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A DIRECT-CURRENT RESISTIVITY SURVEY NEAR
THE MARINE CORPS LOGISTICS BASES

AT NEBO AND YERMO, BARSTOW, CALIFORNIA

By
Adel A.R. Zohdy and Robert J. Bisdorf

INTRODUCTION

In 1992 and 1993, the U.S. Geological Survey (USGS), in
cooperation with the Department of the Navy (represented by
the Southwest Division, Naval Facilities Engineering Command),
made a direct-current resistivity survey near the Marine Corps
Logistics Bases at Nebo and Yermo which are located about 4
and 9 km, respectively, east of Barstow, California (these two
bases are referred to as Marine Corps Supply Centers on the
USGS topographic maps published in the early 1970’s). The
resistivity survey consisted of 101 Schlumberger soundings
(Kunetz, 1966, Zohdy and others, 1974) and was completed in
about four weeks. Geologic mapping (Cox and Wilshire, 1993)
and hydrologic investigations including drilling of test holes
(Peter Martin, USGS, oral and written communications) were
made during 1992 and 1993. In the Nebo area, the resistivity
survey consisted of several profiles of deep soundings to help
map the location of faults that may act as barriers to ground-
water flow. In the Yermo area, the survey was made using an
areal distribution of sounding stations to generate both maps
and cross sections of interpreted resistivity.

In the Marine Corps Logistics Bases at Nebo and Yermo,
and in their vicinities, ground water is the only dependable
source of water. Water pumped from the Barstow and Yermo
ground-water subunits of the Mojave River system, is used for
irrigation, industrial, public, military, and domestic needs
(Miller, 1969).

In this report we present: a) a brief description of the
Schlumberger sounding method, b) the field data of the 101
Schlumberger soundings, c) interpretation of all the sounding
curves, d) Sixteen interpreted-resistivity cross sections, e)
a figure that shows four-equivalent representations of the
same cross section, f) an interpreted-resistivity block
diagram, g) eight maps showing the interpreted-resistivity
distribution at various depths, and h) a map showing the
location of geoelectrically inferred faults.



FUNDAMENTALS OF THE SCHLUMBERGER SOUNDING METHOD

Schlumberger Electrode Configquration:

Figure 1 shows a schematic diagram of the symmetric
Schlumberger electrode configuration with two current
electrodes (A and B) and two potential electrodes (M and N).
The figure also shows a current power supply, an ammeter for
measuring the intensity of the electric current injected into
the ground via the electrodes A and B, and a potentiometric
chart recorder for measuring the electric-potential difference
between the electrodes M and N. The direction of expanding
the distance between the current electrodes is indicated by
the arrows. Note that the current-electrode spacing (AB/2) is
defined as half the distance between the current electrodes A
and B, and that the potential-electrode spacing (MN/2) is
defined as half the distance between the potential electrodes
M and N.

Apparent Resistivity:

A resistivity is computed at each electrode setup from a
formula that contains the current- and potential-electrode
spacings, the intensity of the electric current, and the
electric-potential difference between the electrodes M and N
(Zohdy and others, 1974). If the ground is composed of an
infinitely thick homogeneous and isotropic medium, then the
calculated resistivity will be the true resistivity of that
medium, otherwise the calculated resistivity is called an
apparent resistivity.

Schlumberger Sounding Procedure:

To make a Schlumberger sounding, an apparent resistivity
is calculated at each current-electrode spacing as the
distance between the current electrodes is increased at a
succession of logarithmically nearly equal increments (usually
at the rate of 7 points per decade). The distance between the
potential electrodes is held fixed for a succession of
expanding current-electrode spacings. The current-electrode
expansion is periodically stopped and the distance between the
potential electrodes is increased. The apparent resistivity
is recalculated at the increased potential-electrode spacing,
and then the expansion of the distance between the current
electrodes is resumed. The purpose of periodically expanding
the distance between the potential electrodes is to maintain
an adequate level of potential-difference signal between the
potential electrodes M and N.

On the sounding curve, each set of apparent resistivity
points made with a fixed distance between the potential



electrodes is called a segment. A field Schlumberger sounding
curve is usually composed of two to four segments, depending
on the maximum current-electrode spacing reached. The
condition that (AB/2) must be greater than or equal to five
times (MN/2) is maintained in order to adequately approximate
a measurement of the electric field (which is the gradient of
the electric potential) at the center of the electrode array.

The calculated apparent resistivity is plotted against
the current-electrode spacing, AB/2, on a log-log scale. The
plotted curve is called a sounding curve. See appendix 1 for
details of electrode-spacing measurement procedures and for a
brief description of the equipment used in this survey; and
see appendix 2 for the values of the current-electrode
spacings, that were used in this survey, listed beneath the
plot of each field-sounding curve.

Principles of Sounding Interpretation:

The interpretation of a sounding curve consists of
finding an earth model composed of materials with different
resistivities such that the computed sounding curve for the
model matches the field-sounding curve. The obtained model is
only one amongst many other models yielding sounding curves
that fit the observed curve equally well. This none-
uniqueness is also referred to as equivalence. Common sense
and geologic constraints based on typical measured
resistivities often help eliminate many of the mathematically-
equivalent models from being considered. In this survey we
used an automatic interpretation method (Zohdy, 1989; Zohdy
and Bisdorf, 1990) that finds a geologically reasonable model
composed of horizontal, laterally homogeneous and isotropic,
layers. The sounding curve of the model will always fit the
digitized-sounding curve very well, provided the digitized-
sounding curve adequately represents a horizontally layered
medium (for a definition of a digitized-sounding curve, see
section on data processing and interpretation).

DATA ACQUISITION PROCEDURE

The sounding curves were plotted in the field as the
measurements were made. We always use this procedure in order
to identify and correct mistakes made by the operator or the
crew, and to recognize spurious readings caused by man-made
structures (fences, buried pipes, etc), by current leakage
from damaged cable insulation, or by equipment malfunction.

At the end of each sounding, a test for current leakage
(Zohdy, 1968) was made. No current-leakage effects were
observed on any of the tests (see appendix 1 for additional
details on data acquisition).



DATA PROCESSING AND INTERPRETATION

Data processing of the field-sounding curves consisted
of:

a) Converting the current-electrode spacings (AB/2) from
feet to meters.

b) shifting the field-curve segments, obtained with fixed
potential-electrode spacings (MN/2), upward or downward to
obtain a continuous unsegmented curve. Generally, the segment
measured with the largest potential-electrode spacing is kept
fixed in position and the other segments are shifted up or
down.

c) Sampling the continuous curve at the rate of 6 points
per logarithmic cycle to obtain a digitized-sounding curve.
The sampling of apparent resistivities is done from right to
left, starting at the largest current-electrode spacing.

Both the processing and the subsequent automatic
interpretation of the sounding curves were made using the
automatic-interpretation computer program that we developed
(Zohdy and Bisdorf, 1989).

FIELD CONDITIONS

At the time of the survey (April, 1992 and April-May,
1993), the field conditions in the study area were generally
favorable for making direct current resistivity soundings.
The weather was generally good and effects of man-made
structures such as gas lines, metal water lines, fences with
metal posts, metal-sheathed telephone cables, and grounded
power-line posts, were not severe except at a few sounding
stations (which are discussed in a separate section below).

The Mojave River dry bed is characterized by the presence
of a near-surface layer of loose-dry sand with a high
resistivity of about 1000 ohm-m and a thickness of about 3 to
10 m. For soundings made along the river bed, this dry layer
caused high-contact resistance at the current electrodes which
in turn limited the amount of current that could be injected
into the ground, but not to the extent to prevent us from
expanding the current-electrode spacing AB/2 up to 3.6 km.
These large current-electrode spacings were possible only
because of the relatively high-power equipment we used (see
appendix 1).



Several gas lines exist in the area but they were
sufficiently insulated from the ground by highly-resistive
wrappings that no induced polarization effects were observed
and the measured resistivities were comparable to those
measured away from the pipeline. The wrapped gas lines were
seen above the ground at stream cuts. We tested the effect of
one buried gas line, south of Nebo, by initially setting up
the sounding station about 3 m from it and expanding the
sounding line parallel to it. When no adverse effects on the
measurements were observed, in the form of induced
polarization measurements, we proceeded with the profile of
sounding stations along the pipeline road. The results of
interpretation of this profile of soundings are in agreement
with the interpretation of other soundings made nearby but
away from the pipeline.

FIELD DATA

The Universal Transverse Mercator coordinates (zone 11)
of the sounding stations are given in appendix 3. The station
locations and the direction of current-electrode expansions
are shown in Figure 2. Most soundings were expanded to
maximum current-electrode spacings, AB/2, that ranged from
2,438 m to 3,657 m (8000 ft to 12,000 ft). A few soundings,
in the Yermo area, were expanded to shorter maximum current-
electrode spacings that ranged from 182 m to 914 m (600 ft to
3000 ft) because of limited open space, and one sounding was
expanded to the very short, maximum, current-electrode spacing
of only 30.5 m (100 ft) because it was made on a steep
hillside over the edge of an outcrop of volcanic rocks.

The field-sounding curves and their interpretations are
given in appendix 2. The soundings are numbered consecutively
from Barstow 1 to Barstow 101. All the sounding curves were
processed and interpreted using an automatic interpretation
computer program (Zohdy, 1989; Zohdy and Bisdorf, 1989). The
result of the interpretation is a step-function curve that
shows the interpreted variation of resistivity with depth
beneath the sounding station. We refer to the resistivities
in such a model as interpreted true resistivities or simply
interpreted resistivities. Most sounding curves were easily
interpretable in terms of horizontally stratified earth
models, except for a few that were affected by man-made
structures or by geologic lateral inhomogeneities.



SOUNDINGS AFFECTED BY MAN-MADE STRUCTURES

Distorted sounding curves often are defined as curves
which do not resemble those measured over horizontally
stratified media. The term "distorted", however, should be
used to describe only those sounding curves that are affected
by man-made features or by measurement errors. Metallic
objects such as buried pipelines, fences with metal posts or
with grounded wire mesh, or power lines with grounded posts,
distort a sounding curve especially when these fences or power
lines are discontinuous and the sounding line is expanded
parallel to them. On the other hand, 60 Hz interference from
a power line is strongest when the sounding line is expanded
perpendicular to the power line.

Sounding 38, in the Nebo area, is shown in appendix 2
with no interpretation. The sounding curve was distorted by
the presence of a buried-metallic pipeline running parallel to
the western half of the sounding line. The initial apparent
resistivities were suspiciously low for that area, the left
branch of the sounding curve made an angle of greater than 45
degrees with the abscissa axis, some induced polarization was
observed, and a sharp maximum was formed. The measurements
were discontinued at the current-electrode spacing of AB/2 =
400 ft.

Sounding 40, located inside the Marine Corps Logistics
Base at Nebo, was expanded perpendicular to a pipeline and a
canal. These two man-made structures were crossed at current-
electrode spacings between 600 and 1000 ft (see appendix 2).
This sounding curve was easily smoothed and interpreted.

Soundings 52, 53, and 54, located in the western end of
the survey area, were distorted by a fence constructed with
wooden posts but with a well grounded wire mesh. The fence
was located near the bank of the Mojave River and ran parallel
to the sounding line. A discontinuity in the fence line
revealed the detrimental effect of the fence on the sounding
measurements (see appendix 2).

Soundings 63, 71, and 75 were distorted at large current-
electrode spacings by buried-telephone lines, pipelines, or
fences. By discarding the data at the large current electrode
spacings, these soundings were still interpretable to medium
depths.

Sounding 95 was made on the service road of a buried-
telephone cable. The following distortions were observed:

(1) A cusp was measured at AB/2 = 800 ft (MN/2 = 20 ft).



(2) A very low reading and strong induced polarization
were observed at AB/2 = 1000 ft (MN/2 = 20 ft). The
polarization disappeared when MN/2 was expanded to 200 ft (at
AB/2 = 1000 ft).

(3) The last apparent-resistivity measurement at AB/2 =
4000 ft was too large, making the slope between the last two
points very steep.

The field curve of sounding 95 was smoothed and
interpreted as shown in appendix 2, but its interpretation at
large depths is uncertain and, because of the observed
distortions, additional soundings were not made on that
service road.

Soundings 93, 90, and 91 were terminated at somewhat
shorter current-electrode spacings than planned because of
strong 60 Hz interference from power lines that were oriented
perpendicular to the sounding line.

SOUNDINGS AFFECTED BY LATERAL-GEOLOGIC INHOMOGENEITIES

On some sounding curves we measured cusps caused by
lateral-geologic inhomogeneities (see for example soundings
19, 20, 25, 27, 28, and 37 in appendix 2). Cusps are formed
on a sounding curve as the current electrodes are moved across
lateral inhomogeneities during the sounding expansion. There
are two types of cusps: downward-pointing cusps and upward-
pointing cusps. A downward-pointing cusp is formed when a
current electrode crosses over a conductive lateral
inhomogeneity, whereas an upward-pointing cusp is formed when
a current electrode crosses over a resistive inhomogeneity. A
knowledge of the behaviour of theoretical Schlumberger
sounding curves obtained near lateral inhomogeneities is
essential in interpreting the cusps on field curves. Sets of
theoretical Schlumberger sounding curves were published for
the following configurations: a) electrode array expanded at
various azimuths near a single vertical contact (Zohdy, 1970),
b) soundings expanded perpendicular to the strike of three
vertical layers (Zohdy, 1980), c) soundings made near dipping
contacts and over combined vertical and horizontal contacts
(Alpin and others, 1966; Kunetz, 1966).

Cusps measured at short current-electrode spacings are
usually caused by small lateral inhomogeneities such as
boulders and buried-stream channels; whereas, cusps measured
at large current-electrode spacings are usually caused by much
larger geologic units (assuming that the cusps are not caused
by inaccurate measurements). When small lateral
inhomogeneities of natural origin, and hence with medium

10



resistivity contrasts, are crossed by the current electrodes
at large spacings, they do not affect the measurements to any
measurable degree.

The identification of cusps on sounding curves is a
useful tool for locating the distance from the center of the
sounding station to an interface separating two geologic units
with different resistivities. When used in conjunction with
the interpretation of a profile of soundings, the location of
cusps on the sounding curves can complement the overall
interpretation of the geoelectric section (Zohdy and Bisdorf,
1993).

Sounding 19 was made on Ord Mountain Road near the south
end of the survey area (see Figure 2 for station location and
appendix 2 for sounding curve). The cusp formed at the
electrode spacing of about 183 m (600 ft) shows the effect of
a dipping high-resistivity material located at a distance of
about 183 m (600 ft) from the center of the sounding. To the
south of the sounding station, at the correct distance, there
is an outcrop of a dipping granitic conglomerate layer
followed by an outcrop of biotite quartz monzonite (Diblee,
1970).

Sounding 27 was made at the edge of a small outcrop of
highly-weathered, friable, quartz monzonite in the northern
part of the survey area (see Figure 2 for station location and
appendix 2 for sounding curve). The near surface resistivity
is about 25 ohm-m. Two small cusps are present on the
sounding curve: a downward-pointing cusp at AB/2 = 6 m and an
upward-pointing cusp at AB/2 = 18 m. At larger current-
electrode spacings the curve flattens at a resistivity value
of about 45 ohm-m. In appendix 2, the curve is interpreted in
terms of horizontal layering. This interpretation implies
that the highly-weathered quartz monzonite has a resistivity
of about 45 ohm-m to a depth of at least 90 m (see definition
of maximum probing depth on page 12). The sounding curve
could also be interpreted in terms of a dipping interface
(Kunetz, 1966) separating a conductive material, of about 25
ohm-m beneath the sounding center, from a resistive material
(>200 ohm-m) located perpendicular to the sounding line,
outcropping at a distance of about 18 m, and dipping at angle
of about 45 degrees toward the center of the sounding.

Another interpretation can be in terms of a near vertical
contact (Zohdy, 1970) separating two materials with
resistivities of about 25 and >200 ohm-m, with the sounding
center placed over the conductive material and the sounding
line forming an angle of about 60 degrees with the surface
trace of the vertical contact. Both these interpretations
ignore the small cusp at AB/2 = 6 m. Three-dimensional models
that are made of a combination of horizontal and near vertical
boundaries are necessary to interpret this sounding more
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adequately. Therefore, with the possibility of the existance
of a >200 ohm-m material in the section, the interpreted-
resistivity of 45 ohm-m for the quartz monzonite, using a
horizontal layering model, can be misleading.

GENERAL DESCRIPTION OF INTERPRETED-RESISTIVITY
CROSS SECTIONS

Several interpreted-resistivity cross sections were
generated using the Kolor-Map & Section program (Zohdy, 1993)
and were edited and annotated using Deluxe Paint III (Silva,
1989). The location of each sounding station on a cross
section is depicted by a triangle at the surface of a
simplified topography. The simplified topography on each
cross section is composed of straight-line segments connecting
the elevation of successive sounding stations. The name of
each cross section is based on the numbers of the soundings
occurring at the beginning and the end of the cross section.

The interpreted resistivity contours shown on the cross
sections are derived from the step-function layering model of
each sounding as follows:

1) The step-function curve is sampled at the logarithmic
center of the horizontal and vertical lines of each step
(Zohdy, 1989; Zohdy, 1993). These sampled resistivities
represent points on a continuous variation of resistivity with
depth model which is electrically equivalent to the step-
function model.

2) The sampled continuous interpreted-resistivity
function (and not the interpreted-resistivity steps) is used
to generate the contours on the cross sections.

The interpreted-resistivity contours are approximately
equally spaced on a logarithmic scale. The following contour
levels were used: 4.5, 7, 10, 15, 20, 30, 45, 70, 100, 150,
200, 300, and 450 ohm-m. The same contour levels were used in
contouring the interpreted-resistivity maps at various depths.

The depths at which the continuous interpreted-
resistivity function is sampled are shown on the cross
sections as black points beneath each sounding station. The
location of the deepest sampled point beneath each sounding
station shows the "maximum probing depth" of that particular
sounding. Here, we define the "maximum probing depth”" as 1.5
times the depth to the top of the last, "infinitely thick",
layer. Whitened areas (with question marks) beneath some
soundings indicate the limit of the maximum probing depth
beneath these particular soundings. The area beneath a

12



shallow sounding which is flanked on each side by nearby deep
soundings may not be whitened especially if the interpolated
data between the two adjacent deep soundings shows a
reasonably continuous pattern of contour lines.

Long cross sections, that are several kilometers in
length, are presented in two parts on the same page: an upper
part, which shows the top portion of the cross section
vertically exaggerated five times (to show the near surface
geoelectrical layering in more detail); and a lower part,
which shows the complete cross section with no vertical
exaggeration. Short cross sections are presented, in one
part, without vertical exaggeration.

On all cross sections, the depth to the deepest 70 or 100
ohm-m contour represents a reasonable-interpreted depth to the
top of a high-resistivity geoelectric basement. The zone with
moderately-high resistivity contours (45 to 100 ohm-m) at
depth may represent a section of coarse sand and gravel
deposits, a section of sedimentary rocks containing units of
volcanic rocks, or may represent a zone of gradual change from
highly-weathered basement rocks at the deepest 45 ohm-m
contour level to a less-weathered basement surface at the 100
ohm-m contour level. We consider the third explanation as the
least likely when the thickness of that zone is large. The
determination of the exact depth to basement (without
additional knowledge from deep wells) is subject to the
various possibilities of equivalent-multilayer models (Zohdy
and others; 1974, Zohdy, 1989).

IMPORTANT NOTES ABOUT INFERRED FAULTS

Geoelectrically inferred faults are shown as red vertical
lines on several of the cross sections. The reality of some
of these faults is subject to the following limitations:

(1) Some of the inferred faults are based on abrupt and
significant lateral changes in the interpreted-resistivity and
thickness of materials at medium depths. However, these
interpreted abrupt-lateral changes may also represent contacts
between different rock formations rather than faults; and by
using a certain option in the contouring program (Zohdy,
1993), these "abrupt" changes may also be made to resemble
intercalations of formations with different resistivities
(thus symbolizing a facies change) as shown in the discussion
of cross-section 92-91.

(2) Some of the inferred faults are located at large

depths and are based on a discontinuity in the interpreted
depth to the geoelectric basement, without showing a
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significant displacement in the overlying lower-resistivity
materials. Such interpreted-irregularities in the basement
surface may represent old-erosional features and may not be
associated with faulting.

(3) Because of the non-uniqueness of the computed models
and because of the small vertical displacement of some of the
inferred faults with respect to their depth of burial, the
presence of some of the deep inferred faults is uncertain.

(4) We used an option in the cross-section contouring
algorithm (2Zohdy, 1993) which favors horizontal stratification
and therefore a dipping layer may appear to be faulted where
faults do not necessarily exist. This reflects the non-
uniqueness of contouring methods (especially with lack of data
between widely-spaced sounding stations).

(5) If faults exist along a cross section, then their
location may or may not be supported by the formation of a
cusp on the sounding curve (Zohdy and Bisdorf, 1993) depending
on the resistivity contrast, the angle formed between the
fault line and the sounding line, and on the depth of the
fault below land surface.

(6) The inferred faults are not necessarily vertical nor
are they necessarily oriented at right angles to the plane of
the cross section.

Inasmuch as part of the purpose of this study was to help
locate faults, we have used a contouring algorithm that favors
horizontal stratification and almost all abrupt-lateral
changes in interpreted resistivity have been marked as
inferred faults on the cross sections. It is important to
remember the above caveats wherever the location of an
inferred fault is closely examined.

EAST-WEST CROSS SECTIONS IN THE NEBO AREA

Cross-Section 47-44 (Along the Mojave River):

Figure 3 shows the interpreted-resistivity cross section
along the Mojave River extending from sounding 47 in the west
to sounding 44 in the east. The upper part of the figure
shows the top 800 m, vertically exaggerated five times,
whereas the bottom part of the figure shows the top 2000 m
without vertical exaggeration. The cross section is laterally
divided into three regions with different resistivity
distributions. These regions are described from west to east
as follows:
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(1) The region west of sounding 45 is primarily
characterized by medium-resistivity materials of 30 to <70
ohm-m. On the basis of this resistivity range, these
materials should be mainly composed of sand and gravel
deposits saturated with water of good quality. However, a
test well previously drilled by the USGS near sounding 45
penetrated mostly alluvial deposits to a depth of about 176 m
(580 ft) where hard rocks (volcanics?) were encountered (Peter
Martin, USGS, oral communication). The results of this test
well leads us to consider the 30 to <70 ohm-m materials
beneath soundings 45, 46, and 47, at depths of greater than
about 200 m, to be primarily composed of sedimentary rocks but
possibly mixed with units of volcanic rocks, and that this
sequence of sedimentary and volcanic rocks probably extends to
a depth of about 1000 m or more. In other words, the sounding
data do not support the presence of a ubiquitous high-
resistivity (>150 ohm-m) geoelectric basement at shallow depth
(<200 m).

(2) The area between soundings 49 and 10, at depths
shallower than about 800 m, is characterized by the presence
of a medium-low resistivity unit with resistivities in the
range of >7 to 20 ohm-m. Generally, medium-low resistivity
materials do not represent a good aquifer because typically
they are either composed of predominantly clayey and silty
sediments of low permeability, or they are predominantly
composed of sand and gravel but are saturated with water of
low-quality, or both. A drill hole located about 200 m south
of sounding 1 shows the presence of low-resistivity materials
at a depth of about 100 m with low-quality water (Peter
Martin, USGS, oral communication). Based on the geometry of
these medium-low resistivity materials along the cross section
it is likely that they are primarily composed of clayey
sediments mostly saturated with low-quality water.

(3) The area between soundings 10 and 44 is
characterized by medium resistivities in the range of 30 to 70
ohm-m. The medium-resistivity materials should represent
coarse sediments mostly saturated with fresh water. Some
medium-high resistivity materials (70 to >300 ohm-m) are
present in the upper 100 m at the eastern end of the cross
section. These materials probably represent coarse sediments
possibly containing conglomerates or volcanic materials.

Geoelectrically inferred faults on the cross section,
from west to east, are discussed below:

1) The abrupt end of the medium-low resistivity materials
(>7 to 20 ohm-m) in the western part of the cross section and
the abrupt end of the high-resistivity geoelectric basement at
a depth of about 1000 m, west of sounding 49 and near
Interstate Highway 15 (I-15), indicate a possible fault near
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I-15. The fact that the direction of the vertical offset in
the <20 ohm-m material (at a depth of 200 to 400 m) appears
opposite in direction to the vertical offset in the
geoelectric basement (at a depth of about 1000 m) can be
explained either by assuming the inferred fault to be a
strike-slip fault, or by assuming the discontinuities in the
<20 ohm-m materials to be pinch outs of two electrically-
similar materials at two different depths.

2) The discontinuities in the <15 ohm-m material and in
the 20 to 30 ohm-m materials between soundings 2 and 1,
indicate a possible fault; and because these discontinuities
are not associated with a detectable vertical displacement in
the geoelectric basement, the fault is probably a strike-slip
fault. This inferred fault may extend to the earth surface,
affect the flow of ground-water, and cause variations in the
depth to the water table in this area.

3) The disturbed zone in the geoelectric basement at a
depth of about 1000 m, beneath soundings 1, 42, 8, 43, and 9,
may indicate several deep faults in the geoelectric basement
along that segment of the cross section. Some of these deep
faults may reach the surface, but there is no evidence for
that on the cross section.

4) The termination of the medium-low resistivity
materials (>7 to 20 ohm-m) east of sounding 9 indicates the
possible presence of a fault between soundings 9 and 10. The
absence of a detectable displacement in the geoelectric
basement between soundings 9 and 10 makes us assume this fault
to be a strike-slip fault.

The Waterman fault (Miller, 1969; Diblee, 1970), is
assumed to cross the Mojave River bed (as a concealed fault
beneath the river sand) in the vicinity of sounding 43.
Recently, five northwest-trending right-lateral strike-slip
faults named A, B, C, D, and E (Cox and Wilshire, 1993) were
identified, in the Nebo area, on the basis of a combination of
evidence from geologic, hydrologic, and geophysical data
(including the present resistivity survey). Based on the
geologic map of Cox and Wilshire, the location of these faults
on the present cross section (from west to east) is as
follows:

Fault A is located between soundings 2 and 1, and is
closer to sounding 2 than to sounding 1. It corresponds to
the geoelectrically inferred fault between soundings 2 and 1.

Fault B is located just west of sounding 42. It
corresponds to the geoelectrically-inferred fault which is
interpreted to vertically displace the geoelectric-basement
surface between soundings 1 and 42.
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Faults C and D are located just to the west and east of
sounding 43, respectively. The location of these two faults
corresponds to the electrically-inferred faults in the
geoelectric-basement surface east and west of sounding 43.

Fault E extends from just east of sounding 9 to just west
of sounding 10. Its location corresponds to the electrically
inferred fault, in the medium-depth and medium-resistivity
materials between soundings 9 and 10.

Cross-Section 31-36 (Along Pipeline Road, South of
Interstate Highway 40):

Figure 4 shows an east-west interpreted-resistivity cross
section along the pipeline road, south of Interstate Highway
40 (I-40), in the Nebo area. The upper part of the figure
shows the top 400 m of the cross section vertically
exaggerated 5 times, whereas the bottom part shows the top
1500 m without vertical exaggeration. A prominent near-
surface layer with high resistivities ranging from 100 to 300
ohm-m extends over a distance of more than 2 km between
soundings 32 and 34 and is approximately 50 m thick. This
layer is probably composed of coarse sand and gravel deposits
and most likely corresponds to old valley deposits of
fanglomerate and gravel (Diblee, 1970). At medium depths (30
to as much as 700 m) most of the cross section is
characterized by medium-low resistivity materials (>7 to 20
ohm-m) which are similar to those previously shown in Figure
3. A drill hole (Miller, 1969) approximately 50 m south of
sounding 5 shows low-resistivity materials at shallow depth
(<100 m) (Peter Martin, oral communication). At depths from
about 200 to 1500 m most of the cross section in Figure 4 is
characterized by medium resistivity materials (20 to <70 ohm-
m). These materials are shallowest beneath sounding 33 and
almost symmetrically fall to greater depths to the east and
west of sounding 33. Deep seated layers with resistivities of
>70 ohm-m were not convincingly detected on any of the
soundings on this cross section.

Two inferred faults are shown on the cross section.
Their existance is uncertain and is mainly based on changes in
the form of the 20, 30, and 45 ohm-m contours. The location
of these two inferred faults nearly coincides with the ends of
the near-surface resistive layer (fanglomerate and gravel
layer).
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NORTH-SOUTH CROSS SECTIONS IN THE NEBO AREA

Six north-south and northeast-southwest cross sections
were constructed from the sounding data in the Nebo area.
Four of these cross sections are relatively short (less than 2
km in length). All cross sections show the location of
inferred faults. A description of these north-south cross
sections, from west to east, follows.

Cross—-Section 31-26:

Figure 5 shows cross-section 31-26, which starts on the
pipeline road in the south and ends on outcrops of older
valley sediments (Diblee, 1970) in the north. Soundings 26
and 28 were made on the hills north of the Mojave River.
According to Diblee’s map (1970), sounding 26 is located on
older valley sediments near a contact with limestone, shale
and tuff (Tls) of Miocene or Oligocene age. Similarly,
sounding 28 is located on the same older valley sediments and
near a contact with a tan felsite (Ttf). There are two types
of older valley sediments described by Diblee (1970): Qof
(fanglomerate and gravel) and Qoc (clay and marl). Assuming
that soundings 26 and 28 were precisely located on the map,
then they are located on Qoc (clay and marl) deposits, yet the
interpreted resistivities (30 to 200 ohm-m) beneath these two
soundings are higher than what one might expect for sediments
composed of clays and marls (2 to 10 ohm-m). The high
resistivity values are in better agreement with what one might
expect for old valley sediments composed of fanglomerate and
gravel (Qof). However, the nearest Qof outcrop is about 300 m
south of sounding 28. Therefore, either Diblee’s map is in
error (where Qoc should have been Qof) or the sounding
stations were not located on Qoc deposits (clay and marl) but
on the nearby limestone, shale, and tuff deposits (Tls) for
sounding 26 and on the tan felsite for sounding 28. Except for
the shale, these materials are more resistive than clay and
marl deposits.

On the cross section, the medium-high resistivity
materials (>70 ohm-m), possibly representing the geoelectric
basement, occur at greater depths beneath sounding 26 than
beneath sounding 28.

Subsequent to the first part of the resistivity survey
(April 1991), a test well (MC2) was drilled by the USGS
between soundings 10 and 39 (Peter Martin, USGS, written
communication). The well penetrated breccia at a depth of 146
m (480 ft). Although this material was hard to drill and
seems to have low porosity and permeability (based on visual
inspection of a core sample), it does not represent the
geoelectric basement of high resistivity which at the location
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of the well is probably at a depth of 700 to 1000 m. Outcrops
of conglomerate and breccia were mapped by Diblee (1970) near
the northern bank of the Mojave River in this area. We
believe that the breccia encountered in test-well MC2 may be
the same conglomerate and breccia mapped at the surface by
Diblee.

Figure 5 shows a thick layer of medium-low resistivity
(>7 to 20 ohm-m) beneath soundings 31 and 40 in the southern
part of the cross section. This layer is about 700 m thick
beneath sounding 31 and about 350 m thick beneath sounding 40.
The resistivity of this layer (especially in the range from >7
to 15 ohm-m) indicates that it is probably saturated with
water of low quality and/or that it contains a significant
amount of clay. The high-resistivity (>70 ohm-m) geoelectric
basement detected beneath soundings 40, 10, 39, and 28 was not
detected beneath sounding 31 down to a probing depth of about
1400 m. Therefore, a fault is inferred to exist between
soundings 31 and 40. To the north of sounding 40, and beneath
sounding 10 a small graben-like structure may exist, and
therefore two more faults are inferred. These two faults are
also based on the disappearance of the medium-low resistivity
material (>7 to 20 ohm-m) north of sounding 40.

The 20 to 70 ohm-m materials that occupy the major part
of the cross section, probably represent coarse grained
sedimentary rocks possibly with units of volcanic rocks,
conglomerates, and breccia. These layers are probably
saturated with fresh water but in places may have low porosity
and permeability as evidenced by the brecciated rock
penetrated at the bottom of test well MC2.

Cross-Sections: 30-11, 29-12, 5-13, and 33-14:

Figure 6 shows four north-south interpreted resistivity
cross sections having the same horizontal scale and without
vertical exaggeration. Each cross section extends from the
pipeline road in the south to the Mojave River bed in the
north. These four cross sections have similar features and
they also bear a certain resemblance to cross-section 31-26
(discussed above); therefore, they will be collectively
described in this section.

All four cross sections show the presence of the medium-
low resistivity layer of >7 to 20 ohm-m. The thickness of
this layer diminishes from cross section 30-11 in the west to
cross-section 33-14 in the east. This decrease in thickness
from west to east is shown more clearly on the previously
discussed east-west cross-section 31-36 (Figure 4) made along
the pipeline road. Figure 4, however, also shows that the
medium-low resistivity layer thickens to the east of sounding
33.
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All four cross sections in Figure 6 show the possibility
of a fault nearly beneath I-40. To the north of I-40, at a
distance ranging from about 0.5 to 1 km, a second fault may
exist as shown on cross-sections: 30-11, 29-12, and 5-13.

Cross-Section 20-44 (Along Ord Mountain Road):

Figure 7 shows a southwest-northeast cross section made
along Ord Mountain Road and extending from sounding 20 in the
southwest, located over an outcrop of weathered quartz
monzonite (Diblee, 1970), to sounding 44 in the northeast,
located on the Mojave River dry bed. The upper part of Figure
7 shows the top 500 m vertically exaggerated five times
whereas the bottom part shows the top 2000 m without vertical
exaggeration. This cross section is geophysically interesting
for two reasons:

1) The resistivity (both apparent and interpreted)
decreased as the sounding stations progressed uphill on Ord
Mountain Road. Normally, the resistivity is higher at higher
elevations because of the presence of coarser material,
greater depths to the water table, better quality water, and
shallower depths to high-resistivity basement rocks;
conversely, the resistivity is normally lower at lower
elevations because of finer materials, clays, shallower water
table, and deep high-resistivity basement rocks. 1In this
cross section, however, the opposite was observed because of a
geophysically significant layer probably composed of marly
limestone (T1l), sandstone (Tss), and shale and sandstone (Tsh)
units (Diblee, 1970) of low resistivity (<4.5 to 10 ohm-m).
The marly limestone unit outcrops beneath sounding 18 and dips
to the north. Geophysically, this composite layer is an
excellent marker bed that was easy, but intriguing, to map as
we made the succession of soundings uphill on Ord Mountain
Road and finally reached the marly limestone outcrop at
sounding 18. The marl and shale content of this composite
layer are the cause of its low resistivity. Although this
layer is geophysically easy to map, hydrologically it does not
represent a good aquifer.

2) Concerns about the possible effects of the pipeline
on the soundings made along the pipeline road, are
considerably diminished if not eliminated by examining the
present cross section (Figure 7). The main concern is that
the pipeline could make the medium-low resistivity materials
(>7 to 20 ohm-m) appear thicker than they really are because
the soundings were expanded parallel to the pipeline. This
concern may even be enhanced upon re-examining the five north-
south cross sections shown in Figures 5 and 6, and noticing
that the larger thickness of the medium-low resistivity layer
occurs beneath the soundings made on the pipeline road (south-
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end of the cross sections). However, by inspecting the
present cross section (Figure 7), we notice that although
sounding 34 was made on the pipeline road and expanded
parallel to the pipeline, soundings 15, 6, and 21 were made
south and away from the pipeline and expanded perpendicular to
it, and yet these soundings show unequivocally that the
medium-low resistivity material (>7 to 20 ohm-m) is present
south of the pipeline and that it has a significant thickness
of several hundred meters. This supports the belief that the
soundings made along the pipeline road were not affected by
the pipeline and that the presence of a fault near I-40, as
shown in Figures 5 and 6, is possible.

Several inferred faults are shown on cross section 20-44
(Figure 7); the location of these faults is based on both the
sudden changes in depths to a low-resistivity layer (<4.5 to
10 ohm-m) and in the depths to the high resistivity (>70 ohm-
m) geoelectric basement. Some of the inferred faults are
based only on the variation of the interpreted depth to the
high-resistivity geoelectric basement and do not show
significant lateral changes in the overlying medium- and low-
resistivity materials.

The low-resistivity layer (<4.5 to 10 ohm-m),
representing the marly-limestone, sandstone and shale layer,
is not detected north of sounding 7, but medium-low
resistivity materials of about 10 to 20 ohm-m are present from
sounding 7 to sounding 34.

BLOCK DIAGRAM OF THREE CROSS SECTIONS
IN THE NEBO AREA

Figure 8 shows a block diagram based on: part of cross-
section 20-44 (Ord Mountain Road) extending from sounding 20
to sounding 34, part of cross-section 31-36 (Pipeline Road)
extending from sounding 34 to sounding 31, and on cross-
section 31-26. This representation helps consolidate the
visualization of the subsurface structures of the
geoelectrical layers beneath these three cross sections. The
individual cross sections have been described above and the
block diagram itself is self explanatory. Note that the
colors used to display the top surface of the block diagram,
the Interstate Highway, and the bed of the Mojave River, are
for illustrative purposes only and do not represent
interpreted resistivity values.
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EAST-WEST CROSS SECTIONS IN THE YERMO AREA

Seven east-west and northeast-southwest interpreted
resistivity cross sections were made in the Yermo area. We
will discuss these in their order of placement from north to
south.

Cross-Sections: 96-84, 81-94, and 80-75 (North of
Interstate Highway 15):

Figure 9 shows three east-west interpreted resistivity
cross sections located north of I-15, in the Yermo area.
Cross-section 96-84 runs parallel to the northern edge of a
playa, cross section 81-94 runs essentially in the middle of
the playa, and cross- section 80-75 runs near the southern
edge of the playa. The outline of the playa is not shown in
the station-location map in Figure 2. Several interesting
features are depicted on these cross section:

1) The near surface formations (in the upper 150 m) have
higher resistivities than anticipated (ranging from 30 to >450
ohm-m). Because of the presence of a playa, one would have
expected resistivities of less than 30 ohm-m for the very near
surface formation (note: in the top 2 meters near the center
of the playa the lowest interpreted resistivities are 45 to 70
ohm-m). The high resistivities are particularly noticeable on
cross-sections: 81-94 and 80-75. These measured high
resistivities indicate that this playa is the result of a
fresh-water lake and that there are very little or no
conductive-clay layers in the upper 150 m. The high
resistivities also indicate the probable presence of compact
sand and silt deposits that may contain evaporites.

2) At a depth of about 150 to 200 m, a medium-low
resistivity layer (>10 to 20 ohm-m) exists, with different
degrees of abundance, on all three cross sections. It is most
abundant on cross-section 96-84 where it extends over a
distance of about 4 km. This layer probably does not
represent a very good aquifer because its medium-low
resistivity reflects the possibility of clay intercalations
and/or marginal-quality water. This layer also may represent
a Tertiary sand and shale unit which outcrops in the hills
north of the playa (Diblee, 1970).

3) Several inferred faults are shown on the cross-
sections. The inferred faults: east of sounding 97 (on cross-
section 96-84), east of sounding 81 (on cross-section 81-94) ,
and east of sounding 73 (on cross-section 80-75), probably
represent the same fault with a northwest-southeast trend.
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Cross-Sections: 68-62, 101-61, and 88-85 (South of
Interstate Highway 15):

Figure 10 shows three interpreted-resistivity cross
sections that are partially in, and in the vicinity of, the
Marine Corps Logistics Base at Yermo, south of I-15. The
cross sections trend east-west and northeast-southwest. Most
of the soundings made on the Base could not be expanded to
large current-electrode spacings because of insufficient open
space.

All three cross sections are characterized by the
presence of a medium-high to high-resistivity layer (100 to
>450 ohm-m) in the upper 100 to 250 m. This resistive layer
is similar to the one seen on the above discussed cross
sections, and here it is probably primarily composed of
compact sand deposits.

The medium-low resistivity layer (>10 to 20 ohm-m) is
present beneath sounding 62 (at the east end of cross-section
68-62) and beneath the closely spaced soundings 101, 100, 99,
and 98 (at the southwest end of cross-section 101-61).

Soundings 99 and 100, on cross section 101-61, were made
in a small inlet or wash in Elephant Mountain (neither the
inlet nor Elephant Mountain are shown in Figure 2). Volcanic
rocks of Elephant Mountain are present to the north and south
of the inlet but the soundings do not show high-resistivity
materials underlying the inlet sediments, neither at shallow
nor at medium depths. This indicates that either the buried-
volcanic rocks have low resistivities, or that the volcanic
rocks have been eroded away in the inlet area. We prefer the
second explanation because we could see sediments beneath the
volcanic rocks on the southern side of the inlet.

Sounding 101, on cross section 101-61, was made on the
sloping edge of volcanic rocks (laminated grey rhyolite?) near
the end of the inlet. The sounding was expanded to very short
current-electrode spacing of AB/2 = 100 ft (30.5 m). We
expected to measure high or medium-high resistivities of about
100 ohm-m or more on this volcanic material. 1Instead, the
measured apparent resistivity ranged from 20 ohm-m to 16 ohm-m
with a small minimum of 14.5 ohm-m (see appendix 2 for
sounding 101). There are three possible explanations for
these low resistivity measurements:

1) At the location of sounding 101, the volcanic rocks
have a thickness of less than 3 m and the sounding is mainly
detecting conductive sediments beneath them.

2) The volcanic rocks are partially altered into clay
minerals and therefore their resistivity is low. However, a
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reflectance-spectroscopy test (made by Greg Swayze, USGS) on a
small sample of the rock did not show an abundance of clay
minerals.

3) The measured apparent resistivities represent the
average longitudinal resistivity which is much smaller than
the average transverse resistivity of an anisotropic rock.
This explanation is not far fetched because the volcanic rocks
were strongly laminated and dipping at the sounding location.
The sounding line was expanded perpendicular to the strike of
the lamination, and therefore in accordance with the well
known paradox of anisotropy (see for example Bhattacharya and
Patra, p.14-21, 1968) one would measure the longitudinal (not
the transverse) resistivity of the anisotropic material which
is less than its the transverse resistivity. If one would
make the sounding parallel to the strike of the anisotropic
material, then one would measure an apparent resistivity which
equals the square root of the product of the longitudinal and
transverse resistivities. From the two orthogonal soundings,
one can calculate the transverse resistivity and then compute
the coefficient of anisotropy.

It is unfortunate that we did not make measurements
parallel to the strike of the laminated volcanic rock, nor did
we make measurements at very small current-electrode spacings,
with AB/2 < 10 ft, to resolve this problem of what appears as
a low-resistivity volcanic rock.

A shallow-inferred fault is shown between soundings 99
and 98, in the west part of cross section 101-66. This fault
is near the foot of Elephant Mountain, and it is primarily
based on the lateral-discontinuity in the layer resistivities,
between soundings 99 and 98.

At sounding 56, on cross-section 101-61, a small outcrop
of intrusive andesite (Diblee, 1970) exists. The resistivity
of the near-surface material in the vicinity of this outcrop
is greater than 100 ohm-m and it is not much different from
the resistivity of other near-surface materials in the upper
100 to 250 m along the cross section. The 45 ohm-m contour is
discontinuous beneath sounding 56, and the interpreted depth
to the geoelectric basement is shallower beneath sounding 56
than beneath soundings 66 and 67. This may indicate that this
andesite outcrop is a plug and that the 45 to 70 ohm-m zone,
disrupting the continuity of the 45 ohm-m contour, beneath
sounding 56, is a manifestation of the three-dimensional
character of that plug on the one dimensional interpretation
of the sounding data.

Beneath sounding 58, on cross section 101-61, a second

rise in the geoelectric basement exists and, near the surface,
there is material with very high resistivity (>450 ohm-m).
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This may be an indication of another intrusive plug buried at
shallow depth in that area. It is also interesting to note
that this feature is located directly along the strike of the
northwest-southeast fault discussed in Figure 9.

On cross-section 88-85, the medium-low resistivity
material is not detected anywhere, and a deep inferred fault
is shown between soundings 87 and 86.

The near absence of low resistivity layers on all three
cross sections in the Yermo area may be regarded as an
encouraging indication on the presence of a fresh ground-water
supply in these medium-resistivity materials (30 to 70 ohm-m)
unless there are several volcanic units with low permeability
in the section.

Cross-Section 92-91 (Southeast of Daggett):

Figure 11 shows four electrically-equivalent
representations of cross section 92-91. The purpose of these
different representations is to illustrate part of the non-
uniqueness in contouring methods and in sounding
interpretation, which also apply to most other cross sections.
Certain features on cross-section 92-91, however, are common
to all four representations: 1) in the eastern half, there is
a shallow layer of high-resistivity (>100 ohm-m), 2) beneath
all soundings, there is a low to medium-low resistivity
material (>4.5 to 20 ohm-m) which attains its greatest
thickness beneath sounding 89, and 3) beneath soundings 90 and
91, the resistivity distribution at large depths is
undetermined because the soundings could not be expanded to
sufficiently large current-electrode spacings (because of the
effect of man-made structures, metal pipes, and the
interference of 60 Hz signals from power lines oriented
perpendicular to the sounding lines).

Figure 1la shows the unconstrained output of the Kolor-
Map & Section program (Zohdy, 1993) with some minor editing
using Deluxe Paint (Silva, 1989). As mentioned earlier, in
the section on "important notes on inferred faults", the
contouring algorithm was designed to favor horizontal
stratification and to show the possible location of lateral-
resistivity discontinuities. Consequently, the contour
pattern between soundings 92 and 89 shows the possibility of a
fault (disregarding the direction of the throw, at this time).

Figure 11b is based on the same data beneath each
sounding as in cross section 11la, but with major editing of
the contour lines between soundings 92 and 89. The abrupt
change in the thickness of the low to medium-low resistivity
material, between soundings 92 and 89 (shown in Figure 11a),
is substituted by a gradual change in that thickness; and
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thus, the suggestion of a fault in this material is removed.
However, at a depth of about 1000 m, the lateral change in
resistivity, between soundings 92 and 89, may still imply the
presence of a fault at large depth.

Figure 11c shows a cross section based on a constrained-
interpretation of sounding 92 where the last-layer resistivity
beneath sounding 92 was forced to equal the resistivity of the
last-layer beneath sounding 89 (94 ohm-m). The automatic
interpretation program (Zohdy, 1989; Zohdy and Bisdorf, 1989)
generated a curve for the constrained model that fit the
digitized curve of sounding 92 quite well (see sounding 92F in
appendix 2). Thus, by using a constrained model for sounding
92, the placing of an interpreted-fault at a depth of about
1000 m is unwarranted. However, in the depth range from about
200 to 500 m, the abrupt change in the thickness of the low to
medium-low resistivity material, between soundings 92 and 89,
is recreated by the Kolor-Map & Section program (similar to
Figure 11a) but here the abrupt lateral change is accompanied
by a noticeable change in the resistivity of the layers below
sounding 92; as shown by the introduction of a >30 ohm-m
material at a depth of about 300 m. The embedding of this >30
ohm-m layer in the 20 to 30 ohm-m layer, by the automatic
interpretation program, is a result of placing the >70 ohm-m
layer at a depth of about 1000 m. In general, this simply
shows that if a resistive basement is placed at a shallower
depth, then the materials above it become more pseudo-
anisotropic; that is, most of the layer resistivities become
more pronounced (high resistivities become higher and low
resistivities become lower). The contour pattern in Figure
l11lc, implies the presence of a fault in the materials in the
depth range between 200 and 500 m. Thus, whereas the possible
presence of a fault at a depth of about 1000 m is eliminated,
its probable presence at a depth of about 300 m is recreated.

Figure 114 is based on the same interpreted-resistivity
data used in Figure 11c. Here, however, an option in the
Kolor-Map & Section program (Zohdy, 1993) was selected to vary
the "X-stretch factor" from a value of 2 at the bottom of the
cross section to a value of 75 at the top of the cross
section. By using large values of the X-stretch factor in the
upper part of a cross section, the computed contours make a
cross section have the look of intercalated geoelectric layers
(which imply facies changes) between the sounding stations.
Such visual effects blur the "abrupt" changes and may divert
the viewer’s attention from the possible existence of a fault.

Figure 11 shows that regardless of which of the given
representations is considered, there is evidence for a lateral
variation in the interpreted-resistivity distribution between
soundings 92 and 89 and that this variation may imply the
presence of a fault or a significant change in facies. Other
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electrically-equivalent models are possible but were not
examined.

The possibility of a second fault between soundings 89
and 90 is evidenced on Figure 1la, b, and ¢, by the marked
change in the depth to the 20 ohm-m contour at a depth of
about 500 m, but because soundings 90 and 91 were not expanded
to sufficiently large spacings, the presence of this second
fault remains uncertain and is unmarked on the cross sections
in Figure 11.

NORTH-SOUTH CROSS SECTION IN THE YERMO AREA

Cross-Section 36-95:

Figure 12 shows a north-south interpreted-resistivity
cross section, extending from sounding 36, south of Interstate
Highway 40 in the south, to sounding 95 north of Interstate
Highway 15, and north of the playa, in the north. The top
part of Figure 12 shows the upper 600 m vertically exaggerated
5 times and the lower part shows the upper 1000 m without
vertical exaggeration. Not all soundings were deep soundings
on this cross section, as indicated by the black dots beneath
the sounding stations and by the whitened areas and the
question marks at large depth beneath some of the soundings.
In particular, sounding 93 and sounding 70 probe to depths of
about 200 m or less. Sounding 93 could not be expanded to
larger spacings because of strong interference from a power
line oriented at right angles to the sounding line, and
sounding 70 could not be expanded to larger spacings because
of limited open space inside the Base at Yermo.

In the south, there is a sudden thickening of the <20
ohm-m material between soundings 36 and 92, in the area
beneath Interstate Highway 40 and there is a sudden lateral
change in interpreted resistivity between soundings 92 and 93,
at shallow depth. Both these changes are similar to changes
seen on several north-south cross sections in the Nebo area
(see Figures: 5 and 6), and therefore two inferred faults are
shown in the south part of the cross section.

In the middle, the geoelectric section is very uniform
between soundings 93 and 74.

In the north, the geoelectric section is less uniform and
there are three possible inferred faults as indicated by the
lateral changes in interpreted resistivity between soundings
74, 79, 83, and 95.
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The potential for a ground-water supply of fresh water
would be in the 45 to 200 ohm-m materials down to a depth of
about 150 m; and also in the >30 to 45 ohm-m material in the
deeper part of the cross section. These thick, deep, deposits
reaching a depth of about 750 m may contain volcanic materials
and should be tested by a deep-test well reaching at least 500
m. The low to medium-low resistivity materials (<7 to 20 ohm-
m) in the southern and northern parts of the cross section
probably correspond to sand and shale deposits and may not
represent good aquifers.

INTERPRETED-RESISTIVITY MAPS

Figures 13 and 14 show eight maps of the interpreted-
resistivity distribution at depths of 2, 5, 10, 20, 50, 100,
200, and 500 m. These maps were generated using the Kolor-Map
and Section program (2Zohdy, 1993). Soundings that probe to
the depth indicated on a given map are shown as open squares
and labeled as deep soundings; whereas those whose maximum
probing depth is smaller than the indicated depth, are shown
as small solid squares and labeled as shallow soundings.

Where appropriate, the area around shallow sounding stations,
is whitened to indicate lack of information.

Soundings 38, 52, 53, 54, and 55 were not used in
generating the interpreted-resistivity maps either because
they are too distorted (sounding 38, see appendix 2) or
because they are located too far away from the other soundings
(soundings 52, 53, 54, and 55, see Figure 2).

2, 5, 10, and 20 m Depth Maps:

The four maps in Figure 13 (a, b, c, and d) show the
resistivity distribution at the shallow depths: 2, 5, 10, and
20 m, which were not clearly depicted on the cross sections.

At a depth of 2 m (Figure 13a), the interpreted-
resistivity distribution shows high resistivities (>450 ohm-m)
for almost all the sounding stations made along the Mojave
River bed. These high-resistivity materials represent the
loose-dry sand deposits covering the river channel. The
resistivity of these materials can be as high as 1000 ohm-m
(see appendix 2). In general, only a few areas on the map
show resistivities of less than 70 ohm-m and only two stations
show a resistivity of less than 20 ohm-m. These lower-
resistivity areas are located: 1) in the Yermo area,
approximately one kilometer north of I-15, where the deposits
near the center of the playa mostly are characterized by
medium-resistivity materials (45 to 70 ohm-m), 2) south of the
Nebo area, near I-40, where a medium-low resistivity material
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(<30 to 70 ohm-m) exists, and 3) near the south end of Ord
Mountain road, where the small low-resistivity anomaly (<30
ohm-m) represents the outcrop of the marly limestone material
discussed previously.

At a depth of 5 m (Figure 13b), the interpreted-
resistivity distribution is similar to that at the 2 m depth,
except that in the Yermo area, north of I-15, most of the
medium-resistivity materials (45 to 70 ohm-m) are replaced by
higher resistivity materials (70 to 200 ohm-m). A band of
medium-low resistivity materials (10 to 45 ohm-m) exists in
the northern part of the map. In the area southeast of
Daggett, a medium resistivity material (45 to 70 ohm-m) is
detected.

At the depths of 10 m and 20 m (Figure 13c and 12d):

1) A medium-resistivity material (45 to 70 ohm-m) is
first detected on the 10 m depth map (Figure 13c) near the
western part of the Mojave River bed, and then it is seen to
cover a much larger area to the east on the 20 m depth map
(Figure 13 d). Note that it does not extend to the west of
the intersection of I-15 and the Mojave River, where a deep
fault was inferred previously (see discussion on cross-section
47-44, along the Mojave River). The location of this boundary
does not coincide with the location of the inferred fault
(which is further to the west) and therefore it primarily
represents a rapid change in facies at these shallow depths.

2) A boundary between <70 and >70 ohm-m materials
(located south of the Nebo area, near I-40) is well defined by
a steep interpreted-resistivity gradient with an east-west
trend.

3) The medium-low resistivity material (>7 to 45 ohm-m)
southeast of Daggett first noted on the 5 m depth map is more
prominent on the 10 and 20 m depth maps.

4) In general, at a depth of 20 m (Figure 13d), the Nebo
area is characterized by a significant coverage of medium-
resistivity materials (>20 to 70 ohm-m), whereas the Yermo
area is primarily characterized by medium-high and high
resistivity materials (70 to >450 ohm-m). Along Ord Mountain
Road, the interpreted resistivity is lower than at shallower
depths.

50, 100, 200, and 500 m Depth Maps:

These four maps (Figure 14 a, b, c, and d) show the
progressive detection of low and medium-low resistivity
materials at greater depths. In Figure 14 (c and d), several
sounding stations, north of the Mojave River and in the Yermo
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area, are shown as small black squares to indicate that they
are sites of shallow soundings that do not probe to the depths
of 200 and 500 meters, respectively.

At the depth of 50 m (Figure 14a), the interpreted-
resistivity distribution shows an abundance of medium-
resistivity materials (30 to 70 ohm-m) in the northern part of
the Nebo area, and mostly low-resistivity materials (10 to 20
ohm-m) in the southern part of the Nebo area (south of I-40)
and to the southeast of Daggett. Medium-high resistivity
materials (70 to 300 ohm-m) still prevail in the Yermo area at
this depth.

At a depth of 100 m (Figure 14b), the medium-low
resistivity materials (7 to 20 ohm-m) occupy a large portion
of the southern part of the Nebo area. These materials
probably do not represent good aguifers. North of I-40, a
fault may be inferred along the trend of the steep resistivity
gradient which runs nearly east-west, northwest-southeast, and
north-south. The fact that the location, the magnitude, and
the shape of the resistivity gradient changes on subsequent
interpreted-resistivity depth maps can be explained by a
dipping fault and it also reflects the general uncertainty in
locating faults using the available data. In the Yermo area,
at a depth of 100 m, most of the medium~high resistivity
materials (70 to 300 ohm-m), north of I-15, are replaced by
medium-resistivity materials (30 to 70 ohm-m).

At a depth of 200 m (Figure 1l4c), medium-low resistivity
materials (7 to 20 ohm-m) cover large regions in the Nebo and
southeast of Daggett areas and also appear in the northern
part of the Yermo area (north of I-15).

At a depth of 500 m (Figure 14d), the low and medium-low
resistivity materials (4.5 to 20 ohm-m) diminish in part of
the Nebo area and disappear from the Yermo area; however, they
are present in the western part of the Mojave River, and along
Ord Mountain Road where they represent the marly limestone,
sandstone, and shale beds refered to previously. Note that
the nearly east-west and north-south resistivity trends near
and north of I-40 in the Nebo area, are still present at this
depth but they occupy different positions, possibly because
the inferred faults dip to the south and southwest. Also note
that there is a resistivity gradient in the western part of
the map (near the intersection of the Mojave River and I-15)
where the possibility of a fault near that location was
discussed previously.

At the 200 and 500 m depths (Figure 14 c and d4),
significant portions of the interpreted-resistivity maps show
materials with resistivities in the range from 30 to 70 ohm-m.
Ordinarily, such materials should represent aquifers of sand
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and gravel saturated with fresh water. At these depths
however, it is possible that some volcanic units with low
porosity and permeability may exist in parts of the section.
This uncertainty cannot be settled without drilling a test
well to a depth of at least 500 m (1500 ft) to help understand
the deeper subsurface hydrogeologic conditions in this area.
The location of such a test well should be based on the study
of the interpreted- resistivity maps and the cross sections
presented earlier.

MAP OF GEOELECTRICALLY INFERRED FAULTS

Figure 15 shows a map of the average location of most of
the geoelectrically-inferred faults. The term "average
location" is used to encompass the uncertainty in determining
the exact location of a fault between two soundings, the
uncertainty in projecting the location of deep, dipping, and
buried faults at the surface, and the uncertainty of the
existance of a fault at any given location. In fact, a few
faults shown on some cross sections are not included on this
map. Some faults are shown with a symbol that indicates the
inferred up-down sides, whereas others are shown as a simple
line to indicate an inferred strike-slip fault. The direction
of the strike slip (right-lateral or left-lateral) is
indeterminable from the available resistivity data.

Almost all the geoelectrically inferred faults are
concealed by alluvium. Some are based on sudden lateral
changes in the interpreted resistivity of materials at medium
depths (about 100 to 500 m), some are based only on changes in
the depth to the high-resistivity geoelectric basement, and
some are based on both types of changes.

Along Ord Mountain Road, an inferred fault is shown
between almost every sounding station. These faults represent
a combination of shallow faults and of deep faults (which are
based only on perturbations in the surface of the high-
resistivity geoelectric basement). Such deep faults, if
present, may or may not reach the earth’s surface.

In the Nebo area, several faults are shown crossing the
Mojave River bed. As described previously, in the cross
sections, some of these are inferred-deep faults and others
may be sufficiently close to the surface, that they may act as
barriers to ground-water flow. Other inferred faults are
shown near Interstate Highway 40 and near the intersection of
Interstate Highway 15 and the Mojave River bed.

In the Yermo area, at least one well-defined northwest-
southeast trending fault is shown and other inferred faults
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are also shown in the figure.

SUMMARY AND CONCLUSIONS

The resistivity survey has shown that there are basically
four geoelectrically different materials in the Nebo and Yermo
areas. The four geoelectrical units, and what they may
represent geologically and hydrogeologically, are described
from low- to high-resistivity materials as follows:

(1) Low and medium-low resistivity materials (3 to 7
ohm-m and 7 to 20 ohm-m, respectively) which in general should
represent Tertiary sedimentary rocks (clay and marl, marly
limestone, or shale). These materials probably do not
represent good aquifers, and in areas where the resistivity is
less than 15 ohm-m the materials are probably saturated with
low-quality water.

(2) Medium resistivity materials (20 to 70 ohm-m) which
normally should represent sand and gravel aquifers saturated
with fresh water (especially in areas with resistivities in
the 45 to 70 ohm-m range). Where these (45 to 70 ohm-m)
materials overlie low and medium-low resistivity materials,
they probably represent sand and gravel layers saturated with
good quality water. However, at greater depths, where these
materials overlie the higher-resistivity geoelectric basement,
they probably represent a sequence of sedimentary rocks that
may also contain units of hard, low-porosity, and low
permeability rocks. A few drill holes have penetrated tight
conglomerate and brecciated rocks or other hard rocks
(volcanics?) at shallow depths of about 200 m or less. The
resistivity results, however, indicate that these hard-rock
materials do not represent the geoelectric basement of high
resistivity, and that the thick portions of the geoelectric
section with the medium resistivity materials may be composed
of a sequence of layers that contain both good aquifers as
well as some units of hard rocks with low porosity and
permeability. A deep test well reaching at least 500 m,
drilled at the appropriate location, should help solve this
problem and clarify the deep hydrogeologic conditions.

(3) Medium-high resistivity materials (70 to 300 ohm-m),
mapped at shallow depths (0 to 100 m) mostly represent old
valley fanglomerate and gravel layers (in the Nebo area), and
may represent compact sand and evaporite deposits (in the
Yermo and in the playa north of I-15 areas). At depths near
100 m, these medium-resistivity materials may represent
aquifers saturated with good quality water. At large depths
(>500 m), these resistivities represent the geoelectric
basement detected on all soundings made with sufficiently
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large current-electrode spacings.

(4) High-resistivity materials (>450 to about 1000 ohm-
m) mapped at very shallow depths (<5 meters) represent the
loose and dry sand in the Mojave River bed.

In general, at depths ranging from about 50 m to at least
500 m, the area south of I-40 (including southeast of Daggett)
is characterized by low and medium-low resistivity materials.
These materials also extend (north of I-40) in the area
northwest of Nebo and near the intersection of the Mojave
River and I-15. 1In contrast, most of the area north of I-40,
to the northeast of Nebo and in the Yermo area, is
characterized by medium and medium-high resistivity materials.
Therefore, according to the resistivity survey, one should
have a better chance of locating sources of better water, in
the areas north of I-40.

The location of several inferred faults was postulated
from the results of the resistivity survey. Whereas the
location of some of these inferred faults agrees with the
location of the extension of known faults across the Mojave
River bed, the location of other inferred faults have been
suggested in both the Nebo and Yermo areas.
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COMPUTERS AND PERIPHERALS

The sounding interpretations were made on a 386 IBM-
compatible computer. The station-location map was generated
by digitizing the USGS topographic maps (Selner and Taylor,
1992). The resulting map was annotated using DesignCAD 2-D
(American Small Business Computers, 1992) and printed on an HP
LaserJet-4m printer. The resistivity maps and cross sections
were generated in color on an Amiga 3000 computer using the
Kolor-Map & Section program (Zohdy, 1993). Deluxe Paint III
(Silva, 1989) was used for editing and annotating the
interpreted-resistivity maps and cross sections and for
constructing and annotating the block diagram. All color maps
and cross sections were printed on a Cannon Color Bubble-Jet
printer BJC-600.
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The tabulations and log-log plots of the sounding curves,
shown in appendix 2, were made by using the data files from
the automatic interpretation program to generate graphics and
text files compatible with WordPerfect 5.1. This was done
using a program written by the second author in Microsoft
QuickBASIC 4.5. The output was printed on an HP LaserJet III
printer.
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APPENDIX 1

Electrode-Spacing Measurements:

All current- and potential-electrode spacings were
measured in feet and later converted to meters during data
processing and interpretation. 1In this section, to simplify
the discussion, we will refer to the electrode-spacing
distances in feet (as they were measured in the field).
Current-electrode spacings (AB/2) from 10 to 100 ft were
measured using a cloth tape. The current-electrode spacings
at 140 ft and at 200 ft were measured using markings on the
laid-out potential-electrode cable. Current-electrode
spacings greater than 200 ft were measured using truck-mounted
“precision-foot-odometers", which measure the distance in
feet.

In this survey, most of the field-sounding curves are
composed of three segments or less. A segment on a sounding
curve is defined as a sequence of measurements made with
increasing current-electrode spacings (AB/2) at fixed
potential-electrode spacings (MN/2). The segments on the
field-sounding curves correspond to fixed MN/2 spacings of: 2,
20, and 200 ft, respectively.

On each sounding curve, the first segment was obtained by
successively expanding the current-electrode spacing (AB/2)
from 10 ft to 100 ft with the potential-electrode spacing
(MN/2) held fixed at 2 ft. At AB/2 = 100 ft, the MN/2 spacing
was expanded from 2 ft to 20 ft and the second segment on the
sounding curve was obtained by successively expanding AB/2
from 100 to 1000 ft. At AB/2 = 1000 ft, the MN/2 spacing was
expanded from 20 ft to 200 ft and the third segment of the
sounding curve was obtained by successively expanding AB/2
from 1000 ft up to 12,000 ft (see for example sounding 44).

Three soundings were expanded to current-electrode
spacings that were longer than the available straight-line
distance by following the turn in the road (see soundings 21C,
50C, and 51C, the suffix C indicates that the soundings were
corrected). These three soundings were corrected for non-
linear geometry using a method that we developed for making
soundings along winding roads in the Medicine Lake area,
California (Zohdy and Bisdorf, 1990).

Trucks and Other Equipment:

Three trucks were used for making the resistivity survey:
an instrument truck (a carryall) that remained stationary at
the center of the sounding, and two pickup trucks that were
used to lay out and pick up the current cable. Communication
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between operator and crew was maintained using 90-watt FM
radios. A 5-KVA generator was used for the current-power
supply and a potentiometric-chart recorder was used for
measuring the potential difference between the potential
electrodes. Stainless-steel electrodes were used for current
and for potential electrodes.

APPENDIX 2

On the following pages, the data for each sounding curve
includes:

1) A sounding title which is designated by the name of
the survey area followed by the sounding number. The suffix S
means that the sounding curve was smoothed prior to
interpretation, the suffix C means that the last few
measurements were corrected for a non-linear electrode
geometry, and the suffix F means that the interpretation of
the sounding was forced by constraining the last-layer
resistivity to a given value.

2) A tabulation of the current-electrode spacings (AB/2)
in meters (and in feet) and corresponding apparent
resistivities in ohm-meters.

3) A log-log plot of the field-sounding data. Each data
set of points made with the same potential-electrode spacing
(MN/2) are connected with a solid line to form a segment on
the curve. Measurements were made with the potential-
electrode spacings fixed at 2, 20, 200, and 600 ft.

4) A tabulation of the automatically interpreted
layering; with depths in meters (and in feet) and
corresponding interpreted resistivities in ohm-meters.

5) A log-log plot of the output of the automatic
interpretation program. Circles represent the shifted-
digitized sounding curve. The continuous curve represents the
calculated sounding curve. The step-function curve represents
the interpreted layering model. Note that the abscissa is
used to represent the current-electrode spacing for both the
digitized and calculated sounding curves as well as the
interpreted depth to the various layers. Similarly, the
ordinate is used to represent the digitized and calculated
apparent resistivities as well as the interpreted resistivity
of the various layers in the step-function model.
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