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Evidence of fluid-filled upper crust from observations of

post-seismic deformation due to the 1992 Mw7.3
Landers earthquake

Yuri Fialko
Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of
California San Diego, La Jolla, California

Abstract. I investigate post-seismic deformation due to the 1992 Mw7.3
Landers, southern California, earthquake using the entire catalog of the ERS
Synthetic Aperture Radar (SAR) data, and GPS measurements made between
1992 and 1999. The stacked interferometric SAR data spanning the time
period of seven years between the Landers and the Hector Mine earthquakes
reveal a transient post-seismic deformation with a characteristic decay time
of several years. The horizontal displacements measured with GPS exhibit
somewhat smaller decay times of 1-2 years. I use a slip model of the Landers
earthquake that fits all available geodetic data [Fialko, 2004] to calculate and
compare permanent post-seismic displacements due to visco-elastic and poro-
elastic relaxation. Visco-elastic models assuming weak mantle or lower crust
don’t agree with the InSAR data in the limit of complete relaxation, implying
either large (> 10 years) relaxation times, or an appreciable yield strength
of the lower lithosphere. I demonstrate that a combination of poro-elastic
relaxation above the brittle-ductile transition, and localized shear deformation
on and below the Landers rupture is able to explain most of the available
geodetic data. The InSAR data suggest that pore fluids and interconnected
pore space are ubiquitously present throughout the seismogenic layer up to
depth of 15 km or greater. The effective hydraulic diffusivity of the upper
crust inferred from the kinetics of surface deformation is of the order of 0.1-1
m2/s, consistent with the laboratory, field, and deep borehole measurements.
The post-Landers geodetic data lend support to a “block tectonics” model of
the Eastern California Shear Zone.

1. Introduction

Large earthquakes are commonly followed by episodes
of decelerating deformation that presumably manifests
a time-dependent mechanical response of the host rocks
to the co-seismic stress changes. Geodetic and seismic
observations in the epicentral areas of shallow earth-
quakes show that aftershocks account for only a small
fraction of the observed deformation, implying that the
bulk of the post-seismic relaxation occurs aseismically
[Yagi et al., 2001; Jacobs et al., 2002]. The origin
and mechanisms of the post-seismic transients are not

well understood. Proposed models include enhanced
creep on a seismic rupture or its extension below the
brittle-ductile transition (the so-called afterslip) [Sav-
age and Church, 1974;Thatcher , 1983;Bock et al., 1997;
Savage and Svarc, 1997], poro-elastic rebound of the
fluid-saturated crust [Nikolaevskiy et al., 1970; Booker ,
1974; Rice and Cleary, 1976; Peltzer et al., 1998], and
visco-elastic relaxation of the ductile lower crust or up-
per mantle [Elsasser , 1969; Savage and Prescott , 1981;
Ivins, 1996; Pollitz et al., 2000]. If various deforma-
tion models can be discriminated using geodetic obser-
vations, the latter may provide valuable constraints on
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the in situ mechanical properties of the host rocks. For
example, the spatio-temporal signatures of a surface de-
formation field may be used to infer the constitutive pa-
rameters and depth extent of fault creep in case of the
post-seismic afterslip, the presence of fluids and the in
situ permeability of the crustal rocks in case of the poro-
elastic rebound, and the thickness of the elastic layer,
and the rheology of the underlying substrate in case
of visco-elastic deformation. Ultimately, such observa-
tions may help resolve a long-standing debate about the
effective mechanical thickness and strength of the tec-
tonically active continental crust [England and Molnar ,
1997; Jackson, 2002; Lamb, 2002]. Unfortunately, in-
terpretation of post-seismic transients is often impeded
by the insufficient density and/or accuracy of the avail-
able geodetic data, and the fact that different relaxation
phenomena may produce quite similar deformation pat-
terns at the Earth’s surface [Savage, 1990]. The data
interpretation is further complicated if more than one
mechanism contributes to the observed ground displace-
ments.

One of the best documented examples of the post-
seismic relaxation is deformation following the Mw
7.3 Landers earthquake in southern California. The
availability of both spatially and temporally dense ob-
servations of the post-seismic deformation, including
the Interferometric Synthetic Aperture Radar (InSAR)
and Global Positioning System (GPS) data, as well as
well-constrained models of the causal co-seismic stress
changes [e.g., Hudnut et al., 1994; Wald and Heaton,
1994; Fialko, 2004] make the Landers earthquake a
unique test case that may allow robust insights into the
nature of the post-seismic relaxation phenomena. The
early post-Landers deformation measurements have been
interpreted in terms of a number of relaxation mecha-
nisms, including fault afterslip [Shen et al., 1994; Bock
et al., 1997; Savage and Svarc, 1997], poro-elastic effects
[Peltzer et al., 1996, 1998], visco-elastic relaxation in the
lower crust [Deng et al., 1998] and upper mantle [Pol-
litz et al., 2000], compaction of a fluid-saturated fault
zone [Massonnet et al., 1996], etc. These models can
be now tested against a more complete and extensive
space geodetic data set available for an area of ∼ 105

km2 around the Landers rupture during a time period
of ∼ 7 years between the Landers and the nearby Hector
Mine earthquakes.

The Landers earthquake occurred on June 20, 1992
in the Mojave Desert (Figure 1). The earthquake area
has been extensively imaged by the Synthetic Aper-
ture Radar (SAR) satellites of the European Space
Agency during 1991-1999 (ERS-1 mission), and since
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Figure 1. Topography map of the Landers earthquake
area. Surface rupture of the Landers earthquake is
shown by a thick black wavy line. Solid squares denote
ERS radar scenes for the ascending (track 77), and de-
scending (tracks 127 and 399) orbits. Inverted triangles
and crossed circles show positions of continuous and
campaign-style GPS stations, respectively.
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Figure 2. ERS SAR data from (a) track 127 and (b)
track 399. Dots denote radar acquisitions (labeled by
the platform and orbit numbers). Horizontal axis rep-
resents time, and vertical axis represents perpendicular
baseline (distance between repeated orbits). Lines con-
necting dots denote radar interferograms used in this
study.

1995 (ERS-2 mission), with more than 200 interferable
radar acquisitions available from several satellite tracks
(Figures 1 and 2). Because the arid, sparsely vegetated
Mojave desert is well suited for radar interferometry,
the ERS SAR data provide a unique high-resolution de-
scription of the post-seismic surface deformation over a
time period of more than 10 years. Another data set of
a comparable quality may not become available for the
next decade. In addition to the InSAR data, both the
co-seismic and post-seismic deformation due to the Lan-
ders earthquake have been recorded using continuous
and campaign-mode Global Positioning System (GPS)
measurements [Shen et al., 1994; Bock et al., 1997; Sav-
age et al., 2003].

In this paper I analyze the time-dependent deforma-
tion following the 1992 Landers earthquake using the
entire catalog of the ERS SAR data, and the near-field
continuous and campaign-mode GPS measurements.
The observed ground displacement data are compared
to results of theoretical modeling of the post-Landers

deformation to establish the presence and relative im-
portance of various relaxation phenomena. One obvious
motivation for discriminating the competing theoretical
models is a better understanding of the post-earthquake
stress changes, and the delayed triggering of seismicity.
In particular, identifying a dominant mechanism of the
post-seismic deformation might help forecast the evo-
lution of stress and strain fields following large earth-
quakes, and provide a useful input for the seismic haz-
ard estimates.

2. Satellite interferometry data

The ERS coverage of the Landers earthquake area
is shown in Figure 1. Repeated radar acquisitions are
available from the descending tracks 127 and 399, and
the ascending track 77. InSAR data from different
tracks are useful in that they provide different view ge-
ometries that reduce (if not resolve) the ambiguity be-
tween the horizontal and vertical components of surface
deformation intrinsic to the satellite line of site (LOS)
measurements [e.g., Massonnet and Feigl , 1998; Rosen
et al., 2000; Bürgmann et al., 2000; Fialko et al., 2001;
Fialko, 2004]. The acquired data from the descending
tracks are shown in Figure 2. I generated and analyzed
all suitable interferometric pairs having perpendicular
baselines less than 150 m, and spanning the time pe-
riod between the Landers and Hector Mine earthquakes
(see sub-horizontal lines in Figure 2). Several radar ac-
quisitions not included in this study have either miss-
ing data, or unfavorable baselines. The ascending ERS
tracks have less frequent acquisitions, and only a few
interferograms are available from track 77.

Previous studies based on a few individual post-
seismic interferograms [e.g., Massonnet et al., 1994;
Peltzer et al., 1998] reported ground displacements hav-
ing wavelength of the order of kilometers to tens of
kilometers, and amplitude of a few centimeters over a
few years following the Landers earthquake. The In-
SAR measurements of a small-amplitude deformation
are severely limited by the atmospheric variability. In
particular, changes in the water content in the tropo-
sphere can generate radar echo delays equivalent to sev-
eral centimeters (or more) of the LOS displacements of
the Earth surface [e.g., Goldstein, 1995; Tarayre and
Massonnet , 1996; Zebker et al., 1997; Simons et al.,
2002], i.e., large compared to the inferred post-seismic
deformation. In principle, atmospheric effects can be
isolated by taking advantage of the redundant InSAR
measurements. Averaging of multiple radar interfer-
ograms increases the signal-to-noise ratio, and allows
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Figure 3. Stacked InSAR data from the ERS track 127. Colors denote the average LOS velocities of the ground,
in cm/yr, positive toward the satellite. Black wavy lines denote the Quaternary faults [Jennings, 1994]. Titles
indicate the time period spanned by the interferometric stack, and numbers in the parentheses correspond to the
number of interferograms in the stack.

one to measure LOS displacement rates as low as a few
mm/yr [Peltzer et al., 2001; Fialko and Simons, 2001].
Figure 3 shows the stacked InSAR data from track 127.
Before stacking, each interferogram is spatially aver-
aged over pixel bins 1 km × 1 km. The average LOS
velocities are computed by adding the unwrapped inter-
ferometric phase from individual pairs, converting the
summed phase to the LOS displacements, and dividing
the latter by the total cumulative time span of all in-
terferometric pairs in the stack. In order to investigate
the time history of the observed deformation, I gen-
erate independent stacks of interferograms using data
collected over ∼3.5 years following the earthquake (Fig-
ure 3a), as well as over the next ∼3.5 years (Figure 3b).
A stack of all available data bracketed by the Landers
and Hector Mine events (see Figure 2a) is shown in Fig-
ure 3c. The InSAR data reveal two pronounced lobes
of LOS displacements to the west of the Landers rup-
ture, in agreement with the earlier analysis of Peltzer
et al. [1998]. The same deformation pattern is also seen
in the stacked data from track 399. Figure 4 shows
the average LOS velocities along the profile AA′ that
traverses the deformation anomaly along the strike of
the Eastern California Shear Zone (ECSZ, Figure 3a).
Correlated patterns of LOS displacements seen in Fig-
ures 3 and 4 demonstrate that the observed signal is due
to the post-seismic relaxation and not the atmospheric
artifacts. Note that the deformation has persisted after
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Figure 4. Average LOS velocities inferred from the
stacked InSAR data from tracks 127 and 399. Dots
denote data from a 3-km wide swath centered on the
profile AA′ to the west of the Landers rupture.



POST-SEISMIC DEFORMATION DUE TO LANDERS EARTHQUAKE 5

1996 (Figure 3b), albeit at a reduced rate, suggesting
that the characteristic relaxation time is greater than
0.8 years inferred by Peltzer et al. [1998]. It should be
pointed out that the signal seen in Figure 3b is apparent
only in the interferometric stack, and not in any indi-
vidual interferogram corresponding to the time period
between 1996 and 1999.

Because of a non-linear time-dependent character of
the post-Landers relaxation (Figures 3 and 4) it is not
straightforward to convert the average LOS velocities
derived from stacking of multiple interferograms into
the LOS displacements over a given time interval. One
way of quantifying a time history of the post-seismic
deformation from the InSAR data is to use an a-priori
guess for the functional form of time dependence, and
solve for some empirical parameters (e.g., a characteris-
tic time constant) that render a good match between the
hypothesized time history and the data [Peltzer et al.,
1998; Jacobs et al., 2002; Jonsson et al., 2003]. The task
is facilitated if the time history of deformation is inde-
pendent of the spatial coordinate x. The data shown in
Figures 3 and 4 indicate that there is no significant spa-
tial dispersion of the deformation anomaly over time.
This lends support to the space-time separable repre-
sentation of the post-earthquake surface displacements
D,

D(x, t) = P (x) · F (t), (1)

where t is time elapsed after the earthquake, and P (x)
is the permanent post-seismic displacement field (i.e.,
at t → ∞) [e.g., Savage et al., 2003]. In addition, I
shall assume that the time history F is self-similar in
that it depends on a non-dimensional ratio t/tm only,
where tm is some characteristic time scale intrinsic to
the physics of the relaxation process. Under these as-
sumptions, it may be possible to evaluate both tm and
D(x, t) given a sufficient number of interferograms that
cover different time intervals of the relaxation period.
Let Ij be the observed LOS displacements from the j-th

interferogram spanning a time period ∆tj = t
(2)
j − t

(1)
j ,

where t
(1)
j and t

(2)
j are the respective acquisition times.

Correspondingly, let Sik = Σ
N
j=1Ij be a stack of N in-

terferograms collected between times ti and tk, where

ti = min(t
(1)
j , j = 1..N), and tk = max(t

(2)
j , j = 1..N).

Under the assumption (1), the ratio of interferometric
stacks from different time periods depends on the char-
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34-35◦N, 117-118◦W. Lines denote the least squares fit
to the data.

acteristic decay constant tm only,

Sik
Smn

=

ΣNj=1

[

F

(

t
(2)
j

tm

)

− F

(

t
(1)
j

tm

)]

ΣMl=1

[

F

(

t
(2)
l

tm

)

− F

(

t
(1)
l

tm

)] . (2)

Given errors and noise in the data, the ratio Sik/Smn
will not be the same for every pixel in the stack. To
obtain a robust estimate of the ratio, I perform a linear
regression of the stacked LOS displacement data corre-
sponding to the time periods 1992-1996 and 1996-1999.
Figure 5 shows the respective regression for data from
track 127. A systematic trend seen in Figure 5 is consis-
tent with the assumption (1), and confirms that the de-
formation process responsible for the early post-seismic
relaxation was still active after year 1996. The data
scatter in Figure 5 may be due to a number of factors,
including the residual atmospheric noise, imprecise or-
bital corrections, unwrapping errors, any local deforma-
tion other than the dominant post-seismic relaxation, as
well as deviations of the latter from equation (1). The
slope of the reduced major axis of the trend, s0, is found
using a non-biased least squares estimate,

s0 =

√

√

√

√

√

ΣRj=1

(

Sjik − S̄ik

)2

ΣTl=1
(

Slmn − S̄mn
)2 , (3)

where Slik denotes the LOS displacement at the l − th
pixel of the stack Sik, R and T are the total number
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of data points in the stacks Sik and Smn, respectively,
and S̄ik denotes the mean value of the stack, S̄ik =
N−1ΣNl=1S

l
ik. The slope s0 given by equation (3) is

the best proxy of the ratio Sik/Smn (see middle line in
Figure 5). The errors σ0 in the estimated ratio s0 are
determined as follows,

σ0 =
|s12 − s0|+ |s21 − s0|

2
, (4)

where s12 and s21 represent slopes of the least squares
linear fits to the data treating Sik and Smn as indepen-
dent error-free variables, respectively (Figure 5).

Given the deduced values of the ratio Sik/Smn, ac-
quisition dates of individual interferograms in the stacks
Sik and Smn, and some a-priori guess for the func-
tional form of the temporal evolution of deformation
F (t/tm), one can find the respective relaxation time
tm by solving equation (2). It is reasonable to assume
that F is a smooth monotonic function that by def-
inition equals zero at t = 0 and asymptotically ap-
proaches unity at t → ∞ (equation (1)). For example,
assuming an exponential decay of the post-seismic dis-
placements, F = 1− exp(−∆t/tm), the resulting tran-
scendental equation (2) can be solved numerically to
yield tm ≈ 3± 1 years. Errors in the solution are esti-
mated using uncertainties in the Sik/Smn ratio (equa-
tion (4), Figure 5). The same procedure gives rise to
relaxation times tm ≈ 1± 0.5 years for the complemen-
tary error function F = erfc(

√

tm/∆t) (which may
describe, e.g., early stages of a diffusive process), and
tm ≈ 7 ± 3 years for the log-exponential time func-
tion F = (log(1 + d(exp(∆t/tm) − 1))−∆t/tm)/ log d,
where d = 10 is an empirical factor, that may be typ-
ical of afterslip [see Perfettini and Avouac, 2004, for
details]. Note that variations in the inferred relaxation
times tm are due to differences in the assumed form
of time dependence F (t), and not due to large uncer-
tainties in the estimation procedure. If fact, all of the
abovementioned examples give rise to a quite similar
temporal evolution of deformation over the observation
period between 1992 and 1999. Figure 6 illustrates the
time history of LOS displacements for the different as-
sumed forms of F (t) that satisfy data shown in Figure 5.
Similar time histories and the respective characteristic
relaxation times tm are obtained from the analysis of
InSAR data from the ERS track 399.

Given a quantitative estimate of a time history of
deformation F (t), one can use the stacked InSAR data
to deduce the amplitude of LOS displacements that oc-
curred during a particular time interval after the earth-
quake. From equations (1) and (2) one obtains the fol-
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Figure 6. Time dependence of the post-Landers LOS
displacements as inferred from the analysis of InSAR
data. The theoretical displacement curves are normal-
ized by the displacement accumulated at a particular
pixel over a time period between the Landers and the
Hector Mine (HM) earthquakes.

lowing expression for the LOS displacements that oc-
curred between times tk and ti,

D(x, ti)−D(x, tk) = P (x)

[

F

(

tk
tm

)

− F

(

ti
tm

)]

=

Sik

(

F
(

tk
tm

)

− F
(

ti
tm

))

ΣNj=1

[

F

(

t
(2)
j

tm

)

− F

(

t
(1)
j

tm

)] . (5)

The spatial signature of deformation that occurred over
the corresponding time interval is already captured in
the interferometric stack Sik (e.g., Figure 3). Thus the
right-hand side of equation (5) simply provides a nu-
merical coefficient that converts the amplitude of the
stack Sik into the appropriate LOS displacement ampli-
tude. Although the time interval tk-ti in equation (5)
does not need to coincide with the time span of the
stack, numerical experiments indicate that predictions
of the signal amplitude beyond the observation inter-
val depend on a particular choice of F (t), and there-
fore are not robust. For example, the time histories
of deformation shown in Figure 6 suggest that by the
time of the Hector Mine earthquake, the post-Landers
deformation has reached 92%, 65%, or 83% of the per-
manent fully relaxed state P , assuming the exponen-
tial, error function, or logarithmic time dependencies,
respectively. For times tk-ti within the time span of
the stack Sik, inferences of the displacement amplitude
D using equation (5) are, on the other hand, nearly
independent of a particular choice of F (t). Figure 7
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Mine earthquakes (1992-1999), in cm. Titles denote the satellite track. Coordinate axes are in km, with origin at
the epicenter of the Hector Mine earthquake (116.27◦W, 34.595◦N). Other notation is the same as in Figure 3.

shows the LOS displacement maps derived from the in-
terferometric stacks using equation (5) for the time pe-
riod between the Landers and the Hector Mine earth-
quakes. Calculations using different functional forms
of the time history F (t) (Figure 6), as well as various
stacking schemes (e.g., accounting for the non-uniform
data sampling over time, Figure 2), suggest that the
resulting LOS displacements are likely accurate within
10-20% of the inferred amplitude. The data from the
ascending orbit (ERS track 77, Figure 7c) represent a
sum of only two interferograms spanning the 1992-1999
time interval, and therefore have a much lower signal-to-
noise ratio compared to the massively redundant data
from the descending orbits (Figures 7a,b).

3. Time-dependent deformation from

analysis of GPS data

It is of interest to compare the kinetics of relax-
ation inferred from the InSAR data to the independent
GPS measurements of the post-Landers deformation.
The GPS data covering the period of interest (1992-
1999) are available from a number of continuous and
campaign-surveyed monuments within ∼100 km from
the earthquake rupture (Figure 1). Figure 8 shows fil-
tered time series from four continuous PGGA/SCIGN
stations closest to the epicentral area (data courtesy of
Y. Bock and SOPAC). The co-seismic offsets and the
pre-seismic secular trend have been removed from the
data to isolate a post-seismic transient. The continu-
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Figure 8. Horizontal components of the post-
seismic displacement vectors measured by the contin-
uous PGGA/SCIGN stations. Solid and dashed lines
denote the best-fitting exponential (tm = 1.3 yr) and
complimentary error function (tm = 0.3 yr) approxima-
tions, respectively.
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Figure 9. Horizontal components of the post-seismic
displacement vectors measured by the USGS campaign
surveys in the near field of the Landers rupture [Savage
et al., 2003]. Vertical bars denote the formal data errors.
Other notation is the same as in Figure 8.

ous GPS data reveal monotonically decaying velocities,
sometimes superimposed on periodic seasonal oscilla-
tions. Similar velocity transients are also apparent in
the campaign GPS data collected by the USGS [Savage
and Svarc, 1997; Savage et al., 2003]. The USGS cam-
paign GPS time series are shown in Figure 9. There
is a significant uncertainty in the magnitude (and even
the sign) of the inferred displacement components due
to poorly known pre-earthquake velocities of the GPS
monuments with respect to the stable North Amer-
ica. Previously published estimates of the interseis-
mic velocity of site Sanh (situated on the eastern side
of the southern part of the Landers rupture, see Fig-
ure 1) range from 8± 3 mm/yr west and 4± 4 mm/yr
north [Gordon et al., 1993] to 0.6±3.4 mm/yr west and
11.8 ± 2.0 mm/yr north [e.g., Savage et al., 2003]. In
the following analysis I use an intermediate velocity of
4 mm/yr west and 6 mm/yr north to account for the
relative motion between ECSZ and stable North Amer-
ica.

The time dependence of the GPS data shown in Fig-
ures 8 and 9 can be compared to that of the InSAR
data, for example, by fitting the GPS time series using
the same functional form of the temporal evolution F
as in Section 2. The GPS data can be reasonably well
approximated by a number of monotonically decaying
functions. For the exponential time dependence, the
best-fitting decay constant tm is 1.3 years (solid curves

in Figures 8 and 9). For the complementary error func-
tion, the best-fitting decay constant is tm = 0.3 years
(dashed curves in Figures 8 and 9). While it is possible
to fit the campaign GPS time series using larger time
constants that agree with the InSAR time series within
the estimated uncertainties, such larger time constants
would be inconsistent with the continuous GPS data
(Figure 8). Therefore it appears that the horizontal dis-
placements measured with GPS decay faster than the
LOS displacements measured with InSAR. This differ-
ence between the histories of horizontal and vertical de-
formation is suggestive of more than one mechanism of
the post-seismic relaxation.

4. Theoretical predictions of the

post-seismic relaxation models

Analysis of the InSAR and GPS data in the previ-
ous Sections indicates that deformation following the
Landers earthquake was nearly complete by the time
of the 1999 Hector Mine earthquake, so that the data
shown in Figures 7, 8, and 9 likely capture the bulk of
the post-seismic transient. It is instructive to compare
the observed deformation to predictions of various post-
seismic deformation mechanisms (i.e., afterslip, visco-
and poro-elasticity) in the limit of complete relaxation.
The fully relaxed solutions are independent of any as-
sumptions about the rock rheology and the time history
of deformation, and provide a useful insight into the
spatial signatures of the competing models. A qualita-
tive inspection of the observed LOS displacement maps
(Figure 7) rules out fault afterslip as the only mecha-
nism of post-seismic deformation. This is because the
observed polarity of the LOS displacements (i.e., an ap-
parent uplift in the south-west and north-east quad-
rants, and subsidence in the north-west and south-east
quadrants of the rupture) is opposite to that expected
of afterslip above or below the brittle-ductile transition
[e.g., Peltzer et al., 1998; Pollitz et al., 2001]. This con-
clusion is confirmed by inversions of the InSAR data
for the distribution of afterslip on the earthquake fault.
The inversions failed to produce a reasonable afterslip
model assuming that the post-seismic slip is sympa-
thetic with the co-seismic offsets. The sense of the
LOS displacements seen in Figures 3 and 7 is consistent
with both the visco- and poro-elastic relaxation due to a
right-lateral strike-slip earthquake [Peltzer et al., 1998;
Pollitz et al., 2000; Jonsson et al., 2003]. To quantify
differences between the respective models, I compute
the complete visco- and poro-elastic responses due to
the Landers earthquake using a slip model that fits all
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available space geodetic data [Fialko, 2004].

4.1. Permanent deformation due to

visco-elastic relaxation

Most models of visco-elastic relaxation using either
linear or non-linear rheology of the lower crust or up-
per mantle assume that (i) all the co-seismically induced
change in the deviatoric stress below the ductile transi-
tion is eventually relieved by viscous flow, and (ii) the
pre-earthquake stress is lithostatic. Hereafter, I will re-
fer to these assumptions as to a “weak substrate” model.
As the visco-elastic relaxation gives rise to vanishing co-
seismic stress perturbations below a mechanically com-
petent (elastic) upper layer, the fully relaxed response of
the upper layer may be obtained using a superposition
of two solutions for an elastic half-space. The stress-free
boundary condition at the bottom of the elastic layer
may be satisfied by applying stresses that are equal in
magnitude, but opposite in sign to the co-seismic stress
changes at the corresponding depth. The surface dis-
placement field that results from vanishing co-seismic
stress changes below the assumed ductile transition are
calculated using a boundary element code DIS3D [Ru-
bin, 1992; Fialko and Rubin, 1999]. First, I calculate
the co-seismic displacements at the surface of an elastic
half-space using the Landers slip model [Fialko, 2004].
The calculation is repeated upon discretizing the as-
sumed ductile transition with boundary elements, and
prescribing zero normal and shear stresses on those el-
ements. The difference between the two elastic solu-
tions gives the response of the elastic layer over times
greater than the characteristic relaxation time scale. If
the elastic-ductile interface also coincides with a den-
sity contrast, vertical displacements on that interface
will result in some restoring buoyancy forces that will
affect both vertical and horizontal displacements at the
Earth’s surface [e.g., Pollitz , 1997]. To account for the
effects of gravity in the boundary element simulations I
require that the vertical stress σzz resolved on elements
approximating the elastic-ductile interface is coupled to
the vertical deflection of the interface z, σzz = ∆ρgz,
where ∆ρ is the density contrast across the interface,
and g is the gravity acceleration. The lateral extent
of the boundary element mesh representing the duc-
tile interface is chosen to be twice the flexural wave-
length of the upper elastic layer. Numerical simula-
tions indicate that a further expansion of the boundary
element mesh does not affect the solution. The accu-
racy of the boundary element models was tested against
the fully time-dependent visco-elastic 3-D finite element
calculations for simple sources (e.g., a finite dislocation)
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Figure 10. Horizontal displacements observed with
GPS over the time period 1992-1999 (starred and
squared lines) and predicted by the fully relaxed visco-
elastic model (arrows).

[Hoang et al., 2003]. Both techniques gave rise to essen-
tially the same results for the permanent post-seismic
deformation.

Figure 10 illustrates horizontal displacements due to
a full visco-elastic response to the Landers earthquake,
assuming that the relaxation occurred in the mantle
below the depth of 30 km [Pollitz et al., 2000, 2001],
and the density contrast across the Moho is ∆ρ = 500
kg/m3. Also shown in Figure 13 are the GPS mea-
surements of horizontal deformation made within ∼70
km from the Landers available from the USGS [Savage
and Svarc, 1997; Savage et al., 2003] and SCEC (crustal
velocity model CMM2). All GPS vectors represent dis-
placements over a time interval between the Landers
and Hector Mine earthquakes corrected for the inter-
seismic strain accumulation on the San Andreas fault
using a model of Smith and Sandwell [2003]. Vectors
showing the USGS data represent analytic fits to the
GPS time series (see solid and dashed lines in Figure 9).
As one can see from Figure 10, predictions of a visco-
elastic model agree fairly well with the campaign GPS
observations (cf. star and square symbols and arrows
in Figure 10), prompting a possibility that the post-
Landers transient might be dominated by a viscous re-
laxation of an abnormally weak mantle below the strong
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Figure 11. The LOS displacements predicted using boundary element simulations of a complete visco-elastic
relaxation after the Landers earthquake, assuming the relaxation depth of 30 km. Figures (a)-(c) correspond to
different ERS tracks (see Figure 7).

Mojave crust [e.g., Pollitz et al., 2000]. However, de-
tailed comparisons between the visco-elastic model pre-
dictions and both the GPS and the stacked InSAR data
caution against such an interpretation. Figure 11 shows
the theoretical LOS displacements corresponding to a
model of viscous relaxation below 30 km. As one can
see from Figure 11, both the wavelength and the am-
plitude of theoretical displacements significantly exceed
the observed ones (in particular, cf. Figure 7b and Fig-
ure 11b). Note that the modeled surface displacements
depend on the co-seismic slip, but are independent of
the shear modulus of the elastic layer.

In order to reconcile the InSAR data with the visco-
elastic model predictions one might postulate that the
vertical displacements due to crustal flexure reached
only a small fraction of the fully relaxed state seven
years after the Landers earthquake (so that the bulk
of viscous deformation is yet to occur). If so, results
shown in Figures 7 and 11 imply a characteristic re-
laxation time of the order of 10 years or greater, cor-
responding to the effective mantle viscosity in excess
of 1019 Pa s. The assumption of an essentially incom-
plete relaxation does not agree with decay times of a few
years deduced from both the InSAR (Figure 6) and GPS
(Figures 8 and 9) data. Also, it is inconsistent with an
apparent match between the amplitudes of the observed
horizontal displacements and those modeled under the
assumption of a fully relaxed mantle (Figure 10). The
stacked InSAR data reveal high gradients in the LOS
displacements across the 1992 surface break (see Fig-
ures 3 and 7), in agreement with a previous analysis of
Peltzer et al. [1998] of an individual interferogram span-
ning 3.6 years after the earthquake. The observed lo-

calized strain on the Landers rupture cannot be caused
by any deep relaxation mechanism, and is suggestive of
a shallow origin of post-seismic deformation. Although
a number of GPS observations can be satisfactorily ex-
plained by the viscous relaxation model, the latter sig-
nificantly overpredicts far-field displacements perpen-
dicular to the main nodal plane of the earthquake (e.g.,
south of the Landers rupture in Figure 10). Large fault-
perpendicular displacements in the far field are a dis-
tinctive feature of viscous relaxation [e.g., Hearn, 2003];
in particular, such displacements are not typical of af-
terslip. The same arguments apply to the visco-elastic
relaxation in the lower crust. For the fully relaxed so-
lution, decreases in the assumed thickness of the elastic
layer give rise to a smaller wavelength, but larger am-
plitude LOS displacements compared to those shown in
Figure 11. However, the transient response of the “jelly
sandwich” model of the viscoelastic lower crust gives
rise to an inverted polarity of vertical displacements at
the surface [Masterlark and Wang, 2002], opposite to
the observed pattern (Figure 7). Therefore one may
conclude that the weak substrate (either upper man-
tle or lower crust) models do not explain the observed
post-Landers deformation, and a consideration of other
governing mechanisms is certainly warranted.

4.2. Permanent deformation due to poro-elastic

relaxation

In the presence of pore fluids and non-zero perme-
ability in the crust, the co-seismic stress changes will
cause fluid withdrawal from areas of an increased hy-
drostatic stress, and influx into areas of a decreased
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Figure 12. The theoretical LOS displacements due to a complete poro-elastic relaxation after the Landers earth-
quake, assuming fluid diffusion in the uppermost 2.5 km (figures a-c), and 15 km (figures d-f) of the crust.

Table 1. Effective elastic moduli of the layered half-space model used in the poro-elastic simulations

Layer # Depth interval, km Undrained Poisson’s ratio νu Drained Poisson’s ratio νd Shear modulus, µ1

1 0-2.5 0.315 0.28/0.2152 0.25
2 2.5-5.5 0.176 0.14 0.43
3 5.5-28 0.258 0.20/0.2583 0.52
4 > 28 0.271 0.271 1.00

1Normalized by the shear modulus of the mantle. 2Assuming the depth of the fluid-saturated layer of 15 km/2.5 km.
3Above/below the depth of 15 km.
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hydrostatic stress. The resulting diffusion and re-
equilibration of pore pressures will effectively decrease
the bulk modulus of the crust compared to its “undrained”
value immediately after the earthquake [e.g., Booker ,
1974; Rice, 1980]. A fully relaxed poro-elastic signal
can be estimated by calculating the surface displace-
ment field due to slip on the Landers rupture using the
undrained and drained elastic moduli, subtracting the
undrained solution from the drained one, and projecting
the residual displacement field onto the respective lines
of sight of the ERS satellites. The predicted poro-elastic
response depends only on the co-seismic slip model, and
the difference between the drained and undrained val-
ues of the Poisson’s ratio of the crust. I perform several
calculations in which the difference between the drained
(νd) and undrained (νu) Poisson’s ratios is varied as a
function of depth to explore a trade-off between the
magnitude of νu − νd and depth of fluid flow. Values
of the drained Poisson’s ratio are chosen by trial and
error to render the best agreement between the model
and the InSAR data in the near field (within 10-15 km)
of the Landers rupture (Figure 7). Calculations are
implemented using a numerical code for a layered elas-
tic half-space [Wang et al., 2003], the undrained elas-
tic structure of the Mojave crust inferred from seismic
studies [Jones and Helmberger , 1998], and the respec-
tive slip model of the Landers earthquake [Fialko, 2004].
Figure 12 shows the theoretical LOS displacements due
to a poro-elastic relaxation assuming the presence of
fluid and interconnected pore space in the uppermost
2.5 km of the crust (Figure 12a-c), and throughout the
entire seismogenic layer (above the depth of 15 km, Fig-
ure 12d-f). The assumed values of the effective drained
and undrained elastic moduli of the crust are listed in
Table 1. As one can see from a comparison of Fig-
ures 7 and 12, the poro-elastic model assuming relax-
ation in the entire upper crust reasonably well explains
the amplitude, the wavelength, and the spatial details
(e.g., high gradients in the LOS displacements across
the Landers rupture) of the observed post-seismic defor-
mation. The shallow poro-elastic model requires rather
large reductions in the Poisson’s ratio (e.g., from 0.315
to 0.215) to explain the observed amplitude of LOS dis-
placements. Even accepting this difference between the
undrained and drained Poisson’s ratios at face value, the
shallow relaxation model conspicuously underpredicts
the wavelength of the observed InSAR signal. There-
fore one may conclude that if the deformation seen in
Figure 7 is primarily caused by the post-seismic dif-
fusion of pore fluids, the latter is likely to involve the
entire brittle layer, and perhaps even penetrate into the
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Figure 13. Horizontal displacements observed with
GPS over the time period 1992-1999 (starred lines) and
predicted by the poro-elastic relaxation model (arrows).

middle crust. Note that the asymmetry in both the ob-
served and modeled LOS displacements with respect to
the fault trace (i.e., larger displacements to the west
of the rupture) is due to a contribution of both the
horizontal and vertical components of the displacement
field to the satellite LOS displacements. On the eastern
side of the rupture, projections of horizontal and ver-
tical displacements onto the satellite line of sight have
opposite signs, resulting in a destructive interference.

While a poro-elastic model provides a good fit to the
InSAR data, it fails to explain the far-field GPS data.
Figure 13 shows a horizontal displacement field due to a
poro-elastic relaxation in a 15-km thick layer, together
with the campaign GPS measurements available from
within ∼40 km from the Landers rupture. While the
poro-elastic model may help explain some details of the
GPS data in the near field of the Landers rupture (in
particular, notice the sense of the fault-normal compo-
nent of the displacement vectors in the northern and
southern part of the rupture), the model significantly
underpredicts horizontal displacements in the far field.
Results shown in Figure 13 are in agreement with ear-
lier estimates of the poro-elastic deformation due to the
Landers earthquake [Peltzer et al., 1998;Masterlark and
Wang, 2002]. If follows that no single mechanism is
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able to explain all geodetic measurements of the post-
Landers transient.

5. Discussion

Because results presented in Sections 2 and 3 suggest
that more than one mechanism is likely to contribute to
the observed post-seismic deformation, it is important
to establish the relative importance of various relax-
ation phenomena. Several lines of evidence point out
that the weak substrate model explains only a minor
(if any) part of the observed deformation. Calculations
presented in Figure 11 indicate that if the observed de-
formation (Figure 7) was due to a viscous flow in the
upper mantle or lower crust, the vertical deformation
must be less than 20% complete 7 years after the Lan-
ders earthquake. This does not agree with characteristic
relaxation times of several years deduced from the time
series analysis of the InSAR and GPS data (Figures 6, 8,
and 9). In the likely case of fluid presence in the upper
crust, and the associated poro-elastic response due to
the Landers earthquake (Figure 12), the amount of vis-
cous deformation allowed by the InSAR data is smaller
still. The limited spatial extent of the post-seismic LOS
displacements imaged by InSAR, as well as high gra-
dients in surface displacements across the earthquake
rupture (Figure 7) are inconsistent with stress relax-
ation below the brittle-ductile transition. Although a
number of GPS observations can be satisfactorily ex-
plained by the viscous relaxation model, the predicted
far-field horizontal displacements perpendicular to the
main nodal plane of the Landers earthquake are not ob-
served (Figure 10). Finally, the data (e.g., see Figure 3)
show no spatio-temporal dispersion of surface strain ex-
pected of a stress diffusion in a visco-elastic substrate
[Pollitz , 1997].

It should be mentioned that some of the spatial sig-
natures of the observed deformation field might be rec-
onciled with a viscous-like response of the lower litho-
sphere by considering constitutive laws that are more
realistic than the visco-elastic Maxwell solid. Given a
finite yield strength of rocks below the brittle-ductile
transition [Brace and Kohlstedt , 1980; Kirby, 1983;
Kohlstedt et al., 1995], it is reasonable to assume that
the post-seismic deformation will relax only those changes
in the deviatoric stress that raise the total stress level
above the creep threshold. It follows that modeling
of the viscous post-seismic response may require an a-
priory knowledge of the pre-existing stress. For a strike-
slip fault environment such as in the ECSZ, it is likely
that the pre-earthquake stress below the brittle-ductile

transition is not lithostatic, and the orientation of the
maximum shear stress coincides with an overall strike of
major faults. The magnitude of shear stress resolved on
the downdip extent of the fault zone may be close to the
yield strength of the ductile substrate, ensuring a steady
state motion in the inter-seismic period. In this case,
the co-seismic increases in shear stress along the fault
zone may exceed the strength envelope, and be fully
relaxed (e.g., by viscous flow). Components of the co-
seismic stress change that don’t result in excursions of
the total deviatoric stress beyond the strength envelope
may not be relaxed, and if so will not contribute to the
post-seismic transient deformation observed at the sur-
face. Note that the weak substrate (visco-elastic) model
predicts a horizontal displacement field resembling pure
shear, with comparable magnitudes of the fault-parallel
and fault-perpendicular displacements within one rup-
ture length from the earthquake (Figure 10). A more
realistic finite strength (e.g., visco-elasto-plastic) rhe-
ology of the substrate may give rise to horizontal dis-
placements that are closer to simple shear within the
same distance from the earthquake fault. The finite
yield strength of the ductile substrate may also prevent
relaxation of changes in normal stress at the base of
the elastic layer, reducing the amplitude of the post-
seismic crustal flexure. Thus a consideration of a long-
term strength of the lower lithosphere might explain the
absence of large vertical and fault-perpendicular hori-
zontal displacements in the InSAR and GPS data, re-
spectively (Section 4.1). However, the short time scales
of the observed deformation transients ranging from
months [Shen et al., 1994] to years [Sections 2 and 3;
Savage et al., 2003] require an abnormally hot fluid-
rich mantle immediately below the Moho [Pollitz et al.,
2000, 2001]. As the yield strength of silicate rocks is
strongly dependent on temperature and volatile content
[Mainprice and Paterson, 1984; Tullis and Yund , 1987;
Kohlstedt et al., 1995], rapid post-seismic deformation
appears to be more consistent with the weak substrate
model. These arguments suggest that a large-scale vis-
cous deformation did not dominate the post-Landers
deformation during the period of observations (1992-
1999).

5.1. Preferred post-seismic model

Peltzer et al. [1998] noted that diffusion of pore flu-
ids and fault afterslip give rise to an opposite polar-
ity of vertical displacements at the Earth’s surface,
and suggested that a combination of the poro-elastic
and afterslip mechanisms may explain the pattern of
the LOS displacements accumulated between 1992 and
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1996. They superimposed a poro-elastic response due to
the Landers earthquake (calculated using a co-seismic
slip model of Wald and Heaton [1994] and assuming a
homogeneous elastic half-space) and the afterslip model
of Savage and Svarc [1997] to find a qualitative match
with the observed LOS displacements in the northern
part of the fault. The combined model, however, was
not directly compared to the GPS data, and rendered
a poor fit to the InSAR data around the southern part
of the 1992 rupture. Here I test whether both the In-
SAR and GPS data can be explained by a combina-
tion of poro-elastic relaxation and fault afterslip in a
self-consistent fashion. I subtract predictions of the
best-fitting poro-elastic model (Figures 12d-f and 13)
from the InSAR and GPS data, and invert the residu-
als for the right-lateral slip on the Landers rupture and
its downdip extension. Note that the shallow afterslip
is subject to some trade-off with the amount of poro-
elastic relaxation; the assumption that most of the ob-
served InSAR signal is due to a porous flow effectively
puts a lower bound on the amount of both the after-
slip and poro-elastic relaxation. Because it is unlikely
that the geometric complexity of the Landers rupture
persists throughout the lower crust, I assume that the
deep afterslip occurs on a plane having an average strike
of the ECSZ, and extending vertically from the bottom
of the seismogenic layer (15 km) to the Moho (30 km).

Figure 14 shows the horizontal displacement field due
the to the best-fitting afterslip model, and the GPS
data corrected for the assumed poro-elastic contribu-
tion. Calculations are performed using a layered elas-
tic half-space model with drained values of the Pois-
son ratio (Table 1). The preferred afterslip model is
shown in Figure 15, and the residual InSAR data (i.e.,
LOS displacements not explained by a combination of
poro-elasticity and afterslip) are shown in Figure 16.
As one can see from Figures 14 and 16, a combined
model reasonably well explains most of the available
data. The model correctly reproduces the observed pat-
tern of horizontal displacements (in particular, along
the main nodal plane of the Landers earthquake, cf.
Figures 10 and 14). The model underpredicts the am-
plitudes of the SCEC GPS vectors further than ∼50
km to the west of the rupture. This might indicate ei-
ther penetration of afterslip below the Moho, or some
contribution from a diffuse viscous deformation in the
mantle. In the near field, the apparent mistifs between
the model and the USGS GPS vectors next to the fault
may be due to enhanced poro-elastic effects in the fault
step-overs [Peltzer et al., 1996, 1998]. The fit to the
near-field GPS data can be improved by allowing several
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Figure 14. Horizontal displacements due to the fault
afterslip model (arrows), and observed with GPS. No-
tation is the same as in Figure 10.
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Figure 15. Distribution of right-lateral afterslip on the Landers rupture [segments 1 to 6, see Fialko, 2004], and
the underlying shear zone (segment 7). Shading and arrows denote the magnitude of slip.
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centimeters of fault-normal contraction. However, the
corresponding reduction in the rms misfit between the
model and the data is marginal, and I conclude that the
fault contraction is not required by the data. Note that
the accuracy of the GPS data is less than the reported
formal errors, as evidenced by appreciable differences
in the independent GPS solutions available for several
sites (Figures 10 and 14); also, error ellipses do not in-
clude large uncertainties in the pre-seismic velocities of
the GPS monuments (see Section 3). A positive residual
of a few cm in the LOS displacements in the south-west
quadrant of the Landers rupture in Figure 16a may be
due to an underestimated magnitude or depth (or both)
of the poro-elastic relaxation, or an uncertainty in the
amplitude of the LOS displacements inferred from the
stacked InSAR data (e.g., note a centimeter-scale differ-
ence in the signal amplitude between different satellite
tracks, Figures 7a and 7b). The lateral extent of deep
afterslip is poorly constrained by the inversion. Peltzer
et al. [2001] reported an accelerated accumulation of
strain on the Blackwater fault system that links to the
northern tip of the Landers rupture, and proposed that
the observed strain represents the post-seismic defor-
mation transient. If so, the enhanced creep in the lower
crustal shear zone below the Landers rupture may have
propagated as far as a few hundred kilometers away
from the earthquake fault.

5.2. Physical implications from inverse models

The mechanics of the inferred afterslip may be quite
different above and below the brittle-ductile transition.
In the lower crust, the accelerated creep below the
earthquake fault might represent either frictional sliding
under velocity strengthening conditions [Shimamoto,
1986; Tse and Rice, 1986], or a viscous-like deforma-
tion of a localized shear zone that is weaker (and per-
haps warmer) than the ambient crust [Yuen et al., 1978;
Fleitout and Froidevaux , 1980; Turcotte and Schubert ,
2002, p.369]. As the kinematics of the two processes
is nearly identical, they cannot be distinguished based
on inversions of geodetic data alone. Inverse models
indicate that the amplitude of deep afterslip correlates
with the seismic moment release in the brittle layer.
In particular, the maximum shear displacement below
the brittle-ductile transition (see Figure 15) occurred
in an area that experienced maximum co-seismic in-
creases in shear stress [below segment 5, see figure 9 in
Fialko, 2004]. This distribution, as well as the magni-
tude of afterslip of the order of one meter, agree with
earlier findings of Savage and Svarc [1997] who assumed
that afterslip occurs on the downdip continuation of the

Landers rupture in the depth interval of 10 to 30 km,
but did not allowed for any variation of afterslip with
depth. The distribution of afterslip seen in Figure 15
is characterized by a maximum slip at the termination
of the co-seismic rupture, and a gradual decrease of the
slip magnitude with depth. This pattern is consistent
with both the velocity strengthening friction and the
visco-plastic shear zone mechanisms. Results shown in
Figure 15 significantly differ from the afterslip pattern
inferred from the GPS measurements of post-seismic
deformation due to the 1999 Izmit (Turkey) earthquake
[Reilinger et al., 2000]. In particular, the amplitude of
afterslip due to the Izmit earthquake was found to in-
crease with depth throughout the lower crust, inversely
proportional to the co-seismic stress perturbations.

Above the brittle-ductile transition, the mechanics
of afterslip is likely dominated by the rate-and-state
friction [Dieterich, 1992; Ruina, 1983], or the “brittle
creep” [Perfettini and Avouac, 2004]. The average mag-
nitude of shallow afterslip is about 10-20 centimeters
(see subfaults 1 to 6 in Figure 15). Integration of after-
slip over the area of the earthquake rupture yields an
effective “seismic moment” of ∼ 2×1018 N·m. A cumu-
lative moment of all aftershocks that occurred within 5
km from the Landers rupture during 1992-1999 is an
order of magnitude smaller, indicating that most of the
shallow afterslip occurred aseismically. This conclusion
is similar to the results of the analysis of geodetic and
seismic data from a 1-year period following the nearby
Hector Mine earthquake [Jacobs et al., 2002].

An important question is whether the the pore pres-
sure changes associated with poro-elastic relaxation af-
fect the rate and the total amount of afterslip in the
upper crust. Theoretical arguments [e.g., Booker , 1974;
Rice, 1980] and numerical simulations (e.g., using dis-
location models such as that in Figure 15) indicate
that decreases in the effective Poisson’s ratio due to the
post-seismic re-equilibration of pore pressure increase a
sympathetic shear stress on the earthquake fault. The
amount of such poro-elastically induced fault re-loading
is directly proportional to the co-seismic slip. A com-
parison of the shallow afterslip (Figure 15) with the co-
seismic slip distribution [figure 9 in Fialko, 2004] does
not show a correlation between the maximum co-seismic
and post-seismic slip. Instead, inversion results indi-
cate that the maximum afterslip tends to occur on a
periphery of “asperities” characterized by a large co-
seismic slip. Mendoza and Hartzell [1988] noted a simi-
lar spatial relationship between areas of high co-seismic
slip and aftershocks. Therefore the co-seismic stress
changes appear to exert stronger controls on both the
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seismic and aseismic fault slip following a mainshock
than the post-seismic pore pressure changes. Different
decay times of afterslip and poro-elastic relaxation de-
termined from the near-field GPS and InSAR data (Sec-
tion 2) also suggest that the spatiotemporal behavior of
afterslip may not be tightly coupled to the diffusion of
pore fluids.

Given a predominantly volumetric nature of poro-
elastic deformation, and a high sensitivity of InSAR
to vertical displacements, the kinetics of deformation
inferred from the InSAR data may be used to esti-
mate the in situ hydraulic diffusivity of the upper crust,
κh = L

2/πtm, where L is the characteristic distance for
the fluid diffusion. For L of 5-20 km (corresponding
to either a vertical flow from the interior of the brittle
layer to the surface, or a horizontal flow between the ar-
eas of hydrostatic compression and extension set by the
co-seismic stress changes), and a relaxation time tm of
a few years (Figure 6), κh is found to be of the order of
0.1-1 m2/s. This estimate is in a good agreement with
laboratory and field measurements of hydraulic diffu-
sivities of fractured crystalline rocks [Roeloffs , 1988;
Talwani et al., 1999; Wang, 2000], including in situ
measurements in the super-deep KTB borehole [Rothert
et al., 2003]. The estimated relaxation times tm are also
similar to the observed time delays between reservoir
impounding or fluid injection in deep wells, and trig-
gered moderate-to-large earthquakes within a few tens
of kilometers of either the reservoir or injection well, re-
spectively [e.g., Healy et al., 1968; Simpson et al., 1988].
Jonsson et al. [2003] obtained a much shorter decay
time of ∼ 1 month from the analysis of InSAR and
borehole data from a pair of magnitude 6 earthquakes
in Iceland. A rapid deformation transient documented
by Jonsson et al. [2003] may manifest a poro-elastic de-
formation in the uppermost few kilometers of a highly
permeable Icelandic crust. Because the porosity and
permeability of crustal rocks are expected to decrease
with depth, the longer deformation transient due to the
Landers earthquake described in this paper is consistent
with fluid percolation involving the entire brittle crust
(Section 4).

The stacked InSAR data (Figures 7 and 16) reveal
several deformation anomalies that are apparently not
related to the post-Landers relaxation, but might be in-
dicative of hydrologic processes in the crust. In particu-
lar, a roughly triangular area of negative LOS displace-
ments to the west of the Troy Lake and south of the
Mojave river (around coordinate -40,40 km; see, e.g.,
Figure 16b) seem to be due to a steady state ground
subsidence at an average rate of a few mm/yr over seven

years of observations. Other areas of ground subsidence
are notably associated with Quaternary faults, such as
the areas between the northern and southern strand
of the San Andreas fault (SAF) near Palm Springs (-
25,-70), south of SAF near Salton Sea (0,-90), and to
the east of the southern end of the Ludlow fault (30,-
10). The inferred subsidence areas exhibit high strains
across the faults, perhaps indicating that the latter act
as hydrologic discontinuities. This observation is con-
sistent with an assumption that the fault-perpendicular
permeability may be much less than the along-fault per-
meability, implying that active fault zones can develop
and maintain elevated pore pressures [e.g., Rice, 1992].
Note that the northern boundary of the positive LOS
displacement lobe in the south-west quadrant of the
Landers rupture coincides with the east-west striking
Frontal fault zone (-30,-30, Figures 7a and 16a), which
might act as a barrier to the seismically induced pore
fluid flow.

Some faults show high gradients in the LOS displace-
ments that may be due to tectonic deformation. A
step-like range change across the northern segment of
the San Jacinto fault (see an area around -90,-70 km
in Figure 16b) may be due to fault creep. The Pinto
Mountain fault west of the Landers rupture (10,-50,
Figure 16a) appears to be a high strain boundary be-
tween the ECSZ, and a topographically elevated block
to the south. Unless a region of positive LOS veloci-
ties bounded by the SAF and the Pinto Mountain fault
represents a residual atmospheric noise, the polarity of
the LOS displacements indicate left-lateral, or south-
side-up motion on the Pinto Mountain fault. Note that
the Pinto Mountain fault also localized strain due to
both the Landers [Fialko, 2004] and the Hector Mine
[Fialko et al., 2002] earthquakes. The co-seismic defor-
mation of the Pinto Mountain fault has been attributed
to a 2 km wide zone of low rigidity immediately to the
south of the geologically mapped surface trace of the
fault. Unfortunately, the accuracy of the ascending data
(Figure 16c) is insufficient to resolve the ambiguity be-
tween the horizontal and vertical displacements across
the Pinto Mountain fault between 1992 and 1999. Fur-
ther observations are needed to establish whether the
apparent strain accumulation on the Pinto Mountain
fault represents a secular deformation, or is part of the
post-seismic transient.

Space geodetic data and modeling results presented
in this paper reveal a complex nature of the transient
deformation following the Landers earthquake. The
bulk of the observed post-seismic deformation can be
explained by two physical mechanisms, the percola-
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tion of pore fluids through the upper crust, and the
localized shear deformation on the earthquake fault
and its downdip extension. Given a realistic non-
linear temperature-dependent rheology of rocks below
the brittle-ductile transition, such a localized defor-
mation is expected from visco-elasto-plastic models of
post-seismic deformation, implying that there may be
little phenomenological difference between the deep af-
terslip and viscous relaxation models. Overall, the post-
Landers geodetic data are consistent with a view that
the upper crustal faults are coupled to the mantle tec-
tonics via deep trans-crustal shear zones [e.g., Savage
and Burford , 1973; Jackson, 2002], and that both the
lower crust and the upper mantle support long-term
deviatoric stresses. The available data do not require a
large-scale viscous deformation of the lower lithosphere
below the ECSZ over 7 years following the Landers
earthquake, implying a lower bound on the effective dy-
namic viscosities of the lower crust and upper mantle of
the order of 1019−1020 Pa s. Continued geodetic obser-
vations over the next decade will refine this constraint
on the rheologic properties of the lower lithosphere be-
low the Mojave desert.

6. Conclusions

The space geodetic data including several tens of
radar interferograms, and horizontal displacement vec-
tors from several tens of continuous and campaign GPS
sites collected in the area of the 1992 Landers earth-
quake between 1992 and 1999 reveal a monotonic de-
formation transient with a characteristic decay time of
the order of several years. The horizontal post-seismic
velocities appear to decay faster than the satellite line
of sight velocities that are sensitive to both horizontal
and vertical motion of the Earth’s surface. Analysis of
the spatiotemporal signatures of the observed deforma-
tion field, and comparisons with theoretical models of
post-seismic relaxation suggests that the post-Landers
transient is likely caused by a combination of at least
two different deformation mechanisms. The deforma-
tion anomaly imaged by the InSAR is best explained in
terms of the diffusion of pore fluids and the associated
poro-elastic relaxation involving the bulk of the upper
crust, and extending to (or below) the brittle-ductile
transition (depth of 15 km). The effective hydraulic
diffusivity of the upper crust inferred from the kinetics
of surface deformation is of the order of 0.1-1 m2/s, con-
sistent with independent estimates of in situ transport
properties of crystalline rocks. A second deformation
mechanism is required to explain large horizontal dis-
placements of the order of 10 cm measured with GPS

in the far field (> 30−40 km away from the earthquake
rupture). Modeling of space geodetic data presented in
this paper shows that the fault afterslip extending from
the Earth’s surface to the base of the crust (or perhaps
below the Moho) is a likely candidate for such a mech-
anism. Visco-elastic models assuming a weak upper
mantle [e.g., Pollitz et al., 2000, 2001] reasonably well
explain a number of the GPS vectors, but overpredict
fault-perpendicular displacements along the main nodal
plane of the Landers rupture. Assuming a nearly com-
plete visco-elastic relaxation, the weak mantle model
predict broad areas of uplift and subsidence having am-
plitudes of the order of 15 cm. InSAR data demonstrate
that this deformation did not occurr 7 years after the
Landers earthquake, implying a lower bound on the ef-
fective mantle viscosity of the order of 1019 Pa s. As
the surface deformation due to viscous relaxation is gov-
erned by stress changes at the base of the elastic layer,
the long-term visco-elastic response to the co-seismic
loading can be modeled using a computationally effi-
cient boundary element approach. The latter can be
also modified to simulate a time-dependent deforma-
tion by explicitly considering evolution of stress at the
base of the elastic layer for various constitutive models
of the substrate.

A lack of spatial correlation between the maximum
co-seismic and post-seismic slip deduced from inversions
of geodetic data suggests that the pore pressure changes
associated with poro-elastic relaxation don’t modulate
the rate and total amount of afterslip in the upper crust.
The maximum afterslip tends to occur on the periphery
of high co-seismic slip patches, implying that the co-
seismic stress perturbations provide the dominant con-
trols on the dynamics of afterslip. The same conclusion
holds for afterslip below the brittle-ductile transition.
The deep afterslip due to the Landers earthquake tends
to occur in areas of largest increases in the co-seismic
shear stress below the Landers rupture. Results pre-
sented in this paper suggest that the continental lower
crust, as well as the upper mantle are able to support
appreciable deviatoric stress, and that major crustal
faults may localize strain throughout much of the litho-
sphere, as envisioned in the fault-block model of crustal
tectonics.
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