -31.08
EH125 4048.72 7424.12 178.12 980211.63 980252.78 -30.47
EH126  4048.55 7424.27 178.74 980211.26 980252.53 -30.55
EH127  4047.97 7424.93 177.55 980209.39 980251.67 -31.64
EH128 4048.01 7425.30 183.38 980209.13 980251.73 -31.60
EH129 4048.07 7425.49 186.05 980209.09 980251.82 -31.57
EH130 4047.70 7425.26 182.31 980208.60 980251.27 -31.74
EH131 4047.68 7425.80 197.24 980208.15 980251.24 -31.26

Density = 2.670 g/cc; Theoretical Sea-level Gravity MLGV) based on 1930 International Gravity Formula; Principal gravity base station at
Princeton University (Bonini and Woollard,1957): Observed gravity = 980177.6 mGal; SBAN: Simple Bouguer Anomaly
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Table 2. Seismic refraction field parameters and interpretations.

Sta. Location
no. (lat./long.,
deg., min., sec)
EH1 404830
742511
EH2 404852
742402
EH3 404905
742337
EH4 404752
742423
EH5 405002
742339
EH6 404852
74 2437
EH7 404828
7424 50
EH8 404738
7424 39

0

200

190

180

180

215

195

190

180

Elev. Geophone
spacing
(f9)

50

Shot point
jocation

1. At geophone 1

2. midpointbetween
geophone 6 and 7

3. At geophone 12

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4. 200 ft from geo-
phone 12

1. 300 ft from geo-

phone 1

2. 200 ft from geo-
phone 1

3. At geophone 1

4. At geophone 12

5. 200 ft from geo-
phone 12

1. 198 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4. 198 ft from geo-
phone 12

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4,200 ft from geo-
phone 12

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4. 200 ft from geophone 12

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

1. 300 ft from geo-
phone 1

2. 200 ft from geo-
phone 1

3. At geophone 1

4. At geophone 12

5. 200 ft from geo-
phone 12

Layer Depth to top
of layer (ft)
at geophone no.
1 6 12

1

2 36 23 46

1

2 4 6 5

3 46 71 83

1

2 5 9 15

3 114 108 117

1

2 11 10 9

3 92 93 9

1

2 9 9 10

3 73 78 78

1

2 8 10 12

3 38 36 51

1

2 12 11 11

3 42 72 85

1

2 10 8 9

3 79102 121

Layer Interpretation

velocity
(ft/s)

4290
13176

925
5293
10200

974
6115
11661

1430
5594
11707

1236
7235
13631

2187
6976
12660

1485
6011
16005

1227
5937
13625

Sat. zone

Bedrock (shale)

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Saturated
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock



Table 2. (cont.)

Sta. Location
no. (lat./long,
deg., min., sec.)

EH9 404756
7424 47
EH10 404855
742424
EH11 404819
742424
EH12 404838
742408
EH13 404855
742517
EH14 404843
742447
EH15 404803
742533

Elev.
(ft)

190

190

180

180

250

205

195

Geophone

spacing
0

20

Shot point
location

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4, 200 ft from geo-
phone 12

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4. 200 ft from geo-
phone 12

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4. 200 ft from geo-
phone 12

1. 200 ft from geo-
phone 1

2. At geophone 1

3. At geophone 12

4. 200 ft from geo-
phone 12

1. 300 ft from geo-
phone 1

2. 200 ft from geo-
phone 1

3. At geophone 1

4. At geophone 12

5. 200 ft from geo-
phone 12

6. 300 ft from geo-
phone 12

1. 200 ft from geo-
phone 1

2. 140 ft from geo-
phone 12

3. At geophone 1

4, At geophone 12

1. 200 ft from geo-
phone 1

2. 140 ft from geo-
phone 12

3. At geophone 1

4. At geophone 12
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Layer

W N = W N =

(SN

WD =

W N -

%]

N

Depth to top Layer

of layer (ft) velocity

at geophone no. (ft/s)
1 6 12

1533

13 12 10 5769

58 65 57 14335

1408

8 10 8 6773

52 43 41 12501

1229

11 14 22 6418

94 88 56 12105

1099

5 8 8 5384

115 112 109 12433

2460

59 54 47 7467

145 129 128 13726

1000

13 2 10 5000

48 30 10,000

2330

14 14 15 8386

72 81 88 14169

Interpretation

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock

Unsat. zone
Sat. zone
Bedrock



Table 2. (cont.)

Sta. Location
no. (lat./long..,
deg., min., sec.)

EH16 404814

742526

EH17 404814

742526

EH18 404810

742552

EH20 405009

74 2506

EH21 404959

742411

EH22 404431

742515

EH23 404932

742311

Elev. Geophone

(&)

210

210

230

250

270

170

spacing
()

20

Shot point
location

1. 200 ft from geo-
phone 1

2. 300 ft from geo-
phone 12

3. At geophone 1

4. At geophone 12

1. 180 ft from geo-
phone 1

2. 180 ft from geo-
phone 12 -

3. At geophone 1

4. At geophone 12

1. 180 ft from geo-
phone 1

2. 180 ft from geo-
phone 12

3. At geophone 1

4. At geophone 12

1. 200 ft from geophone 1
2. 100 ft from geophone 1

3. midpoint between
geophone 6 and 7
4. 100 ft from geophone 12
5. 200 ft from geophone 12
1.200 ft from geophone 1 1
2. 100 ft from geophone 1 2
3. midpoint between

geophones 6 and 7

Layer

3V

(SR

D

W N

3

4. 100 ft from geophone 12

5. 175 ft from geophone

1. 100 ft from geophone 1 1

W N

geophone 6 and 7

W N k=

geophones 6 and 7
4. 100 ft from geophone 12
5. 200 ft from geophone 12

22

2

.10 ft from geophone 1 3
. midpoint between

. 31 ft from geophone 12

. 200 ft from geophone 12

. 200 ft from geophone 1 1
. 100 ft from geophonel 2
. midpoint between

3

Depth to top
of layer (ft)

at geophone no.
1 6 12

8 7 7
45 65 63

6 8 6
45 65 63

16 12 4
50 58 64

6 6 8
61 70 54

12 18 11
97 9 114

17 19 9
130 137 102

3 8 1
43 65 67

Layer Interpretation
velocity
(ft/s)
1301 Unsat. zone
7927 Sat. zone
11906 Bedrock
1280 Unsat. zone
7768 Saturated
13631 Bedrock
5478 Sat. zone
7160
10626 Bedrock
1214 Unsat. zone
5571 Sat. zone
10463 Bedrock
2028 Unsat. zone
3851 Sat. zone
13782 Bedrock
2033 Unsat. zone.
7130 Sat. zone
10638 Bedrock
1413 Unsat. zone
5245 Sat. zone
12924 Bedrock



TABLE 3. Electrical Resistivity and IP interpretations

Line no., Elev. Layer Resistivity Chargeability Depth Interpretation
location (ft) no. (ohm-m) M (ms) to top
(lat./long.) (ft)
EHVES-1  190. 1 251. Unsat. soil
2 155 32 Muck
40 47 55 3 16.2 54 "
742424 4 38. 316 Clay & sand
5 93 101.5 Clay
EHVES-2  190. 1 706 2.53 Unsat. soil
2 183 18 46 Muck
40 48 57 3 729 1.74 6.7 Sand
742407 4 275 4.02 26.1 Clay & sand
5 444 4.56 419 "
6 148. 361 73.1 Bedrock
EHVES-3  200. 1 294 0.96 Unsat. soil
2 78.8 2.02 55 Sand
404827 3 79.0 6.01 253 Sand
742518 4 38. 23 80. Clay
5 69.7 6.9 164.6 Clay & sand
EHVES-4  190. 1 53. 20 Unsat. soil
2 30.6 0.7 49 Muck
404901 3 73.8 21 9.8 Sand & clay
742334 4 658 0.8 375 "
5 238 0. 63.0 Clay
6 1914 414 91.0 Bedrock
EHVES-5 190 1 82. Unsat. soil
2 61.0 7.0 Clay & sand
40 48 55 3 119.0 26.4 Bedrock
742436
EHVES-6  205. 1 145.0 Unsat. soil
2 220 4.8 Sat. soil
40 50 02 3 849 133 Sand & clay
742341 4 143 78.6 Clay
5 3180 107.7 Bedrock



Table 4. Record of wells (from Bureau of Water Allocation)

Well
no.

Permit
no.

17435
13904
13414
25562
21923
21574

3527
11204
13420

8517

7655

9973

8954
21078
10748
22516
13563
11115
13875
11569

9900

Surface
elevation

()
290
285
200
294
280
210
270
265
280
180
180
180
270
260

250
190
235
190
190
190
185

Bedrock
elevation

(f0)
180
205

78
154
165
118
126
122
200

95
100

95
190
170
155
100
134
110
120
130
122

24

Well
no.

27

29

31
32

35
37
39
41
42
43

45
47

49

Permit
no.

8413
8562
11209
7639
14873
13475
20501
11330
11341
14092
15756
19279
8244
5647
8577
22128
15313
22128

11968

Surface
elevation

()

200
190
200
200
200
195
195
196
190
345

378
205

345
370
390
370
175

Bedrock
elevation

(fr)

120
125
110
110

75
135

65
100

80
195
125
138
125

105
162
125
105
187
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