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[11 Both aftershocks and geodetically measured postseismic displacements are important
markers of the stress relaxation process following large earthquakes. Postseismic
displacements can be related to creep-like relaxation in the vicinity of the coseismic rupture
by means of inversion methods. However, the results of slip inversions are typically
non-unique and subject to large uncertainties. Therefore, we explore the possibility to
improve inversions by mechanical constraints. In particular, we take into account the
physical understanding that postseismic deformation is stress-driven, and occurs in the
coseismically stressed zone. We do joint inversions for coseismic and postseismic slip
in a Bayesian framework in the case of the 2004 M6.0 Parkfield earthquake. We
perform a number of inversions with different constraints, and calculate their statistical
significance. According to information criteria, the best result is preferably related to a
physically reasonable model constrained by the stress-condition (namely postseismic
creep is driven by coseismic stress) and the condition that coseismic slip and large
aftershocks are disjunct. This model explains 97% of the coseismic displacements and
91% of the postseismic displacements during day 1-5 following the Parkfield event,
respectively. It indicates that the major postseismic deformation can be generally
explained by a stress relaxation process for the Parkfield case. This result also indicates
that the data to constrain the coseismic slip model could be enriched postseismically.
For the 2004 Parkfield event, we additionally observe asymmetric relaxation process at
the two sides of the fault, which can be explained by material contrast ratio across the

fault of ~1.15 in seismic velocity.
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1. Introduction

[2] The seismic cycle in general includes several phases,
interseismic, nucleation, coseismic and postseismic phase. In
the interseismic phase, strain gradually builds up around the
locked fault in tens to thousands of years, while it is
coseismically released in seconds. The nucleation phase is
characterized by low seismic moment release rate on time-
scales up to months and is usually hard to be captured by
contemporary instruments [e.g., Ellsworth and Beroza,
1995; Dieterich and Kilgore, 1996]. In the postseismic
interval, stress relaxation lasts months to years, indicated by
abundance of aftershock seismicity and evident aseismic
deformations in or around the fault zone. It has been indi-
cated that the postseismic activities usually release a large
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amount of strain which can be comparable to or even higher
than the main shocks themselves [Pritchard et al., 2006, and
reference therein]. Therefore, the postseismic processes play
an important role in the whole seismic cycle, and their
relations to the main rupture are of particular interest for
understanding the fault mechanics. Benefiting from the
development of geodetic observatory, e.g., Global Position-
ing System (GPS) and Interferometric Synthetic Aperture
Radar (InSAR) in the last two decades, the postseismic
observations have been significantly improved and become
valuable information for understanding both the rheology
of the fault zone and regional stress evolution [e.g., Savage
et al., 1994; Biirgmann et al., 1997; Khazaradze and Klotz,
2003; Pollitz et al., 2008].

[3] Some mechanisms have been proposed to connect
aftershocks, postseismic deformation, and coseismic rupture.
Scholz [1968] presented that stress corrosion in response to
coseismic stress perturbation produces microfracture or fault
creep around the main rupture. Some of these microfractures
would trigger larger fractures that produce big aftershocks.
Dieterich [1994] explained aftershocks as the result of rate-
and-state dependent frictional nucleation in response to the
coseismic static stress changes related to main shock. Within
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the same framework, Marone et al. [1991] proposed that
postseismic frictional slip occurs in the rate-strengthening
zone (in opposite to the rate-weakening zone for seismicity).
Wang et al. [2010] suggested that a high population of
aftershock activity might change the mechanical property in
the fault zone, and that the damage-related inelastic relax-
ation may contribute to the geodetic measurements. Finally,
Perfettini and Avouac [2004] proposed that the stress-
loading due to afterslip in rate-strengthening zones might
produce aftershocks.

[4] The physical understanding of the relations between
main shock, aftershocks and postseismic deformation can be
improved by detailed investigation of the spatial distribution
of aftershocks and inverted coseismic and postseismic slip
distributions. Least-square (LS) slip inversions have been
commonly used to investigate the time-/space- varying
postseismic processes based on observed surface deforma-
tions [e.g., Wang et al., 2009; Ryder et al., 2007]. This
inversion is to solve the linear system of y = Gb so that slip
vector (b) on the fault patches projected by Green’s function
(G) to the observation space has the smallest misfit to the
observation vector (y), and meanwhile, the slip values on
neighboring fault patches are subject to a smoothing condi-
tion. When the observation network is fairly dense and has a
good coverage, and the linear system is well constrained, LS
method is fast to get solution by simply applying singular
value decomposition or QR decomposition to the coefficient
matrix of the system. However, Green’s function is usually
ill-conditioned given large number of discretized fault pat-
ches; the inversion is also underdetermined given normally
sparse observation network. Therefore, it is already known
that inversion solutions are always non-unique and LS results
do not provide full information of the solution space. How-
ever, the multiplicity of solutions in slip inversion can be
conveniently expressed using a Bayesian approach [e.g.,
Yabuki and Matsu’ura, 1992; Fukuda and Johnson, 2008,
2010; Monelli and Mai, 2008; Monelli et al., 2009]. The
Bayesian inversion is formulated in terms of posterior prob-
ability density function, which combines the information
contained in the data with a priori physical knowledge on the
parameters to be estimated. In this study, we adopt the slip
inversion in Bayesian approach to investigate spatial corre-
lations among coseismic/postseismic slip and aftershocks.

[5] In particular, we explore the possibility to better con-
strain slip inversions by taking into account mechanical
constraints in the Bayesian framework. We consider possible
physical correlations between coseismic/postseismic defor-
mation and aftershocks as prior information. First, the stud-
ies focusing on static and dynamic stress triggering indicate
that aftershocks mostly locate in the region where Coulomb
stress change produced by the main shock is positive [e.g.,
King et al., 1994; Toda et al., 1998; Kilb et al., 2000; Felzer
and Brodsky, 2006], although large uncertainty exists in the
calculated stress value due to difficulty to precisely invert for
the coseismic slip [Hainzl et al., 2009]. Qualitative investi-
gations on spatial correlation indicate that aftershocks
mainly locate in the zone where coseismic slip is low and
coseismic shear stress change is positive [e.g., Mendoza and
Hartzell, 1988; Dalguer et al., 2002; Woessner et al., 2006].
Aftershocks distribution has also been thought to be an
indication of stress heterogeneity and fault plane heteroge-
neity in dynamic modeling [e.g., Helmstetter and Shaw,
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2006; Karabulut, 2008]. Therefore, we test the application
of the constraint in the slip inversion that coseismic slip has
to be separated from aftershocks in space, i.e., aftershocks
mainly occur in the zone where coseismic stress change is
positive. Second, the two postseismic activities might be
correlated physically: aseismic deformation may load its
surrounding seismogenic zone [Perfettini and Avouac, 2004]
and lead to the occurrence of aftershocks (i.e., postseismic
creep and aftershocks are disjunct), or aseismic deformation
occurs in the same (or surrounding) zone as aftershocks
[e.g., Miyazaki et al., 2004; Ozawa et al., 2011], when
abundance of aftershocks change the mechanical property in
the fault zone [Lyakhovsky et al., 1997] and lead to mea-
sureable inelastic deformation [Wang et al., 2010]. Third,
considering that geodetically measured aseismic deformation
is likely due to stress-driven creep in response to coseismic
stress change, we test that postseismic creep is correlated
with regions of positive coseismic stress changes. Each
physical constraint above is tested in the inversions, and the
corresponding slip models are statistically assessed. Based
on the physical understanding of the correlations among
coseismic rupture, postseismic creep and aftershocks, we do
further joint inversions for coseismic and postseismic slip
based on GPS measurements and aftershocks data. Finally,
our results are shown leading to better constrained and thus
probably more accurate inversions of both coseismic and
postseismic slip. In this study, we demonstrate the procedure
for the case of the 2004 M6.0 Parkfield earthquake.

[6] The 2004 M6.0 Parkfield earthquake was a long-
expected event since the last five earthquakes of ~M6.0
periodically occurred with about 22-year recurrence time.
Therefore, the Parkfield Earthquake Prediction Experiment
was initiated in 1980s, and plenty of instruments including
GPS and seismometers were installed long before this
2004 event [Langbein et al., 2006]. Based on the well-
instrumented network, the main shock and aftershocks of the
2004 M6.0 event are precisely located, and the postseismic
deformation of such a comparably small event was at the
first time captured [Freed, 2007]. These data provide us a
good opportunity to analyze the coseismic and postseismic
processes of a strike-slip event [e.g., Murray and Langbein,
2006; Barbot et al., 2009; Bruhat et al., 2011]. For example,
Langbein et al. [2006] inverted from 14 continuous GPS
measurements and creepmeter data that the coseismic slip is
centered beneath Middle Mountain and ~12 km northwest
of the main shock. From the GPS data collected at the same
sites, Freed [2007] found that the postseismic slip in the first
2 years is above the coseismic rupture, and mostly in the
interseismically creeping region where creep rate is reduced
prior to the Parkfield event. Bruhat et al. [2011] found a
complementary location of coseismic and shallow afterslip,
and the viscoelastic relaxation in the lower crust with vis-
cosity of 10'® Pa's is needed to fit the long-term GPS
measurements (5 years).

[7] In this study, we analyze both the seismic data and the
14 continuous GPS measurements in the Parkfield area
(Southern California Integrated GPS Network, SCIGN). The
aftershocks of the 2004 Parkfield event have been precisely
relocated by Thurber et al. [2006] and Peng and Zhao
[2009]. Based on the 14 continuous GPS measurements in
the Parkfield area (Southern California Integrated GPS
Network, SCIGN), we invert for coseismic and postseismic
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Table 1. Estimated Parameters in Equation (1) for the GPS-Time Series
N-S components E-W components

STN Lat Lon A (mm) B/(mm) ¢ (day) P RMS* (mm) A4 (mm) B (mm) ¢ (day) P RMS?* (mm)
CAND 3594  —12043  58.09 —94.92 0.43 0.92 1.71 —143.29 161.81 1.60 0.96 1.94
CARH 35.89 —120.43 —158.65 139.59 3.53 0.94 2.44 149.62 —126.44 2.37 0.93 2.47
HUNT 35.88 —120.40 114.93 —147.52 0.25 0.95 1.84 —152.89 184.76 1.34 0.96 2.22
MIDA 3592 —120.46 11.90 —56.75 0.06 0.86 1.66 —75.54 96.32 1.13 0.92 2.37
MNMC 3597 —12043 87.34 —118.63 0.78 0.95 1.93 39.84 —64.39 8.58 1.32 1.79
MASW  35.83 —120.44  —138.05 163.77 9.44 0.95 1.83 —60.89 41.11 0.80 1.16 1.97
TBLP 3592 —12036 —14.27 —9.37 0.0 0.79 2.41 77.0 —94.80 10.0 1.28 2.41
PKDE 3594  —120.54 92.33 —99.11 9.67 1.09 1.76 —139.54 104.82 1.36 1.10 1.95
POMM 3592 —120.48 —85.64 99.46 0.28 0.95 1.97 152.49 —191.46 0.23 0.96 2.11
LAND 35.90 —120.47  —149.52 179.74 1.74 0.96 1.66 —128.11 104.23 1.88 1.12 1.98
HOGS 35.87 —120.48 9237 —-92.37 8.43 1.26 1.65 —127.73 105.87 0.62 1.07 1.93
LOWS 35.83 —120.59  —130.19 130.79 9.81 0.98 1.95 92.11 —103.69 0.46 0.98 1.98
RNCH 3590 —120.52 6193 —85.69 7.61 1.32 2.84 —27.28 —10.36 0.0 0.79 2.34
CRBT 3579 —120.75  3.76 —104.12 32.23 2.06 1.67 —14.33 17.32 2.78 1.53 1.83

“RMS is Root-Mean-Square of the modeling residual.

deformation sources with different spatial constraints. The
paper is organized into 8 sections. First, we introduce the
GPS data and the related time series modeling (Section 2)
and the Bayesian inversion approach (Section 3). Then, in
Section 4 and 5, we present coseismic and postseismic slip
models of the 2004 Parkfield event which are respectively
constrained by aftershocks (Section 4) and constrained by
stress-condition (Section 5), while the results of the joint
inversions integrating both GPS data and aftershock data is
shown in Section 6. Finally, we discuss the modeling results
in Section 7 and draw our conclusions in Section 8.

2. GPS Data

[8] We utilize the continuous GPS observations at 14 sites
(cf. Table 1, Figure 3c) of Southern California Integrated
GPS Network (SCIGN) in the Parkfield area. The measure-
ments were started in 2000, and processed in the reference
frame of fixed North America plate. Due to the large mea-
surement uncertainty in the vertical components, we only
use the horizontal measurements in this study.

[9] The GPS data are first corrected for secular deforma-
tion, which is constrained by the measurements of three
years before the December 22, 2003, Mw6.5 San Simeon
earthquake. This large event occurs ~50 km west to the
2004 Parkfield earthquake. The coseismic motion is shown
in the westward direction of ~1 cm in Parkfield region
[Hardebeck et al., 2004; Ji et al., 2004; Rolandone et al.,
2006]. The postseismic deformation of San Simeon earth-
quake indicates transient motion with fast decay at the low
depth, and therefore, is not significant in the coseismic/
postseismic interval of the Parkfield event [Rolandone et al.,
2006; Johanson et al., 2006]. After the correction for secular
deformation, we calculate the displacements relative to the
mean position of each GPS site in 90 days before the Park-
field event. Because we use the daily GPS measurements,
the corrected data have ~0 values before the occurrence time
of the Parkfield earthquake. The first nonzero values in the
day that the Parkfield earthquake occurs provide coseismic
displacements (including likely instant postseismic dis-
placements). However, since the measurement uncertainty
is different among 14 GPS measurements, we obtain the

coseismic and postseismic displacements using the follow-
ing procedure.

[10] The corrected GPS time series (labeled as D(r)) are
fitted by the integrated form of Omori-Utsu law, which have
been shown to provide good fits in general [Montési, 2004;
Wang et al., 2010],

t<0
t>0’

D(t) = {A(LB(HC)FP (1)

where 4, B, ¢ and p are constants. Then, the coseismic dis-
placement can be calculated from D(0) =4 + Bc' 7 at t = 0.
We focus in this study the early postseismic processes and
only consider the GPS measurements of the first 300 days
following the 2004 Parkfield main shock. The parameter
estimates for the GPS time series at 14 GPS sites are listed in
Table. 1. As an example, Figure 1 shows the modeling
results for the GPS time series collected at HUNT site.
According to Table 1 and Figure 1, the GPS time series are
well modeled by equation (1). Based on the results, we
calculate the displacements in different periods, and inves-
tigate the coseismic and early postseismic processes.

3. Methodology

[11] Slip inversions in Bayesian approach have been
applied in several studies [e.g., Yabuki and Matsu 'ura, 1992;
Fukuda and Johnson, 2008]. In the following, we briefly
introduce this inversion approach. When neglecting the error
in the physical model which is usually unknown, we assume
a Gaussian distribution (N(0, o%)) for the error (e) only from
the data measurements (y), i.e., e is distributed as N(0, o°).
In this study, we utilize the displacements calculated from
GPS time series fitting based on equation (1), and fix o° as
9 mm? according to the usually involved error of 2-3 mm in
horizontal GPS observations. Then the conditional proba-
bility density of y given slip b (namely likelihood function)
is

plyIb) = (210%) "Pexp| 3 (v~ Gb) [y~ Gb)|,  (2)
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Figure 1. The displacements observed (black dots with error bars) and modeled based on equation (1)
(dashed curves) at HUNT site. The displacements with correction for secular component are calculated
relative to the position before the 2004 Parkfield earthquake. (top) North component; (bottom) East

component.

where G is Green’s function and n is the number of
observations.

[12] Assuming a Gaussian distribution of the slip after
applying regularization based on Laplace filter (L) [Reuter
et al., 2009], § ~ N(0, o) with I being the identity matrix
and o being an unknown parameter that characterizes the
distribution of ¢, the prior probability density (PDF) of b
given o is

p(bla?) = (2ma?) ™"/

1 e - 2L ("
L L‘ exp| =5 (Lb) (Lb) |, (3)
where m is the number of fault patches. According to Bayes’
theorem [e.g., Daston, 1988], the posterior probability den-
sity function is

p(b,aly) ~ p(ylb,a?) p(b,a?) = p(ylb)p(bla®)p(a®)  (4)

In the slip inversion of Bayesian approach, larger o value in
equation 54) corresponds to rough slip distribution; while
smaller o value provides smoother slip distribution. Since
we have no knowledge about a”, we specify o following a
uniform PDF for o > 0 m®. Additionally, we apply posi-
tivity constraint to slip b for the Parkfield case, so that
the slig on all of the fault patches is in right-lateral, i.e.,
p(b, a”ly) = 0) if b; <0 for all components of b (i = 1,...,m).
To maximize the posterior PDF of equation (4), we can
estimate the unknowns X = {b, o*}. In this study, we use a
Markov Chain Monte Carlo (MCMC) method [Gelfand and
Smith, 1990], to compute the marginal posterior density.
Briefly, this method operates in the following way: first, the
procedure starts from the initial state X, with its posterior
p(Xoly), second, the new trial value X' is randomly gener-
ated in space (X — AX, X + AX)with AX being the step
size of the Markov Chain, and selected as the next state that

X, = X' if min(1, 2 (())4((;I|§))) > u, where u is a random number

generated from a uniform distribution over the interval
[0, 1]. In the same way, the state X,, X5... are subsequently
generated and selected. After a large number of steps, the
procedure converges to the probability density p(Xly) for
any initial state. Finally, a set of samples can be drawn from
this posterior PDF.

[13] According to the drawn samples, we can obtain the
solutions (and the confidence interval), which have high
probability to explain the measurements. Since we apply the
positivity constraint to fault slip, its marginal probability
density distribution may be asymmetric and truncated at 0
value. The confidence interval of the estimates cannot be
obtained straightforwardly. Thus, from the drawn samples,
we drop the 2.5% of the samples which are located at each of
two sides of the probability density distribution and have
low probability value, and specify the 95% confidence
interval by the range of values of the remaining samples.

[14] Figure 2a shows the iteration process of MCMC
method for the checkerboard test [Leveque et al., 1993]
using synthetic data. We utilize the fault geometry provided
by C. Ji (http://www.tectonics.caltech.edu/slip_history/2004
ca/parkfield2.html), and the Green’s function is constructed
in a homogenous half-space [Okada, 1992]. This Green’s
function will be applied to all of the slip models in the later
text. The synthetic displacements at the 14 GPS sites of the
Parkfield region are simulated from the strike-slip of one
meter at the locations indicated by green dots in Figure 3a.
We add random values taken from normal distributions with
means 0 and standard deviations of 3 mm to account for the
noise in the GPS data. The results based on MCMC method
indicate that the log-PDF value of the generated samples is
relatively stable after 10° iterations, suggesting that the sys-
tem starts from ~10° iterations to converge to the posterior
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Figure 2. (a) The logarithm of the probability density as a function of the iteration in the case of the
checkerboard test. (b) Marginal probability density for parameter o based on ~10° samples. The dashed
curve shows the smoothed distribution, the black solid line indicates the preferred value with high prob-
ability, and the vertical dashed lines delimitate the 95% confidence interval after excluding 2.5% of the
samples with low probability. (c, d) Similar to Figure 2b, plots show the marginal probability density of
slip at a fault corner and in the middle of the fault, respectively.

PDF. Therefore, after the first ~10° iterations, we take one
sample of the posterior PDF in each 1000 iterations, and
get in total ~10° samples. Figure 2b shows the marginal
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probability density distribution for the o parameter based
on the ~10° samples. Figures 2¢ and 2d show the probability
densities for the slip at two fault patches as examples. The
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Figure 3. Checkerboard test for the Bayesian slip inversion related to the Parkfield observation network.
(a) The input slip model (1-m strike-slip on patches marked by green dots and 0 at all other places) and the
inverted slip (in black-white color). (b) The absolute differences between the slip value with the highest
probability and the right-side values of the 95% confidence intervals. The red star indicates in both plots
the location of the Parkfield main shock. (¢) The true (black) and modeled (red) surface displacements at
the GPS sites.
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Figure 4. Coseismic and (early) postseismic slip of the 2004 M6.0 Parkfield earthquake derived from
Bayesian slip inversion. (a) Color-coded coseismic slip model; (b) observed (black) and modeled (red)
coseismic displacements; (c) color-coded postseismic slip model based on the postseismic GPS measure-
ments of day 1-5 following the main shock; (d) observed (black) and modeled (red) postseismic displace-
ments. In Figures 4b and 4d, the black dashed line refers to the location of the fault and the black circles
indicate the aftershocks in the first 5 days after the Parkfield event, while the star represents the hypocenter
of the Parkfield main shock in Figures 4a and 4c and the epicenter in Figures 4b and 4d.

two patches are exemplary located at the boundary and in the
middle of the fault plane, respectively. As seen, the drawn
samples provide fairly smooth distributions with unique
peak value, indicating that the optimization process con-
verges. Figure 3 shows the inversion result of this checker-
board test. The inversion can in general retrieve the input
slip in the area (from —25 km to 0 km along strike and
from 0 to 10 km downdip) well covered by the GPS net-
work, while at the two ends of the fault plane, the slip is
rather poorly resolved. Thus, in the later applications, the
inferred slip at the fault boundary can rarely be trusted. In
addition, the Bayesian inversion specifies the confidence
interval for each estimate. Figure 3b shows the differences
between the optimal values and right-side values of 95%
confidence intervals. It indicates much narrower confidence
interval for slip in the fault middle than that at the fault
boundary. Therefore, the Bayesian inversion provides
important information for the resolvability of the slip in each
location related to the GPS network, and also provides the
full solution space indicated by the optimal slip model and
its confidence interval.

[15] Based on the inversion in Bayesian approach, we
invert for coseismic slip of the 2004 M6.0 Parkfield

earthquake. Since the 2004 Parkfield earthquake is a domi-
nantly strike-slip event, we fix the dip-slip component as 0
in the inversions to decrease the degree of freedom of the
model, and only invert for the strike-slip component. During
this study, we tested different boundary constraints, such as
the inversion with slip taper at the two lateral edges, and at
the lower boundary of the fault plane. We found the main
inverted slip concentrates in the middle of fault plane, and
the inversions with or without the slip taper at the two lateral
edges of fault plane provide similar results. We finally only
apply the slip taper at the lower boundary of the fault plane.
The result is shown in Figure 4. The model with Log like-
lihood (LL) values of —65.27 can explain 99.9% of the
coseismic GPS measurements. Here the percentage is cal-

culated from Variance Reduction: VYR=1 — l;;g::;‘ x 100%,
with R =y — ¥y, y being the modeling results, and X is the
covariance matrix of the measurements. Meanwhile, we
invert for postseismic slip for the early days (day 1-5) fol-
lowing the 2004 Parkfield main shock. In the inversion for
postseismic slip, we relax the slip constraints at the lower
boundary of the fault plane, because postseismic relaxation
might largely occur at the deep part according to previous
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Figure 5. Activity of aftershocks (magnitude larger than 1.0) in the first 5 days after the 2004 Parkfield
main shock projected to the coseismic fault plane: (a) cumulative aftershock slip and (b) density. The
aftershock-density is normalized to a value between 0 and maximum aftershock-slip. The star indicates the

Parkfield hypocenter.

studies [e.g., Biirgmann et al., 2002; Hsu et al., 2007]. The
slip model is shown in Figure 4c.

[16] As presented Figure S3 in Text S1 in the auxiliary
material, the least squares (LS) inversion of the same data
set leads to very similar results indicating the robustness of
the Bayesian inversion methodology.'

4. Coseismic and Postseismic Slip Model
Constrained by Aftershocks

[17] In this section, we investigate spatial correlations
between coseismic and postseismic slip and aftershocks, and
study the following physical hypotheses: 1) aftershocks are
loaded by coseismic rupture, i.e., aftershocks and coseismic
slip are spatially separated; 2) aftershocks are loaded by
postseismic creep, which suggests that postseismic slip and
aftershocks are disjunct; 3) aftershocks occur in the same
zone as postseismic creep.

[18] The precisely relocated aftershock distribution of the
2004 M6.0 Parkfield earthquake [Thurber et al., 2006; Peng
and Zhao, 2009] shows that the aftershocks basically

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JB009017.

delineate a nearly vertical surface as the fault. We consider
the relocated aftershocks in the first 5 days, when the after-
shocks intensively occurred. We project the aftershocks
(magnitude larger than 1.0) near the fault plane to the
coseismic fault plane. We can only find negligible difference
between the aftershock data selected in a distance of
respectively 3 km, 5 km and 7 km from the fault plane.
Therefore, we only show below the results based on the
aftershocks in a distance of 5 km from the fault plane which
we later apply in the slip inversions. Because the micro-
seismicity and large aftershocks distribute in different areas,
we investigate them separately. On one hand, we calculate
the rupture area for each aftershock according to the mag-
nitude based on empirical relations [ Wells and Coppersmith,
1994]. If the calculated rupture area of an aftershock is larger
than one patch size, the four patches surrounding the patch
where the aftershock locates are also counted as rupture area
of this aftershock. Then, based on the approximated rupture
area (A4), we calculate the slip according to seismic moment
by S/ud, with S being seismic moment calculated from
magnitude and p being shear modulus. Slip distribution
produced by aftershocks in the first 5 days following the
Parkfield event is shown in Figure 5a. Two major slip zones
are outlined: one is near the hypocenter and another one is at
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dots indicate the aftershocks; the red star represents the Park-
field hypocenter.

the lower-left corner of the main coseismic rupture shown
in Figure 4a. We calculate the displacements based on the
derived aftershock-slip and find that the aftershocks do not
significantly contribute to geodetic measurements (~2%).
The aftershock-slip highlights the large events. On the other
hand, in order to consider the effect of microseismicity, we
calculate the aftershock density projected to each fault patch.
Then, the density is normalized to a value between 0 and the
maximum value of aftershock-slip. As shown in Figure 5b, a
high population of microseismicity is outlined at the ~5 km
depth and between —5 and —18 km along strike.

4.1. Coseismic Slip Model Constrained by Aftershocks

[19] Several studies have reported spatial anti-correlations
between coseismic slip and aftershock seismicity that after-
shocks occur at the highly stressed edges of the rupture zone
[Mendoza and Hartzell, 1988; Waldhauser et al., 2004]. For
the Parkfield event, Bennington et al. [2010] presented that
the main rupture is primarily between the aftershock ‘streaks’
at the ~5 km and ~10 km depth. Therefore, we test here how
coseismic slip reflected from GPS data is correlated with
aftershocks in space. Considering non-uniqueness of the
underdetermined inversion problem, we do not directly
compare the inverted slip distribution (e.g., Figure 4a) with
aftershocks. However, we first take the aftershocks location
as prior information (i.e., aftershocks are stress loaded by the
main shock, and take place in the separated area from
coseismic rupture), and then investigate how an obtained slip
model with given prior information explains the GPS data.

[20] We implement the spatial constraints of aftershocks
to the prior probability density distribution of equation (3)
by modifying the discrete Laplace matrix L. The usually
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applied 2D discrete Laplace filter (D7), which imposes a
smoothing condition to slip distribution, is given as

I 1 1
1 -8 1
1 1 1

D} =

(5)

In order to implement the physical constraints to the slip
inversion, we additionally apply the filter (D?) to the related
fault patches,

D* =

(6)

where ¢” is an arbitrary constant larger than 1, and given as
10 in this study. The D? filter in general depresses the slip on
the fault patch that it works on to zero. Large ¢° means
strong depressing effect. For example, in the inversion for
slip which is assumed to be spatially separated with after-
shocks, the filter D? is applied to the fault patches where
aftershocks occurred so that the slip on these patches is close
to zero. In this study case, we only consider larger aftershock-
slip above 0.01 m, and respectively aftershock-density
higher than 0.01. They relate to 29 and 19 fault patches,
respectively. The aftershock-related patches mainly locate in
the zone that is well covered by the GPS network, and
therefore, the aftershock-constraints have influential effects
during slip inversions.

[21] The coseismic slip models constrained by aftershock-
slip and aftershock-density are shown in Figure 6. Because
the large aftershock-slip mainly locates at the border of
coseismic slip zone as presented in Figure 4a, the slip model
with aftershock-slip constraint (termed as Model I in Table 2)
shows a similar distribution as Figure 4a. This model with
likelihood value of —69.83 can explain 99.1% (VR) of the
coseismic GPS measurements. The seismic moment magni-
tude is 6.0. The slip model constrained by aftershock-density
(termed as Model II) is shown in Figure 6b. As expected, the
main slip zone is located outside the high (micro-)seismic
area. Significant deep (below ~8 km depth) slip is obtained
in the model. This model with likelihood value of —78.62 can
also fairly well explain the coseismic displacements (VR ~
98.0%). That the two distinctive slip models can similarly
well explain the GPS data indicates the limited resolvability
of the utilized GPS network and non-uniqueness of the
inverted slip model.

4.2. Postseismic Slip Model Constrained
by Aftershocks

[22] Both postseismic deformation and aftershocks are
important processes following large earthquakes. The two
postseismic activities show similar behavior: (1) both have
generally consistent kinematic motion with the main shocks
[Biirgmann et al., 2002; Hsu et al., 2002; Bohnhoff et al.,
2006]; (2) they show similar temporal behaviors [Perfettini
and Avouac, 2004; Savage et al., 2007; Perfettini et al.,
2005; Hsu et al., 2006; Savage et al., 2005; Perfettini and
Avouac, 2007; Wang et al., 2010]. Therefore, the spatial
correlation between aseismic relaxation and aftershocks is
very interesting for understanding the physical processes
after a large earthquake.
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Table 2. Summary of Slip Models
Constraints for Slip Model
Slip Sign Separated With Overlapped With ~ Separated With Overlapped With
Model n,* Slip® o, (0o, Aftershock-Slip Aftershock-Slip  Aftershock-Density ~Aftershock-Density LL VR  2n,-2LL Figure
0 402 Co. —6527 999 10443  Figure 4a
Po. —54.89 98.5 Figure 4b
I 173 Co. x —69.83 99.1 485.66  Figure 6a
11 183  Co. X —78.62 98.0 52324  Figure 6b
I 173 Po. X —55.12 97.5 456.24 Figure 7a
v 183  Po. x —54.97 97.1 47594 Figure 7b
v 30 Po. X —100.39 37.8 260.78  Figure 7c
VI 20 Po. X —94.08 463 228.16 Figure 7d
Vil 202 Co. —78.66 98.7 682.14  Figure 9a
Po. x —60.41 90.9 Figure 9¢
vl 312 Co. —78.66 98.7 89536 Figure 9a
Po. X —57.02 94.8 Figure 10
IX 173 Co. X —84.01 97.1 634.14 Figure 13a
Po. Xx —60.06 90.9 Figure 13¢

np refers to the number of free parameters; ‘o’ refers to shear stress change produced by coseismic slip.

®Co. refers to coseismic slip; “Po.” refers to postseismic slip.

[23] Based on the time series fitting described in Section 2,
we investigate the postseismic deformation of day 1-5 fol-
lowing the Parkfield event. The selected time frame is
basically consistent with the time interval that aftershocks
are considered in this study. Similar to the analysis for
coseismic slip model in section 4.1, we invert for the post-
seismic slip with consideration of aftershock distribution.
Figure 7 shows the modeling results for postseismic creep,
which is assumed to be separated with aftershock-slip
(Model III) and aftershock-density distribution (Model IV),
respectively. Both models with likelihood value of ~—55.0
can explain ~97% of the measured postseismic displace-
ments during 1-5 days after the Parkfield main shock. The
equivalent moment magnitude of the two slip models is ~5.6.
Meanwhile, we also test if the postseismic creep dominantly
occurs in the seismic region, that is, postseismic slip overlaps
with aftershocks in space. The modeling results constrained
by aftershock-slip and aftershock-density (termed as model V

and VI) are shown in Figures 7c and 7d, respectively. Since
the two slip models have rather low degree of freedom, it is
not very surprising that they poorly explain (only ~40%) the
postseismic GPS data.

4.3. Statistical Tests to the Physical Constraints
From Aftershocks

[24] The Log likelihood (LL) or VR values of the physi-
cally constrained slip models above indicate their different
capabilities to explain GPS data. However, these models
have different degrees of freedom, namely ~30 fault patches
with full freedom of slip (the rest ~170 patches are confined
to be zero-slip) for the models assuming that postseismic
creep overlaps with aftershocks, while the number of free-
slip patches is ~170 in the cases where coseismic and
postseismic slip is assumed to be separated from aftershocks.
Therefore, we cannot fairly evaluate the efficiency of the
derived models based only on the LL (or VR) values. Thus,
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Figure 7. Postseismic slip models for day 1-5 following the 2004 Parkfield main shock, constrained by
aftershocks: postseismic slip is (a) spatially separated with higher (>0.01 m) aftershock-slip zone (Model
III in Table 2); (b) separated with higher (=0.01) aftershock-density zone (Model IV); (c) overlapping with
high aftershock-slip zone (Model V); (d) overlapping with high aftershock-density zone (Model VI). The
dots indicate the aftershocks and the star represents the Parkfield main shock.
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Figure 8. Statistical testing results for the coseismic slip models constrained by the physical assumption
that coseismic rupture is separated from large aftershocks and microseismicity, respectively. The plots
show LL values of 10° slip inversions related to the (a) aftershock-slip and (b) aftershock-density con-
straint, where in each case the locations of allowed slip patches are randomized in space. The black arrow
indicates the result of the physically constrained slip model.

we design the following statistical test. For the aftershocks-
slip constraint, we first randomize the aftershocks location
along the fault plane, and then calculate the aftershocks-slip.
In this way, characteristic correlation length relevant to large
aftershocks is conserved. For the aftershocks-density con-
straints, we simply randomize the locations of fault patches
that relevant to the high aftershocks-density shown in
Figure 5b. For each physical constraint, we generate ~10°
random constraints, which have the same number of zero-
slip fault patches (or the same number of patches with fully
free slip) as the physical constrained model shown in
Figures 6 and 7. Then, we invert for ~10° slip models based
on the random constraints. Comparing LL values between
the physically constrained model and the models with ran-
dom spatial constraints, we can evaluate if the physical
assumption is statistically acceptable. Figure 8 shows as
examples the statistical tests for the physical constraints that
coseismic slip is respectively separated from main after-
shock slip and density.

[25] According to Figure 8, the coseismic slip model with
the physical constraint that coseismic rupture and large
aftershocks are separated, provides larger LL value than
most (>95%) of the models with randomized locations of the
fully free slip. It indicates that this physical constraint is
statistically acceptable. On the other hand, the slip model
constrained by the assumption that coseismic slip is spatially
separated with microseismicity, explains the GPS data worse
than most (>50%) of the models with random constraints.
Thus, the hypothesis that the coseismic slip is spatially
separated from microseismicity is statistically rejected. For
the postseismic slip models, the statistical tests (see auxiliary
material) in general accept the assumption that postseismic
creep is separated from aftershocks, but reject that post-
seismic creep overlaps with aftershocks.

5. Stress Constrained Coseismic and Postseismic
Slip Models

5.1.

[26] In this section, we test the hypothesis that coseismic
and postseismic deformation is correlated by coseismic

Inversion Approach

stress change. Basic considerations lead to the assumption
that the postseismic response should be in general propor-
tional to the positive coseismic stress change [Hainz! et al.,
2010]. Based on this assumption, we invent a stress-con-
strained joint inversion for the coseismic slip based on both
coseismic and postseismic displacements. The postseismic
slip with magnitude b, is assumed to be proportional to
positive shear stress produced by coseismic slip (b,),

’[G,b.];, [G,b], >0
e S B ™)

for i = 1...m. In equation (7), 3* is a scaling factor to stress,
G, is Green’s function to calculate shear stress from slip,
and G,b,. provides the coseismic shear stress change. Sub-
scripts ‘c’ and ‘p’ in the formula here are used to specify
‘coseismic’ and ‘postseismic’, respectively. Thus, the mea-
sured postseismic displacement y, with uncertainty e, is
assumed to be y, = G,b, + e,, where G, is Green’s function
to relate slip and postseismic observations.

[27] Neglecting the constraint described in equation (7),
the joint inversion is to solve y = Gb + e with new
definitions:

o[l =B} <]

As long as the positivity constraint (equation (7)) is not taken
into account, the slip inversion is linear, however, with the
positivity constraint for postseismic relaxation (equation (7)),
it becomes a nonlinear problem, which can be solved in the
framework described in Section 3. Implementing equations
(7) and (8) to the likelihood function of equation (2), we
have the new likelihood function for the joint inversion,

p(ylb) = p(y.Ib., )p(y,Ibc). )

In equation (9), p(y.Ib.) and p(y,Ib.) basically have the same
form as equation (2), but p(y,lb.) has a new definition for
Green’s function of ﬁszGg, and has 0 value when [G,b_]; <
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Figure 9. Model VII: Stress-constrained coseismic/postseismic slip model based on coseismic and post-
seismic (day 1-5) displacements recorded for the Parkfield main shock. The postseismic relaxation is
assumed to be proportional to the positive coseismic stress change. (a) Color-coded coseismic slip model;
(b) observed (black) and modeled (red) coseismic displacements; (c) color-coded postseismic slip model.
The red, black and blue dashed contour lines indicate coseismic shear stress changes of 1.5, 0 and
—1.5 bar, respectively; (d) observed (black) and modeled (red) postseismic displacements. The other

symbols are the same as those in Figure 4.

0 for i=1...m. The definition of y is given in equation (8). In
this joint inversion, we relax the slip taper constraint.

5.2. Stress-Constrained Slip Models

[28] We test the joint inversion for the coseismic slip of the
2004 Parkfield earthquake, based on coseismic displace-
ments together with the postseismic displacements in day
1-5 following the main shock. In this joint inversion, we
relax the slip taper at the lower border for the coseismic slip
model because positive coseismic stress change (i.e., low or
zero coseismic slip) at the deep depth is required in order to
produce deep postseismic relaxation and explain the post-
seismic measurements. Figure 9 shows the derived slip
models. Two major coseismic slip zones are obtained from
this joint inversion, major slip between —20 km and —10 km
along strike and slip near the hypocenter. The estimated
moment magnitude is 6.0. The corresponding stress-driven
postseismic slip, which is proportional to the positive
coseismic stress change, is shown in Figure 9c. As expected,
the postseismic slip locates surrounding the coseismic slip.
The joint inversion with likelihood value of —139.71 can
explain 98.7% of the coseismic displacements and 90.9%
of postseismic displacements of day 1-5 following the
Parkfield earthquake. This model is termed as Model VII
(cf. Table 2).

[20] Although the stress-driven postseismic slip model
above can in general explain the GPS observations, the
relaxation might be not strictly proportional to the stress due
to heterogeneous mechanical property, e.g., space-dependent
friction or viscosity. Therefore, we use the coseismic slip
model of Figure 9a as known and test the postseismic slip
model with spatially varying 37 (i = 1...m' with m' being the
number of fault patches with positive coseismic shear stress
change) value in equation (7). In other words, the post-
seismic slip is not strictly proportional to the positive stress
change, but is permitted to vary due to the local rheological
properties. Thus, the applied constraint is less strict, and the
inversion has more degrees of freedom. The modeling result
based on postseismic displacements of day 1-5 is shown in
Figure 10 (termed as Model VIII). It indicates that the slip
locates in the coseismically stressed area, but slip amount is
different from that shown in Figure 9c. This stress-/material-
dependent slip model can explain 94.8% of the postseismic
GPS measurements, better than the stress-driven model of
Figure 9c. Both postseismic slip models show that most of
stress relaxation occurs above and below the coseismic slip
area, but a large postseismic slip zone also appears in the
high seismic area at the depth of 2—8 km.
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Figure 10. Model VIII: Stress-/material- dependent postseismic slip model for day 1-5 following the
Parkfield main shock. (a) Color-coded postseismic slip model and (b) observed (black arrows) and mod-
eled (red arrows) postseismic displacements. The other symbols are the same as those in Figure 4.

[30] Meanwhile, we also test the joint inversions based on
the coseismic displacements together with postseismic dis-
placements measured in five other time intervals after the
main shock: day 1, day 5-16, day 1644, day 44112 and
day 112-274. All of the five postseismic intervals have
similar amount of displacements as that during day 1-5
(measured by root-sum-square of the displacements). We
find that the derived coseismic slip models have generally
similar distribution as Figure 9a, and the stress-driven post-
seismic creep can in general explain more than 85% of the
postseismic displacements in the five different periods. The
stress-/material- dependent model can overall improve the
GPS data fitting and provide increases in Log likelihood
(LL) values of about 2.0 (except a higher improvement for
the first day), as shown in Figure 11. The postseismic
deformation in the first day after the Parkfield event is
poorly explained by stress-driven model, comparing with the

stress-/material- dependent model. It suggests likely differ-
ent relaxation process immediately after the large event, or
that the utilized GPS data with the sampling rate of 1-day is
not good enough to resolve the instant 1-day postseismic
displacements. The LL values of the models for the first half-
month is higher than the later time periods, indicating likely
time-varying stress field. For example, Bruhat et al. [2011]
suggested that viscoelastic relaxation in the lower crust
might contribute to the observed postseismic displacements.
This deep relaxation has increasing impact in the later
postseismic interval, and might then become influential to
the stress field.

5.3. Statistical Test of the Stress-Constrained Results

[31] Similar as the statistical tests to the aftershock-
constraints to coseismic/postseismic slip models, we eval-
uate here the physical hypothesis that postseismic slip is
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Figure 11. Log likelihood values of slip models resulting from stress-constrained joint inversions.
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Figure 12. Statistical tests to the physical hypothesis that postseismic slip is triggered by coseismic stress
perturbations for (a) linear correlation between stress and postseismic slip and (b) stress-/material- depen-
dent postseismic slip. Histograms show LL values of the models with randomized spatial constraints, and
the black arrow indicates the LL value of the physically constrained model.

predominantly due to coseismic stress perturbation. For the
stress-driven model (i.e., postseismic creep is assumed to be
proportional to positive coseismic stress change), we design
the following statistical test. Given the coseismic slip model
as Figure 9a, we know the coseismic stress distribution. We
test now whether the spatial distribution based on the phys-
ical reasoning is decisive for the quality of the fit or whether
similar results can be achieved by applying similar con-
straints without physical reasoning. For that, we randomize
the stress distribution, and recalculate the least squares
solution of 3% in equation (7) to best fit to the postseismic
displacements. We repeat such calculations based on ~10°
randomized stress distributions, and compare the LL values
with the LL value of the physically constrained model. As
shown in Figure 12a, the physical model has a higher LL
value than at least 95% of the models with random con-
straints, indicating the validity of the physical assumption
with high statistical significance.

[32] We also do the test also for the stress-/material-
dependent postseismic slip model. According to the coseis-
mic slip model provided in Figure 9a, 110 fault patches are
stressed by the main shock. For this test, we randomize the
spatial distribution of 110 fault patches on the fault plane
(200 patches in total and invert for postseismic slip in day
1-5 following the Parkfield earthquake. The LL values of
models based on ~10° randomizations are shown in
Figure 12b. Our result indicates that the physically con-
strained slip model (displayed by black arrow in Figure 12b)
has larger LL value than most (>95%) randomized models.
Both tests indicate that the stress-related physical correlation
between coseismic slip and postseismic creep is statistically
significant.

6. Stress- and Aftershock-Constrained
Joint Inversion

[33] According to investigations in Section 4 and 5, the
physical assumptions that postseismic creep and large
aftershocks are driven by the main shock are statistically
significant and can explain the GPS measurements in gen-
eral. In this section, we join both assumptions and test joint
slip-inversions based on coseismic and postseismic GPS
measurements with stress- and aftershock-constraints. The

postseismic displacements are modeled by stress-driven
creep in response to coseismic stress perturbation, and large
aftershocks are assumed to define locations of positive
changes in shear stress due to the main shock and thus locate
outside the coseismic rupture zone.

[34] The construction of the posterior PDF of this joint slip
inversion is based on the likelihood function described by
equation (9), and the prior PDF with modified Laplace
filter is described in section 4.1. As before, only larger
aftershocks-slip (>0.01 m) is taken into account during the
inversion. We utilize the postseismic displacements occurred
between day 1-5. The results are shown in Figure 13. The
slip model derived from coseismic/postseismic displace-
ments and aftershocks-slip distribution (Model IX) provides
a likelihood value of —144.07 and can explain 97.1% and
90.1% of the coseismic and postseismic displacements,
respectively. The estimated moment magnitude of the main
shock is 5.9. The uncertainty according to 95% confidence
interval (similar as the uncertainty shown in Figure 3b) of
the inverted coseismic slip of Figure 13a is provided in
Figure 13b. Because low degree of freedom is given to the
slip patches with large aftershocks-slip during the inver-
sion, the inverted coseismic slip in such zone has narrow
uncertainty.

7. Discussion

7.1. Inversion Method and Slip Models

[35] In this study, we apply slip inversions in Bayesian
approaches and Markov Chain Monte Carlo method to obtain
fault slip from geodetic measurements and seismicity data.
Comparing with the normally used Least-Square inversion,
this method is able to be used for solving a nonlinear problem
with an uncertainty assessment. Formulated in the concept of
probability, the Bayesian inversion approach provides an
optimal weighting factor (o) to slip regularization, because
either too large or too small weighting factor produces lower
probability density of equation (3). The checkerboard test
indicates that our applied inversion can basically retrieve the
input slip model with relatively narrow confidence interval in
the fault middle, where it is well covered by the GPS net-
work. The resolvable region of the GPS network is roughly
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Figure 13. Model IX: Slip models constrained

30 20 10 0
X-E(km)

10

by coseismic and postseismic GPS measurements

together with aftershock-slip (=0.01 m). (a) Color-coded coseismic slip model; (b) uncertainty (similar
as Figure 3b) of slip in Figure 13a; (c) color-coded postseismic slip model; (d) observed (black) and
modeled (red) coseismic displacements; () observed (black) and modeled (red) postseismic displacements
of day 1-5 following the Parkfield main shock. The other symbols are the same as those in Figure 4.

between —25 and 5 km along strike (relative to the Parkfield
hypocenter) and above 10 km depth.

[36] In this study, we adopted the fault geometry given
by C. Ji (http://www.tectonics.caltech.edu/slip_history/2004
ca/parkfield2.html), which is well consistent with aftershock
distribution. Our Green’s function applied in the slip inver-
sion is based on half-space, neglecting lateral heterogeneity
(e.g., bimaterial) across the fault plane that has been reported
in the Parkfield region [Boness and Zoback, 2004; Zhao
et al., 2009]. Such treatment might bring some bias in the
slip modeling. This bimaterial effect will be discussed in
details in a separated section (7.2). Our derived coseismic
slip model based on half-space Green’s function (e.g.,
Figure 4a) shows two major coseismic slip zones: the main
slip at 10-20 km northwest to the hypocenter and slip
around the hypocenter. Both are located at the depth of
~4-10 km. The obtained major slip is similar as those pre-
sented in other studies [e.g., Langbein et al., 2006; Barbot
et al., 2009] based on geodetic measurements, indicating
the reliability of our adopted slip inversion method.

[37] Based on the Bayesian inversion approach, we have
tested several physical assumptions: (1) large aftershocks
define locations which are stress-loaded by the main shock;
(2) microseismicity is stress-loaded by the main shock;
(3) geodetically measured postseismic deformation is due to
creep triggered in regions with positive main shock-induced
stress changes; (4) aftershocks might be stress-loaded by
postseismic creep; (5) aftershocks may occur in the same area
as postseismic creep. Statistical tests for the 2004 Parkfield
earthquake show that the physical assumptions 1, 3 and 4 are
in general accepted, while the second and fifth assumptions
are rejected. Therefore, our tests indicate that both after-
shocks and postseismic creep locate outside area of the

14

coseismic rupture, indicating that both are stress-driven by
the 2004 Parkfield main shock which occurred in a transition
zone between the central creeping segment to the northwest
and the locked segment to the southeast [King et al.,
1987]. This is different from the reported postseismic activi-
ties following the 2011 M9.1 Tohoku earthquake in Japan.
The postseismic creep and aftershocks of the Tohoku earth-
quake are overlapping with the coseismic rupture [Ozawa
et al., 2011]. The fitting results (LL and VR values) of all
tested joint inversions are summarized in Table 2.

[38] Comparing the joint slip models (0, VII, VIII and IX)
in Table 2, we see that model 0 or model VIII (stress-/
material-dependent model) with the larger LL (or VR) value
seems better to explain the GPS observations than the other
joint models. However, both of the models have much more
free parameters 7, than the others. Similar as Akaike infor-
mation criterion [dkaike, 1970], we calculate 2n,-2LL for
each slip model, which is also listed in Table 2. As seen, the
improvement in LL value of model 0 (or VIII) is largely
balanced by the large number of the free parameters.
Therefore, considering both the degree of freedom and the
goodness of the model fitting the GPS observations, model
IX appears the most efficient to explain both GPS and
aftershock measurements in the sense of information criteria.
The results indicate that the early major postseismic pro-
cesses (including aseismic deformation and large after-
shocks) of the 2004 Parkfield earthquake can be basically
explained by stress relaxation in response to coseismic stress
change. The negligible LL difference between stress-driven
postseismic creep (model VII) and stress-/material depen-
dent postseismic creep (model VIII) indicates that material
heterogeneity has not to be taken into account for describing
the early postseismic relaxation process. Furthermore, the
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Figure 14. (a) Color-coded coseismic slip of Custodio
et al. [2005] based on strong motion data and (b) postseis-
mic slip of day 1-5 following the main shock, constrained by
coseismic stress change based on slip in Figure 14a. In
Figure 14b, the blue, black and red contour lines mark
respectively the coseismic shear stress changes of 1.5, 0
and —1.5 bar based on slip in Figure 14a. The other symbols
are the same as those in Figure 4.

modeling results for the 2004 Parkfield earthquake show that
the postseismic displacements in the first half month can
better been explained by stress-driven model than that in the
later time periods.

[39] So far, our inversions are only based on geodetic
surface measurements. Generally, studies based on strong
motion data can provide better resolution at the larger depth
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(>10 km) than results based on GPS data [Custodio et al.,
2005; Liu et al., 2006]. As an example, the coseismic
Parkfield slip model of Custodio et al. [2005] shown in
Figure 14a resolves more heterogeneous slip than the models
based on GPS data. Utilizing the same approach for model
VIII, we invert for postseismic slip (for day 1-5 following
the main shock) constrained by stress change of coseismic
slip of Figure 14a. The result is presented in Figure 14b. The
model can explain ~96% of postseismic displacements,
indicating high correlation between postseismic creep and
positive coseismic stress change, although different type of
coseismic data is considered. Figure 14 also indicates that
larger aftershocks mainly locate in the zone loaded by the
main shock, while most of microseismicity locate in the zone
of coseismic rupture. This is consistent with the results based
only on GPS data. This result leads to the conclusion that it
will be worthwhile to extend our approach to joint inversions
including strong motion data in the future.

7.2. Bimaterial Reflected From Postseismic Geodetic
Measurements Following the 2004 Parkfield Event

[40] The geodetic observations of the 2004 Parkfield event
show asymmetric postseismic relaxation at the two sides of
the fault trace. According to Figure 9d or Figure 10b, the
results basically fit the recorded postseismic displacements
on southwest side of the fault well, but overall underestimate
the deformation observed on the northeast side. The mod-
eling errors (projected along the direction of motion) of the
slip model shown in Figure 10b are plotted in Figure 15a. As
seen, the modeled displacements on the east side are mostly
smaller than the observations, and the differences are larger
than the usual GPS measurement uncertainty of 2-3 mm.
Similar behavior is also observed from the slip models
derived from LS inversion (Figure S5 in Text SI in the
auxiliary material). It indicates that the relaxation on the east
side of the fault is faster than the southwest side, and
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Figure 15. (a) Modeling errors (based on Figure 10) at each GPS site are plotted against the perpendic-
ular distance of the site to fault, and are shown by circles. The positive distance values correspond to the
east side of the fault. (b) Improvement in VR value is plotted against scaling factor (), characterizing
material contrast ratio between east and west side of the fault. The material contrast of 1.35 can improve
the data fitting by 3.5%. The remaining modeling errors after consideration of the material contrast (1.35)

are indicated by triangles in plot Figure 15a.
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produce relatively larger postseismic displacements in early
days after the Parkfield event.

[41] The asymmetric postseismic displacements are not
expected for a vertical strike-slip fault provided that the
Earth’s crust is transversely homogeneous and isotropic.
Thus it might indicate an across-fault contrast of the host
rocks [Lisowski et al., 1991]. For the postseismic period,
when coseismic stress o is given according to coseismic
slip b, the strain g, (subscribe ‘p” specifying ‘postseismic’)
in response to the coseismic stress perturbation is o /i, with
1 being the effective shear modulus. Now we assume that
the rock at the east and west side of fault is different, and
has effective shear modulus py and pp/x respectively,
where x is the scaling factor describing the ratio of the
contrast in effect shear modulus. Then, the produced strain is
asymmetric at the two sides of the fault with a strain ratio
(&y,5/€,,w) of x. In our slip model, where the postseismic
stress relaxation is simulated as creep-like slip, the asym-
metric strain at east side can be expressed as

2
(bp.c]; = x[bpw]; = { %ﬁ [Gobel; [[GG:EC?]ii;oo fori=1...m.
Based on the postseismic displacements of day 1-5 follow-
ing the Parkfield event, we find that y of ~1.35 improves
the model fitting by 3.5% (see Figure 15). The contrast ratio
of ~1.35 in shear modulus corresponds to the contrast ratio
of ~1.15 in seismic velocity according to p = V2p with V,
being the S-wave velocity and p being the density. This is
consistent with geological and geophysical observations. For
example, the crustal structure across the San Andreas Fault
from drilling data near the rupture zone of the 2004 Parkfield
earthquake shows that the seismic velocity on the west side
is 10-25% faster than the east side at the seismogenic depth
[Boness and Zoback, 2007]. Detailed seismological studies
[Zhao et al., 2009] in this region show an average velocity
difference of ~4—10% near the main rupture of the 2004
Parkfield event, and the material contrast is even stronger at
the lower depth.

8. Conclusions

[42] Slip inversions are known to be generally non-unique.
In this study, we utilize the Bayesian inversion approach to
obtain slip distributions in a probabilistic formulation and
make use of our physical process understanding of the main
shock, aftershock and postseismic creep generation to con-
strain the inversions. In particular, we developed a joint
inversion approach for coseismic and postseismic slip based
on coseismic and postseismic GPS measurements and
aftershock data and test the joint inversion to the 2004 M6.0
Parkfield earthquake. The results show that early post-
seismic displacements following the main shock (in the first
year) can be in principal explained by stress-driven creep in
response to coseismic stress perturbations, and the large
aftershocks locates in the zone loaded by the main shock.
Thus, postseismic activities (including aseismic relaxation
and large aftershocks) can be reasonably explained by stress
relaxation processes. Our results also indicate that the data
for constraining coseismic slip could be enriched post-
seismically, especially based on geodetic measurements in
the first month following the main shock. In addition, the
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postseismic displacements in the Parkfield area also show
asymmetric relaxation processes at two sides of the fault.
The stress relaxation on northeast side of the fault is faster
and produces larger deformation than that on the southwest
side. It suggests different materials at the two side of the
fault. A material contrast ratio of ~1.35 in effective shear
modulus (~1.15 in seismic velocity) is obtained based on
the early postseismic displacements following the 2004
Parkfield earthquake. The obtained material contrast ratio is
consistent with geological and geophysical observations.
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