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1. INTRODUCTION

This report presents the results of the 3-D geophysical studies of the upper Borrego
Valley conducted from September, 1995 to- February, 1996. The purpose of the
investigation was to generate a model of depth to groundwater and crystalline basement
in the upper Borrego Valley. Several geophysical methods were used during this
investigation including time-domain electromagnetic (TDEM), seismic refraction, and
gravity methods. TDEM soundings were conducted to map depth to groundwater and
basement. The seismic refraction survey was conducted primarily to map depth to
groundwater and the gravity survey was conducted to map depth to bedrock. The
geophysical data acquired during this investigation were combined with data acquired
during the earlier investigation along the Borrego Valley Array (Agbabian Associates,
1995).

Sections 2.0- 5.0 discuss the surveying of the geophysical grid, TDEM survey, seismic
refraction survey, and gravity survey, respectively.

2. LAND SURVEYING

A total of 557 gravity stations were staked on an approximately 100-by 400-meter grid by
a licensed surveyor using a dual frequency differential GPS system operated in kinematic
mode. This land survey is estimated to have 1-2 cm horizontal accuracy and 2-3 cm
vertical accuracy. The endpoints of several seismic refraction lines were also surveyed
during this phase. All other geophysical measurements were tied to the surveyed gravity
stations. The geophysical stations along the horizontal array, established during the
earlier investigation, were surveyed using a total station system and have estimated
horizontal and vertical accuracy of about of 1 cm.

Figure 1 presents the locations of all geophysical measurement stations from the 2-D and
3-D investigations.







3. TIME DOMAIN ELECTROMAGNETIC SOUNDINGS

3.1. INTRODUCTION

TDEM soundings were conducted at selected locations to map depth to groundwater and
basement. Saturated sediments have a much lower resistivity than unsaturated sediments
and crystalline rock and, therefore, models of TDEM data should provide reasonable
estimates of depth to groundwater and crystalline basement.

A total of 12 TDEM soundings were made in the upper Borrego Valley, from November
27 to December 1, 1995. These soundings were conducted at gravity stations 250W,
2484, 2465, 2317, 2293, 2254, 2218, 2703, 2693, 2683, 2672, and 2658 as shown in
B Figure 1. The models developed from these soundings and the models for the 24
: soundings conducted during the 2-D geophysical studies along the horizontal array were
used in conjunction with the seismic refraction data to develop a groundwater elevation
model. The models were also used to constrain gravity modeling of basement depth.

3.2. FIELD PROCEDURES

- I[ A Geonics EM-57 and/or EM-47 transmitter (Tx) and a Protem digital receiver (Rx) were

used for the soundings. A transmitter loop consisting’ of insulated 8 gauge copper wire

j. was laid on the ground in a square loop with 100m or 200m sides. A portable Honda

generator was used as a power source for the EM-57 Tx and supplied about 12.0 amps of

current to the 100x100m Tx coil and 6.5 amps to the 200x200m Tx coil configuration.

The EM-47 transmitter was powered by its own internal power source and was able to

supply about 3 amps of current to a 100x100m Tx coil. A high and low frequency

receiver coil was used with the EM-47 and EM-57 transmitters, respectively. The

receiver coil was set up in the center of the transmitter loop during data recording. A

" wood leveling frame was used to orient the receiver coil horizontally, therefore allowing

. ‘the vertical component of the resulting magnetic field to be recorded. A reference cable

4 between the transmitter and receiver synchronized the system. The transmitter and

' receiver were operated in accordance with manufacturers operating instructions.

: Resulting data from each sounding was stored in the receiver’s internal memory and
| periodically downloaded to a laptop computer.

3.3. DATA PROCESSING

TDEM sounding data were processed using the forward and inverse modeling computer
program TEMIX-GL by Interpex Ltd. TEMIX-GL is a 1-D TDEM modeling program
“and, therefore assumes that the resistivity layers are horizontal, homogeneous, and
. isotropic. Data processing involved loading the field data into the computer program,
: . -entering header information and pertinent field parameters, masking noisy data values,




[

forward modeling to establish a realistic starting resistivity versus depth model, and
inverse modeling to find a model which most closely fits the data in a least squares sense.
Equivalence analysis was also performed on the inverse models to determine the range of

-models which fit the data with an error no more than 1 percent higher than that of the best

fit model. Where possible a three layer resistivity model (layers for unsaturated alluvium,
saturated alluvium, and basement) were fit to the field data.

TDEM data acquired during the earlier phase of the investigation were also reprocessed
to take advantage of the known depth to water in a new water well (Oasis well) near
station 1650W. '

3.4. RESULTS AND CONCLUSIONS

Resistivity versus depth models for the TDEM Soundings are presented in Appendix A.
These figures include a plot of apparent resistivity versus time for the field data, a
theoretical resistivity-time curve for the best fit model, and a plot of resistivity versus -
depth for both the best fit and equivalent models.

The results of inverse modeling of the TDEM soundings are summarized in Table 1. The
estimated errors in the depths of each layer are based on the equivalence analysis of the 1-
D models. However, in some areas the errors may be greater due to 2 and 3-D effects.
The models of TDEM data from sounding locations near the mountains, where bedrock is
likely to have a steep dip, may have errors much larger than those resulting from the
equivalence analysis because a 1-D model is invalid.

Modeled groundwater and basement depths at stations 1600W and 200W/200E agree
well with known depths from the adjacent Oasis well and the Main Station, respectively.
Estimated errors in depth to groundwater and depth to bedrock generally vary from about
S to 15 percent and 10 to 15 percent of depth, respectively.

The TDEM models were used in conjunction with the seismic refraction data and water
well measurements to develop a groundwater elevation model, as discussed in Section
4.4. A comparison of TDEM basement depths versus gravity basement depths is
presented in Section 6.
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4. SEISMIC REFRACTION SURVEY

4.1. INTRODUCTION

Seismic refraction soundings were conducted at -18 locations (SR1-SR11 and SR13-
SR19) as shown in Figure 1. The purpose of the seismic refraction survey was to
determine depth to groundwater and, where possible, depth to basement.

The water table was the primary target on seismic refraction lines SR1 to SR11, and
SR13, 15, 16, 17, and 19. Bedrock was a target on lines SR14 and SR18. |

Depth to groundwater data were combined with that determined from the TDEM

soundings to provide a model of the approximate water table depth in the upper Borrego
Valley.

4.2. FIELD PROCEDURES

Seismic refraction equipment used during this investigation consisted of a 48-channel
Geometrics Strataview R48 signal enhancement seismograph, 8 Hz vertical geophones,
and a Betsy Downhole Percussion Firing Rod (Betsy) with 500 and 400-grain black
powder charges.

Each line consisted of 48 geophones spaced 20 feet (6.1 meters) apart for a total line
length of 940 feet (286.5 meters). All geophone and shot point locations were measured
using a 300-foot tape measure. The lines were either referenced to known gravity station
locations or surveyed by a licensed surveyor. Elevations of each geophone location
within each line were surveyed using a Nikon AP-7 automatic level.

Between 3 and 7 shots were conducted on each line. Three shots were recorded where
the water table was the only visible target and 7 shots where bedrock was also visible in
the data. The final seismic record at each shot location was the result of staking multiple
shots to increase the signal to noise ratio. Paper copies of all seismic records were
printed in the field, and data were also stored on floppy disk.

4.3. DATA PROCESSING

Seismic refraction data where the water table was the primary target were processed using
the slope intercept method (Telford et al, 1990). This simple interpretation method
assumes that all subsurface velocity layers are horizontal, a valid assumption for the
water table beneath a short line. The first step in data processing consisted of picking the
arrival time of the first energy received at each geophone (first break) for each shot. The
first break arrivals on each seismic record were either a direct arrival from a



compressional wave (P-wave) traveling in the surface layer, or a refracted arrival from a
subsurface layer with higher velocity. The first arrival times were picked using the
computer program FIRSTPIX™ by Interpex Limited. The arrival times for each shot
point were saved as ASCII files and imported into the computer program GRAPHER™
by Golden Software, Inc. where plots of travel time versus distance were made. The
velocity and intercept times for each subsurface layer for calculated from the travel time
plots and imported into an in-house computer program which calculated the thickness and
depth of each layer.

Interpreted P-wave velocities of unsaturated sediments as determined from the seismic
refraction data vary from about 325 m/s at the surface to as much as 1,250 m/s above the
water table. Interpreted P-wave velocities of the saturated sediments as determined from
the seismic refraction data vary from about 1,800 to 2,250 m/s. These velocity ranges
appear to agree well with those determined from Oyo P-S Suspension logging at the Main
Station and Oasis wells, submitted in previous reports.

The purpose of line SR14 which was conducted adjacent to Coyote Mountain was to
determine if crystalline rock was present at shallow depth beneath the Tertiary continental
deposits exposed at the surface on this portion of the mountain. Velocities of over 3,100
m/s in the travel time data for this line confirmed that only a thin layer of continental
deposits overly crystalline rock at this location.

Line SR18 was not processed because the shotpoints on the eastern half of the line were
not able to obtain first arrivals from the basement surface because of increasing depth to
basement. Without first arrival data from forward and reverse shots a dipping refractor
cannot be modeled. In general, a high explosive energy source would be required to map
basement at this location. The black powder source used during this survey was only
adequate to map a target to a depth of about 100 meters or less.

44. RESULTS AND CONCLUSIONS

The results of the seismic refraction soundings conducted to map depth to ground water
are presented in Table 2. After processing the seismic refraction data it became evident
that depth to groundwater in some areas was significantly underestimated. For example,
the modeled depth to groundwater for SR8 was 93 meters whereas groundwater was
measured at a depth of about 104 meters in the adjacent Oasis well, and the modeled
depth to groundwater in SR9 and SR6 were 84 and 72 meters respectively while the
approximate depth at the Main Station was 94 meters. These underestimates in depth to
groundwater are caused by hidden layer problems. Because these hidden layers (layers
with increasing velocity but not sufficient thickness to have associated first arrivals) were
not resolved by the modeling, the depths to underlying layers are underestimated. To
help compensate for this problem, the average P-wave velocity for the unsaturated
sediments was calculated from the P-S Suspension logs at the Main Station and Oasis




well. The average velocity of the unsaturated sediments at the Main Station and Oasis
well were 800 m/s and 835 m/s, respectively.

Each travel time data were remodeled using the average velocity of unsaturated sediments
from the Main Station or Oasis well, depending on which was closest to the line, and the
velocity and intercept time for the water table refractor calculated from the travel time
data. Results of this modeling is also presented in Table 2. With the exception of the
three seismic refraction soundings in the northernmost portion of the valley (SR15, 16,
and 19) the depth to groundwater calculated using this method is always greater than that
calculated directly from the travel time plots. Calculated depths to groundwater for lines
SR8 and SR9 are much closer to that known from adjacent wells.

With the exception of lines SR15, 16, and 19 in the northern portion of the valley where
the average velocity of the unsaturated sediments appears to be much higher, true depths
to groundwater probably lie somewhere between that modeled directly from the travel
time data and that modeled using the average velocity for unsaturated sediments from the
P-S Suspension logs. Depth to groundwater at the locations of lines SR15, 16, and 19 is
probably slightly greater than that modeled directly from the travel time data depending
on the magnitude of the hidden layer problem.

A smooth groundwater elevation model was generated using the seismic refraction
models, TDEM models, and known groundwater elevations at the Main Station, Oasis
well, and a well located about 1.2 kilometers southeast of the Main Station which is being
monitored by the County of San Diego, California. County records indicate that the
groundwater elevation in the Borrego Valley is declining as much as one meter per year.
It can therefore be assumed that the current groundwater elevation at the Main Station is

about 2 meters lower that it was when the borehole was drilled. The resulting contour

map of groundwater elevation is presented as Figure 2. Approximate groundwater depths
were calculated by subtracting the groundwater elevation model from a surface
topography model generated from surveyed gravity station elevations. A contour map of
groundwater depth is presented as Figure 3. Errors in groundwater depth are estimated to
be on the order of 10 meters with the errors greatest in the northern portion of the valley
where there is the least amount of well control.
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5. GRAVITY SURVEY

5.1. INTRODUCTION

A total of 557 gravity stations were occupied along an approximately 100-by 400-meter
grid during this phase of the investigation. The location of these gravity stations and the
70 gravity stations along the horizontal array (Line 1) are shown in Figure 1. The
purpose of the gravity survey was to map depth to crystalline basement.

5.2. ' FIELD PROCEDURES

A LaCoste & Romberg Model D gravity meter (serial number D-204) was used to
measure the earth’s relative gravitational field at 557 new gravity stations between
November 13 and December 21, 1995. During the earlier investigation along the
horizontal array, measurenients were made at 100 meter intervals along the profile from
June 8 - June 9, 1995 and from June 22 - June 30, 1995 using a L&R Model G gravity
meter (D-22). Measurements were also made at several intermediate stations at 50 meter
intervals on July 1, 1995 (Agbabian Associates, 1995).

Before beginning the gravity survey it was necessary to locate a base station with known
absolute gravity. Using an absolute gravity base station as reference permits conversion
of relative gravity field measurements to absolute gravity. The data can then be merged
with publicly available absolute gravity data. The State of California maintains a

-network of gravity base stations where absolute gravity information is available. None of

these base stations in the vicinity of the survey area could be located so an absolute
gravity base station established by University of California, Riverside (UCR) at the Peg
Leg Smith Monument (PEGLEG), located about 6 miles southeast of the survey line, was
used for control. The PEGLEG base station is tied to Southern California Base (SCB)
330, in Indio, California. The base station used in the earlier investigation along the
horizontal array (PLS) was about 60 feet away from the true PEGLEG base station. PLS
was therefore tied to PEGLEG with 4 measurement loops and the earlier data reprocessed
using the correct absolute gravity value for PLS so that it could be merged with the new
gravity data.

Gravity measurements were made as follows. An aluminum base plate was placed on the
ground adjacent to the survey station. The gravity meter was placed on the concave base
plate and moved until the cross and long levels on the meter indicated that it was
approximately level. The leveling was completed by adjusting the three leveling screws
on the meter. The internal beam of the gravity meter was then released and the nulling
dial adjusted until the forces on the internal mass were nulled as indicated by the
electronic display (galvanometer) or by the optical system. The meter reading, in dial
divisions, was recorded in a field note book along with station location, date, time of
measurement, instrument height relative to the surveyed station, and miscellaneous

12




comments. At least two measurements were made at each station. If there was more than
about 10 microgals difference in the two measurements, additional méasurements were
taken until a good average was obtained. The meter was lifted from the base plate, placed
back on the plate, and releveled between repetitive measurements.

All gravity measurement loops began and ended at a base station so that corrections for
instrument drift could be made. Generally, the base station was reoccupied at 2-3 hour
intervals. Because PEGLEG is located about 6 miles away from the survey line, five
local -base stations (1004, 1005, 1006, 1007, 1008A) were established and tied to
PEGLEG with 5 measurement loops. Although these base stations were used to dedrift
all field measurements, PEGLEG was occupied at the beginning and end of each field
day for additional control.

'5.3.  DATA REDUCTION AND MODELING

The steps involved in reduction of the gravity data are summarized below.

Convert measurement in dial divisions to relative gravity in milligals.
Average multiple measurements at each station.

Make instrument height correction

Remove tidal effects.

Make drift corrections.

Calculate absolute gravity.

Apply latitude correction

Apply free air correction

Apply Bouguer correction

Apply terrain correction.

The gravity measurements made- at each station were first converted from dial divisions
to milligals using the calibration table for D-204 and a calibration constant of 1.1625 for
D-22. An average meter reading and time was then calculated for the multiple readings
taken at each station and then corrected for instrument height by adding 0.0308596 times
the instrument height in meters. These data were then input into a computer program
which applied the corrections for earth tides, which result from the changing position of .
the earth relative to the moon and sun, and also corrected for instrument drift. After the
tidal corrections were made the instrument drift rate for each loop was then calculated
using the tide corrected base station reading at the beginning and end of the loop. A
correction for the calculated drift was then applied to the field data. The result of these
corrections was a dedrifted meter reading at each station in milligals. These readings .
were then converted to absolute gravity using the absolute gravity calculated at each local
base station as reference. All local base stations were tied to PEGLEG which has an
absolute gravity of 979.507 milligals.

13




The theoretical gravity was calculated on the earth’s spheroid (an oblate ellipsoid that
approximates the mean sea level surface) for each station location using the 1930
International Gravity Formula:

2.5 978049[1 +0.0052884 sin? ¢ -+ 0.0000059 sin? (2¢)]

where ¢ = latitude in North American Datum(NAD) 1927 system

The 1930 gravity formula was used over more recent formulas because publicly available
data in the State of California, which will be used for regional control, was reduced with
this formula. Before calculating the theoretical gravity at each station it was necessary to
confirm that the surveyed station coordinates were in the NAD27 system and if not
convert them. The theoretical gravity value calculated at each station was used to correct
for latitude variations.

The free air correction, which compensates for the height of the survey station above the
sea level reference datum, was made and the free air anomaly determined from the
following equation:

8 =8, — & +0308596h,

where gg,= free air-anomaly
g,= absolute gravity
&, = theoretical gravity
hg = station elevation in meters
0.308596h, = free air correction

After the free air anomaly was calculated, the Bouguer correction was determined and the
Bouguer anomaly calculated using the following equation:

8sa = &1 — 0.0419088ph,

where g, = Bouguer anomaly
8 = free air anomaly
p = Bouguer density of rock in grams per cubic centimeter (2.67 g/cm3)
hy= station height in meters

14




Finally, the terrain correction, which compensates for the effects of variations in terrain in
the vicinity of the station, was determined and the Complete Bouguer Anomaly
calculated using the following equation:

gcba = gba + gfc

where g.,= complete Bouguer anomaly
8pa = Bouguer anomaly
8 = lerrain correction

The terrain corrections were determined using a computer program, developed by
University of California, Riverside, which uses the United States Geological Survey
(USGS) 30 meter digital elevation models (DEMs) for terrain corrections out to a
distance of 1 kilometer (km) from the station, and USGS 1° DEM:s for terrain corrections
from a distance of 1 to 22 km from the station. Wheré necessary, terrain corrections for
the A and B Hammer zones (corrections for terrain from 0-2 meters and 2-16.6 meters
from the station, respectively) were calculated in the field and added to the total terrain
correction. Complete bouguer anomaly data in the California gravity data base are
increased by 1000 milligals to ensure that the contours on. California State gravity maps
are always positive. The same adjustment was made to data acquired during this
investigation. Reduction of the gravity data is summarized in Table B-1 (Appendix B).

A color enhanced contour map of the Complete Bouguer gravity anomaly is presented as
Figure 4. .

Before the gravity data can be modeled it is necessary to remove the regional gravity field
so that only the effects of the structure of interest (in this case basement) are present in
the data. Prior to calculating the regional gravity field the gravity data acquired during
this investigation was combined with data from the State of California data base within 8
km of the perimeter of the study area. Measurements from the State data base within the
survey area were deleted because the precision was generally not as high as
measurements made during this investigation. The regional gravity field was calculated
using a computer program based on the Griffin (1949) method and is presented as Figure
5. Due to sparse regional gravity coverage in the mountain ranges adjacent to the upper
Borrego valley, calculation of a well constrained and accurate regional field was not
possible. Calculation of an accurate regional field was further complicated by the fact
that densities of basement rock in the ranges on each side of the valley may be
significantly different.

The residual gravity anomaly was calculated by subtracting the complete Bouguer
anomaly data from the regional field and is presented as Figure 6. Any errors in the

calculated regional field will directly lead to errors in the residual gravity anomaly and
resulting depth models.
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A 3-D inversion of the residual gravity anomaly was made using a computer program
developed at UCR. This program assumes a hyperbolic increase in density with depth
and implements the inversion using a method similar to that of Bott (1960). The
hyperbolic density-depth function is determined using the method of Litinsky (1989) with
input information being a surface density contrast, known depth to basement, residual
gravity anomaly at that location, and residual gravity anomaly equal to zero basement
depth. -Errors in this depth inversion are expected to be on the order of 15 percent with
basement depths being underestimated in the middle of the basin and overestimated on
the basin margins.

5.4. RESULTS AND CONCLUSIONS

Figure 7 presents a model of basement depth (note that basement depths are presented as
negative numbers so the color scale is consistent with that of previous figures). Errors in
the basement depth model are estimated to be the greater of 25 meters or 15 percent of
depth. Figure 8 presents a model of basement elevation calculated by adding the
basement depth model to a surface elevation model calculated from the 7.5 minute digital
elevation models of the Borrego Palm Canyon and Clark Lake, California quadrangles.

In analyzing the basement elevation contour map, it appears that there are two distinct
basins in the southern portion of the survey area. On the west site of the upper Borrego
valley there is a south-north trending basin with a maximum depth of about 370 meters
and on the east side of the valley a southeast-northwest trending basin subparallel to the
Coyote Creek Fault. These two basins are separated by a bedrock ridge which in the
southernmost portion of the survey area appears to be trending southeast-northwest and in
the central portion of the survey area is trending south-north. In the northern portion of
the survey area these two basins merge into a southeast-northwest trending basin parallel
to the Coyote Creek Fault.
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. 6. CONCLUSIONS

A comparison of basement depths calculated from the TDEM soundings and the gravity
model is presented as Table 3. The table also compares the known basement depths at
the Main Station and Oasis well to those in the gravity basement model.

Of the 25 TDEM basement depths, 10 are within 20 meters of the gravity basement
depth, 13 are within the error bounds of one of the methods, and a depth could be
- determined for 21 of the locations which satisfies the error of each method. The four
stations which do not fit the above criteria include 2293, 2254, 2218 and 2800W. The
g TDEM sounding data for 2800W appears to be affected by the same cultural noise that
| affected soundings 2600W, 2400W, 2200W and 2000W which were never modeled.
' TDEM sounding 2218 is close to Coyote Mountain and the TDEM model may have
S significant error due to the dipping bedrock surface. The models for TDEM soundings
g " 2293 and 2254 indicate a significantly greater depth to basement than that indicated by
the gravity model. These sounding locations are near the intersection of the southeast
1 basin and the south-north trending bedrock ridge. It is possible that the bedrock ridge
i does not intersect Coyote Mountain and that the southeastern basin connects to the
northernmost basin. The gravity basement depth at the Main Station was controlled
based on the known depth and the modeled gravity basement depth at the Oasis well is
about 33 meters deeper than the known depth. '

. The uncertainty in the regional gravity field may be responsible for some of the
differences in depth between the TDEM and gravity basement depths. Better gravity
coverage in the mountain ranges around the perimeter of the survey area would be
required to calculate a more accurate regional gravity field. Additionally, accurate depths , %
to bedrock in selected portions of the valley could also be used to refine the gravity
i model. If refinements to the groundwater or basement models are made in the future,
they will be submitted as an addendum.
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