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Present-day crustal deformation in southern California
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Abstract. The effects of laterally homogeneous mantle electrical conductivity have been included
in steady. Using an extensive set of precise geodetic measurements, we have developed a detailed
picture of present-day deformation rates in southern California. This large set of measurements,
amounting to nearly 2000 repeated distance measurements over the period 1973 to 1991, comes
from the U.S. Geological Survey’s Geodolite trilateration program, involving their combined
Anza, Joshua Tree, and Salton networks. Building on previous results from these data, we are able
to present the deformation field as estimates of the rate of horizontal strain accumulation in small
four-station subnetworks of the overall 89-station network. Using this technique, the spatial
details of the 18-year average strain rate field can be determined. By correlating these spatial
details with the tectonics of the region we are able to understand better how deformation is parti-
tioned across this highly complex margin between the Pacific and North American tectonic plates.
Some of the more interesting findings of this study are that (1) the vast majority of strain rate esti-
mates show a pattern of nearly pure shear as would be expected in a transcurrent environment, (2)
the fastest accumulation of surface strain in southern California is along the San Jacinto Fault west
of the Salton Sea, not along the San Andreas Fault, (3) strain accumulation rate along the length of
the San Jacinto Fault increases toward the southeast as the fault enters the Imperial Valley, (4) a
large area near the southern end of the Salton Sea, where the San Andreas Fault meets the Brawley
Seismic Zone, is undergoing areal dilatation, which is in part consistent with the formation of crust

at a spreading center, and (5) deformation at the transition zone between the San Andreas Fault
and the Eastern California Shear Zone also appears to be the result of crustal spreading.

Introduction

During the past 20 years the U.S. Geological Survey
(USGS) has made thousands of point-to-point distance
measurements using Geodolite electronic distance measure-
ment (EDM) equipment along the active margin between
the North American and Pacific plates [Savage, 1983].
Much of our knowledge about present-day crustal deforma-
tion in the western United States comes from this large set
of measurements. Numerous studies covering deformation
in southern California have used these data, including Sav-
age et al. [1979], Savage et al. [1981], King and Savage
[1983], Savage et al. [1986], and Lisowski et al. [1991].
Lisowski et al., in particular, discuss the crustal velocity
field from the Mexican border north to San Francisco along,
the San Andreas fault system and serves as an excellent
overview and starting point for this study.

We have used these trilateration data to determine the
spatial details of the interseismic deformation field in
southern California (south of the Transverse Ranges) in
what the USGS calls the Anza, Joshua Tree, and Salton
EDM networks (Figure 1). By dividing these large net-
works into many smaller subnetworks, we can map out the
variability in deformation as it relates to the tectonic fea-
tures of the region. In particular, we can determine whether
crustal strain is generally accumulating directly over the
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active faults in the region as "block models" of fault
mechanics would predict [e.g., Bilham and Beavan, 1979;
Nicholson et al., 1986], or if it accumulates over more
broadly distributed areas, as an elastic dislocation model
would predict [e.g., Savage, 1983]. Also of interest is sim-
ply identifying which of the many paralle]l faults in south-
ern California are accumulating the miajority of the strain
and whether the amount of strain accumulation shows any
variability along the length of the faults, possibly suggest-
ing preferred locations for future earthquakes.

Lisowski et al. [1991] presented the deformation field as
a plot of the velocity of each geodetic station. This tech-
nique results in a good visual representation of the defor-
mation field as a whole but makes it rather difficult to
understand the local details since the differences between
neighboring station velocities must be mentally estimated
and visualized. There is also the complication that the
velocity field is not uniquely determined from the trilatera-
tion data since the Geodolite measurements are not tied to
an external reference frame. (Lisowski et al. [1991] remove
this ambiguity by minimizing the velocity components in
each large EDM network in a direction perpendicular to the
direction of maximum shear strain rate in that network.) If
instead, the deformation field is presented in terms of the
strain rate in many small subnetworks, there is no ambigu-
ity to remove (because strain estimates do not require an
external reference frame) and spatial details are a natural
by-product. Of course, the uncertainty in the strain rate
estimates in each subnetwork will depend on the amount of
data available, so there is a trade-off in the accuracy of the
estimates as the size of the subnetworks (number of stations
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Figure 1. Geodolite network in southern California monitored by the U.S. Geological Survey (USGS)
from 1973 to 1991. The seismicity is from the California Institute of Technology/USGS (Cal-
tech/USGS) catalog for the period 1976-1991 (M, > 1.5); fault locations are from the Jennings [1988]
map of Quaternary faulting. The area west of Palm Springs is called the Anza subnetwork, east of Palm
Springs is the Joshua Tree subnetwork, and south of the northern extent of the Salton Sea is the Salton

subnetwork.

involved) is reduced. Only because the Geodolite data are
of such high, and uniform, quality and span such a long
time period is it possible to recover the details of the strain
rate field in this manner.

Savage and Prescott [1973] discuss in detail the field
techniques used and the measurement accuracy attained by
the Geodolite program. Effectively, the point-to-point
slope distance between two geodetic markers is determined
by measuring the time of flight of a modulated laser beam.
To convert this time into a distance, the average index of
refraction along the beam path is determined through a
combination of end point measurements of atmospheric
pressure and temperature and humidity profiles taken along
the beam path measured from an aircraft. The slope dis-
tance is measured several times over the course of a few
hours, and an average value is determined. Savage et al.
[1986] estimate that the uncertainty in any individual mea-
surement is given by

o?=a*+b’L? = (a2 +a?) + (b* + bD)L?,

()]

where a is a constant error term, b is a length proportional
error term, and L is line length. The random error compo-
nents (a, and b,) have been estimated by Savage et al.
[1986] to be a, =3 mm and b, =0. 14 ppm. The systematic
error components (a, and b,) are largely a result of calibra-
tion errors of the meteorological equipment and have been
shown to be a,=0.5 mm and b,=0.14 ppm. Taken
together, these result in an overall estimated error with a = 3
mm and b =0.2 ppm. As an example, for line lengths of 5
and 40 km this results in estimated errors of =3 and £9 mm,
respectively. These errors are roughly comparable with
estimates of the accuracy of the Global Positioning System
(GPS) when used in the relative positioning mode over
these distances [Davis et al., 1989; Happer et al., 1991].

Method

Several techniques are available to estimate the horizon-
tal strain rate tensor from geodetic measurements. Broadly
speaking there are two ways in which to proceed and a
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third which combines aspects of each: (1) we could use a
method that relies on estimating the actual coordinates of
each of the geodetic stations as a function of time and then
estimate the strain rate tensor by differencing these coordi-
nates, or (2) we could use a method that estimates the strain
rate tensor directly from the geodetic measurements by
using the survey-to-survey change only for those measure-
ments which are exactly repeated at each survey. There are
advantages to each style of analysis. The second method is
easier to implement because there is no intermediate step of
estimating coordinates before the strain rate tensor is found,
but it works only in cases where the same type of measure-
ment (point-to-point distance, vector distance, angle, etc.)
is repeated between sets of geodetic stations for each sur-
vey and where the amount of time required to fully survey a
network is small compared to the rate at which deformation
is taking place (so that each survey can be considered to
have occurred at a single point in time) [Frank, 1966]. On
the other hand, the first method is able to use mixed sets of
measurements, whether the same type of measurement is
made between sets of stations at each epoch or not, and

23,953

does not require that the same sets of stations be occupied
for each survey, nor does it require that resurveys be carried
out all at once [Margrave and Nyland, 1980; Brunner et al.,
1981]. Unfortunately, this flexibility comes at a price, in
that the coordinates of the geodetic stations cannot be fully
determined from the measurements taken in a typical sur-
vey because they are usually not tied to a rigid reference
frame (future GPS measurements should be able to get
around this problem). The reference frame ambiguity can
be overcome by a careful use of the “inner coordinate”
solution for each survey [Brunner et al., 1981], but this
then reintroduces the requirement that surveys be done all
at once, which is not always possible, especially with large
networks.

The third method for determining the strain rate tensor

“from geodetic measurements simultaneously determines the

coordinates of the stations and the strain rate tensor which
best fits the time change of those coordinates [Bibby, 1973,
1975; Snay and Cline, 1980; Bibby, 1981, 1982]. By com-
bining the coordinate and strain rate tensor estimations into
a single procedure, Bibby [1982] shows that we retain the
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Figure 2. Location of individual Geodolite stations and geographic locations referred to in the text. The
seven earthquakes which caused measurable coseismic offsets (labeled A through G from north to south)
are Homestead Valley (1979, M, 5.2), North Palm Springs (1986, M 5.6), Westmorland (1981, M 5.7),
Elmore Ranch (1987, M, 5.9), Superstition Hills (1987, M, 6.1), Brawley (1979, M, 5.9), and Imperial

Valley (1979, M, 6.6).
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Figure 3. Residuals from a best linear fit to each individual Geodolite line. The yearly surveys tend to
bunch together as a group either above or below zero depending on the systematic errors due to slight
miscalibrations of the meteorological equipment used to estimate the index of refraction of the atmo-

sphere at the time of the measurements.

advantages of dealing with mixed data types and non
repeated surveys, while at the same time not incurring the
reference frame ambiguity since all data are processed
simultaneously instead of one epoch at a time. The result is
that the estimates of the strain rate tensor using this
simultaneous reduction method are unaffected by the
choice of coordinate systems. Intuitively, this makes sense;
the strain rate tensor should only depend on changes in the

measured geodetic quantities and not on the particular ref-
erence frame used to describe them.

For the USGS Geodolite data, the networks are nor-
mally resurveyed in exactly the same way from year to year
and there is no difference between the simultaneous reduc-
tion method and the method of Frank [1966] discussed
above, which is used by the USGS in their analyses (see
also Prescott [1976]). We have chosen to implement the
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Figure 4. Residuals from a best linear fit for all measurements made between 1977.5 and 1978.5. The
least squares trend through the data gives an estimate of the constant and length-dependent systematic

errors during this particular campaign.
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Table 1. Systematic Errors in Yearly Surveys

Dates Included Constant Offset, Length Dependent,

Start End mm ppm
1972.0 1973.0 -3.8 0.31
19735 19745 3.5 -0.08
1975.0 1975.5 -1.0 0.24
1975.5 1976.0 2.6 -0.17
1977.0 19775 2.3 0.01
19775 1978.5 -1.0 -0.15
1978.5 1979.5 -0.7 0.05
1979.5 1980.0 1.0 0.08
1980.0 1980.5 1.6 -0.13
1981.0 1981.5 -1.0 0.06
1981.5 1982.5 -2.5 0.08
1983.0 1984.0 0.0 -0.23
1984.0 1984.5 1.3 -0.00
1985.0 1985.5 0.2 0.08
1986.5 1987.5 -0.9 0.11
1987.5 1988.0 0.6 -0.03 .
1988.0 1988.5 1.1 0.05
1988.5 1989.0 0.6 -0.05
1991.0 1991.5 -1.5 0.27

simultaneous reduction method for this study simply to
have it available for future projects.

Whatever method is used to estimate the strain rate ten-
sor from the geodetic measurements, two important
assumptions come into play. First, all techniques assume
that the deformation taking place within the network, or
subnetwork, is spatially uniform. As the size of a subnet-
work becomes smaller, this approximation becomes better,
but even when the smallest possible strain-rate-determining
subnetwork of three Geodolite stations is considered, the
spatial extent is still of the order of 10 km because of the
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interstation spacing involved. Whether the network used is
large or small, the methods described here will return the
spatially averaged strain rate estimate. The second assump-
tion is that the accumulation of strain is uniform from sur-
vey to survey. In this study we use the entire 18-year span
of measurements to estimate a single strain rate for each
subnetwork and so make an even stronger assumption that
this rate was constant over the whole 18-year period.
Again, each method considered will return the best average
strain rate estimate whether this assumption is valid or not.
Savage et al. [1986] show that the data used here are con-
sistent with linear strain accumulation, and we use this
result in our calculations below.

The best way to satisfy both of these assumptions would
be to process the Geodolite data in the smallest possible
subnetworks over the shortest possible time spans. How-
ever, when the data are broken up in this manner there are
not enough measurements to produce robust strain rate esti-
mates. As stated above, we resolve this problem by using
the full 18-year span of data to determine a single average
strain rate value. Even with this temporal averaging we
found when the data are restricted to subnetworks of three
stations each (the minimum number to determine all com-
ponents of the horizontal strain rate tensor), the strain rate
estimates have unacceptably large uncertainties. The strain
rate uncertainties proved to be significantly smaller for
four-station networks, and so all results in this study are for
this configuration.

Once the strain rate tensor has been estimated, we
require a way to plot this on a map to understand the
results. The style we use follows the USGS convention of
representing the principal strain rate tensor by four arrows
emanating from the center of the subnetwork. As an exam-
ple, the inset in Figure 7 shows the representations for pure
shear (equal and opposite linear strain at 45° to the shear)
and positive areal dilatation.
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Figure 5. Residuals from a best linear fit to each individual Geodolite line after the year-to-year system-
atic effects have been removed. The constant and length-dependent systematic error terms for each year
are estimated as in Figure 4 and have been removed from the raw Geodolite data.
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The following section describes the steps taken before
using the Geodolite data to calculate the horizontal strain

Table 2. Four-Station Subnetwork Principal Strain Rate Estimates

23,957

rate tensors. We discuss our handling of the earthquakes
which occurred during the 18-year span of measurements,
steps taken to deal with “defects” in the geometry of some
of the subnetworks used, and other details. In addition, we
analyze the data as a whole to produce independent esti-

Stations in Subnetwork' long.2 lat.2 é 3 Oy a14 O éy Csy a, Coy
carrizo dixie off_225 off_229 -115.86 3272  0.035 0.010 90.1 31 -0.138 0.012 0.1 3.1
carrizo dixie off_229 jacumba -115.97 3274  0.001 0.010 89.2 44 -0111 0.012 -0.8 4.4
carrizo off_229 jacumba monu_res -116.13  32.76 0.034 0.013 88.3 37 -0.108 0.013 -1.7 3.7
carrizo jacumba monu_res  stage -116.22  32.33 0.004 0019 1251 258 -0.037 0.026 351 258
carrizo monu_res  stage fish -116.17  32.90 0.015 0.012 934 132 -0.060 0.018 34 132
fish carrizo stage elephant -116.11 3294  0.037 0.014 79.6 80 -0075 0.018 -104 8.0
fish stage monu_res  elephant -116.21 3296 0.013  0.022 69.0 182 -0.066 0.048 -21.0 182
stage fish dixie carrizo -116.02 32.88  0.021 0.012 74.5 73 -0077 0016 -15.5 73
stage fish sup carrizo -116.02 3292  0.084 0.011 77.7 41 -0.082 0018 -12.3 4.1
fish sup dixie carrizo -11590 32.89  0.085 0.011 71.8 24 -0.139 0012 -182 2.4
fish dixie off_225 carrizo -115.88  32.81 0.002 0.016 84.4 87 -0.092 0.014 -5.6 8.7
fish dixie off_229 carrizo -115.93  32.81 -0.029 0.013 93.4 8.7 -0.098 0.010 3.4 8.7
sup dixie off 229 carrizo -11589 32.80  0.028 0.012 743 31 -0.138 0011 -157 3.1
sup dixie off 225 carrizo -115.84  32.80  0.067 0.011 76.2 24 -0.144 0013 -13.8 24
soda kane sup fish -115.88 33.04 0.121 0.015 84.5 14 -0307 0.010 -5.5 14
soda sup dixie fish -115.88 3298  0.137 0.021 93.4 20 -0269 0.010 3.4 2.0
soda sup carrizo fish -11593 3298  0.170 0.016 80.5 1.5 -0.247 0.010 -9.5 1.5
kane sup dixie fish -11585 3295 0.132 0.015 935 21 -0222 0.014 35 2.1
kane sup carrizo fish -11591 3295 0.126 0.016 86.7 35 -0.128 0.016 -33 35
elephant stage monu_res  granite -116.34 3298 0.017 0.018 812 129 -0.062 0.021 -8.8 129
stage fish ocotillo elephant -116.14  33.02 0.048 0.018 70.6 37 -0.160 0.022 -194 3.7
elephant fish soda ocotillo -116.04 33.08 0.287 0.015 81.6 1.1 -0.328 0.013 -84 1.1
monu_res  wilson volcan granite -116.48  33.06 0.004  0.022 833 89 -0.075 0.013 -6.7 8.9
volcan granite bluffrm1 wilson -116.43  33.15 0.037 0.021 73.3 7.1 -0.094 0029 -16.7 71
wilson yak ocotillo bluffrm1 -116.26  33.17  0.101 0.014 80.5 31 -0252  0.048 -9.5 3.1
monu_res  granite bluffrm1 elephant -116.33  33.06 0.059 0.021 79.6 47 -0.134 0017 -104 4.7
granite elephant ocotillo bluffrm1 -116.25 33.12  0.074 0.019 71.0 28 -0210 0.019 -19.0 2.8
volcan wilson yak granite -116.44  33.11 0.022 0.012 85.1 94 -0.069 0.027 -4.9 9.4
elephant ocotillo palm bluffrm1 -116.16  33.19  0.127 0.036 78.3 27 -0265 0019 -11.7 2.7
ocotillo bluffrm1 palm coolidge -116.14  33.27 0.142  0.034 71.3 23 -028 0013 -12.7 23
bluffrm1 palm soda ocotillo -116.09 3322  0.309 0.013 85.5 12 -0356 0.022 -4.5 12
palm coolidge soda ocotillo -116.06  33.25 0346  0.015 87.3 1.0 -0.256 0.010 2.7 1.0
palm soda fish ocotillo -116.03  33.15  0.345 0.015 86.0 09 -0335 0012 -4.0 0.9
ocotillo soda kane fish -11596  33.09 0260 0.015 85.8 09 -0361 0.013 -4.2 0.9
ocotillo soda salton coolidge -115.98 3328 0260 0.011 92.0 12 -0241 0.009 2.0 1.2
palm coolidge salton soda -11598 3333 0201 0.012 93.0 13 -0223 0.012 3.0 1.3
soda sup alamo salton -11579 3319 0334 0.012 104.0 0.7 -0302 0.009 14.0 0.7
soda alamo coach salton -11575 3331 0332 0.012 1149 1.0 -0.166 0.011 249 1.0
salton coach oldbeach  alamo -115.64 3334 0216 0012 104.8 3.0 0039 0012 14.8 3.0
salton coach beals oldbeach  -115.58 3338  0.187 0.012 106.5 42 0.023 0.026 16.5 42
coach beals oldbeach  alamo -115.53 3332 0.121 0.015 951 11.6  0.074 0.013 51 116
beals salva alamo oldbeach  -11543 3327  0.118 0.010 80.5 109 0.054 0.029 9.5 109
coach beals salva oldbeach  -11544 3333  0.112 0012 101.0 272  0.087 0.024 11.0 272
orocopia butte beals coach -115.53 3348  0.111 0.024 1274 73 0006 0024 374 73
salton coach orocopia mecca -115.82 3352 0220 0.013 1034 1.6 -0.196 0.015 13.4 1.6
salton orocopia cottonwo  mecca -115.88  33.59 0.258  0.015 96.3 1.3  -0.174 0.014 6.3 1.3
mecca orocopia salton coolidge -115.92 3350 0228 0.010 99.7 14 -0.168 0.010 9.7 1.4
mecca salton coolidge martinez -116.03 3349 0212 0.012 98.9 14 -0.160 0.011 8.9 14
mecca salton soda coolidge -115.96 3341 0214 0.012 96.8 12 -0.192 0.009 6.8 12
orocopia coach alamo salton -115.71 3341 0255 0017 1174 1.6 -0.140 0.014 27.4 1.6
orocopia coach oldbeach salton -115.69  33.43 0238 0015 108.7 1.5 -0.197 0.015 18.7 1.5
soda alamo sup fish -115.83  33.08 0219 0011 95.5 1.1 -0343 0.010 55 1.1
coach oldbeach  salva alamo -11550 3329 0123 0.010 1009 122 0.071 0.013 109 122
salton oldbeach salva alamo -115.55 33.28 0.191 0.017 1399 6.6 0.089 0.014 49.9 6.6
volcan granite elephant monu_res -116.41  33.02 0.038  0.017 76.6 7.7 -0.068 0.021 -134 7.7
bluffrm1 soda fish ocotillo -116.06  33.14 0321 0.014 83.8 09 -0342 0.013 -6.2 0.9
soda alamo sup kane -115.79  33.10 0.238  0.013 93.4 0.9 -039% 0.011 34 0.9
mecca coolidge martinez laquinta -116.15 3356 0179 0.013 95.7 1.5 -0.167 0.010 5.7 1.5
mecca martinez toro laquinta -116.24  33.60 0.193  0.010 89.2 1.7 -0.111  0.013 -0.8 1.7
mecca martinez laquinta berdoo -116.16 3368  0.181 0.012 95.1 14 -0.148 0.012 5.1 14
mecca laquinta inspncer berdoo -116.16  33.78 0.187  0.012 95.0 1.8 -0.128 0.012 5.0 1.8
berdoo laquinta edom_2 inspncer -116.26  33.84 0.183  0.013 90.5 17 -0.168 0.016 0.5 1.7
mecca laquinta edom_2 berdoo -116.22  33.77 0.188  0.010 92.4 1.8 -0.139 0.012 2.4 1.8
laquinta martinez toro asbesrml  -116.35 3359  0.163 0.014 86.8 23 -0.078 0.012 =32 23
laquinta martinez toro eve -116.37  33.60  0.146 0.010 83.5 24 -0.072 0013 -6.5 2.4
laquinta toro lookout asbesrm1 -116.48  33.63 0.114 0.014 93.7 47 -0.105 0.023 3.7 4.7
laquinta asbesrml  lookout eve -116.44  33.60 0.122 0.014 103.2 51 -0.012 0.017 13.2 5.1
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Table 2. (Continued)

Stations in Subnetwork long. lat. é 0%y a Ooy é, O, a, Coy
laquinta toro eve asbesrml  -116.44  33.63 0.088 0.011 88.5 48 -0.019 0.014 -1.5 4.8
asbesrml toro lookout eve -116.50  33.59 0.132  0.013 94.7 29 -0.086 0.014 4.7 29
asbesrml  toro moss lookout -116.54  33.54  0.147 0.013 1013 34 -0065 0.021 11.3 3.4
thom_cgs eve asbesrml  lookout -116.57  33.61 0.143  0.016 91.3 33 -0.112 0.022 1.3 33
thom_cgs eve lookeut moss -116.63  33.57 0.179  0.022 91.3 28 -0.167 0.014 13 2.8
thom_cgs  lookout moss jason -116.69 3355 0234 0015 96.2 1.8 -0.199 0.016 6.2 1.8
lookout moss roundtop  jason -116.75 3352  0.178 0.013 94.3 23  -0.140 0.031 4.3 2.3
moss roundtop  pollycgs jason -116.83  33.56 0.121  0.019 89.0 46 -0.094 0.019 -1.0 4.6
pollycgs jason roundtop  bachelor -116.92  33.59 0.080 0.019 83.5 39 -0.105 0.019 -6.5 39
pollycgs roundtop  bachelor  menifee -117.03  33.63 0.049 0.014 87.5 54 -0.094 0.018 -2.5 54
pollycgs roundtop  bachelor  nelson -116.99  33.66  0.049 0.021 84.5 57 -0.082 0.013 -5.5 5.7
pollycgs bachelor menifee nelson -117.07  33.71 0.051 0.013 82.4 49 -0.067 0.015 -1.6 49
pollycgs bachelor elsinore menifee -117.14  33.65 0.049 0.012 85.1 7.1 -0.055 0.032 -4.9 7.1
pollycgs bachelor nelson ranger -116.97 3374  0.175 0.015 89.9 24 -0.112 0.013 -0.1 24
pollycgs menifee nelson ranger -117.01  33.77 0.134  0.012 832 24 -0.148 0.020 -6.8 24
pollycgs menifee ida nelson -117.14 33776  0.060 0.014 76.6 6.7 -0.063 0031 -134 6.7
pollycgs nelson david ranger -116.95 3382 0219 0.014 86.4 1.6 -0203 0.014 -3.6 1.6
pollycgs nelson gander david -117.03  33.84 0.217  0.036 90.1 25 -0230 0.017 0.1 2.5
pollycgs nelson micro david -117.04 33.82 0.174 0.019 89.9 23 -0220 0.020 -0.1 23
ranger nelson micro david -117.02  33.86 0.203  0.013 88.2 22  -0256 0.048 -1.8 22
ranger nelson gander david -117.00  33.88 0216 0.014 89.7 24 -0227 0.022 -0.3 24
david nelson micro gander -117.09 33.89  0.178 0.018 90.0 2.1 -0222  0.020 0.0 2.1
david micro brink_2 gander -117.11 3394  0.180 0.020 88.2 2.1 -0223 0.020 -1.8 2.1
nelson gander brink_2 david -117.08  33.92 0.204  0.036 88.2 27 -0236 0.021 -1.8 2.7
nelson micro brink_2 gander -117.13  33.92 0.162  0.033 87.8 2.6 -0.217 0.016 22 2.6
david nelson ida micro -117.14 3385 0.116 0.014 922 41 -0.155 0.050 22 4.1
gander nelson ida micro -117.17  33.86 0.100 0.016 90.3 3.0 -0200 0.021 0.3 3.0
micro nelson menifee ida -117.20  33.80  0.080 0.018 92.3 6.5 -0.056 0.054 23 6.5
nelson double menifee ida -117.18  33.76 0.073  0.021 81.8 8.4 -0.098 0.055 -8.2 8.4
bachelor elsinore menifee nelson -117.17  33.69 0.066  0.015 83.3 52 -0.068 0.015 -6.7 52
bachelor elsinore ida menifee -117.24  33.68 0.069 0.016 85.3 52 -0.090 0.017 -4.7 52
menifee elsinore santiago ida -117.36  33.71 0.026  0.019 90.4 7.0 -0.080 0.018 0.4 7.0
ida elsinore santiago arling -117.42 3375 0.034 0.018 101.7 56 -0.101 0.016 11.7 5.6
ida santiago sier arling -117.49  33.81 0.070  0.016 96.3 3.7 -0.129 0.020 6.3 37
arling santiago sier san_juan  -117.60 33.84 0.083  0.015 85.2 43 -0.132  0.019 -4.8 4.3
arling santiago black sier -117.58  33.81 0.095 0.022 88.4 43 -0.126 0.019 -1.6 43
arling sier black san_juan  -117.63 33.86 0.111 0.026 70.4 82 -0.106 0.051 -19.6 8.2
san_juan sier santiago black -117.64  33.82 0.002 0.141 718 670 -0.068 0.076 -182 67.0
santiago black lomas bee -117.66 3375  0.016 0.033 93.6 120 -0.113 0.049 36 120
san_juan sier black lomas -117.70  33.83  -0.013  0.043 541 231 -0085 0036 -359 23.1
black bee san_joaq  lomas -117.73 3373 0.033  0.066 785 128 -0.154 0043 -11.5 128
black santiago san_joaq  bee -117.67  33.71 0.055 0.025 82.1 73 -0.110 0.041 -7.9 73
santiago bee san_joaq  niguel -117.69 3364  0.069 0.025 91.4 6.7 -0.104 0.024 14 6.7
lomas bee niguel san_joaq  -117.75 33.65 0.178 0.081 93.3 45 -0.133 0.026 33 45
black santiago niguel bee -117.66  33.69 0.042  0.031 86.5 74 -0.130 0.026 -3.5 74
berdoo inspncer warren edom_2 -116.28  33.93 0.177  0.013 82.5 70 0.028 0.023 -1.5 7.0
laquinta inspncer warren edom_2 -116.34  33.89  0.148 0.024 87.1 33 -0.085 0.015 29 33
inspncer edom_2 warren keys -116.31 3399  0.109 0.020 1055 13.0 0.026 0.021 155 13.0
inspncer warren pax_ncer  keys -116.30 3406  0.097 0.030 1255 74 -0.045 0.031 355 7.4
warren keys sandhill pax_ncer -116.32 3414  0.094 0.027 137.1 9.8 -0.006 0.027 47.1 9.8
keys sandhill rich pax_ncer -11633 3419  0.092 0.029 1358 129 0.005  0.029 458 129
sandhill pax_ncer  meeks rich -116.44  34.23 0.114 0.028 112.8 10.8 -0.016 0.042 22.8 10.8
sandhill rich meeks maumee -116.45 3430  0.103  0.027 83.2 6.5 -0.092 0.029 -6.8 6.5
pax_ncer  rich maumee meeks -116.48 3427 0.147  0.031 98.2 63 -0.060 0.030 8.2 6.3
sandhill pax_ncer  rich creolrm2  -116.36 3428  0.095 0.034 102.0 93 -0.044 0.028 12.0 9.3
maumee creolrm2  sandhill rich -116.38 3434  0.076 0.026 87.4 8.0 -0.080 0.023 -2.6 8.0
creolrm2  rich meeks maumee -116.46 3434  0.097 0.035 816 11.0 -0.107 0.042 -84 110
sandhill segundo valmtecc  mesquite  -116.11 3424  0.109 0.029 117.5 9.6 -0.037 0.040 27.5 9.6
sandhill valmtecc  mesquite  queen -116.11  34.18 0.134  0.022 1183 48 -0.054 0.023 283 4.8
mesquite  queen keys sandhill -116.17 3415  0.104 0.038 1353 82 -0.108 0.038 453 8.2
segundo valmtecc  queen mesquite  -116.07 3420 0.055 0.036 1103 151 -0.034 0.027 203 15.1
valmtecc 29_palms  queen mesquite  -116.03  34.13 0.058  0.032 99.5 177 -0.046 0.023 9.5 177
valmtecc queen keys mesquite  -116.09 34.14 0.018 0.033 943 237 -0.051 0.028 43 237
sandhill queen keys pax_ncer -116.24 34.14  0.108 0.029 152.1 93 -0.021 0030 621 9.3

1. Subnetworks presented in approximately south to north ordering
per year with ¢; the most extensive strain rate. 4. Azimuths in degrees clockwise from north.

mates of the error terms in equation 1. (See Savage et al.
[1986] for plots of much of the raw line length data.)
Readers more interested in the strain rate estimates may

wish to skip this section.

Several earthquakes occurred in southern California
during the span of the Geodolite program. Since we are

. 2. Coordinates of center of subnetwork. 3. Strain rates in microstrain

interested in only the accumulation of interseismic strain,
these earthquakes are “‘noise” and their effect on the data
must be removed. There are two ways to achieve this. One
possibility is to model the fault-slip distributions of these
earthquakes and to use an elastic dislocation program to
calculate the change in length for each of the Geodolite
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the Geodolite lines directed approximately north-south show contraction, while the east-west lines show

extension.

lines and then to remove these modeled offsets from the
data. This procedure often turns out to be a bit circular
since in many cases these same Geodolite data have been
used by other researchers to estimate the coseismic fault-
slip distributions in the first place. Instead, using the
assumption that strain accumulates linearly in time as dis-
cussed in the previous section, we chose to determine the
best fitting offset at the time of the earthquake for each
individual line affected by the earthquake (i.e., those near
the epicenter). These offsets are then subtracted from the
original line length data and a “reduced” set of measure-
ments is created. Great care must be taken to ensure that
the offsets determined in this way are reasonable by check-
ing that the pattern of offsets makes sense with respect to
the known faulting. Largely, this was done using forward
modeling with an elastic dislocation code to assure our-
selves that each offset was plausible. We have tried to be
conservative in our approach, and have fit for coseismic off-
sets only on those lines which clearly have been disturbed
by the earthquakes. Effects from a total of seven earth-
quakes were removed by this process: 1979 Homestead
Valley (M, 5.2), 1979 Imperial Valley (M, 6.6), 1979

Brawley (M, 5.5), 1981 Westmorland (M, 5.7), 1986 North
Palm Springs (M, 5.9), 1987 Elmore Ranch (M, 5.8), and
1987 Superstition Hills (M, 6.0). These earthquakes and
their location with respect to the Geodolite network are
shown in Figure 2.

The majority of these large earthquakes were in the
Imperial Valley, where triggered surface slip is often
observed on faults far from the earthquake epicenter [e.g.,
Allen et al., 1972]. The Geodolite data show that secondary
deformation of this style occurred at a measurable level for
the Imperial Valley/Brawley earthquake pair and also for
the Elmore Ranch/Superstition Hills pair. The triggered
slip at the time of the Imperial Valley earthquake was on
the Superstition Hills Fault near the Geodolite station SUP
(see the index map, Figure 2, for the location of stations
named in the text) and produced small offsets on all lines
into SUP which had the same sense as the coseismic offsets
8 years later when this fault, itself, ruptured. Triggered slip
caused by the Superstition Hills earthquake occurred along
the southern San Andreas Fault and caused the station at
Bat Caves Buttes, SALTON, to move toward the southeast;
just the direction expected due to the stress buildup on this
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Figure 9. Engineering shear strain rate profile perpendicular to local faulting in the northwest Anza and
Joshua Tree networks (above), and depth profile of quality A and B earthquakes from the Caltech cata-
log from 1973 through 1991. All strain rate estimates from the four-station subnetworks northwest of
the line A to A~ in Figure 7 were resolved into right-lateral shear strain rate at an azimuth of N41.8°W.
This is the azimuth of maximum shear strain rate for the combined Anza and Joshua Tree subnetworks.
The San Andreas fault zone appears as a smeared-out feature in this plot because the fault is not perpen-

dicular to N41.8°W.

section of the fault. We have fit for these two sets of offsets
in the raw line length data in the same manner as for the
seven large earthquakes discussed above.

Since the aim of this paper is to better understand the
accumulation of interseismic strain, these earthquake-
related offsets are an unwanted complexity. However, the
assumptions made here identify such anomalies well; for
other researchers who may be studying these events in
detail, our offset estimates are tabulated by Johnson [1993].

Besides these earthquake related offsets, we found only
one Geodolite station, near the town of Anza, which clearly
was affected by “something.” There are no recorded earth-
quakes which can account for this single offset on the line
between stations ROAD and THOM-CGS, occurring some-
time between late 1975 and late 1977, and the event does

not seem to be of any other tectonic origin. Nonetheless,
we allowed our routines to fit an offset on this single line
during this period of time. We also detected two length
measurements on separate lines which we believe to be
blunders of one sort or another: the 1974 measurement
between stations ASBESRM1 and TORO, and the 1987
measurement  between  stations BLUFFRMI1 and
OCOTILLO. These are the only two measurements which
were actually removed from the data.

This editing process is somewhat different from that
used by Savage et al. [1986] and Lisowski et al. [1991]. In
each of those studies all observations which fell more than
three standard deviations away from the best linear fit to the
remaining data for each Geodolite line were removed,
resulting in many more rejected data than our approach.
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Figure 10. Engineering shear strain rate profile and seismicity for all four-station subnetworks of the
Anza and Joshua Tree subnetworks southeast of the line A to A” in Figure 7.

Savage et al. [1986] show that the number of measurements
removed by this procedure is consistent with the number of
observational blunders expected from this type of field pro-

gram. There is no obvious reason to prefer one technique’

over the other, and our choice was largely influenced by a
desire to judge the data in a different way specifically to see
if the final results would be similar. In the end, our editing
technique left us with 1932 line length observations span-
ning 18 years of field work on 202 lines between the 95 sta-
tions shown in Figure 1.

There are two locations in the combined Anza, Joshua
Tree, and Salton Geodolite networks where multiple geode-
tic markers exist near one another but are not tied together.
In each case this is simply due to the topography of the
areas and the need for the Geodolite equipment to have

direct line of sight to make its measurements. We have
assumed that negligible displacement occurred between

each set of these nearby sites over the entire duration of the
program and combined the sites into one so that a strain
rate tensor could be determined. The three individual sites

on the top of Thomas Mountain, in Riverside County, are
within about 500 m of one another, while the two sites on
Santiago Peak, in Orange County, are about 200 m apart.
In each case, due to the stable geology of the nearby areas
and the lack of any active faults, we believe that the

assumption of negligible relative displacement is reason-
able.

Error Estimates

As discussed in the introduction, Savage et al. [1986]
suggest that the overall uncertainty in an individual Geodo-
lite measurement can be represented by equation (1) with
a=3mm and b=0.2 ppm. We would like to make an inde-
pendent estimate of these terms from the reduced data dis-
cussed above, and in particular we would like to estimate
the survey-to-survey systematic error components so that
they can be removed before the strain rate tensors are cal-
culated.
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Figure 11. Engineering shear strain rate profile and seismicity for all four-station subnetworks of the
Salton subnetwork northwest of the line B to B” in Figure 7. The azimuth of maximum shear strain rate

for the Salton subnetwork is N41.3°W.

To begin, a best fit linear regression of distance versus
time is calculated for each of the lines in the network using
a least squares technique, and the residuals from this linear
fit are plotted for all 1932 line length observations, as in
Figure 3. (We have also used other, more robust, line fitting
routines, such as a one-norm misfit criterion, or by assum-
ing the error distribution is even more heavy-tailed by
assuming a Lorenzian error distribution [see Press et al.,
1987]. The results ‘turn out to be nearly identical in each
case, and so we present only the least squares results.) As
evident in Figure 3, the data are bunched in time at approxi-
mately yearly intervals because the field crew would typi-
cally resurvey the southern California networks all at once
during the winter months. What is important here is that
the yearly residuals are often offset from zero and do not
extend evenly above and below zero; this is a manifestation
of the systematic errors due to miscalibrations in the meteo-
rological and EDM gear. (It is also possible, though highly
unlikely, that these “scale” errors from year-to-year are due
to region-wide areal extensions and contractions.)

To estimate the systematic error terms for each of the
surveys, we plot the residuals for one survey versus their
line length, as in Figure 4 for the 1978 survey, and estimate
the slope and intercept of a linear fit using a least squares
technique. By repeating this process on each of the other
yearly surveys we determine the estimates of systematic
error shown in Table 1. These 38 data taken together sug-
gest that a, is well described by a normally distributed ran-
dom variable with mean 0.12 mm and standard deviation
1.8 mm,; that is, the a, is distributed as N(0.12 mm,
1.8> mm?). Similarly, b, is distributed as N(0.026 ppm,
0.15% ppm?). Savage et al. [1986] estimate these two terms
to be N(O mm, 0.5 mm?) and N(O ppm, 0.14% ppm?),
respectively, from a series of calibration tests. Only our
estimate of the variance in the constant term is significantly
different from those of Savage et al. [1986]. We have used
the values in Table 1 to remove these systematic effects
from the reduced data and call this our “final-reduced”
data. The resulting plot of residuals with respect to a linear
accumulation of strain, versus the time of each
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Figure 12. Engineering shear strain rate profile and seismicity for all four-station subnetworks of the
Salton subnetwork southeast of the line B to B” in Figure 7.

measurement, is shown in Figure 5 (compare with Figure
3). As expected, the residuals are now much more evenly
distributed above and below zero.

We now wish to investigate the purely random errors
remaining in Figure 5 (as opposed to the systematic errors
discussed above). As suggested by equation (1), we need
to estimate the variance of the Geodolite measurements as a
function of line length. This information is already con-
tained in Figure 5, but in a different format. For each
Geodolite line we take the corresponding residuals from
Figure 5 and determine their variance. These values are
then plotted versus the square of the length of each of the
lines, as in Figure 6. The trend in this plot is for longer
lines to have larger variances, though this correlation is not
particularly strong. The individual lines which correspond
to the 10 circled data points in the upper left part of the plot
have anomalously large residuals during the 1981 through
1984 surveys. The surveys during these years were con-
tracted to non-USGS field crews and are suspected of con-
taining more outliers than usual (M. Lisowski, personal

communication, 1993). We therefore feel justified in
removing these 10 points before the best fitting constant
error and length-dependent error terms are determined.
(These 10 data points come from lines which are randomly
distributed throughout the overall network and are not con-
centrated in any one geographic area. They have not been
used when estimating the random error terms below, but the
lines from which these points are derived have not been
removed from the data.) We find the best estimate for a, to
be 3.8 mm and the best estimate for b, to be 0.16 ppm.
Savage et al. [1986] estimate these terms as 3 mm and 0.14
ppm. As with the systematic error terms above, we find
that our value for the constant term is slightly larger than
previous estimates, while the length-dependent terms agree
quite well.

Since we have removed the systematic error sources
from our final reduced data to the best of our ability, we are
left with only the random component of error to assign to
each of the individual Geodolite measurements. We have
therefore used equation (1) with a =3.8 mm and »=0.16
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Figure 13. Close-up view of the principal strain rates in the Salton subnetwork.

ppm in our calculations below of the horizontal strain rate
tensors.

Results and Discussion

Figure 7 presents the primary results of this study as a
map of the present-day strain accumulation (18-year aver-
age) across the southern California region. The principal
strain rates for each four-station subnetwork are plotted at
the geometric center of the subnetwork. We have computed
these strain rate estimates for all possible subnetwork com-
binations of four stations, and so there is some overlap of
results in areas where the network is extensive. This
region-wide view of the strain rate estimates makes it possi-
ble to see the overall pattern of deformation and how it
relates to the tectonics of the area (closeups are presented
later in the paper). Principal strain rates for each of the
four-station subnetworks are tabulated at the end of the
paper in Table 2 and Figure 20.

Figure 8 contains the same basic information as Figure
7 but in a different format. Figure 8 plots the individual
linear strain rates for all lines in the Geodolite network,

with solid lines representing extension and dashed lines
representing contraction. The thickness of each line is pro-
portional to the rate at which strain is accumulating. Essen-
tially, the results in Figure 8 are the inputs to the tensor cal-
culations, the results of which are plotted in Figure 7. The
dominant feature seen in Figure 8 is that the majority of
lines directed approximately north-south are contracting
while lines directed approximately east-west are extending.

The median size of the strain rates presented in Figure 7
is about 0.11 xe yr™!, while the median strain rate uncer-
tainty is about 0.02 ue yr™' resulting in a median signal-to-
noise ratio of about 6. The median uncertainty in the
azimuth of the principal strain rate estimates is +4°. Many
of the uncertainties in both magnitude and azimuth are
quite a bit smaller than these values, especially in the south-
ern part of the network near the Salton Sea, as well as along
the entire length of the San Jacinto fault zone. There are
two areas in the overall network where the uncertainties are
consistently larger than elsewhere in the network: at the
western and northern extremes. Both of these areas were
surveyed approximately half as often as the remainder of
the network so that the larger uncertainties are simply due
to a relative lack of data.
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onto the fault face (view is from the southwest). The progressive shallowing of earthquake hypocenters
to the southeast is consistent with interseismic slip shallowing as well. The location of the subnetworks
with high strain rate is well correlated with the 1968 Borrego Mountain surface rupture.
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Figure 15. Right-lateral engineering shear strain rate parallel to a modeled strike-slip fault (from equa-
tion (3)). The simple dislocation model assumes an elastic half-space with a buried straight fault locked
from the surface to some depth and slipping freely below at a steady rate. The “deep” locking depth is
10 km (to model the northern San Jacinto Fault, see text) while the “shallow” locking depth is 5 km
(southern San Jacinto Fault). The four-station subnetworks of Geodolite data average over about a
20-km-wide zone (solid lines). The dashed profiles assume no spatial averaging (i.e., point strain rate
measurements) and are for comparison.
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Figure 16. Two possible kinematic models for slip transfer (a) and (b) between the southern San
Andreas Fault and the Imperial Fault and (c) and (d) the surface strain rates resulting from these models.
Approximate slip rates and locking depths are from Bird and Rosenstock [1984], Weldon and Sieh
[1985], Johnson et al. [1990], Rockwell et al. [1990], and Sieh and Williams [1990]. Each model pre-
dicts a single dilatational strain rate result east of the Salton Sea (highlighted) as compared to the seven
dilatational results seen in the Geodolite data (Figure 13). The “stair-step”” model predicts far too much
east-west extension and not enough north-south contraction in the area south of the Salton Sea. Results
from the “oblique” model match Figure 13 more closely.

Overall Patterns of Deformation

There are many interesting features in Figures 7 and 8
which provide an understanding of the present-day crustal
deformation in southern California. Perhaps the most obvi-
ous aspect of Figures 7 and 8 is simply that there are many
coherent patterns visible. For instance, areas of high strain
rate slowly grade to areas of lower strain rate, and these
correspond well with the tectonic features of the region:
large strain rates along the major faults and smaller strain
rates between the faults.

A close inspection of the azimuths of the principal
strain rates in Figure 7 shows that these directions change
coherently as the fault traces bend throughout the region.
Theoretically, a vertical strike-slip fault buried in an elastic
half-space and allowed to slip at depth while staying locked

near the surface will produce pure shear strain at the sur-
face (depicted in the inset in Figure 7) with the principal
axes at 45° to the fault trace. In Figure 7 the plotted strain
rates are indeed almost always at 45° to the local fault trace
and the vast majority of the subnetwork results show nearly
pure shear. For example, in the region around the Salton
Sea, the San Jacinto Fault and the San Andreas Fault are
not quite parallel, the San Jacinto pointing more westerly
and the San Andreas more northerly (this can be seen more
clearly in the close-up in Figure 13); the principal strain
rates are rotated more westerly over the San Jacinto and
more northerly over the San Andreas, with a smooth pro-
gression of azimuths between the two areas. Farther north-
west along the San Andreas, just east of Palm Springs, near
where the San Andreas bends to the west as it heads toward
the Transverse Ranges, the axes of the principal strain rates
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Figure 17. Close-up view of the principal strain rates in the Joshua Tree subnetwork.

also rotate to the west. Additional examples can be seen
throughout the region.

One of the most apparent results in Figure 7 is that the
largest strain rates in the entire southern California region
are along the San Jacinto Fault southwest of the Salton Sea.
This area shows nearly pure shear with the axis of maxi-
mum contraction directed from slightly west of north to
slightly east of north at a level of up to 0.35 ue yr'. The
next largest zones of strain accumulation are along the
southernmost extent of the San Andreas Fault along the
eastern shore of the Salton Sea and also along the two
northern sections of the San Jacinto Fault, south and west
of Palm Springs; these rates reach approximately 0.25
ue yr'. The surprising aspect is that it is the San Jacinto
Fault which dominates and not the San Andreas. To be
sure, the amount of strain accumulating on the southern San
Andreas Fault is large, but everywhere the Geodolite data
cross the San Jacinto Fault the strain rate results are at least
as large, and the results are significantly larger along the
Imperial Valley segment of the San Jacinto.

The strain rate results in Figure 7 represent a spatial
average of the actual strain rate in Earth’s crust within each
subnetwork. Because we expect the actual strain rate to

vary throughout the region, especially in relation to the
location of the major faults, this is an important considera-
tion when making comparisons between rates in different
parts of the network. The median fault-perpendicular aver-
aging width of the 131 subnetworks represented in Figure 7
is about 22 km. For those subnetworks along the length of
the San Jacinto Fault the typical averaging width is similar
at about 23 km, while the subnetworks along the San
Andreas Fault extend about 21 km perpendicular to that
fault. Individual subnetworks obviously vary from these
values, but a detailed comparison between the San Jacinto
and San Andreas subnetworks (not included here) shows
that the distributions are very similar and that there is no
obvious correlation between narrower averaging widths and
higher strain rates. Thus the design of the Geodolite net-
work is not responsible for the larger strain rates along the
San Jacinto Fault.

Across-Axis Strain Rate Profiles

To understand further the relationship between the
deformation estimates and the fault zones throughout
southern California, Figures 9-12 present across-fault-axis
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profiles of the (approximately) fault-parallel engineering
shear strain rate and depth profiles of seismic activity for
the duration of the Geodolite program (these may be com-
pared with the works by King and Savage [1983] and
Lisowski et al. [1991]). The data from the Anza and Joshua
Tree regions, northwest of the “waist” in the network at the
northern tip of the Salton Sea (see Figure 2 for the location
of this waist), are projected onto the line A to A” of Figure
7, while the Salton Sea area data are projected onto the line
B to B”. The azimuth of these projections was determined
by finding the direction of maximum shear strain rate for all
data northwest and southeast of the waist. These azimuths
turn out to be about the same in the two areas. In the north-
west area the direction is N41.8°W £0.6°, and in the south-
east area it is N41.3°W £0.7°. Because these azimuths are
not exactly parallel to the local strike of the major faults
(they differ by as much as 10°), the dashed fault zones plot-
ted in the top panel of each figure show the extreme fault
zone locations. The horizontal error bars on the data show
the lateral extent of the four-station subnetworks.

An interesting feature of these across-axis shear strain
rate profiles is that where the four-station subnetworks
cross the San Jacinto and San Andreas Faults the zone of
strain accumulation is quite wide. Naturally, some of this
broad character is due to the spatial averaging of the sub-
networks, but the closeness, and therefore interaction, of
the two faults is also an important factor. In the northern
part of the network (Figure 10) there are two distinct peaks
in the shear strain rate over the San Jacinto and San
Andreas with each zone of deformation about 35 km wide,
while farther southeast (Figure 11) the two peaks have
merged into one larger peak of approximately 60 km width,
with a hump on the northeast side above where the San

“Andreas is located. Still farther to the southeast (Figure 12)
the zone of deformation has shifted somewhat to the north-
east of the San Jacinto fault zone and narrowed to about 45
km.

We have included an additional strain rate result in Fig-
ure 10 from the laser strain meters at Pifion Flat Observa-
tory (the location of the observatory is shown in map view
in Figure 19) for the period 1985 to 1990. This measure-
ment period overlaps with the last 6 years of Geodolite
measurements.. The value of 0.17 £ 0.08 urad yr™' agrees
well with the Geodolite results and is about half of the peak
strain rate directly above either the San Jacinto or San
Andreas Faults. It is worth pointing out that the laser strain
meter measurements are made over baselines of approxi-
mately 700 m and so are essentially point results given the
scale of Figure 10.

Change in Strain Rate Along the San Jacinto Fault

As shown in Figure 7, the largest strain rates in the
southern California region occur along the San Jacinto
Fault southwest of the Salton Sea (a close-up view of this
area is shown in Figure 13). There is a gap in the geodetic
coverage for about 30 km to the northwest along this fault,
where the network again crosses the fault both south and
west of Palm Springs (see Figure 19 for a close-up). The
strain rates in these second two regions are about two thirds
as large as the strain rates in the Imperial Valley area. This
can be seen more clearly in Figure 14 where the fault-
parallel shear strain rate is plotted along the length of the
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San Jacinto Fault. Only those subnetworks which are
directly above the San Jacinto are included in Figure 14.
At first, one might think this is clear evidence that the
amount of steady interseismic slip changes along the length
of the fault; for instance, there could be about 10 mm yr™' of
slip on the northwest sections of the fault [Sharp, 1981;
Rockwell et al., 1990] and 15 mm yr' on the Imperial Val-
ley segment. If this is the case, it leads to a problem: where
does the extra slip go? Schemes can be created where this
excess slip is somehow transferred to (say) the San Andreas
Fault across the northern Salton Sea, but we are unaware of
any geological evidence for such a transfer of displace-
ments.

Another possibility is that the amount of slip along the
length of the San Jacinto is approximately the same, and it
is only the depth at which this slip occurs that changes. To
demonstrate how this works, we resort to a very simple
model of strike-slip fault behavior; we assume Earth is a
purely elastic half-space with an infinitely long, straight
fault embedded in it, which is locked from the surface to a
depth of H kilometers and slips at a steady rate of S meters
per year below this depth. For this model the rate of engi-
neering shear strain at the surface is

-2S H
el @
where x is the distance perpendicular to the fault. The four-
station subnetworks that are used to calculate the strain
rates in our figures average this strain over approximately a
20-km-wide zone, so we really must determine the spatially
averaged shear strain rate, which is

28t H

r H? + x2

. x

<y>= !
Xy = Xy
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where angle brackets indicate the spatial average.

If we assume that the rate of slip along the San Jacinto
fault is constant for its entire length and that it is occurring
below about 10 km on the northwest segments (as sug-
gested by the seismicity in the bottom panel of Figure 14)
and use a subnetwork width of 20 km, we can then deter-
mine an effective locking depth for the southeast portion of
the fault. We find the locking depth must be about half as
deep on this segment, or 5 km, to explain the observed two-
thirds discrepancy in shear strain rate. The seismicity in
Figure 14 shows this to be a reasonable possibility: the seis-
mogenic depth progressively shallows to the southeast in
this plot (see also Sanders and Kanamori [1984]). Figure
15 presents a profile of the shear strain rate of equation (3)
for both the 10 km (deep) and 5 km (shallow) values. The
solid profiles use a spatial averaging width of 20 km, while
the dashed profiles use no spatial averaging at all (i.e., point
strain rates). These profiles can be compared to Figures 10
and 11.

A third possible explanation for the large amount of
deformation along the southern San Jacinto Fault is acceler-
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Figure 18. Two possible models for the diversion of deformation (a) and (b) away from the southern
San Andreas Fault and into the Eastern California Shear Zone and (c) and (d) the surface strain rates
resulting from these models. Approximate slip rates and locking depths are from Bird and Rosenstock
[1984], Weldon and Sieh [1985], Johnson et al. [1990], Savage et al. [1990], and Sieh and Williams
[1990]. The left model predicts essentially pure shear strain rates throughout the region (because it
involves only transcurrent faulting) and is unable to reproduce the zone of almost pure extension
between the San Andreas and Pinto Mountain Faults while the right model, because of the small spread-
ing center, comes quite close to reproducing the Geodolite results (compare to Figure 17).

ated strain accumulation as an aftereffect of the 1968 Bor-
rego Mountain earthquake. The approximate location of
the surface rupture caused by this earthquake is shown as a
bold line in map view in Figure 13 near station OCOTILLO
and in profile in Figure 14. Thatcher [1983] showed that a
combined set of geodetic measurements from networks
along the entire length of the San Andreas Fault in Califor-
nia are supportive of the possibility that surface deforma-
tion follows a nonlinear accumulation during the interseis-
mic period of the earthquake cycle, with relatively high
rates immediately after a large earthquake decreasing to
much lower rates late in the cycle. He determined a time
constant of about 30 years for this effect based on either a
modified elastic half-space model with a time-variable rate
of interseismic slip or a model with viscoelastic coupling
between the lithosphere and asthenosphere [see Thatcher,

1983, Figure 11, p. 5897]. On the other hand, Savage et al.
[1986] have shown that the Geodolite data used here are
consistent with a purely linear accumulation of deforma-
tion. Of course, this 18-year span of measurements is
unable to distinguish between a linear accumulation of
strain and a nonlinear accumulation with an appropriately
long time constant. In this case, the Geodolite measure-
ments place a lower bound on the time constant for the San
Jacinto Fault which will be considerably longer than the
estimate of 30 years determined by Thatcher [1983] for the
San Andreas Fault.

One observation in favor of accelerated strain accumu-
lation is the detailed distribution of the subnetworks along
the southern San Jacinto Fault which show high strain rates.
The strain rates along the entire San Jacinto are generally
between about 0.3 and 0.4 urad yr™' except for the six sub-
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Figure 19. Close-up view of the principal strain rates in the Anza subnetwork.

networks that correspond to the 1968 rupture (see Figure
14) which have values between 0.6 and 0.7 urad yr'.

We cannot prove that one of these possibilities is correct
and the others incorrect using only the Geodolite data. It is
likely that these high strain rates are due to a combination
of a shallowing in the depth of subsurface motion along the
length of the San Jacinto Fault toward the southeast and
accelerated strain accumulation following the Borrego
Mountain earthquake.

Spreading Center Beneath the Salton Sea

Another unexpected pattern of deformation can be seen
east of the southern tip of the Salton Sea (Figure 13) where
the southern San Andreas Fault makes its transition to the
Brawley Seismic Zone. Careful examination of the strain
rate results shows that seven of the subnetworks in this area
are experiencing areal dilatation with little shear; that is, the
surface of the earth is extending in both principal direc-
tions. This can also be clearly seen in the individual linear
strain rate results in Figure 8. All Geodolite lines in this
area are extending, regardless of their azimuth. This is not
expected in an area of transcurrent faulting where pure
shear results should dominate. This is the same area where
Reilinger [1985] found an anomaly in the vertical deforma-
tion field from leveling data taken between 1972 and 1981
and is close to the location where Hudnut et al. [1989] pro-
posed a series of left-lateral cross faults connecting the
southern segment of the San Jacinto fault zone with the
Brawley Seismic Zone and southern San Andreas Fault.

There is no clear consensus about how motion on the
southern San Andreas makes the transition to the Imperial

Fault south of the Salton Sea. One possible model was pro-
posed by Lomnitz et al. [1970], who suggested that the
spreading centers in the Gulf of California might extend
under the continental crust and into the Imperial Valley
region (see also Elders et al. [1972], Johnson and Hadley
[1976], Hill [1977], Weaver and Hill [1978], Fuis et al.
[1982], Lachenbruch et al. [1985], and Larsen and
Reilinger [1991]). In this scheme, the Brawley Seismic
Zone is a spreading center connecting the southern San
Andreas to the Imperial Fault. As evidence, Lomnitz et al.
[1970] noted the existence of several large geothermal
fields and recent volcanism in the area, in particular along
the southern edge of the Salton Sea near the intrusions at
Obsidian Butte, as well as the occurrence of earthquake
swarms similar to those observed along oceanic spreading
centers. In addition, Elders et al. [1972] noted that gravity
data from the area show the crust to be significantly thinner
southeast of the Salton Sea when compared to the sur-
rounding area, as if it has been stretched in all directions.

A spreading center along the Brawley Seismic Zone
could explain some of the dilatational strain rate results
seen in Figure 13 since a zone of spreading crust would
cause extensional strains in the surrounding area. However,
the Brawley Seismic Zone is not oriented northeast-
southwest as would be expected for it to connect the south-
ern San Andreas and Imperial fault zones in the traditional
stair-step pattern exhibited in oceanic settings. Another
possibility is that the spreading is oblique to the Brawley
Seismic Zone, combining both right-lateral shear and linear
extension perpendicular to the zone, what Hill [1977]
called a leaky transform fault (see also Withjack and Jami-
son [1986]).



JOHNSON ET AL.: CRUSTAL DEFORMATION IN SOUTHERN CALIFORNIA

23,971

a a creolrm2
34.4‘ B maumee
a segundo
arich 4 sandhill
meeks A valmtecc
34.2 B A pax—ncer 2 mesquite
k
. A warren a e);s A 29-palms
ajurupa=3 k-2 queen
34.0F a gander pkitehrm2  Adome
A san—juan david stubbe & beacon—2 A Inspncer
li micro 4 d 2
asier 4009 & nelson A TANgEr a edom a berdoo
» a black aida a
% 338 alomas
abee santioago a  adouble : a cottonwo
3 a 9 menifee a pollycgs Apg sé(l:iqulntc
:‘: 33 6 A san—joaq elsinore bachelor thom_Acgs ° eveA asbesrm amecea
- a s coahuila shee .
-'6 : &ason a lookout™ P martinez 4 orocopia a butte
1 niguel Aroundtop 8 road 4 toro A
A moss sAulton a coach
:(5 33.4 k coolidgea afrinkrm1 4 beals
= 4 palm oldbeach
(@) a bluffrm1 a
A salva
Z 332 [~ a wilson sodaa s]‘??o
A ocotillo obsidian
A volcan ayak
& granite a elephant akane
33.0F a fish
A cuyamaca & sup
a stage
4 monu—res
A carrizo
32.8}F a dixie
A jacumba 225
i ofi—229 °2
- 1 1 |
-118.0 -117.5 -117.0 -116.5 -116.0 -115.5 -115.0

East Longitude

Figure 20. Index map showing the location of Geodolite stations used in this study and referred to in

Table 2.

We have modeled this area with each of these two
spreading center models: one with a stair-step pattern, the
other incorporating oblique spreading. Figures 16a and 16b
present a schematic representation of each model along
with slip rates and locking depths. These models were used
to calculate their effect on all Geodolite stations in Figure
13. The synthetic data resulting from these calculations
were then combined into the same four-station subnetworks
as with the true Geodolite measurements, and their princi-
pal strain rates were calculated. The deformation patterns
resulting from each model are shown in Figures 16¢ and
16d. The modeled deformations look similar to Figure 13,
but neither is able to recreate the large zone of dilatation
east of the Salton Sea. Each model manages to mimic only
one of the seven dilatational observations (highlighted in
Figures 16¢ and 16d). Overall, the oblique spreading cen-
ter model is much closer to Figure 13 than the stair-step
model. In particular, this can be seen in the strain rate
results west of the Brawley Seismic Zone. The stair-step
model predicts too little north-south contraction and too
much east-west extension in this region. Because of this
we believe the oblique spreading center model is closer to
reality, but even this model does not adequately predict the
large zone of dilatational strain rates east of the Salton Sea.

Additional geodetic measurements in this area, especially
in the part of the Imperial Valley south and east of the
Salton Sea where there are no Geodolite stations, would
help resolve this dilemma.

Eastern California Shear Zone

Another example of complex deformation is evident in
the northern part of the Geodolite network (Figure 17),
northeast of Palm Springs. This area is a possible location
for motion from the southern San Andreas Fault to be redi-
rected into the Eastern California Shear Zone (ECSZ) of
Dokka and Travis [1990b] (see also Sauber et al. [1986],
Savage et al. [1990], and Sauber et al. [1994]). Additional
complications in this area result from the interaction with
the active trace of the left-lateral Pinto Mountain Fault.

The strain rate results in Figure 17 due east of Palm
Springs show the expected pattern of pure shear with prin-
cipal axes approximately bisected by the San Andreas
Fault. However, as the network continues northward and
off the trace of the San Andreas, the strain rate results
quickly change to nearly pure east-west extension. This
style of deformation continues to the north, with the
azimuth of extension slowly rotating to northwest-
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southeast, until the network crosses the Pinto Mountain
Fault and splits into two lobes, one to the east and one to
the northwest. The strain rates in each of these lobes are
again essentially pure shear, but the azimuths of these shear
signals are consistently different: directed approximately
N45°W in the northwestern lobe and NO°W in the eastern
lobe.

In their station velocity results, Lisowski et al. [1991,
Figure 3, p. 8371] show that the stations in the northwest-
ern lobe are moving more slowly with respect to the Pacific
Plate than stations in the eastern lobe. They postulated the
existence of a northeast trending zone of extension between
these two areas to account for the velocity differences.
From Figure 17 it would appear that this zone of extension
is located along the axis between the two network lobes
where northwest-southeast extension predominates.

Figures 18a and 18b present two possible kinematic
models for the complex tectonics in this part of the Geodo-
lite network. The elements of the first model (Figure 18a)
consist entirely of segments of transcurrent faults; motion
of the right-lateral ECSZ simply branches away from the
southern San Andreas Fault at a point slightly north of the
Salton Sea. The azimuth of the ECSZ was chosen to match
the approximate azimuth of the Landers earthquake of June
1992 which ruptured across several faults of the southern
Mojave Desert region north of the Pinto Mountain Fault
[Hauksson et al., 1993]. The second model (Figure 18b)
replaces the short segment of right-lateral fault between the
Pinto Mountain and San Andreas with a spreading center
similar to the one postulated for the southern Salton Sea
area. In this case, however, the azimuth of the spreading
center is drawn as being close to perpendicular to both the
ECSZ and the San Andreas. In each of these models the
position of the triple junction where the ECSZ branches
from the southern San Andreas is not stable. In the first
model this junction will migrate to the northwest along the
San Andreas Fault at 8 mm yr!, while in the second case
the junction migrates in the same direction, but at
8cos( ) mm yr™!, where « is the angle between the spread-
ing center and the San Andreas Fault. For a misalignment
of just 7° (i.e., = 83°) the junction will therefore migrate
to the northwest at 1 mm yr™'.

The synthetic strain rate results from these two ECSZ
models are shown in Figures 18c and 18d. The all-
transcurrent faulting model cannot reproduce the zone of
linear extension between the San Andreas Fault and the
Pinto Mountain Fault. This should not be surprising; only
pure shear deformation is produced when a tectonic model
consists of transcurrent elements. The spreading center
model, however, quite accurately reproduces the observed
zone of northwest-southeast extension, as well as the
remainder of the strain rate results of Figure 17. The match
is not perfect, of course, but it is much closer than the all-
transcurrent model, leading us to believe that some form of
spreading zone very likely exists at this junction between
the San Andreas Fault and the ECSZ.

Each of the models in Figure 18 was intentionally con-
structed to result in a migrating triple junction where the
ECSZ branches from the southern San Andreas Fault,
though this result is almost inevitable simply because of the
geometry of the faults in the area. We included this feature
in order to match the observations of Dokka and Travis
[1990a] and Dokka and Travis [1990b] that the locus of
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shear deformation in the Mojave Desert region between the
Pinto Mountain Fault to the south and the Garlock Fault to
the north has systematically shifted from east to west since
late Miocene. Because the azimuth of the southern San
Andreas Fault is approximately northwest, migration of the
ECSZ triple junction along this fault has the effect of shift-
ing the shear zone to the west. Dokka and Travis [1990a]
show that the ECSZ originally connected with the north-
west trending faults in the Death Valley region at approxi-
mately 10.6 Ma. If we mentally run either of the models of
Figure 18 backward in time, in order for the ECSZ to line
up with the Death Valley faults, the geometry of the situa-
tion requires that the ECSZ triple junction was located
southeast of its present position in Figure 18 and some-
where along the eastern shore of the present-day Salton
Sea. This would place the past ECSZ junction at about the
same location as the present Brawley Spreading Center dis-
cussed in the previous section. It is at least plausible that
the ECSZ broke away from the Brawley Spreading Center
10.6 Ma ago and that the resulting triple junction has been
migrating northwest along the southern San Andreas Fault
since that time.

Finally, we note that the Landers earthquake (June 28,
1992) occurred within and beyond the northernmost part of
the Geodolite network we are discussing here. The princi-
pal strain rate patterns in this area are oriented at angles of
about 45° to the strike of the local faults as would be
expected for right-lateral shear strain to accumulate on the
Johnson Valley and associated faults which broke in this
M, 7.4 event. There has been speculation that the Pinto
Mountain Fault had a controlling influence on the extent of
the rupture zone for both the Landers earthquake and the
earlier Joshua Tree earthquake (April 23, 1992, M, 6.1).
The mainshock and aftershocks of the Joshua Tree event
were almost entirely south of the Pinto Mountain Fault,
while the Landers mainshock initiated just north of this
fault and continued to rupture to the north [Hauksson et al.,
1993]. The dramatic change in character of the strain rate
estimates to the south and north of the Pinto Mountain
Fault provides evidence that this fault has had an important
influence on strain accumulation in the area for at least the
last 20 years.

Elsinore Fault Zone

Finally, we observe that the strain rates along the entire
length of the Elsinore Fault are relatively small (Figures 13
and 19). This can also be seen in the shear strain rate pro-
file plots (Figures 9-12) where these subnetworks tend to
hover at about 0.1 wradyr'. In addition, the seismicity
along the Elsinore Fault is quite diffuse (Figure 1) and usu-
ally extends all the way to the surface. The fact that the
seismicity is shallow, combined with the low strain rates,
allows us to infer that the interseismic slip rate on the fault
must also be very low (using equation (3)). The only
exception to this low strain rate can be seen at the far left in
Figures 9 and 19 where the deformation in one subnetwork
is about 0.3 urad yr™'. This subnetwork is in an area which
was monitored about half as often as the main body of the
network, which explains the large error bars. In addition,
two of the line length plots between these four stations
show a nonlinear accumulation of deformation (as previ-
ously mentioned in the data section of this paper). This
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nonlinearity is likely due to the fact that one of the stations
was destroyed by construction work for a housing project.
The eccentric marks were not destroyed, but the resulting
ties to reduce the Geodolite data to a common point are
suspect (M. Lisowski personal communication, 1991).
Whatever the cause, we are suspicious of this single high
strain rate result.

Conclusions

The large amount of information contained in Figure 7
(also tabulated in Table 2 and Figure 20) is a tribute to the
high quality, and consistency, of the USGS Geodolite pro-
gram. We believe that the approach taken here, of dividing
the data into smaller subnetworks, is a valuable tool to be
used for looking at the spatial details of the deformation
field. By estimating strain rates instead of station veloci-
ties, we have been able to identify several interesting fea-
tures which were not readily seen in previous studies.

Looking to the future, it is perhaps worth noting that the
accuracy attained by these Geodolite distance measure-
ments is roughly comparable to the best of the current GPS
systems over the distance range of interest for regional
crustal deformation studies (a few kilometers to a few tens
of kilometers). As such, the quality of this 18-year span of
measurements in the southern California region (and in the
many other areas monitored by the USGS throughout the
western United States) will not be matched by any of the
newer geodetic systems until after ‘the beginning of the
twenty-first century.
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