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Appendix 1.  Gravity Analysis for Groundwater Basin Definition: Western 
Mojave Desert, California

By: Robert C. Jachens, Victoria E. Langenheim, and Allen H. Christensen

Introduction

A gravity investigation was conducted in the Antelope 
Valley and adjacent areas of the western Mojave Desert in 
order to estimate the depth to the basement complex (thickness 
of basin fill) in the Antelope Valley groundwater basin and 
adjacent basins. Estimating the depth to the basement complex 
by using a gravity survey requires knowledge of the residual 
gravity field of the exposed geology and knowledge of the 
vertical density variation within the basin deposits. Data from 
wells that penetrate the surface of the basement complex 
provide constraints on the gravity-interpreted thickness of the 
basin fill.

Data Sets

Two types of data were used to define the depth-to-
basement in the Antelope Valley groundwater basin: gravity 
data and geologic maps. Gravity data were analyzed and 
resulted in an isostatic residual gravity field. The gravity field 
was then ground truthed using published geologic maps.

Gravity Data

Gravity point data were compiled from external sources 
(Snyder and others, 1982; Pan-American Center for Earth and 
Environmental Studies, 2010) and internal USGS databases 
[38,604 gravity observations (fig. 1-1)]. Gravity data were 
reduced using the Geodetic Reference System of 1967 
(International Union of Geodesy and Geophysics, 1971) and 
referenced to the International Gravity Standardization Net 
1971 gravity datum (Morelli, 1974, p. 18). Gravity data were 
reduced to isostatic anomalies using a reduction density of 
2,670 kg/m3 and include earth-tide, instrument drift, free-air, 
Bouguer, latitude, curvature, and terrain corrections (Telford 
and others, 1976). An isostatic correction using a sea-level 
crustal thickness of 16 mi and a mantle-crust density contrast 
of 400 kg/m3 was applied to the gravity data to remove the 
long-wavelength gravitational effect of isostatic compensation 

of the crust due to topographic loading. The data were gridded 
at a spacing of 985 ft, roughly the typical spacing of gravity 
stations along detailed profiles, using a minimum curvature 
algorithm. The resulting gravity field is termed the isostatic 
residual gravity field.

Sonic logs were collected in three wells (including a 
wildcat prospect well more than 10,000-ft-deep), and these 
logs were converted to equivalent density logs that were used 
to define the density of the basin-fill deposits and the density 
contrast at its base (see “Computation Method for Modeling 
the Thickness of the Cenozoic Deposits” section).

Geologic Maps

The gravity field of the study area (here expressed as 
the isostatic residual gravity field) is complex, and mostly 
reflects the large density contrast between the dense basement 
complex and the lower density basin fill (fig. 1-1). The 
most prominent features on the gravity map are the high 
gravity values (greater than –12 mGal) that coincide with 
the basement complex exposures in the San Gabriel and 
Tehachapi Mountains and the very low gravity values (less 
than –40 mGal) that coincide with the thick basin fill in the 
Antelope Valley.

The isostatic residual gravity field reflects two major 
classes of density variations: (1) density variations within the 
basement complex (referred to as the basement gravity field) 
and (2) the three-dimensional distribution of low-density 
Cenozoic volcanic and sedimentary deposits that comprise the 
basin fill (referred to as the basin gravity field). The observed 
isostatic residual gravity field was divided into its component 
parts using the method of Jachens and Moring (1990), which 
is described in the next section of this appendix. The most 
prominent features of the basement gravity field are the low to 
moderate gravity values (typically –25 to –5 mGal) over the 
low-lying desert areas surrounded by higher gravity values 
(–10 to +20 mGal) over the surrounding mountains (fig. 1-2). 
Within the desert region, the moderate gravity variations likely 
reflect the density differences between individual plutons. The 
basin gravity field reflects the three-dimensional distribution 
of the basin fill (fig. 1-3).
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Figure 1-1.  Isostatic residual gravity field of the Antelope Valley and adjacent regions of the western Mojave Desert, California. Small 
crosses indicate locations of the gravity observations used to define the gravity field. Faults from Jennings and others (1977). Contour 
interval 4 milligal (mGal).
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Computation Method for Modeling the 
Thickness of the Basin Fill

The thickness of the basin fill (or depth to the basement 
complex) throughout the study area was estimated using the 
method of Jachens and Moring (1990), modified slightly to 
permit inclusion of constraints at points where the thickness of 
the basin fill was known from direct observations in boreholes 
or from other geophysical measurements. An initial estimate 
of the basement gravity field is made by passing a smooth 
surface through the gravity values at stations measured where 
the basement complex is exposed plus constructed values at 
locations where wells penetrated the basement complex and 
subtracting this from the isostatic residual gravity field. This 
represents only the initial estimate because the gravity values 
at points on basement complex that lie close to the basin-fill 
deposits are influenced by the gravity effect of these lower 
density deposits and are, therefore, lower than they would be 
if the basin-fill deposits were not present. To compensate for 
this effect, the initial basin gravity field is used to calculate an 
initial estimate of the thickness of the basin-fill deposits, and 
the gravity effect of these deposits is calculated at all of the 
basement gravity stations. A second estimate of the basement 
gravity field is then made by passing a smooth surface 
through the basement gravity values corrected by the effects 
of the nearby basin-fill deposits and the process is repeated 
to produce a second estimate of the thickness of the basin-fill 
deposits. This process is repeated until further steps do not 
result in substantial changes to the modeled thickness of the 
basin-fill deposits, usually in five or six steps.

The basin gravity field was converted to thickness of 
the basin-fill deposits using an assumed density contrast 
that varies with depth (table 1-1) between the Cenozoic 
sedimentary and volcanic deposits that make up the basin-fill 
deposits and the underlying basement complex. This density-
depth relationship is based on sonic logs from three boreholes 
in the western Mojave Desert (fig. 1-4), which were converted 
to equivalent densities following the relations of Gardner and 
others (1974). The basement was assumed to have a nominal 
density of 2,610 kg/m3 on the basis of hand sample-density 
measurements. This density-depth relationship also was used 
to construct equivalent ‘observed’ basement gravity values at 
drill hole locations for defining the basement gravity field.

Use of a density-depth relationship based on the sonic 
logs from three boreholes for the entire western Mojave 
Desert region likely only approximates the actual density-
depth relationship of the basin-fill deposits throughout the 
region. The reasonableness of the density-depth relationship 
was tested by examining the basement gravity field for any 
indications of local anomalies at 1,148 wells that penetrated 
the basement complex and the solution was forced to honor 
those data. Unfortunately, a large proportion of these wells are 
concentrated within Edwards Air Force Base, rather than being 
uniformly distributed (fig. 1-2). Wells that did not penetrate 
the entire thickness of the basin fill also were examined to 
ensure that the resulting calculated thickness of the basin fill 
was equal to or greater than the depth of these wells.

Table 1-1.  Assumed density contrast with depth, Antelope 
Valley and surrounding desert regions, western Mojave Desert, 
California.

[Abbreviations: ft, feet; kg/m3, kilogram per cubic meter; >, greater than]

Depth  
range  

(ft)

Density  
contrast  
(kg/m3)

0–690 –530

>690–2,000 –410

>2,000–3,740 –290

>3,740 –180

Thickness of the Basin Fill

The gravity inversion resulted in a calculated thickness 
of the basin-fill deposits, or depth to basement complex, that 
ranges from 0 ft in the mountains and highlands, where the 
basement complex is exposed, to more than 5,000 ft in two 
basins within the Antelope Valley groundwater basin (Basins 1 
and 2 in fig. 1-4). Wells do not penetrate the entire thickness 
of basin fill in each of the basins; therefore, the exact thickness 
of the basin fill in these basins is uncertain but the location and 
general shape of the basins is correct.

The largest basin (Basin 1 on fig. 1-4) lies near the 
westernmost point of the Mojave Desert, just east of the 
junction of the Garlock and San Andreas Faults in the 
Finger Buttes, West Antelope, and Neenach subbasins of the 
Antelope Valley. A wildcat oil prospect well penetrated more 
than 10,000 ft into this basin and bottomed in the basement 
complex after passing through more than 7,000 ft of basin 
fill-deposits. The lower 5,000 ft of the basin-fill deposits are 
of Tertiary age (Benda and others, 1960; Mabey, 1960). The 
second large basin (Basin 2 on fig. 1-4) lies in the northeastern 
part of the Lancaster subbasin, southeast of the Antelope 
Valley fault Zone. No deep borehole data are available for 
Basin 2 but the lithology is probably similar to Basin 1, with 
most of the basin fill consisting of Tertiary age deposits.

The gravity method used for this study does not 
differentiate between water-bearing and non-water-bearing 
deposits; therefore, the calculated thickness of the basin fill 
cannot be used independently to estimate the groundwater 
availability in the Antelope Valley. Information on the water-
bearing properties of the basin-fill deposits could be provided 
by borehole data and aquifer tests. The thickness map prepared 
for this study could be used in conjunction with information 
on the water-bearing properties of the basin-fill deposits, 
provided by borehole data and aquifer tests, to help evaluate 
the groundwater availability in the Antelope Valley.



Appendix    97

–3.01

–2.71

–2.41

–2.11

–1.81

–1.51

–1.21

–0.91

–0.61

–0.31

–0.01

9,875

8,891

7,907

6,923

5,938

4,954

3,970

2,986

2,001

1,017

33

kmfeet

118°45’ 118°30’ 118°15’ 118° 117°45’ 117°30’

34°15’

34°30’

34°45’

35° 

35°15’

35°30’

100 20 30 Kilometers

100 20 30 Miles

1

2

2

EXPLANATION

Faults  (Jennings and others, 1977)

Gravity observation on sedimentary deposits
Gravity observation on basement rock
Well penetrating basement rock

Deep basin (see text for explanation)
Outcrop areas of basement rock
   (Jennings and others, 1977)

Depth to basement contour—
   Contour interval is 500 feet

Depth to basement

sac12-0460_Figure 1-04_DTB

Antelope Valley
   groundwater basin
Groundwater subbasin
   and namePearland

Willow 
Springs

Oak Creek

Finger Buttes

West  Antelope
Neenach

Lancaster

Buttes

Pearland

North
Muroc

Gloster

Chaffee

Peerless

Figure 1-4.  Depth to basement beneath the Antelope Valley and adjacent regions of the western Mojave Desert, California. Contour 
interval 500 feet.



98    Groundwater-Flow and Land-Subsidence Model of Antelope Valley, California

References Cited

Benda, W.K., Erd, R.C., and Smith, W.C., 1960, Core 
logs from five test holes near Kramer, California: U.S. 
Geological Survey Bulletin 1045-F, p. 319–393.

Gardner, G.H.F., Gardner, L.W., and Gregory, A.R., 1974, 
Formation velocity and density—The diagnostic basics for 
stratigraphic traps: Geophysics, vol. 39, no. 6, p. 770–780.

International Association of Geodesy, 1971, geodetic reference 
system 1967: International Association of Geodesy Special 
Publication, no. 3, 116 p.

Jachens, R.C., and Moring, B.C., 1990, Maps of thickness of 
Cenozoic deposits and the isostatic residual gravity over 
basement for Nevada: U.S. Geological Survey Open-File 
Report 90-404, scale 1:1,000,000.

Jennings, C.W., Strand, R.G., and Rogers, T.H., 1977, 
Geologic map of California: California Division of Mines 
and Geology, scale 1:750,000.

Mabey, D.R., 1960, Gravity survey of the western Mojave 
Desert, California: U.S. Geological Survey Professional 
Paper 316-D, p. 51–73.

Morelli, C., editor, 1974, The international gravity 
standardization net 1971: International Association of 
Geodesy Special Publication no. 4, 194 p.

Pan-American Center for Earth and Environmental Studies, 
2010, Gravity database, http://irpsvgis00.utep.edu/
repositorywebsite, last accessed January 8, 2010.

Snyder, D.B., Roberts, C.W., Saltus, R.W., and Sikora, 
R.F., 1982, A magnetic tape containing the principal 
facts of 64,026 gravity stations in the state of California: 
available from National Technical Information Service, 
U.S. Department of Commerce, Springfield, VA 22152,PB 
82-168287 [description of magnetic tape, PB 82-168279], 
magnetic tape, 34 p.

Telford, W.M., Geldart, L.O., Sheriff, R.E., and Keyes, 
D.A., 1976, Applied Geophysics: New York, Cambridge 
University Press, 960 p.



Appendix    99

Appendix 2.  Table Summarizing Basin Characteristic Model Recharge

Table 2-1.  Recharge distribution results from the Basin Characteristic Model (BCM), Antelope Valley groundwater basin, California, 
1915–2005. The basins listed are depicted in figure 20. (Provided as a Microsoft Excel®.)

Appendix 3.  Table Summarizing Measured and Estimated 1996–2005 Pumpage 
Data

Table 3-1.  Agricultural groundwater pumpage in Los Angeles County for 1996–2005, by numerical model cell, Antelope Valley 
groundwater-flow and land-subsidence model, Antelope Valley groundwater basin, California. (Provided as a Microsoft Excel®.)

Table 3-2.  Municipal and industrial groundwater pumpage for 1996–2005, by numerical model cell, Antelope Valley groundwater-flow 
and land-subsidence model, Antelope Valley groundwater basin, California. (Provided as a Microsoft Excel®.)

pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
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Appendix 4.  Estimated Land-Surface Deformations Using InSAR Data

Table 4-1.  Land-surface deformations observed at selected benchmarks using InSAR methods, Antelope Valley groundwater basin, 
California. Benchmark locations are shown on figure 31. Note that negative values indicate that the land-surface altitude has decreased 
relative to the land-surface altitude measured in July 1993. (Provided as a Microsoft Excel®.)

pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
pubs.usgs.gov/sir/2014/5166/
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Figure 4-1.  Land-surface deformations between July 1993 and June 1995 using InSAR methods, Antelope Valley groundwater basin, 
California.
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EXPLANATION
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Figure 4-2.  Land-surface deformations between July 1993 and September 1995 using InSAR methods, Antelope Valley groundwater 
basin, California.
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EXPLANATION
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Figure 4-3.  Land-surface deformations between June 1995 and September 1995 using InSAR methods, Antelope Valley groundwater 
basin, California.



104    Groundwater-Flow and Land-Subsidence Model of Antelope Valley, California
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Figure 4-4.  Land-surface deformations between June 1995 and May 1997 using InSAR methods, Antelope Valley groundwater basin, 
California.
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Figure 4-5.  Land-surface deformations between February 1996 and April 1997 using InSAR methods, Antelope Valley groundwater 
basin, California.



106    Groundwater-Flow and Land-Subsidence Model of Antelope Valley, California
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Figure 4-6.  Land-surface deformations between December 1996 and April 1998 using InSAR methods, Antelope Valley groundwater 
basin, California.
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Figure 4-7.  Land-surface deformations between March 1997 and May 2000 using InSAR methods, Antelope Valley groundwater basin, 
California.



108    Groundwater-Flow and Land-Subsidence Model of Antelope Valley, California
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Figure 4-8.  Land-surface deformations between May 1997 and April 1998 using InSAR methods, Antelope Valley groundwater basin, 
California.
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Figure 4-9.  Land-surface deformations between July 1997 and August 1998 using InSAR methods, Antelope Valley groundwater basin, 
California.



110    Groundwater-Flow and Land-Subsidence Model of Antelope Valley, California
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Figure 4-10.  Land-surface deformations between April 1998 and March 1999 using InSAR methods, Antelope Valley groundwater 
basin, California.
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Figure 4-11.  Land-surface deformations between August 1998 and 2000 using InSAR methods, Antelope Valley groundwater basin, 
California.
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Figure 4-12.  Land-surface deformations between March 1999 and May 2000 using InSAR methods, Antelope Valley groundwater basin, 
California.
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Figure 4-13.  Land-surface deformations between June 1999 and May 2000 using InSAR methods, Antelope Valley groundwater basin, 
California.
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