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Postseismic Deformation Following the Landers Earthquake,

California, 28 June 1992

by Zheng-Kang Shen, David D. Jackson, Yanjie Feng, Michael Cline,
Mercedes Kim, Peng Fang, and Yehuda Bock

Abstract Accelerated strain followed the Landers and Big Bear earthquakes,
returning to the normal rate only after a period of several months. We observed
this strain throughout most of southern California using the Global Positioning
System (GPS). Three GPS receivers operating continuously in fixed positions at
Pinyon Flat, Jet Propulsion Laboratory (Pasadena), and Goldstone all recorded
postseismic deformation in a relative sense. In addition, we established 16 sites
where we deployed portable receivers occasionally over a period of about 6
months near the rupture zones of the earthquakes. Anomalous postseismic dis-
placements ranged from 55 mm near the epicenter to a few millimeters far from
the fault. We modeled the displacements, using dislocation theory, as due to
variable slip on the faults that were displaced at the times of the earthquakes.
The model suggests that the postseismic strain released the equivalent of about
15% of the seismic moment of the mainshock. While the strain released from
the upper 10 km is about the same as what can be explained by direct effects
of aftershocks, the major contribution of strain release comes from the lower
layer, below 10-km depth. Significant afterslip or viscous relaxation must have
occurred below 10-km depth to explain the observed deformation more than
100 km from the fault. One interpretation is that high stress on the margin of
the co-seismic rupture zone drives the rupture to extend itself into unbroken

rock below and along the initial rupture zone.

Introduction

The 28 June 1992 Landers earthquake (M 7.5) and
its M 6.6 Big Bear aftershock provide a unique oppor-
tunity to study the rheological behavior of the crust in a
rupture zone. The surface rupture of the earthquake is
about 85-km long, and the maximum dislocation of the
fault is greater than 6 m (Sieh et al., 1993; Hart ez al.,

1993). Earthquakes of such magnitude are likely to ex-

cite significant postseismic deformation, owing to vis-
cous response of the crust and upper mantle to a sudden
stress change. There have been numerous reports of geo-
detic postseismic deformations in the past. Significant
elevation changes were found after the 1946 Nankaido
M 8.2 earthquake (Okada and Nagata, 1953; Fitch and
Scholz, 1971). Deformations were also noticed more than
20 yr after the 1959 Hebgen Lake M 7.5 earthquake
(Reilinger, 1986), and several years after the 1984 Mor-
gan Hill M 6.4 earthquake (Savage et al., 1987). In Cal-
ifornia, strain rates near the San Andreas fault apparently
decay exponentially with time following large earth-
quakes (Thatcher, 1983). Near Landers, geodetic mea-
surements during the 1.9 yr following the 1979 Home-
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stead M 5.6 earthquake revealed noticeable postseismic
deformation, equivalent to about 10% of the co-seismic
deformation (Stein and Lisowski, 1983). However, all
the previous studies were limited by the scope of the
available geodetic data. Coverage was generally inade-
quate both spatially and temporally. In responding to the
Landers earthquake, we measured the crustal deforma-
tion using the Global Positioning System (GPS). This space
geodetic technique allows us to survey a fairly dense net-
work and to achieve unprecedented accuracy of post-
seismic deformation measurements for further studies.

Data

Our GPS field observations started within 36 hr fol-
lowing the Landers earthquake. During the first round
of the experiment, which lasted 3 weeks, more than 20
stations were occupied using Trimble 4000SST and Ash-
tech LX-II receivers. The GPS data were collected for
24 hr for each session at most of the sites. Durations of
the station occupations varied from 1 day at several sites
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Table 1
Station List

Site Designation Stamping Latitude Longitude
6052 6052 T5N R4E SECS 13 14 23 24 N34°30'58" W116°50'25"
7000 7000 GLO T7N R3E 1919 N34°40'35" WwW116°42’57"
7001 7001 GLO T6N RSE 1919 N34°33’36" W116°28'09”
BEAR BIG BEAR BIG BEAR N34°15'51" W116°53'03"
BLAC BLACK BUTTE NCMN 7269 BLACK BUTTE NCMN 1982 N33°39'49” W115°43'11"
CABA CABAZON (3D unstamped) N33°54'57" W116°46'32"
GARN GARNET GARNET 1979 N33°53'52" W116°32’16"
GODW GODWIN GODWIN 1965 N34°08'11" W115°55'54"
HECT HECTOR 2 HECTOR 2 1966 N34°47'06" W116°25'14"
LAZY LAZY LAZY 1980 N34°20'38" W116°30°50”
ONYX ONYX ONYX 1939 1982 N34°11'33" W116°42'34"
PAXU PAX NCER PAX NCER 1977 N34°09'12" W116°23'23"
SAND DEADMAN LAKE—SAND HILL 7267 SAND HILL 1939 1987 N34°15'18" W116°16'44"
SOAP HPGN CA 08 04 HPGN 08-4 GPS-SOAP 1990 N34°54'14" W116°58'51"
VIEW VIEW 2 VIEW 2 1986 N33°55’35" W116°11'16"
WIDE WIDEVIEW WIDE (3D) N33°55'53" W116°24'23"
DS10 GOLDSTONE (PGGA permanent site) N3525'31" W116°53'21”
JPL1 JPL MESA (PGGA permanent site) N34°12'17" W118°10'24"
PIN1 PINYON FLAT (PGGA permanent site number 1) N33°36'44" w116°27'29"
35.5 T T T T T T T T T . .

L P o to 3 weeks of continuous observations at two portable
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Figure 1. Map of the surface rupture of the

Landers earthquake (thick curves, from digitized
maps by Sieh ez al., 1993). Dotted lines are the
following faults in southern California; BF, Ban-
ning fault; CF, Calico fault; CRF, Camp Rock fault;
EF, Emerson fault; GF, Garlock fault; HF, Helen-
dale fault; JVF, Johnson Valley fault; LF, Len-
wood fault; NFFZ, Northern Frontal Fault Zone;
PF, Pisgah fault; PMF, Pinto Mountain fault; SAF,
San Andreas fault; and SJF, San Jacinto fault. The
triangles are the stations of the GPS postseismic
monitoring network.

during September and October 1992 using Trimble
400SST receivers. A complete reoccupation using Ash-
tech LX-II, Trimble 4000SST, and Trimble 4000SSE
P-code receivers was conducted 5 to 6 months after the
earthquake in November and December 1992. At that
period, 6 hr of data were collected during the time of
best satellite coverage. We select 16 local stations (Table
1 lists the four-digit site identifiers, site names, stamp-
ings, and coordinates) with good occupation history cov-
ering the 6 month time period. Figure 1 shows the net-
work configuration and the trace of the surface breaks
of the earthquake. Occupation history is listed in Table
2. This data set, together with three southern California
Permanent GPS Geodetic Array (PGGA) stations located
at Goldstone (Mojave), JPL (Pasadena), and Pinyon Flat
(Riverside County), spans nearly the entire co-seismic
rupture area of the Landers and the Big Bear earth-
quakes.

GPS Data Processing
We use the GAMIT software (King and Bock, 1993)

to process the data. Although the data were collected
with a 30-sec sampling interval in general, they are de-
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cimated to 120-sec sampling to save computation time.
We process the data from the global tracking network of
the Imternational GPS Service for Geodynamics (IGS)
(Beutler and Brockmann, 1993) along with our local data
to solve for the satellite orbits simultaneously. Positions
of the fiducial tracking stations are constrained to ITRF91
coordinates, which were derived from a combination of
Very Long Baseline Interferometry (VLBI), Satellite Laser
Ranging (SLR), Lunar Laser Ranging (LLR), and GPS
coordinate solutions (IERS, 1992). In the daily solution
processing, we first make station clock corrections to the

phase data using pseudo-range measurements. Then we
use the dual frequency, double-differenced phase mea-
surements to form LC (ionosphere-free) combinations,
and fit the data by the least-squares method. We solve
for the local station positions, along with tropospheric
delay residuals, integer-cycle phase ambiguities, and
satellite orbital parameters. We round the ambiguities to
integer values when a certain confidence limit is reached
(Dong and Bock, 1989). Ten millimeters of uncertainty
is assumed for the phase data. For further details about
the processing method, see Bock et al. (1986), Schaffrin

Table 2
Local Station Observation History
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and Bock (1988), Dong and Bock (1989), Feigl (1991),
and Feigl et al. (1993). Samples of daily baseline so-
lutions are displayed in Figure 2. The error bars of the
daily baselines are one standard deviation.

Station Displacement Modeling

Our measurements give us the relative positions (i.e.,
vector baselines) between pairs of survey markers at se-
lected times. We fit these data to a model in which each

North (mm)

JPL1 PIN?

survey marker is moving with a time-dependent vector
velocity, with the time dependence having a simplified
functional form. Estimating the station velocities is a
generalized form of geodetic adjustment.

From the time sequences of .the baselines illustrated
in Figure 2, it is clear that most of the sites have moved
since the earthquake. What kind of relaxation function
best explains the data? Among the simple models to de-
scribe rheological behavior of rocks, the following three
are commonly used: exponential, logarithmic, and power
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Examples of the daily GPS baseline solutions, two horizontal com-

ponents versus time. Figures start at the time of the Landers earthquake. Relax-
ation is significant for most of the baselines. The dashed curves are linear secular
baseline changes predicted by a dislocation model of Hirata et al. (unpublished
manuscript). The solid curves are the secular baseline changes, plus the baseline
changes derived from the station displacements predicted by an exponential re-
laxation model (1. = 34 days) obtained by adjusting the baseline data.
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Figure 2—Continued

law (Jaeger and Cook, 1979). Each of the models has
its advantages for describing viscous deformation. Max-
well solids, which are idealized viscoelastic materials,
exhibit exponential relaxation. However, many rock me-
chanics experiments are best described by logarithmic
relaxation. The power-law relaxation can be related to
aftershock seismicity. Omori’s law of aftershocks gives
(Reasenberg and Jones, 1989)

n(t, M) < % f(M),

where n(z, M) is the earthquake rate at time ¢ and mag-
nitude M after the mainshock, p is the power-law index,
and f(M) is a function of aftershock magnitudes. The
postseismic deformation resulting from aftershocks should

Day of Year

be proportional to the integration of n(t, M) over time
and earthquake magnitade. If the ratio of seismic to
aseismic moment release does not vary much with time,
we should have for the relaxation displacement D(z),
Ing, ifp=1;
<
D@ {t“” , otherwise.

We explore the validity of using all three models to
fit our data. Daily relative baseline vector solutions are
used as input. Only horizontal components are modeled;
vertical components are excluded because of their large
uncertainties. For a baseline from station i to station j,
we have
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L(5) = P() — P{1).
For a logarithmic relaxation,

— teq

P(H) = P(t,,) + Dlog (1 + ! ) +V(E—-1t,)+e

7
for an exponential relaxation,

t—t,

P@®)=P@t,)+D [1 — exp (—

+V@iE—1t,)+e
and for a power-law relaxation,

—_ I=p
P@) =Pi,)+D (E—Eg) +Vie—1t,) te

T

where 7; and 7, are the relaxation time constants for log-
arithmic and exponential models, respectively. The P(z,,)
and D are the unknowns for the station position directly
after the earthquake and the amplitude of relaxation, re-
spectively. The term 7, is a time constant, p is the power-
law index, and V is a constant station velocity, reflecting
secular steady motion of the station. Station velocity V
is given by a a priori information, computed from a Cal-
ifornia velocity model by Hirata et al. (unpublished

manuscript) This model interprets GPS, VLBI, triangu-
lation, and trilateration observations in California using
a block-fault model, with slip along faults and rotations
and translations of blocks between the faults. The
aseismic a priori relative station velocities are listed in
Table 3, along with the station displacement vectors solved
using exponential relaxation.

We estimate the relaxation constant (r; or 7,) or in-
dex p, and unknowns P(t,,) and D, in two steps. First,
we select the baselines from a group of five stations,
DS10, JPL1, PINI, LAZY, and PAXU. Those stations
span a relatively long time period (6 months) and show
clear relaxation. We make consecutive least-squares ad-
justments of the data, each time assuming a relaxation
constant or index number. The best estimate of the re-
laxation constant or index number is the one with the
least * of the postfit residuals. An F test is applied to
estimate the confidence intervals of the relaxation con-
stants. The exponential relaxation time 7, is estimated at
34 days (15 days < 7, < 150 days at 70% confidence
level). The logarithmic relaxation time 7, is about 4 days,
where 7, < 50 days at 70% confidence. The power-law
index p is best estimated at 0.79, where 0.34 < p <
1.13 at 70% confidence. The three models fit the data
almost equally well. Second, having obtained the best
estimate of the relaxation constant, we then fix the con-
stant to the best estimated value and do the least-squares
adjustment for all 19 stations. The exponential relaxation
model is used to obtain the solutions. The amplitudes D
of the station relaxation are shown in Figure 3, with sta-

Table 3
Station Relaxation Displacements with Respect to PIN1

Adjusted D* Predicted D' A Priori Secular V¥
East North East North East North

Site (mm) (mm) Conr. (mm) (mm) (mm/yr) (mm/yr)
6052 —-14.7 7.6 -38+49 -0.22 -5.5 ~7.0 12.0 -8.8
7000 -16.1 = 2.0 —-12.8 2.0 -0.07 —-14.4 —7.8 13.3 -10.0
7001 56 £24 —-350=*25 -0.05 6.1 -32.2 13.3 —-10.4
BLAC 10.4 = 3.9 ~10.2 + 4.3 —0.06 1.6 -~14.5 9.1 -7.1
BEAR 3.1 23 -20.1 *23 -0.10 5.6 -15.6 10.5 -7.9
CABA -1.1 £ 26 -1.2 238 -0.12 2.2 3.1 1.1 -2.4
DS10 -0.8 =+ 1.7 -26.0* 1.6 -0.08 -1.4 -21.9 14.1 —-10.1
GARN 10.6 + 2.1 3422 -0.08 5.8 6.1 4.3 —-4.1
GODW 22.7 + 3.8 ~-93x45 -0.11 12.1 —-17.3 12.2 -9.9
HECT 0.7 2.7 -34.1 29 —-0.06 1.5 -31.5 13.9 -10.7
JPL1 56 +1.7 -104 * 1.6 - =0.10 —-0.3 —12.6 -8.0 3.3
LAZY 12.3 + 2.1 -2.6 £23 -0.08 10.3 2.6 12.0 -9.5
ONYX -24 +36 -3.0+38 -0.16 2.2 0.7 9.3 -7.4
PAXU 45.5 + 2.1 -30.7 £ 22 —0.08 44 4 —28.5 10.8 -9.2
SAND 99 *+ 2.7 —-42.1 = 3.2 -0.07 6.9 -27.0 12.0 —10.1
SOAP ~0.5 £33 —-3.1x36 —0.08 -0.6 4.3 13.8 -9.7
VIEW 6.3 24 —20.0 £ 2.6 -0.11 14.3 -20.8 9.5 —-8.2
WIDE 7.1 £ 1.8 7819 -0.07 9.5 6.7 7.2 -6.3

*Adjusted D: adjusted station displacement vectors as a result of relaxation.
"Predicted D: model predicted station displacement vectors as a result of relaxation.

*A Priori Secular V: a priori secular station velocities.
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tion PIN1 fixed as a reference. The selection of the ref-
erence station is somewhat arbitrary, since all the dis-
placements derived here are relative. Station PIN1 is
chosen only for better visualization of relative motions
among stations west of the main rupture zone. Compar-
ison of the postseismic relaxation with the co-seismic
displacements shows a similar displacement pattern, ex-
cept that the postseismic amplitudes are much smaller
and the contrast between postseismic near-field displace-
ments and far-field displacements is not as large. This
observation motivates the attempt to map the station re-
laxations directly to the fault patches in the vicinity of
the co-seismic rupture.

Fault Relaxation Modeling

There are generally two kinds of physical models to
explain postseismic relaxation. In one model, viscoelas-
tic relaxation is assumed to occur throughout the volume
of the crust and upper mantle at a rate dependent on the
rheology and on the local stress (Nur and Mavko, 1974;
Li and Rice, 1987). In another model, displacements are
assumed to result from “afterslip” or continued slip on
the fault planes ruptured in the earthquake (Tse and Rice,
1986).. Rundle and Jackson (1977) (also Savage and
Prescott, 1978; Thatcher, 1983; Savage, 1990) showed
that the two models are essentially indistinguishable since
they predict very similar surface deformation. Here we
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Figure 3. Station relaxation amplitudes by ad-
justment and by prediction from model A. Solid
lines are the fault patches in the model. Arrows
with an error ellipse are from the adjustment; thick
arrows without an ellipse are predicted from model
A. Error ellipses are one standard deviation. Good
agreement between the two suggests that the
postseismic deformation in the rupture zone can
be explained by afterslip along the fault surfaces,
at and beneath the seismogenic zone.

Latitude

adopt the afterslip model for computational convenience,
recognizing that the modeled postseismic slip may occur
throughout a volume surrounding the fault, rather than
strictly on the fauit plane.

To model the postseismic deformation along faults,
we first need to locate the fault planes. The surface rup-
ture during the mainshock may not reflect all the sources
of postseismic deformation, because some faults acti-
vated by the main event may not have surface expres-
sion. The aftershock seismicity following the Landers/
Big Bear events allows us to find the faults which were
seismically activated by the main event. The faults in
our model are the ones clustered in the mainshock and
aftershock regions: Camp Rock, Emerson, Landers,
Johnson Valley, Eureka Peak, and Joshua Tree, plus the
Big Bear fault, Barstow aftershock zone, Pisgah fault,
two east—west aftershock lobes east of the Camp Rock
fault, and the Banning fault (sce Hauksson ez al., 1993;
Kanamori et al., 1992; Hart et al., 1993).

We divide the faults into patches, shown in Figure
4. Uniform slip is assumed on each patch. Station po-
sition changes are described by

oP;
D, = 2 —U; + ¢,
7 0U;

where U; is the horizontal slip at the jth patch and €; is
the error of the station displacement D;. We use the dis-
location model of Matsu’ura et al. (1986) to propagate
fault dislocation U to station position change D. An elas-

-115.5

-116.5
Longitude

-117.0

Figure 4.  Fault model for postseismic slips. The
dots show aftershock seismicity. Open squares de-
note the nodal points of the fault patches.
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tic half-space is assumed for the model. Only horizontal
slip is allowed along the faults. The locations and the
upper and lower bounds of the fault patches are given a
priori, except during some test runs described later.

Our starting model has two layers. The first layer,
0 to 10 km in depth, represents the elastic crust, part of
which ruptured during the Landers/Big Bear earth-
quakes. The second layer, 10 to 35 km in depth, is prob-
ably the main source of the postseismic deformation, since
the far-field displacements are relatively large. In order
to avoid extreme discontinuities of deformation along the
faults caused by sparsity of the data, an a priori smooth-
ing constraint is introduced. For each laterally and ver-
tically adjacent fault pair i/ and j, we constrain disloca-
tions,

A Bayesian inversion method is applied (Jackson, 1979;
Jackson and Matsu’ura, 1985). Since smoothing is
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achieved at the expense of increasing the observational
residual x°, the uncertainty of the a priori constraints is
selected between trade-offs that the reduced data residual
X’ is not too much higher than unity and that the slip
directions along the patches do not violate much of what
we know about the overall strain orientation in the re-
gion. The solutions are given in model A (Table 4 and
Fig. 5).

To account for the number of data, we have 18 in-
dependent relative baselines, which give 36 data points.
Although 33 fault patches are included in the model, the
actual number of degrees of freedom in model space is
significantly reduced because of the a priori smoothing
constraints imposed on the model. Table 4 lists the di-
agonal elements of the resolution matrix; these measure
the degree to which displacement on each fault patch is
resolved by the geodetic data (Jackson and Matsu’ura,
1985). The total resolution of model A is 17.2. In gen-
eral, the fault patches in the upper layer are resolved
better than the ones in the lower layer. We prefer to em-

Table 4
Solution of Model A

Recohr: M,

Fault Patch Slip* (mm) t-Value (%) (10" N-m)
Upper Barstow 45 = 26 1.8 88 2.6
Upper Camp Rock 64 = 48 1.3 60 2.3
Upper Emerson W 31 = 54 0.6 20 0.8
Upper Emerson E 18 = 30 0.6 62 0.7
Upper Landers 15 = 35 0.4 64 0.3
Upper Johnson VN =76 £ 27 -2.8 79 -1.7
Upper Johnson V S 123 = 11 11.7 95 5.3
Upper Eureka Pk -7+ 12 —0.6 95 -0.2
Upper Joshua Tr N 64 = 25 2.6 78 2.2
Upper Joshua Tr S -10 = 22 -0.5 86 —0.4
Upper E-W Lobe N —101 = 38 -2.6 63 -4.1
Upper E-W Lobe S 25 + 28 0.9 79 1.0
Upper Pisgah 57 = 92 0.6 49 1.6
Upper Big Bear S =70 = 32 -2.2 71 -3.0
Upper Big Bear N 49 + 25 2.0 83 2.1
Lower Barstow 249 + 53 4.7 67 36.0
Lower Camp Rock 33 + 69 0.5 24 3.0
Lower Emerson W 4] + 64 0.6 10 2.8
Lower Emerson E 55 + 58 1.0 15 5.0
Lower Landers 26 + 61 0.4 11 1.3
Lower Johnson V N 25 + 58 0.4 13 1.4
Lower Johnson V' S 120 + 50 2.4 30 13.0
Lower Eureka Pk 156 = 50 3.1 24 10.3
Lower Joshua Tr N 150 = 49 3.1 27 12.9
Lower Joshua Tr S 55 + 50 1.1 48 53
Lower E-W Lobe N -102 + 55 -1.8 39 -11.3
Lower E-W Lobe S —51 = 62 -0.8 28 -5.2
Lower Pisgah 60 = 90 0.7 52 4.2
Lower Big Bear S —96 + 55 -1.7 35 -10.3
Lower Big Bear N —63 = 51 —-1.2 48 -6.8
Lower Banning E -39 + 33 -1.2 84 -7.8
Lower Banning C 119 = 37 3.2 68 25.9
Lower Banning W 100 = 86 1.2 29 10.4

*Minus sign indicates left-lateral slip.
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phasize the regionalized patterns averaged over more than
one fault patch rather than the individual solutions.

We test several other models against model A. model
B tests the significance of the Barstow fault zone; model
C, two east—west lobes of the aftershocks; model D, the
Pisgah fault; model E, the San Bernardino Mountain sec-
tion of the San Andreas fault (SBM—SAF); model F, the
Banning fault; and model G and H test separately the
inclusion of dislocations at two seismic gaps. One of the
gaps extends from the northern tip of the Camp Rock
aftershock zone to the southern tip of the Barstow af-
tershock zone (Barstow gap), and the other extends from
the northeastern tip of the Big Bear aftershock zone to
intercept the Camp Rock—Emerson fault (Big Bear gap).

Results (Table 5) show that our inclusion of the Bar-
stow patch is significant at 99% confidence. Inclusion
of the two east—west aftershock lobes is significant at
90% confidence. Inclusion of the Pisgah fault is not sta-
tistically significant. The Barstow gap favors a slight left-
lateral slip, and the Big Bear gap favors a slight right-
lateral slip, but both are inconsistent with the regional
stress pattern and are not statistically significant. The
Banning fault is significant at 84% confidence. Inclusion
of the San Bernardino Mountains segment of the San
Andreas fault results in slight left-lateral motion of the
fault, which is not statistically significant. We also test
the exclusions of the lower layer and the upper layer in
models I and J. Both layers are significant at 99% con-

Barstow

Banning Central

. 35km
Banning East

Left N
Lateral §

-180-150-120 90 -60 -30 0 30 60 90 120 150 180 210 240 mm

Figure 5. Results from model A. Significant
postseismic slip is found along the Barstow after-
shock zone, the southern patch of the Johnson
Valley fault, the Eureka Peak fault, and the north-
ern patch of the Joshua Tree fault.

fidence, indicating that both layers have important con-
tributions to the postseismic deformation.

Although model A is the best we can derive from
the data, it is by no means a unique model, being but
one among many possible models. What is important in
this model is that by using minimal a priori constraints,
we find that the postseismic deformation can be attrib-
uted to afterslip along faults ruptured during the main-
shock, along with those below and at the edges of the
main rupture faults and some nearby faults activated by
the mainshock.

Discussion

We estimate the exponential relaxation time 7, to be
about 34 days. Wdowinski et al. (1992), using the PGGA
sites only, detected significant displacements involving
PIN1 and DS10 during the first 2 weeks of the quake,
which they calculate as a short-term linear rate of about
1 mm/day, and their interpretations of the data are sim-
ilar to ours (Wdowinski er al., unpublished manuscript).
Postseismic strain relaxation was recorded also at the
Pinyon Flat Observatory, about 70 km south of the Lan-
ders earthquake epicenter (Wyatt et al., 1994), where
strainmeter observations are fit to an exponential relax-
ation model with a 5-day relaxation time. This obser-
vation may not conflict with our 34-day relaxation time
estimate, since we did not record at the field sites the
first 36 h of the crustal deformation after the earthquake
as did Wyatt ef al. (1994). Additionally, they speculated
that these differences in time behavior may be caused by
more than one process.

The reduced postfit standard rms for model A is 2.63,
indicating that a significant portion of the data cannot be
explained by the model. There are numerous possible
sources for the misfit, such as errors in estimating the
steady aseismic motions, relaxation occurring in a blind
horizontal viscous layer in the upper mantle, simplified
representation of a 3D heterogenous rupture zone by a
fault patch model, relaxation with more than one time
constant, and contribution from small faults or asperities

Table 5
Model Statistics

Model Fault Tested b Resolution F Test'
A — 121.4 17.2 —
B Barstow 194.0 15.7 99%
C 2 East-West Lobes 144.3 16.0 90%
D Pisgah 118.9 16.5 51%*
F Banning 141.8 15.7 84%
I upper layer only 348.4 15.1 99%
J lower layer only 456.3 10.6 99%

*y? data residual yZ.
'F Test: confidence test against model A.
*Total residual y* used for F test.
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not modeled in this study. For the last possibility, for
example, significant misfit at station GODW could be ex-
plained by right-lateral slip along a portion of the Pisgah
fault south of the Pisgah aftershock zone, and misfit at
station 6052 could be caused by slip along the Lenwood
fault. Despite so many uncertainties, however, our model
has explained 90% of the variance of the prefit data,
suggesting that relaxation along or around the faults is
the major contributor to the postseismic motions.

We test also models with uniform depth variations
for both the upper and lower layers. The data are unable
to resolve the depths of the creeping patches well. The
best estimates of the depths of the two-layer fault patches
are 10 and 35 km, although a variation of a couple of
kilometers for the depth of the upper layer, or a 10-km
depth variation for the lower layer, would not change
the quality of the fit by very much.

For the resolved slip along the faults, the Barstow
patch offers the largest displacement, 249 * 53 mm,
which is probably driven by heightened static stress
changes which reached a maximum in this area, accord-
ing to calculations by Stein er al. (1992). Large dis-
placement along the main rupture zone is concentrated
at the southern Johnson Valley, Eureka Peak, and the
northern Joshua Tree areas, with a maximum slip of 156
+ 50 mm. It is perplexing to see a big contrast in slip
between the northern and southern Johnson Valley patches
in the first layer: 76 mm of a left-lateral slip versus 123
mm of right-lateral slip. This could be interpreted as
overshoot of the northern patch during the main rupture,
evidenced by a geologically observed local maximum
surface slip there (Hart ef al., 1993), and as a catch-up
of the southern patch following the mainshock, although
other explanations cannot be ruled out. One of them is
the complexity of the rupture zone, as evidenced by ra-
dar interferometry data (Massonnet et al., 1993). Geo-
detic inversion techniques are sensitive to the locations
of nodal points when the stations are very close to a
complex rupture, as is station PAXU.

The overall high slip concentration can be compared
with the postseismic results of near-field trilateration
surveys by Sylvester (1993). He found virtually no near-
field postseismic slip along the northern part of the main
rupture zone. Near-field slip along the southermn part
measured 9 mm at a site within our southern Johnson
Valley patch and 40 mm at a site within our Eureka Peak
patch. This overall pattern of near-field postseismic sur-
face slip along the rupture zone, with measurable slip
increasing southerly, is consistent with our results. Two
patches along the Banning fault yield fairly significant
right-lateral slip, 119 + 37 and 100 = 86 mm, respec-
tively. The third patch favors a slight left-lateral slip, but
it is not statistically significant. We have 63 to 96-mm
slip along the lower patches of the Big Bear fault, and
up to 100 mm along the patches of the two east—west
aftershock lobes east of the Camp Rock fault.

If we convert the slip along the faults into moments
(Table 6), we find that the total postseismic moment re-
lease 1.7 X 10" N-m is about 15% of the co-seismic
moment release of 1.1 X 10%° N-m (Kanamori et al.,
1992). The postseismic moment release along the
mainshock rupture zone alone amounts to about 6% of
the co-seismic moment release. It seems that areas out-
side the mainshock rupture zone contribute significantly
to the total postseismic moment release. This observa-
tion suggests that the Mojave Shear Zone is a highly
fractured, low strength structure, where a stress distur-
bance can cause fractures in a broad region. Significant
sympathetic slip along neighboring faults accompanying
the Landers earthquake (Hart ef al., 1993) supports this
conjecture. This is also consistent with the previous geo-
logical and geodetic studies that the secular deformation
spans a broad shear zone (Dokka and Travis, 1990; Sauber
et al., 1986; Savage et al., 1990), indicating that a wide
range of faults in the deformation zone were near critical
failure.

Significant cumulative aftershock seismic moment
release has occurred at the Barstow aftershock zone,
amounting to about 8.2 X 10" N-m from 28 June 1992
to 1 June 1993. This number is calculated from an edited
earthquake catalog by the USGS/Caltech seismological
office (Susan Hough and Lisa Wald, personal comm.),
with about one-third of the earthquakes, including most
of the larger ones, compiled. The total aftershock mo-
ment release is likely to be on the order of 10" N-m.
Thus, the aftershock moment release accounts for only
a few percent of the total postseismic moment release.

The ratios of the geodetically inverted postseismic
moment to the aftershock moment are about 4.6 along
both the Camp Rock—Joshua Tree seismic zone and along
the Pisgah aftershock zone, and 6.4 along the Big Bear
fault. Such ratios are small compared to other fauit patches
in this study. A number of magnitude 5 aftershocks have
occurred along the faults from Eureka Peak to Joshua
Tree, and along the Pisgah aftershock zone and the Big
Bear fault. These low ratios possibly reflect the birth of
young faults in the regions, accompanied by heavy af-
tershock seismicity. ‘

Table 6

Fault Postseismic Moment Release

Geodetic Moment o
Seismic

(10" N-m) M
Fault Patch Upper Layer Lower Layer (10" N-m)

Barstow 0.26 3.60 0.082
2 E-W Lobes 0.31 1.65 0.044
Camp Rock-Joshua Tree 0.93 5.50 1.40
Big Bear 0.09 1.71 0.28
Banning — 2.85 0.003
Pisgah 0.16 0.42 0.16
Total 1.75 15.7 2.0
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Within the area of the Banning fault and the San
Bernardino Mountain segment of the San Andreas fault,
accumulated aftershock seismic moment release is about
3 X 10" N-m (Susan Hough and Lisa Wald, personal
comm.). Taking the undocumented events into account,
the release might be as large as 10'® N-m. This number
is 2 to 3 orders of magnitude less than the geodetically
estimated moment release. This observation suggests that
the Banning fault has slipped aseismically following the
main event, although given the limited geodetic data, it
is difficult to resolve the horizontal extent and the depth
range of the slip.

If we evaluate separately the geodetic moments from
the upper and lower layers, and compare them with the
seismic moments along the patches, we find that al-
though the comparison along each segment may vary,
the total geodetic moment from the upper layer only is
about the same as the total seismic moment. This ob-
servation confirms that the afterslip observed in the up-
per 10 km of the faults took place seismically, while the
bulk of the afterslip happened aseismically below the
seismogenic zone. It is interesting, though not particu-
larly conclusive, that for the power-law model of after-
slip, the exponent p is consistent with values determined
from aftershock sequences (Reasenberg and Jones, 1989).

The general pattern of postseismic displacement re-
sembles that of the co-seismic geodetic displacements
(Ge et al., 1993; Hudnut et al., 1994; Freymueller ez
al., 1994), in that it can be mostly explained by slip with
the same sense of motion on the same faults. However,
the co-seismic displacements can be explained by fault
slip shallower than 10 km, while the postseismic cannot.
The postseismic displacements decay much more slowly
with distance than do the co-seismic displacements, sug-
gesting the interpretation that the postseismic displace-
ment is caused primarily by delayed slip on the down-
ward extension of the rupture surface. Perhaps rapid,
episodic slip and slower viscous or plastic slip collabo-
rate to reduce the shear stress across a fault, with the
proportional share determined by the rate of viscous de-
formation. The viscous deformation should be faster at
depth where the temperature is higher. It may also be
faster where the stress is high, at the margins of the rup-
ture zone and possibly at local sites within the rupture
surface. To speculate further, this viscous or plastic stress
release may locally increase the stress where the inelastic
process cannot keep up with surrounding regions. Thus,
inelastic yielding both within and around the rupture sur-
face may control the temporal pattern of aftershock oc-
currence.

Conclusions

Using the GPS technique, we have monitored
postseismic deformation following the Landers earth-
quake. Our results demonstrate that the postseismic de-

formation is significant both at the rupture zone and at
neighboring areas activated by that earthquake. The
postseismic deformation can be modeled as afterslip along
faults activated by the mainshock. The major contribu-
tion comes from a presumably viscous layer beneath the
seismogenic zone. The geodetically estimated post-
seismic moment release is about 15% of the co-seismic
moment release. The total geodetically determined
postseismic moment release along faults in the upper 10-
km depth is about the same as the seismic aftershock
moment release, suggesting brittle afterslip above that
depth and ductile slip below. We estimate the relaxation
time for an exponential decay model to be about 34 days,
with logarithmic relaxation and power-law relaxation
models being equally valid. We find that the relaxation
deformation is significant at the Barstow aftershock zone,
the southern Johnson Valley fault, Eureka Peak fault,
northern Joshua Tree fault, and possibly the Banning fault.
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