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Francisco earthquake. Here we use geodetic observations including GPS and InSAR to characterize the
Loma Prieta earthquake postseismic displacements from 1989 to 2013. Pre-earthquake deformation
rates are constrained by nearly 20 yr of USGS trilateration measurements and removed from the
postseismic measurements prior to the analysis. We observe GPS horizontal displacements at mean

Keywords: rates of 1-4 mm/yr toward Loma Prieta Mountain until 2000, and ~2 mm/yr surface subsidence of the
Loma Prieta earthquake northern Santa Cruz Mountains between 1992 and 2002 shown by InSAR, which is not associated with
postseismic displacement the seasonal and longer-term hydrological deformation in the adjoining Santa Clara Valley. Previous work
lithospheric rheology indicates afterslip dominated in the early (1989-1994) postseismic period, so we focus on modeling
viscoelastic relaxation the postseismic viscoelastic relaxation constrained by the geodetic observations after 1994. The best

San Francisco Bay Area fitting model shows an elastic 19-km-thick upper crust above an 11-km-thick viscoelastic lower crust

with viscosity of ~6 x 10'® Pas, underlain by a viscous upper mantle with viscosity between 3 x 1018
and 2 x 10" Pas. The millimeter-scale postseismic deformation does not resolve the viscosity in the
different layers very well, and the lower-crustal relaxation may be localized in a narrow shear zone.
However, the inferred lithospheric rheology is consistent with previous estimates based on post-1906
San Francisco earthquake measurements along the San Andreas fault system. The viscoelastic relaxation
may also contribute to the enduring increase of aseismic slip and repeating earthquake activity on the
San Andreas fault near San Juan Bautista, which continued for at least a decade after the Loma Prieta
event.

© 2015 Published by Elsevier B.V.

1. Introduction and Biirgmann, 2004) and below (Tse and Rice, 1986) the base
of the seismogenic zone, (2) viscous flow in the lower crust and

Periods of accelerated postseismic deformation following large upper mantle (Biirgmann and Dresen, 2008; Thatcher and Pollitz,
earthquakes reflect the response of the Earth’s lithosphere to sud- 2008), (3) poroelastic rebound in the upper crust due to fluid flow
den coseismic stress changes. Thus, detailed geodetic measure- in response to coseismic pressure changes (Jénsson et al., 2003;
ments of postseismic relaxation effectively probe the rheology of Peltzer et al, 1996), and (4) recovery of coseismic dilatancy by
rocks and faults at depth (Biirgmann and Dresen, 2008). Transient fault-zone compaction (Savage et al., 1994; Savage and Svarc, 2010;
post-earthquake relaxation includes contributions from (1) fault af- Fielding et al., 2009). For relatively small earthquakes, shallow and
terslip above (Biirgmann et al,, 1997; Johnson et al., 2006; Freed  ya5iq1y decaying afterslip and poroelastic relaxation dominate the
observed postseismic transients and contributions from below the
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Fig. 1. Geodetic horizontal measurements in the southern San Francisco Bay Area, shown in the blue box in the map. (a) Surface deformation before and after the Loma
Prieta earthquake relative to station LUTZ (yellow triangle). The white arrows are the preseismic secular motion prediction inverted from EDM measurements (Biirgmann,
1997); the blue arrows are the BAVU GPS measurements during 1993-2003 (d’Alessio et al., 2005); the red arrows are the USGS velocities from campaign and continuous
GPS measurements since 2003. The white star indicates the Loma Prieta earthquake epicenter. (b) The Loma Prieta postseismic displacements during 1989-1994, 1994-2000,
and 2000-present. The circles are the standard deviation of the logarithmic fitting [Eq. (1)] misfit to each GPS station in each time period. The GPS time series is shown in
Fig. S2a. Secular motions have been removed based on Biirgmann (1997), and the postseismic displacement is relative to MOCH. The black lines are the major fault lines,
and the red lines are the coseismic fault geometry by Marshall et al. (1991). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

at depth dominates transient deformation, especially at larger dis-
tances from the coseismic rupture (Freed et al., 2012).

Much of our knowledge of the earthquake cycle and the rheol-
ogy of the deep San Andreas fault (SAF) system in central Califor-
nia is based on interpretation of geodetic measurements collected
in the decades following the 1906 San Francisco earthquake that
ruptured a ~400-km-long section of the SAF (Kenner and Segall,
2003). Kenner and Segall (2003) consider data collected between
1906 and 1995 in a systematic evaluation of various first-order
models of lower-crustal and upper-mantle structure and rheology.
They find that models incorporating vertical viscous shear zones in
the lower crust within an otherwise elastic or viscous layer provide
a good fit to the geodetic data, and are consistent with seismic
studies that suggest that narrow fault zones extend through the
entire crust (Henstock et al., 1997). The occurrence of the M,, 6.9
Loma Prieta earthquake provides the first opportunity since 1906
to study postseismic relaxation. Our work here presents the first
attempt of measuring over 20 yr of Loma Prieta postseismic defor-
mation with modern space geodetic tools to estimate rheological
parameters in the region.

The deformation measured with GPS immediately following the
Loma Prieta earthquake revealed significant postseismic contrac-
tion and right-lateral shear across the southern Santa Cruz Moun-
tains northeast of the SAF (Savage et al., 1994; Biirgmann et al.,
1997). The localized nature of the transient displacement field in-
dicates relatively shallow deformation sources. The measurements
of the first five years can be interpreted to be due to aseismic
right-oblique fault slip on or near the coseismic rupture, as well as
thrusting up-dip of the buried rupture within the Foothills thrust
belt (Biirgmann et al., 1997). Analysis of the time-varying nature of
the deformation signal suggests that the shallow transient thrust-
ing ceased in 1992 while resolvable oblique shear at seismogenic
depths may have persisted through 1994 (Segall et al., 2000). Alter-
natively, afterslip on the downdip extension of the coseismic rup-

ture plus a fault-normal collapse of the rupture zone can explain
the observed surface motions (Savage and Svarc, 2010). Analysis of
the GPS measurements did not resolve a significant contribution of
lower crustal or upper mantle relaxation processes, during the first
five years following the event (Pollitz et al., 1998).

Since the Loma Prieta earthquake, several studies have focused
on the interseismic deformation in the Bay Area that accommo-
dates the secular motion between the North American plate and
the Pacific plate. d’Alessio et al. (2005), Johanson and Biirgmann
(2005), Biirgmann et al. (2006), and Johnson and Fukuda (2010)
estimate Bay Area interseismic deformation models based on cam-
paign and continuous GPS measurements after 1994 (Fig. 1a). Al-
though the model-predicted displacements generally agree with
most of the GPS measurements, a systematic model misfit exists
near the Loma Prieta earthquake area in these studies (Fig. S1).
This result indicates a mechanism that cannot be predicted by
steady interseismic strain accumulation across the regional fault
system. In addition, Biirgmann et al. (2006) found a model resid-
ual indicating subsidence along the restraining bend of the SAF in
which the Loma Prieta earthquake occurred in their joint analysis
of the horizontal GPS velocity field and Persistent Scatterer Inter-
ferometric Synthetic Aperture Radar (PSInSAR) data.

In this study, we argue that this systematic residual is due to
viscoelastic relaxation (VER) of the lower crust and upper man-
tle following the Loma Prieta earthquake, a process that is still
acting in this area after 1994. The pre-Loma Prieta interseismic
deformation is estimated using precise trilateration measurements
collected since the early 1970s (Lisowski et al., 1991). To obtain a
~25-yr-long post-Loma Prieta observation, we combine campaign
and continuous GPS measurements collected during 1989.8-2014
(Segall et al., 2000; USGS, 2015). We also generate an 18-yr-long
InSAR time series between 1992 and 2010 with data from both
the ERS-1/2 and Envisat satellites. We use these geodetic data to
determine contributions from both afterslip and VER to the tran-
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Fig. 2. Distance changes between selected stations before and after the Loma Prieta earthquake (see Fig. 1b for the location of stations). (a) Lengthening between stations
EAUN and LOMA (or LP1) and after removing interseismic secular motion (b). The secular motion in (b) is removed based on Biirgmann et al. (1997). (c-d) ALLI-LOMA, and
(e-f) HAML-LOMA. The green line in each sub-figure shows the predicted shortening due to viscoelastic relaxation based on the best-fitting model (Fig. 5a). The magenta
points are distance change between BARD sites MONB-SODB (c and d) or MHCB-SODB (e-f), where MONB is close to ALLI, MHCB is close to HAML, and SODB is 10 km
northwest of LOMA. Locations of all substitute stations are shown in Fig. 1a. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

sient deformation and estimate viscosities in the lower crust and
uppermost mantle of the Bay Area.

2. Geodetic data

The U.S. Geological Survey (USGS) surveyed trilateration net-
works in the San Francisco Bay area, from 1973 (Lisowski et al.,
1991) until as late as three years after the Loma Prieta event. Elec-
tronic Distance Measurement (EDM) observations detect changes
in distance between station pairs that have been used to determine
the secular velocity field between the North American Plate and
the Pacific Plate (Lisowski et al., 1991). Biirgmann (1997) used the
trilateration data to solve for the horizontal interseismic velocity
field in the southern San Francisco Bay Area and developed a dis-
location model inverted from the trilateration line-length change
rates. This model is composed of 78 individual fault segments, and
each fault segment has a uniform-slip dislocation in an elastic,
homogeneous, and isotropic half-space. We adopt the same fault
dislocations and slip rates to forward model the interseismic veloc-
ity before the Loma Prieta earthquake for each GPS station (white
arrows in Fig. 1a).

Segall et al. (2000) analyzed daily GPS solutions at 62 stations
collected from 1989.8 to 1998.3 (red dots in Fig. S2), and used
a Network Inversion Filter to model time-dependent afterslip of
the Loma Prieta earthquake. They modeled relative baseline vec-
tors by subtracting the position of a frequently observed reference
site (LP1 on Loma Prieta Mountain) from the other simultaneously
observed positions, in order to minimize the errors in the ab-
solute position determinations due to translational biases in the
reference frame. Later on, d’Alessio et al. (2005) published the Bay
Area velocity unification (BAVU) solutions based on more than 200
campaign and continuous GPS measurements collected between
1993 and 2003 (Fig. 1a; http://seismo.berkeley.edu/~burgmann/
RESEARCH/BAVU/). Most of the GPS stations used in Segall et al.
(2000) continued to be surveyed for BAVU (Fig. 1a). In addi-
tion, the USGS (Savage and Svarc, 2010) also resurveyed many of
the GPS stations through early 2013 (http://earthquake.usgs.gov/
monitoring/gps/SFBayArea_SGPS/). Data from the Bay Area Regional
Deformation (BARD) and Plate Boundary Observatory (PBO) con-
tinuous GPS networks complement the campaign measurements
(http://earthquake.usgs.gov/monitoring/gps/SFBayArea/). To gener-
ate a continuous postseismic displacement time series, we com-

bine GPS measurements from Segall et al. (2000), BAVU (d’Alessio
et al., 2005), the USGS campaign survey data, and the BARD and
PBO observations (see Section 3.2 for more detail). The main chal-
lenge of combining the different GPS data sets lies in their hetero-
geneous observation periods and variable uncertainties. In addi-
tion, it is increasingly difficult to separate the interseismic secular
motion from later-stage post earthquake measurements.

We use 53 European Space Agency (ESA) ERS-1/2 SAR descend-
ing acquisitions (Track: 70) between 1992 and 2006 and 46 Envisat
ASAR descending acquisitions (Track: 70) between 2005 and 2010
(see Tables S1 and S2 for all acquisitions). All interferograms are
generated using ROI_PAC 3.0 (Rosen et al., 2004), and we use the
90 m Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) to correct the phase due to topography. Snaphu 1.4.2
(Chen and Zebker, 2002) is used for the phase unwrapping. We use
a small baseline subset (SBAS, Berardino et al., 2002) method to
generate time series of stable surface point scatterers. We generate
interferograms that have less than 250 m perpendicular orbit sep-
aration and three years temporal baselines, respectively. We con-
sider a point scatterer to be stable if the phase measurement at
that point maintains its spatial correlation higher than 0.4 in at
least 50% of all interferograms. We processed 392 interferograms
(Fig. S3) from the 99 acquisitions, so solving the time series turns
out to be an over-determined inverse problem (Huang et al., 2014).

3. Postseismic deformation
3.1. Pre- and postseismic baseline-length measurements

We combine the 1970-1990 EDM data (Lisowski et al., 1991),
1989.8-1998 campaign GPS measurements (Segall et al., 2000),
and 1993-2014 USGS campaign and PBO continuous GPS (CGPS)
data to estimate the pre-, co-, and postseismic distance changes
between station pairs EAUN-LOMA, ALLI-LOMA, and HAML-LOMA
(see Fig. 1 for station locations). The distance change is a pro-
jection of horizontal displacement between two stations onto the
azimuth between stations. Figs. 2a, ¢ & e show the line-length
changes of different station pairs where black, blue, red, and pink
points represent the EDM, 1989.8-1998 GPS, 1993-2014 campaign
GPS, and post-2000 CGPS data, respectively. We use the interseis-
mic model proposed by Biirgmann (1997) (white arrows in Fig. 1a)
to remove secular motion contribution from the post-earthquake
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distance change measurements (Figs. 2b, d & f). For station pair
EAUN-LOMA, the preseismic lengthening rate is 6.1 mm/yr (posi-
tive indicates lengthening), and the postseismic rate falls back to
the preseismic rate after 2000 (<1 mm/yr; see Fig. 2b). For station
pair ALLI-LOMA, the preseismic shortening rate is —10.1 mm/yr
and stable postseismic shortening rate until 2012 (Fig. 2d). Note
that we extend the time series by adopting nearby CGPS stations
MONB and SODB to replace ALLI and LOMA after 2000. A simi-
lar approach is used for pair HAML (MHCB)-LOMA (LP1) (Fig. 2e).
In this pair, there is an additional distance change in 1984 due
to the M 6.2 Morgan Hill earthquake on the Calaveras fault. The
postseismic transient of this event also affected the shortening rate
prior to the 1989 Loma Prieta event. In fact, the Loma Prieta earth-
quake contributed less coseismic shortening of this baseline than
the Morgan Hill earthquake. After removing secular motion, there
is still ~2 mm/yr shortening rate residual before the Morgan Hill
event (Fig. 2f). Due to fewer measurements on LP1X, we choose
nearby CGPS stations SODB and P215, both about 9 km far away
from LOMA for this comparison (Figs. S3a-b). We further examine
the distance changes between HAML, LOMA, and AMER in Supple-
mentary Information S1 to explore Morgan Hill earthquake related
displacement between these stations. The station AMER is west of
the Calaveras fault, and the BARD GPS station LUTZ was built near
AMER and surveyed continuously since 1996 (Fig. 1a).

3.2. Postseismic GPS displacement time series

To estimate the GPS time series since the Loma Prieta earth-
quake, we focus on benchmarks surveyed by Segall et al. (2000)
and USGS (2015). The uncertainty of GPS positions relative to LP1
is 3-6 mm for the Segall et al. (2000) dataset, and ~3 mm for the
USGS dataset based on uncertainty estimations in their solutions.
Due to higher GPS positioning uncertainty prior to 1995, we calcu-
late site displacements at each epoch relative to station LP1 (also
known as LP1X or LOMA) (Segall et al., 2000). We choose LP1 be-
cause it is densely surveyed during the 1989 and 2010 time period
(Fig. S2a). We do not reprocess the GPS data, and we assume 1994
as the reference time because all GPS data sets include common
measurements between 1994 and 1995. As a result, we are able
to combine the solutions in a consistent local framework. We use
the Biirgmann (1997) model to estimate and remove the interseis-
mic contribution to the station displacements. We use logarithmic
fits to the east and north components of the postseismic-only time
series at each GPS station with a logarithmic function:

D(t) = Dy In(1 +t/7), (1)

where Dy, contains the estimated postseismic amplitudes of the
east and north displacement components. The logarithmic relax-
ation time (t) describes the decay of postseismic displacement,
and t is the observation time of each GPS record since the initia-
tion of the postseismic period. For each station, we vary both Dy y
and t until obtaining a minimum model misfit of each component
in the time series. Fig. S2a shows the combined time series of the
east and north components and the corresponding best-fitting log-
arithmic functions. However, this LP1 referenced framework cannot
well characterize postseismic displacement as LP1 is close to the
epicenter and has significant postseismic displacement. As a result,
we choose a stable far-field station MOCH east of the Calaveras
fault as the reference station for postseismic displacement.

We refer to 1989-1994 as “early” and 1994 onwards as “late”
periods of the Loma Prieta postseismic deformation in part be-
cause of the apparent change of dominating mechanism (Segall
et al., 2000). We plot the estimated early-to-late period postseis-
mic displacements of each GPS station in Fig. 1b based on their
best-fitting Dy y and t values. The red, orange, and blue arrows

are total postseismic displacements in 1989-1994, 1994-2000, and
2000-2013, respectively. We separate three time periods in or-
der to highlight the afterslip dominated period (1989-1994; Segall
et al,, 2000) and the decay of postseismic relaxation since 1994.
Similar to the early postseismic period, the more recent displace-
ments also show NE-SW convergence with a strike-slip compo-
nent, but the amplitude is about three times lower than in the
early period. Across the southern Santa Cruz Mountains, south-
west of the Foothills thrust belt, all GPS measurements show a
convergent motion with a right-lateral strike-slip component. The
velocities of stations around the Foothills thrust belt are generally
less than 3 mm/yr since 1994. Since 2003, GPS and CGPS measure-
ments (red arrows in Fig. 1a) show displacements very similar to
the pre-Loma Prieta period (white arrows in Fig. 1a).

3.3. 1992-2010 InSAR measurements

InSAR observations complement the GPS measurements and
are particularly sensitive to vertical motions. Fig. 3 shows the In-
SAR Line-of-sight (LOS) velocity in the Loma Prieta area relative
to a reference pixel at the continuous GPS station LUTZ during
1992-2000 (Fig. 3a) and 2000-2010 (Fig. 3b), respectively. Note
the InSAR reference point is different from GPS because point scat-
terers east of the Calaveras fault are less reliable due to higher
vegetation density (Fig. S4). LUTZ is located on bedrock and is
less sensitive to hydrologic related seasonal surface deformation
(Chaussard et al., 2014). We remove the secular motion contribu-
tion using the same Biirgmann (1997) interseismic model in order
to highlight postseismic deformation. We also include the vertical
secular motion contribution because the LOS direction is a projec-
tion of 3D motions into the 1D LOS direction. The LOS velocity
map spanning a larger region can be found in Fig. S4, and positive
LOS-change values represent range decrease. The full-size inter-
ferogram (Fig. S4) shows substantial uplift and subsidence in the
Santa Clara Valley that is associated with seasonal and longer-term
groundwater-level changes in the underlying aquifer (Schmidt and
Biirgmann, 2003; Chaussard et al., 2014). Supplementary Informa-
tion S2 provides more detail about the surface deformation in this
area, and Supplementary Information S3 describes how seasonal
variation in the InSAR time series is estimated and removed from
the time series.

South of the Santa Clara Valley near Almaden and Morgan Hill
(Fig. 3), there is a change of LOS velocity between the two peri-
ods. In 1992-2000 (Fig. 3a), a uniform InSAR range increase (blue)
is obtained in the hilly area, consistent with surface subsidence
of up to ~2 mm/yr. In the 2000-2010 period, this deformation
pattern is not found (Fig. 3b). Time series of three points taken in
the Almaden-Morgan Hill area (Fig. 4) further illustrate the change
of LOS displacement with time. Generally there is a decay of LOS
rates to insignificant motions from 1992 to 2000 (Fig. 4a-b), but in
the south (Fig. 4c) no significant changes in rate can be resolved.
Even though there are no well-correlated InSAR points closer to
Loma Prieta, we infer the apparent subsidence south of the Santa
Clara Valley in 1992-2000 to be associated with the Loma Pri-
eta postseismic deformation. The maximum subsidence rate in this
region is ~2 mmy/yr in 1992-2000, and the subsiding area is con-
sistent with the pattern seen in independently processed data in
Biirgmann et al. (2006) (Fig. S1c). In 2000-2010, the mean LOS
velocity in the foothills of the southern Santa Cruz Mountains is
generally between £1.5 mm/yr. Since the seasonal variation in de-
formation rates in the Santa Clara Valley is similar to measured
groundwater aquifer levels, we disregard this area for postseismic
modeling in order to exclude hydrological deformation (outside of
Fig. 3).
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4. Postseismic deformation modeling

We first test the viscoelastic relaxation due to the Loma Pri-
eta coseismic stress change in the lower crust and upper man-
tle during 1994-2014. Subsequently, we use dislocation models
in a layered elastic half-space to calculate afterslip in 1989-1994,
1994-2000, and 2000-present time periods, by inverting the resid-
uals from the viscoelastic model predictions. We invert for dis-
tributed afterslip on two fault planes associated with the Loma

Prieta fault rupture zone and the Foothills thrust belt, respec-
tively.

4.1. Viscoelastic relaxation (VER)

We use simple elastic dislocation models to compute coseis-
mic stress changes that drive postseismic relaxation in a layered
viscoelastic representation of the Earth’s lithosphere. By specifying
the coseismic fault geometry and slip, and the depth dependent
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Table 1

Coseismic fault parameters (after Marshall et al., 1991).
Fault Length Width Strike Dip Rake Slip Depth Moment

(km) (km) () ) () (m) (km) (N'm)
Plane 1 (NW) 17 9.1 128 60 116 21 9.5-174 1.62 x 1010
Plane 2 (SE) 17 91 128 60 163 1.0 9.5-174 7.7 x 10'8
. c d
a Best fitting model b log(num) 10g(1um) log(num)

0
19
LC 18 ~
Ne=6x10"Pas| <
uic = 45 GPa g
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(km)| UM
Num = 3%x10'%-2x10""Pa s
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Fig. 5. Viscoelastic relaxation (VER) model. (a) Rheology structure based on the best-fitting model corresponds to the joint probability in (c). (b) Probability density function
(PDF) of model fitting to GPS time series and (c) InSAR time series. (d) Joint GPS and InSAR probability density function. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Fault geometry for afterslip model (after Biirgmann et al., 1997).
Fault Length Bottom depth Top depth Strike Dip Longitude Latitude?®
(km) (km) (km) ) ()
Plane 1 (Loma Prieta) 53.82 15.57 148 130 70 —121.55 36.80
Plane 2 (shallower fault) 61.40 6.11 1.62 132 30 —121.59 36.86

2 Coordinates are of the center of lower edge of the model fault plane.

elastic and viscous parameters, we can predict the surface dis-
placement in time due to the stress relaxation. We rely on the
coseismic fault models of Marshall et al. (1991) and Arnadottir and
Segall (1994) to develop a two-dislocation model (Table 1). We use
this two sub-fault system to represent a rake transition in slip from
nearly right-lateral (163°) in the southeast to oblique right-reverse
in the northwest (116°). We follow the coseismic slip model setup
in Pollitz et al. (1998) and set the coseismic slip to extend from
9.5 to 17.4 km in depth.

The layered rheologic model is composed of an elastic upper
crust underlain by a viscoelastic lower crust and a viscoelastic up-
per mantle below 30 km depth (Fig. 5a), both with a Maxwell
fluid rheology. The thickness of the upper and lower crust is 19
and 11 km, respectively, following Pollitz et al. (1998, 2004). The
VISCO1D code (Pollitz, 1992) is used to calculate deformation of
the spherically stratified elastic-viscoelastic medium, relying on
spheroidal and toroidal motion solutions separable in spherical
harmonic degree. We allow for different viscosities of the lower
crust and upper mantle, and consider variable viscosity of both lay-
ers (n for lower crust and 7,y for upper mantle) between 106
and 10%° Pas. We do not attempt to use the bi-viscous Burgers
model (i.e., time dependent viscosity, see Pollitz, 2003) to describe
the rapid early postseismic deformation, which was previously
found to be dominated by afterslip (Pollitz et al., 1998). It is dif-
ficult to separate the contributions of early afterslip and transient
VER, so instead we compare linear viscoelastic models with post-
seismic measurements after 1994.

4.2. Afterslip

As described in Section 4.1, Segall et al. (2000) concluded that
afterslip dominates the postseismic displacement until 1994 based
on 1989.8-1998 GPS measurements. Here we perform afterslip
dislocation inversions to the residuals of the VER models during
1989.8-1994, 1994-2000, and 2000-present, so we can evaluate
the contribution of afterslip in the different time periods. We use
a two-fault geometry based on the fault parameters found by non-
linear inversion of postseismic GPS data in Biirgmann et al. (1997),
which was also used in afterslip models of Pollitz et al. (1998) and
Segall et al. (2000). One fault roughly coincides with the Loma Pri-
eta earthquake rupture (dipping 70° to the SW), and the other,
shallower dipping (30°) fault lies in the Foothills thrust belt (Ta-
ble 2). For this two-fault system each fault plane is composed
of 20 x 10 subfaults, and the size of each subfault is roughly
3 x 2 km?. Each subfault is able to slip with a variable rake along
the fault surface but no opening component is allowed, and the
smoothing parameter determines the slip variation between sub-
faults. We extend the main fault down dip to 25 km depth to allow
for deep afterslip (Savage and Svarc, 2010) and evaluate the trade-
off between deep afterslip and lower-crustal viscosity. We use the
programs EDGRN/EDCMP (Wang et al., 2003) for the calculation
of the Green’s functions relating unit slip on each sub-fault dislo-
cation to surface displacement in a layered elastic model over a
half-space, using elastic parameters from Pollitz et al. (1998). The
smoothing parameters are determined by the method described in
Huang et al. (2013).
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5. Modeling results
5.1. Viscoelastic relaxation

To explore the rheologic structure, we perform a grid search
for different lower-crustal and upper-mantle viscosities, allowed to
vary between 10'® and 1020 Pas, and compare the model surface
deformation with GPS time series during 1994-2013 and InSAR
time series during 1992-2010.

We formulate this problem in a Bayesian framework, and use
a likelihood function p(d|m) to describe how well a model pre-
diction given by specific parameters can explain the observed data
(Bodin et al., 2012). The likelihood function for the GPS time series
is,

1 1
p(dgps|m) = ———— X exp [--‘Pcps(m)] , (2a)
Qro? )7 2

and

M N Ok, , —my, . 2
CPGPs(m):ZZZ[%} . (2b)
N ki, j

k=1 i=1 j=1

Here Oy, ; is the jth component of the ith time step for the kth
GPS observation, and my ; ;j is the jth component of the ith time
step for the kth model prediction. oy, ; is the uncertainty of the
jth component of the ith time step of the kth GPS observation.
Here we only consider horizontal measurements so j =1, 2. There
are totally 13 GPS stations regularly surveyed since the earthquake,
so k = 13. The uncertainty of GPS is 3-6 mm for the Segall et al.
(2000) dataset, and ~3 mm for the USGS dataset based on uncer-
tainty estimations in their studies. All of the GPS stations locate
near the Loma Prieta earthquake region, so even stations east of
the Calaveras Fault (e.g. HAMI, MOCH, and OSO1) experience some
far-field VER. In addition, there may be displacement residual east
of the Calaveras fault due to change of slip rate on the Calaveras
fault after the Morgan Hill event (Fig. 2f). As a result, we allow
for a systematic, common-mode shift to adjust the E-W and N-S
components of all GPS stations to minimize the model residual,
and we consider this result as a reference-point-free realization of
the postseismic deformation.

The highest probability for GPS data favors a lower-crustal vis-
cosity of ~3 x 10'® Pas and upper-mantle viscosity of ~10'8 Pas
(Fig. 5b), but there is a wide high-probability region (yellow to red
color in Fig. 5b) between 10'7 and 10'° Pas for the upper mantle
and between 6 x 10'7 and 10'° Pas for the lower crust.

Likewise, the likelihood function of the InSAR time series is,

1 ~12 1
p(dipsar/m) = W|Qi| X eXp |:—5‘plnSAR(m)i| . (3a)

and

M

N
Prasar(m) = Y [ (0, — mi) Q" (0, — mi) . (3b)
i=1

k=11

Here Oy; and my; is the same as Eq. (2), and there is only one
velocity component (LOS) so j = 1. Q; is the variance-covariance
matrix that contains the InSAR uncertainty structure. Calculating
the InSAR uncertainty structure is non-trivial (e.g. Bekaert et al.,
2015) as the noise could be correlated in space due to atmo-
spheric phase noise. In Supplementary Information S4 we provide
the method suggested by Sudhaus and Jénsson (2009) to construct
Q; for each acquisition in Eq. (3). We down-sample the InSAR data
into about one point per km? and only consider points near the
Loma Prieta region (area shown in Fig. 3). We also exclude areas

that experience substantial seasonal variation associated with hy-
drology (Fig. S5a), in particular in the Santa Clara Valley (Fig. S1),
and there are 638 points left after this process. As shown in Fig. 5c,
VER with a lower crustal viscosity (1) higher than ~5 x 107 Pas
and upper mantle viscosity (um) ~ 3 x 10!? Pas can explain the
InSAR time series well. The best fitting relaxation model matches
the longer-term trend in the time series (Fig. 4).

The joint likelihood function (Bodin et al., 2012) of the GPS and
InSAR datasets is,

p(djoinelm) = p(dgps|/m) x p(dinsar|m)
1
o exp {—5 [@cps(m) + CDInSAR(m)]} , (4)

where the joint probability is the product of the likelihood func-
tions for GPS and InSAR datasets. In this way, the relative contri-
bution of the two datasets to the joint likelihood distribution is
directly determined by data errors, so no user-defined weighting
factor is needed in the inversion. Fig. 5d shows the joint probabil-
ity distribution. The result shows a similar distribution as for the
InSAR data, but the region with high probability is more confined.
Fig. S7 shows the joint probability distribution with different In-
SAR weighting. The highest probability of upper mantle viscosity
decreases from ~2 x 10'° to ~3 x 10'® Pas when decreasing In-
SAR weighting, while the preferred lower-crustal viscosity remains
~6 x 10'® Pas. Fig. 6a-c compares the best-fitting VER model with
the average GPS velocities in 1989-1994, 1994-2000, and 2000-
present and Fig. 6d and Fig. S2 show fits to the time series of total
horizontal displacements for a range of lower-crustal and upper-
mantle viscosities considered.

Alternatively, we consider GPS data from Biirgmann et al.
(1997), d’Alessio et al. (2005), and continuous and campaign USGS
data (http://earthquake.usgs.gov/monitoring/gps/) to represent the
1989-1994, 1994-2003, and 2000-present time periods, respec-
tively. We perform the same approach and the results are shown in
Fig. S6. As we only consider post-1994 GPS data when determining
the model misfit, the best fitting model strongly underestimates
the observed 1989-1994 displacement, which we attribute to early
afterslip. After 2000, the modeled postseismic velocities generally
drop to below 2 mm/yr. The higher VER misfit in 1989-1994 im-
plies additional processes to explain the early stage of postseismic
displacement. In addition, we take the best-fitting VER model to
predict station-pair length change (green lines in Fig. 2). We do not
include baseline-length change data in model fitting because the
post-Loma Prieta measurements are GPS based so already included
in the viscoelastic modeling. The viscoelastic relaxation prediction
agrees well with length change measurements except for ALLI-
LOMA (Fig. 2d). The opposite length change is because both ALLI
and LOMA move southeastward and the lengthening is due to fur-
ther southwestward motion at LOMA. In the predicted relaxation,
LOMA has slightly northward movement whereas southward at
ALLL and hence predicting shortening.

5.2. Afterslip inversion

For afterslip inversions, we extend the Loma Prieta fault to
25 km depth to allow for the contribution of afterslip in the
lower-crust down-dip of the coseismic rupture (Savage and Svarc,
2010) and examine the tradeoff between lower-crustal viscosity
and deep-seated afterslip. In order to estimate the afterslip compo-
nent, we use the VER model residuals of GPS and InSAR datasets
during the 1989-1994, 1994-2000, and 2000-present periods as
dislocation inversion inputs. The upper-mantle viscosity is fixed
at 2 x 10'° Pas, whereas the lower-crustal viscosity varies from
5 x 10'® to 1020 Pas. We calculate the reduced x? misfit of each
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the references to color in this figure legend, the reader is referred to the web version of this article.)

afterslip-viscoelastic relaxation model to evaluate model fitting.
The x? misfit is defined:

P

1 M N Ok, — My, )2
x2=—MN,,22270"'10f"" : (5)

k=1 i=1 j=1 i,j.k

where notations the same as Eq. (2b).

Fig. S8 shows afterslip distributions and the (reduced) x? mis-
fit for a range of lower-crustal viscosities. The result suggests more
deep afterslip appeared when lower-crustal viscosity is higher.
Fig. 7 shows afterslip distribution and fitting to GPS with the best
fitting lower-crustal viscosity (6 x 10'® Pas). In the 1989-1994
time period, the GPS x? misfit is 16.4 when solely using the VER
model (black arrows in Fig. 7a), and the x? misfit is 3.0 and 14
in the 1994-2000 and 2000-present period, respectively. Overall
the improvement in fit from the addition of afterslip is better near
the Loma Prieta region than the far-field regions (PAWT, EAUN, and
stations east of Calaveras Fault).

The x?2 misfit of the afterslip inversion is 3.2 for 1989-1994,
1.04 for 1994-2000, and 0.5 for 2000-present. They are all smaller
than the viscoelastic model chi-square misfits because it is tak-
ing VER residual as data input, so the (o, —my)? term of afterslip
models in Eq. (5) is generally lower. The dislocation inversions
in Fig. 7d-f show shallow oblique right-lateral strike-slip on the
Loma Prieta fault and dip-slip dominated afterslip in the north-
western portion of the Foothills thrust in all time periods. This
strike—slip dominated Loma Prieta fault afterslip and dip-slip dom-
inated Foothills thrust afterslip is similar to the pattern obtained
by Segall et al. (2000). Alternatively, we perform the same after-
slip inversion to the VER model residuals of GPS data (Fig. S6)

from Biirgmann et al. (1997), d’Alessio et al. (2005), and recent
USGS solutions of campaign and continuous GPS data to repre-
sent the 1989-1994, 1994-2003, and 2000-present time periods.
The results for these larger datasets are shown in Fig. S8 and the
X2 misfit are 3.9, 1.2, and 1.7 for the 1989-1994, 1994-2003, and
2000-present time period, respectively.

6. Discussion
6.1. Early to late period Loma Prieta postseismic deformation

Fitting logarithmic functions (Eq. (1)) to the GPS time se-
ries, there is an azimuthal change in the postseismic displace-
ment close to the Loma Prieta epicenter between the early and
the late periods that might imply a change of source mecha-
nism (Fig. 1b). Combining both VER and afterslip mechanisms
we can explain the GPS data well in all time periods near the
Loma Prieta region (Fig. 8). The VER model also predicts a range
increase in InSAR LOS (Fig. 8b) in the 1992-2000 time period
that agrees with observed LOS increase (Figs. 3 and 4). These re-
sults are consistent with a change of dominant relaxation mech-
anism from afterslip (Biirgmann et al., 1997; Pollitz et al., 1998;
Segall et al., 2000) and/or fault zone collapse (Savage et al., 1994;
Savage and Svarc, 2010) in the early postseismic period to VER
in the later period. The total moment of the 1989-1994 afterslip
is equivalent of M,, 6.3, about 11.5% of the coseismic moment.
We cannot rule out the contribution of afterslip during 1994-2000,
or even after 2000 (Figs. 7 and S8).

Postseismic deformation fitting in the later stage (2000 to
present) remains challenging because the postseismic transient is
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increasingly difficult to separate from the interseismic secular mo-
tion. In the study area there were no long-term GPS measurements
prior to the Loma Prieta earthquake, so we rely on the interseismic
secular motion model by Biirgmann (1997), which is inverted from
pre-Loma Prieta earthquake trilateration surveys (Lisowski et al.,
1991). As shown in Fig. 2f, the 1984 Morgan Hill earthquake influ-

enced part of the interseismic model, and additionally we cannot
rule out the possibility of un-modeled interseismic motion, which
may contribute to uncertainties of our postseismic deformation
time series. This may explain the poorer later-stage postseismic
GPS fitting (Fig. 6). Likewise, since there is no pre-Loma Prieta In-
SAR data, we also rely on the same interseismic model to remove
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the interseismic LOS contribution throughout the entire InSAR time
series, so the interseismic model error could again result in a bias
for the later postseismic period.

6.2. Afterslip in different time periods

Savage and Svarc (2010) postulated that most of the postseis-
mic displacement in the first 3 years can be attributed to a 1.56 m
right-lateral and 0.6 m reverse afterslip on the downdip exten-
sion (depth range 16 to 21 km) of the Loma Prieta earthquake
fault. In addition, they propose a 0.11 m postseismic fault zone
collapse (fault-normal displacement) of the rupture zone (depth
ranges 5 to 16 km). Biirgmann et al. (1997) combined 5 yr of GPS
and leveling measurements and suggested about 2.9 cm/yr uni-
form oblique-reverse afterslip on the Loma Prieta fault plane and
2.4 cm/yr uniform reverse afterslip on a buried fault within the
Foothills thrust belt.

In this study, we do not allow opening (fault zone collapse)
along the fault planes, so the dislocation prediction (white arrows
in Fig. 7a) is solely due to afterslip on the fault planes. The amount
of deep afterslip in the 1989-1994 period strongly depends on
the choice of lower-crustal viscosity, and there is a clear tradeoff
between lower-crustal viscosity and the amount of deep afterslip
(Fig. S8). The inverted afterslip model can fit the VER model resid-
ual when lower-crustal viscosity is higher than 5 x 1017 Pas, so we
cannot separate the afterslip or the lower-crustal relaxation con-
tribution in the early postseismic period. Nevertheless, based on
the best fitting model, afterslip dominates at the depth between 8
and 15 km during 1989-1994 (Fig. 7d) and falls to below 3 cm/yr
afterwards (Fig. 7e & f). In the Foothills thrust, the peak after-
slip based on the 13 GPS stations time series is about 80 mm)/yr,
but is inconsistent with the result using GPS data from Biirgmann
et al. (1997) (Fig. S9a). This is possibly due to different num-
ber of geodetic constraints. Besides, it is difficult to directly com-
pare afterslip with previous studies (e.g. Biirgmann et al., 1997;
Segall et al., 2000) because we invert the VER model residuals in-
stead of postseismic deformation.

Fig. 8 compares the predicted postseismic deformation from
both afterslip and VER. At later time periods (1994-2000 and
2000-present) the relatively uncertain GPS velocities of PAWT and
EAUN (2-5 mm/yr) NW of the Loma Prieta fault may map into
afterslip in the NW section of the Foothills thrust, leading to small-
scale model LOS change not observed in InSAR (Fig. 4).

6.3. Constraining lithospheric rheology

Recent studies (e.g. Hearn et al., 2002; Johnson et al., 2009;
Barbot and Fialko, 2010; Bruhat et al., 2011; Rousset et al., 2012;
Pollitz, 2015; Rollins et al., 2015) have explored the afterslip-and-
viscoelastic-relaxation coupling model that could potentially sepa-
rate the contributions of the two mechanisms by jointly inverting
both mechanisms. In this study, since afterslip dominated the first
5 years of postseismic deformation (Segall et al., 2000), we focus
on using post-1994 measurements for exploring lower-crustal and
upper mantle viscosities.

The best-fitting VER model suggests that the viscosities of the
lower crust and upper mantle are 6 x 10'® Pas and 3 x 10'8-2 x
1019 Pas, respectively (Fig. 5d). The viscosity of the upper man-
tle estimated in this study is consistent with Pollitz et al. (1998)
(~10'° Pas), Kenner and Segall (2003) (3 x 10'°-4 x 10'° Pas),
and Pollitz et al. (2004) (10'° Pas), but higher than Johnson and
Fukuda (2010) (4 x 10'8 Pas) for the San Francisco Bay Area. Other
studies for upper mantle viscosity in southern California also in-
fer a range of 6 x 10'8-3 x 10'° Pas (Freed and Biirgmann, 2004;
Behr and Hirth, 2014). A recent study by Smith-Konter et al. (2014)
using tide gauge data to constrain interseismic vertical deformation

also predicts asthenosphere viscosity of ~10'° Pas. For the lower
crust, the viscosity estimated in this study is ~1.6 times lower
than in Pollitz et al. (1998) (~10'? Pas), and also lower than val-
ues obtained from a range of observations in the western United
States (10'9-10%" Pas) (Thatcher and Pollitz, 2008). As described
in Section 6.2, we may have underestimated the lower-crustal vis-
cosity because we cannot separate VER and afterslip well when
the lower-crustal viscosity is higher than 5 x 10!7 Pas. In addi-
tion, part of the early inferred deep afterslip might be due to a
transient lower-crustal viscosity (Pollitz, 2003; Freed et al., 2012;
Huang et al., 2014).

Our modeling approach could potentially bias the estimate of
the early VER contribution. However, we only consider post-1994
geodetic data for VER fitting, in which the contribution of after-
slip is likely to be negligible (Segall et al., 2000). The low quality
of data collected in the early 90s does not allow for incorporat-
ing higher-order viscous flow or rate-state fault rheologies. The
main challenge of constraining lithospheric rheology here stems
from the limited constraints on the pre-earthquake measurements,
lower precision of geodetic measurements in the early 1990s, and
relatively modest postseismic VER generated by a My, 6.9 earth-
quake. We consolidate GPS measurements from Segall et al. (2000),
d’Alessio et al. (2005), and the USGS campaign survey (1994-2013)
and continuous BARD (1990s-present) and PBO (~2006-present)
stations, but some of the stations were established after the earth-
quake, whereas others were discontinued afterwards. On the other
hand, the afterslip-dominated early postseismic deformation does
not allow us to easily discern a likely early VER signal in the GPS
time series, and therefore we are unable to investigate a time-
dependent viscosity such as a bi-viscous Burgers rheology (Pollitz,
2003).

6.4. Accelerated aseismic slip along the San Andreas fault

Turner et al. (2013) document repeating earthquake activity
along aseismically creeping sections of the San Andreas and the
Sargent faults near San Juan Bautista, southeast of the Loma Prieta
rupture zone. They estimated the aseismic slip rate of both faults
based on the repeater activity, and found that the San Andreas
creep rate fell back to the pre-Loma Prieta slip rate only about
10 yr after the event, consistent with results from creepmeters in
the area (Bokelmann and Kovach, 2003).

Near San Juan Bautista, our VER model shows a decrease of dif-
ferential stressing rate from ~3 kPa/yr in 1990 to ~1.5 kPa/yr at
10 km depth in 1999 (Fig. S11). This VER decay is similar to the
observed decay of slip rate along the San Andreas fault (Turner
et al., 2013), and hence provides a source that drives the endur-
ing decay of the fault creep and the repeating earthquakes on
the creeping segment of the San Andreas fault. Accelerated aseis-
mic slip on the creeping San Andreas fault in the aftermath of
large earthquakes on the adjoining locked sections may account
for the apparent interseismic slip deficit along this section of the
fault (Ryder and Biirgmann, 2008) and may play a role in stress
transfer across the central San Andreas fault (Ben-Zion et al., 1993;
Lynch et al., 2003).

7. Conclusion

More than two decades of deformation measurements following
the 1989 Loma Prieta earthquake document that the postseismic
displacement rates fell from >4 cm/yr to millimeter-per-year lev-
els since 2000. Based on dislocation modeling, afterslips on the
fault that ruptured in the earthquake and a buried fault within the
Foothill thrust belt dominate the rapid early postseismic deforma-
tion. Our modeling using a 1D viscoelastic structure composed of
an elastic upper crust and Maxwell viscoelastic lower crust and
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upper mantle, implies that the viscosities of the lower crust and
upper mantle are about 6 x 10! Pas and 3 x 1018-2 x 10!° Pas,
respectively. A combined afterslip-viscoelastic model can better ex-
plain early and late Loma Prieta postseismic deformation, where
the afterslip is reduced in the later period. Our geodetic mea-
surements cannot tightly resolve lithospheric viscosity due to the
low amount of the postseismic displacement from this M,, 6.9
earthquake and higher data uncertainty in the early 1990s. The
enduringly accelerated activity of repeating earthquakes and fault
creep on the San Andreas fault and the Sargent fault after the Loma
Prieta earthquake is coherent in time with the modeled postseis-
mic deformation. While early afterslip on the creeping SAF relieved
static coseismic stress increases, the added loading due to postseis-
mic shear below the creeping section appears to have lead to more
enduring creep-rate increases. This suggests that viscoelastic relax-
ation could be the source to drive accelerated shallow slip on these
creeping faults following the Loma Prieta earthquake.
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Supplementary Information
S1. Baseline-length measurements between HAML, LOMA, and AMER

To explore whether or not the interseismic slip rate of the Calaveras fault segment
near Morgan Hill requires an adjustment for the 1984 earthquake, we further examine the
distance change between pairs HAML — LOMA (Fig. S3a-b), HAML — AMER (Fig. S3c¢)
and LOMA — AMER (Fig. S3d-f), where AMER is west of the Calaveras fault. The
BARD GPS station LUTZ was built near AMER and surveyed continuously since 1996

(Fig. 1a), and MHCB is close to HAML and surveyed continuously since 2000.

For HAML — LOMA (Fig. S3a-b), there is residual distance change (1.3 mm/yr for

P215 or 1.25 mm/yr for SODB) after removing secular motion, which is similar with pre-
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Morgan Hill residual (~1.5 mm/yr). For HAML — AMER (Fig. S3c¢), the secular motion-
free residual is ~1 mm/yr after 2010 and is the same as pre-Morgan Hill event (1 mm/yr).
For LOMA — AMER (Fig. S3d-f), there is ~1.6 mm/yr residual for LP1X or SODB
substitute between 2005-2010, and < 1 mm/yr for P215. However, there is a change of

rate of SODB in 2011 and changed the time series significantly in Figs S3b and e.

The secular motion-free distance changes of pairs MHCB — LUTZ (Fig. S3c),
LP1X — LUTZ (Fig. S3d), and P215 — LUTZ (Fig. S3f) are less than 1 mm/yr before the
Loma Prieta earthquake and after 2010. For MHCB — P215 (Fig. S3a) and LP1X — LUTZ
(Fig. S3d), the secular motion-free distance changes are > 1.2 mm/yr. For station SODB,
there is a change of rate in 2011 so it is difficult to include data after 2011. However,
MHCB - SODB and SOBD — LUTZ show similar pattern and rate as MHCB — P215 and
P215 — LUTZ, respectively. As a result, the Morgan Hill event only affects the pair
HAML — LOMA, but it is still hard to quantify the slip rate readjustment of the Calaveras

fault near Morgan Hill until more years of GPS time series data are collected.

S2. Deformation in the Santa Clara Valley

In the eastern Santa Clara Valley (Figs S4 & S5a), there is a change in velocity
across the Silver Creek fault indicating deformation due to groundwater level changes
[Schmidt and Biirgmann, 2003]. Near Palo Alto, there is a ~2 mm/yr uplift during 1992 —
2000 and nearly 0 mm/yr afterward. In part of the Santa Clara Valley, we see significant
seasonal uplift/subsidence throughout the time series (Fig. S5b), but this effect subsides
after 2006. We use sine and cosine functions with a one-year period to fit the seasonal

uplift/subsidence in the entire time series by using the least squares method (see
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Supplementary Information S3). Fig. S5a shows the result of seasonal amplitude based on
this method, and we mark the regions that have seasonal change greater than Icm in Fig.
3. There is a stronger seasonal amplitude in the northern Santa Clara Valley throughout
the entire period with the peak amplitude of ~2 cm (dashed line in Fig. 3), which agrees
with a recent study by Chaussard et al. [2014]. The time series of a point in this region
shows high correlation between annual precipitation and surface deformations (Fig. S5b).
This region (dashed line in Fig. 3) roughly coincides with the observed land subsidence
from 1934 to 1960 (Poland and Ireland, 1988; Schmidt and Biirgmann, 2003; Chaussard
et al., 2014). We assume that this seasonal surface deformation is not related to tectonic

movement, and hence, exclude this region from postseismic modeling.

S3. Seasonal change in InSAR time series
In the InSAR time series, the seasonal change in time series can be described as,
ayy * sin(2nt) + byy * cos(2nt), [S1]
where a and b are constants that describe the coefficients of the sine/cosines functions
and (x,y) is the location of a given pixel. The amplitude of the seasonal effect is (a” +
b%)’, and the phase shift (i.e. when is the peak of seasonal effect) is 2m x tan™(a/b). In
this study, we fit the InSAR time series with a combination of a linear mean velocity and
the seasonal terms with least square inversions. In other word, the time series can be
described as,
Yxy (£) = Avgy X t + ayy X sin(2mt) + byy % cos(2nt) + exy (2), [S2]
where Avyy 1s the annual mean velocity. Eq. S2 can be rewritten as

d=Gm+¢, [S3]
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where

Yoy (t1) sin(2mty) cos(2mty) t; 1 Ay y
d— Yy (t2) G- sin(2mty)  cos(2mty) te 1 m— by y ’
Avg
Yy (tN) sin(2rty) cos(2mty) ty 1 Ky (S4]

and here k,1s the model residual. The estimated model (m**") of 4v, a, and b based on
least squares is:

m® (Av,a,b) = (G' G)' G"d. [S5]

S4. InSAR uncertainty analysis

To account for spatial correlation due to atmospheric noise in every acquisition,
we follow the approach by Sudhaus and Jonsson [2009] and Liu et al. [2011]. In this
approach we first estimate sample covariogram of an approximately 25 x 25 km? area in
each SAR phase residual map This area is east of the Calaveras fault where no significant
crustal deformation is observed, and is highlighted in a black box in Fig. S4. Here
residual means the remaining phase values that cannot be modeled by linear and seasonal
deformation terms (&,,(t) term in Eq. S2 in Supplementary Information S3). The
covariogram is defined as,

. 1 &
C(he) = =— Zd(rz) ~d(s;)
2N , [1]

where N is the number of scatterer pairs d(r;) & d(s;) that has distance /4. in the area. We
evaluate the covariance as a function of distance /4. 1n 500 m intervals from O to 20 km.
As shown in the figure below, we see higher covariance when pixels are close to each
other. We can also observe that the covariance drop to near zero beyond 3-9 km distance

in all acquisitions.
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After computing the covariograms, we model the covariogram structure with the

equation suggested by Liu et al. [2011],
o*e cos(h/L), [2]

where £ is the distance between pixels, ¢” is the peak covariance when 4 = 0, and L is the
characteristic distance of the modeled covariogram. o” and L are the two parameters we
can estimate for all SAR acquisitions using least squares. The modeled covariogram is
shown with black lines in Fig. S12 and the distribution of ¢° and L computed from all

SAR acquisitions is shown in Fig. S13.

After this calculation we can generate the variance-covariance matrix (Q;) of each
acquisition by using the estimated o” and L values for the distance between scatterer
pairs. The variance-covariance matrix is then a M x M matrix, where M is the number of

the scatterers used for viscoelastic relaxation modeling.

Reference:

Liu Z., Dong, D., and Lundgren, P. (2011), Constraints on time-dependent volcanic
source models at Long Valley Caldera from 1996 to 2009 using InSAR and
geodetic measurements, Geophys. J. Int., 187, 1283-1300, doi:10.1111/5.1365-

246X.2011.05214.x

Sudhaus, H., and Jonsson, S., (2009), Improved source modeling through combined use
of InSAR and GPS under consideration of correlated data errors: application to the
June 2000 Kleifarvatn earthquake, Iceland, Geophys. J. Int., 176, 389-404,

doi:10.1111/5.1365-246X.2008.03989.x
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115  Figure S1. Residuals from interseismic models in (a) block model of d’Alessio et al.
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116  [2005], (b) deep dislocation model of Johanson & Biirgmann [2005], (c) deep dislocation
117  model of Biirgmann et al. [2006], (d) residual of joint afterslip and viscoelastic relaxation
118  model by Johnson & Fukuda [2010].
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130  Figure S2. (a) GPS time series between 1989.8 and 2013 with interseismic velocities
131  estimated from preseismic trilateration measurements [Biirgmann, 1997] subtracted. The
132  time series of each station is relative to MOCH, east of the Calaveras fault. The red and
133 blue points are data from Segall et al. [2000] and USGS (2014), respectively. The black
134  curves are fitted postseismic displacements assuming logarithmic functions (see Section

7
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3.2). (b) Viscoelastic relaxation models fittings to GPS stations in horizontal time series.

The colored lines represent different viscoelastic model (the same color-code as Fig. 4).
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141  Figure S3. Shortening rate between pairs (a) HAML (MHCB) — LOMA (LP1X), (b)
142 HAML (MHCB) - LOMA (SODB), (¢) HAML (MHCB) — AMER (LUTZ), (d) LOMA

143  (LP1X) - AMER (LUTZ), (¢) LOMA (SODB) — AMER (LUTZ), and (f) LOMA (P215)
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— AMER (LUTZ). The station names inside parentheses represent stations nearby the
original EDM benchmarks, which are considered as extended distance change time
series. In all sub-figures, the top rows show the original time series and the bottom rows

show the Loma Prieta postseismic time series.
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162  Figure S4. (a) Mean line of sight (LOS) velocity during 1992 —2010. (b) Mean LOS
163  velocity residual (without secular motion). The black box in each sub-figure indicates the
164  area where the InNSAR covariogram is computed for INSAR uncertainty analysis (see

165  Supplementary Information S4).
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173  Figure S5. (a) Amplitude of seasonal LOS deformation. (b) Time series of a point (the
174  yellow triangle) in North Santa Clara valley.
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183  Figure S6. Viscoelastic relaxation prediction to GPS stations in (a) Biirgmann et al.
184  [1997], (b) Johanson and Biirgmann [2005], and (¢) USGS PBO stations.
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Figure S7. Joint inversion with different GPS weighting from one (left) to ten (right).
The inferred upper mantle viscosity varies from 1.3x10" to 4x10'® Pa s when increases

GPS weighting, whereas the lower-crustal viscosity remains the same.
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Figure S8. Afterslip fitting to 1989-1995 GPS time series when the lower-crustal

viscositiy is (a) 5x10'° Pa s, (b) 510" Pa's, (¢) 5x10'® Pa s, and (d) 510" Pa s. the VE

prediction (blue arrows) include contribution from upper mantle with viscosity fixed at

2x10" Pa s and the lower crust with varying viscosity. For the higher-viscosity

realizations, the contribution of the relaxation is quite modest. The top row shows

viscoelastic relaxation — afterslip combined model fitting to GPS time series (black-GPS;

blue-viscoelastic relaxation; green-afterslip; red-combined model). The chi-square misfit

is shown in the lower right of each plot. The bottom row shows afterslip distribution.

Note the lower-crustal viscosity = 5x10'® Pa s model can best describe the 1989 - 1995

GPS time series.
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Figure S9. Afterslip distribution (color contoured planes) in (a) 1989 — 1995, (b) 1995 —
2000, and (c) 2000 onward time periods. The black arrows are viscoelastic model misfits
(residuals in Fig. 6) and white arrows are surface displacements due to afterslips on the
two faults. The fault geometries are based on Biirgmann et al. [1997]. (d-f) Afterslip

distribution on each fault plane. The orientation of the arrows indicate rake.
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228  Figure S10. Viscoelastic relaxation and afterslip combined model in (a) 1989 — 1995
229  (data: Biirgmann et al., 1997), (b) 1995 — 2000 (data: Johanson and Biirgmann, 2005),
230  and (c) 2000-present (USGS, 2014) time periods. The black arrows are GPS postseismic
231  displacements in different, and the white arrows are the multiple-mechanism models in
232 each time periods. The background colors show the predicted surface relaxation

233  prediction in LOS.

234

235

236

237

17



238
239

240

241

242

243

244

245

246

238° 15' 238° 30" 238° 45' 239° 00

a 37°00' H37° 00"
36° 45' 36° 45'
25 km
Turner et al,, 2013
36° 30" 36° 30"
238° 15' 238° 30' 238" 45' 239° 00'

b 1 988* 1992 1996 2000 2004 2008
i i Turner et al., 2013

Slip Rate [cm/year]

C VER
4 T T
-st VERat 10 km depth
£
T2
E 1 ; B
: : : This study
(1)990 1995 2000 2005 2010
time (year)
d/: 3 T T T
= Stress rate at 10 km depth
% 2 == B : -
ERl: This study |
(1)5;90 1 955 20‘00 20‘05 20‘1 0
time (year)

Figure S11. (a) Map of repeaters SE of the Loma Prieta earthquake (After Turner et al.,
2013). The blue circles are the repeaters along the San Andreas fault, and the red circles
are repeaters along Sargent fault. The red star indicates the location we estimate

viscoelastic relaxation (VER). (b) Slip rate along the San Andreas fault calculated from
the repeaters (blue dashed line). (c) Predicted VER at the red start in (a) at 10 km depth.

(d) Predicted stress rate due to VER of the same location as (c).
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249  Figure S12. Three examples of covariogram of selected acquisitions. The red dots are the
250  observed covariance along data-point pair distances from 0 to 20 km with a 500 m

251 interval. The black lines are the modeled covariogram using Eq. 2.
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254  Figure S13. Histograms of the modeled ¢” and L in in Eq. 2. Note most of the
255  characteristic decay length (L) is ~4 km and the characteristic amplitude is ~0.04 cm? in

256  our study area.
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260  Table S1. ERS-1/2 acquisitions (track: 70; frame: 2853) used in this study.

yymmdd yymmdd yymmdd
19920610 19980926 20011229
19920715 19981031 20020202
19920819 19981205 20020518
19920923 19990109 20020622
19930106 19990213 20020727
19950519 19990320 20021005
19950901 19990424 20021109
19951007 19990529 20021214
19951110 19990703 20030118
19951111 19990807 20040103
19951215 19990911 20051203
19960329 19991016 20060107
19960330 19991120 20060211
19960504 19991225 20060318
19960817 20000129 20060701
19961026 20000304 20060805
19961130 20000408 20060909
19970104 20000617 20061014
19970802 20000722 20061118
19970906 20000826 20061223
19971011 20000930 20070127
19971220 20001104 20071103
19980404 20001209 20071208
19980509 20010915 20080531
19980718 20011020 20080705
19980822 20011124 20080809
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273  Table S2. Envisat acquisitions (track: 70; frame: 2853) used in this study.

yymmdd yymmdd

274

20030118 20071208
20030503 20080112
20030920 20080216
20031129 20080322
20040103 20080426
20040207 20080531
20040417 20080705
20050402 20080809
20050507 20080913
20050611 20081018
20060211 20081122
20060318 20090131
20060422 20090307
20060527 20090411
20060701 20090516
20060805 20090620
20061014 20090725
20061118 20090829
20061223 20091003
20070721 20091107
20070825 20091212
20070929 20100116
20071103 20100220
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