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Technical abstract:

115,487 range-change rates determined with the permanent scatterer INSAR method are
combined with horizontal velocities measured at 200 GPS sites in order to resolve vertical
motions in the San Francisco Bay Area at sub-mm/yr precision. The highest displacement
rates are due to non-tectonic processes, such as active landslides, subsidence and rebound
over aquifers, and rapid settling of unconsolidated sediments along the Bay margins.
Residual displacement rates are determined by removing the contribution of the GPS-
derived horizontal velocity field from the InSAR range-change rates. To isolate vertical
tectonic rates, we use only those InSAR measurements made on material that was not
Quaternary substrate, which is potentially susceptible to large non-tectonic and seasonally
varying ground motions. The InSAR residuals indicate significant (> 1mm/yr) uplift over
the southern foothills of the active Mt. Diablo anticline, the Mission Hills stepover region
of the Hayward and Calaveras faults, and the central and southern Santa Cruz Mountains
located along a restraining bend of the San Andreas fault. In addition, the continuing
subsidence and horizontal contraction in the epicentral area of the 1989 Loma Prieta
earthquake show that postseismic viscous relaxation could still be resolved a decade after

the event, implying an upper mantle viscosity of ~ 5 x 10'® Pa s,



Non-technical abstract:

The San Andreas Fault Zone in the San Francisco Bay Area is responsible not only for
horizontal motions in earthquakes, but also for the growth and uplift of steep topography.
This uplift occurs on thrust faults whose locations and rates of motion are not well known
and whose seismic hazards are poorly understood. Using precise satellite radar and GPS
measurements, we determine, for the first time, the current rates of uplift of these areas.
Three areas — Mt Diablo, the Santa Cruz Mountains and the Mission Hills — are uplifting at
rates of around 1 millimeter per year. We also find that the area around the epicenter of the
1989 Loma Prieta earthquake is subsiding at a rate of 1.5 millimetres per year as part of the

ongoing adjustment in the mantle to the stresses caused by that earthquake.



Active Uplift and Thrust-fault Strain Accumulation Rates
from PS-InSAR and GPS data

1. INTRODUCTION

The San Andreas fault (SAF) system in central California is a transform plate boundary
accommodating ~38 mm/yr of relative motion between the Pacific plate and the rigid Sierra
Nevada-Great Valley (SNGV) block in eastern California (Argus and Gordon, 2001;
d'Alessio et al., 2005). The great majority of the relative motion is accommodated as right-
lateral strike-slip on a series of subparallel faults; however the oblique orientation of the
relative velocity vector relative to the plate boundary suggests a minor component of
boundary-normal contraction, at an estimated rate of ~1-5 mm/yr since 3-5 Ma (Argus and
Gordon, 2001). The effects of such regional shortening can be seen in the long-term
topography of the San Francisco Bay Area in elongate, boundary-parallel features such as
the California Coast Ranges and the East Bay Hills, although the mechanisms and
structures through which contractional deformation are accommodated in these areas are
still a matter of debate (e.g. Prescott et al., 2002; Murray and Segall, 2002; Savage et al.,
2004; d’Alessio et al., 2005).

In addition to deformation associated with regional plate-normal convergence, high rates
of shortening accommodated by thrust faulting occur in areas of local transpression. In the
San Francisco Bay area, a ~10° bend of the SAF through the Santa Cruz Mountains, the
Mission Hills stepover region between the Calaveras and Hayward faults, and a left
stepover between the Greenville and Concord faults (encompassing Mt. Diablo) are areas
of localized contraction and high topography. In all cases, no structures upon which the
deformation may be occurring have been identified, their rates of uplift, and therefore fault
slip rate are not known. In addition, with the exception of the inferred Mt. Diablo thrust
fault, their potential seismic hazard is not accounted for in contemporary regional hazard
models (e.g. WGCEH, 2003). As many of these areas of localised uplift occur close to
major population and/or industrial centers, it is clearly a matter of some importance to

characterize the vertical uplift behaviour of these areas.



1.1 Project components

The primary objective of this project is to evaluate our ability to resolve the spatial
distribution and rates of vertical tectonic motions in the San Francisco Bay Area. A
combination of Permanent Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR)
and Global Positioning System (GPS) data allow us to map out in great detail, and at high
precision, the surface deformation occurring in the region. The data have complementary
strengths and sensitivities — PS-InSAR data are spatially dense and widely distributed, and
are particularly sensitive to vertical motions; GPS data, on the other hand, offer precise
measurements of horizontal displacements, and as such, give strong constraints on the
regional strain field due to strike-slip faulting. By utilizing this property of the GPS data,
we can effectively characterize, and remove, the effects of this horizontal deformation from

the InSAR data; any remaining deformation signal must therefore be vertical.

We apply this methodology across the region, focusing our attention in particular on
areas we believe to be undergoing active thrusting: (1) the Mt. Diablo anticlinal system,
which is located in a stepover between the Greenville and Concord faults; (2) the Mission
Hills in the stepover region of the Calaveras and Hayward faults; and (3) the Foothills
Thrust Belt along a restraining bend in the San Andreas fault. In attempting to identify the
deformation due to compressional tectonics we face significant additional challenges in
distinguishing such deformation from that due to other, non-tectonic, causes such as aquifer
effects; therefore an important component of this project is the characterization and

removal of such deformation signals from our data (Biirgmann et al., 2006).

2. OBSERVATIONS

2.1PS-InSAR data

InSAR provides a one-dimensional measurement of change in distance along the look
direction of the radar spacecraft. Given the orientation of the track direction of polar, sun-
synchronous satellites, this measurement is affected by deformation in both horizontal
components and, particularly, in the vertical. We have had significant success in the recent
past in applying conventional InSAR to both the horizontal and the vertical surface
deformation in the San Francisco Bay Area, revealing cm-level uplift and subsidence patterns
related to the seasonal drawdown and recharge of the Santa Clara valley aquifer (Schmidt and

Biirgmann, 2003); rapid motions of deep-seated landslides (Hilley et al., 2004); a possible sub-



mm/yr contribution of an east-side-up, dip-slip component to the range change offset across
the creeping northern Hayward fault (Hilley et al., 2004; Schmidt et al., 2005); and allowing
the estimation of the distribution of fault creep on the Hayward fault, and therefore the extent
of the part of that fault that remains locked (Schmidt et al., 2005).

Conventional InSAR relies to a large extent on the connectivity of coherent portions of the
interferogram in order to distinguish signal from noise. In areas of high relief, or heavy
vegetation, such as the East Bay Hills or Santa Cruz Mountains in the Bay Area, this can be a
great challenge; consequently studies that have relied on the interpretation of one or a stack of
several interferograms have had little or no data coverage in those areas. Another problem
with conventional InSAR is the effect of atmospheric water vapor in adding an unknown
additional phase delay to the radar signal, which can add significant uncertainties to the
measurements. In order to mitigate these effects, which can dramatically affect the
effectiveness of InNSAR as a geodetic tool in the Bay Area, we use a new InSAR processing
technique, the Permanent Scatterer (PS-InSAR) method (Colesanti et al., 2003; Ferretti et al.,
2000, 2001). This allows for the identification and integration of individual radar-bright and
radar-phase-stable points (outcrops, buildings, utility poles, etc.) in >15 SAR images. The
phase data from these permanent scatterers are then used to separate time-dependent surface
motions, atmospheric delays, and elevation-error components of the range-change

measurement (Colesanti et al., 2003).

We incorporate 49 European Remote Sensing satellite (ERS-1 and 2) acquisitions
collected from 1992 to 2000 of our Bay Area target scene (track 70, frame 2853) (Figure 1).
Points whose displacements vary in a highly non-linear fashion, such as a large area of rapid
seasonal uplift and subsidence in the Santa Clara Valley (Colesanti et al., 2003; Schmidt and
Biirgmann, 2003) are excluded from the final data set. The PS-InSAR data provide range-
change rates at 115,487 points including targets in vegetated or mountainous areas that are
unsuitable for standard InSAR. In addition, this dataset contains a time-series of displacement,
which allows us to identify regions in which there is a significant time-varying, often seasonal

component to the deformation field.
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Figure 1: Surface deformation rate data used in this study. Each colored dot on land
indicates the location of a permanent scatterer on the ground; red colors indicate points
where the distance, or range, between the satellite and the ground increases with
successive satellite passes (i.e. movement away from the satellite), blue colors indicate
movement towards the satellite. Black arrows are horizontal velocities from the BAVU
compilation of GPS data (d’Alessio et al., 2005) with 2c error ellipses, relative to the fixed
station LUTZ; yellow arrows are modeled horizontal velocities assuming that the
deformation in the region can be described as the motions of a series of subparallel rigid
blocks (Section 3.1). [SCM — Santa Cruz Mountains, LP — Loma Prieta, MD — Mount
Diablo, MH — Mission Hills]



2.2GPS data

Over 10 years of GPS data have now been collected in the San Francisco Bay Area,
providing high precision measurements of horizontal surface velocities across the whole plate
boundary zone. In this study, we use velocities from the BAVU (Bay Area Velocity
Unification) compilation of continuous GPS data from the BARD network and campaign data
collected by UC Berkeley and the US Geological Survey since 1994. Velocities from 200
BAVU sites were used in this study (Figure 1). A full description of the GPS data analysis,
collection and processing is given by d’Alessio et al. (2005).

3. VERTICAL MOTIONS IN THE BAY AREA

3.1Modeling horizontal deformation

In order to use the PS-InSAR data to measure vertical deformation rates, we must first
isolate and remove the contribution to the measured range rates from the regional,
horizontal strike-slip deformation. To do this we use the GPS-derived horizontal velocity
field to constrain a kinematic model of the horizontal deformation field. In the model, a
series of uniform-slip dislocations in an elastic half-space (Okada, 1985) reproduce the
surface strain field about the Bay Area faults. Interseismic shear about a locked strike-slip
fault is approximated by slip on a buried vertical screw dislocation extending deep below
the seismogenic zone. Creep on the Hayward, southern Calaveras and the central San
Andreas faults is modeled by shallow dislocation elements. A simple 17-element
dislocation model can explain much of the observed horizontal displacement field (e.g.
Figure 1). The only large area that exhibits a systematic misfit pattern in the residual GPS
velocities lies along the Loma Prieta section of the SAF, where a region of apparent
residual contraction and right-lateral shear of < 5 mm/yr is observed (Figure 2). The
remaining high residuals are either apparent outliers or are located along creeping fault
segments where more detailed, slip-distributed models are appropriate, such as the
Hayward fault (Schmidt et al., 2005).



Figure 2: Correcting for the horizontal component of line-of-sight (LOS) deformation. Left:
Estimated horizontal contribution to LOS velocity at each observation location, calculated
from a 17-dislocation model of the deep slip and shallow creep of the major faults in the
plate boundary zone. Purple lines indicate locations of the dislocations. Right: Residual LOS
velocity, related to the vertical surface deformation occurring across the San Francisco Bay
Area (the results need to be scaled by ~1.05-1.1 to obtain vertical velocities, the scaling
dependent on local LOS angles). The signal is large, and is dominated by range increases
(subsidence) in the Santa Clara Valley, northwest and northeast of LUTZ. There is also a
prominent region of subsidence on the northwest side of the Hayward fault, and high
subsidence rates can be seen around the fringes of the Bay. We interpret these signals as
having a nontectonic origin.

Using this kinematic model, and information on how the line-of-sight vector varies
across the INSAR image frame, we can therefore estimate the horizontal velocity at each PS
observation point, and its contribution to the total observed PS velocity of each point. We
subtract these estimated horizontal range change rates from the PS data; the residual

velocities we obtain are related to the vertical deformation field (Figure 2).

3.2Distinguishing tectonic uplift

When the range-change contribution due to horizontal tectonic motions (Figure 2) is
removed from the data, we find that the largest motions revealed in the PS-InSAR data are

due to various non-tectonic hydrological and surface processes. Many of the non-tectonic



features are highly localized including active landslides (Hilley et al., 2004) and localized
subsidence along the Bay due to consolidation of manmade fill and Bay mud (Ferretti et al.,
2004). Regions of uplift overlie young sedimentary basins that are expanding due to
increasing groundwater levels during the observation period (Schmidt and Biirgmann,
2003).

To resolve tectonic deformation, we identify points in the dataset in which these non-
tectonic processes severely influence the deformation measurement. The PS-InSAR data
suggest that points located on Quaternary substrate are generally more likely to record
deformation related to non-tectonic processes, and so we use a GIS-produced map of the
distribution of Quaternary units in the region (Knudsen et al., 2000), to separate 92,102
points located on Quaternary units from those on bedrock (i.e., non-Quaternary) (Figure 3).
We find that points within bedrock units display long-term vertical displacement rates (< 2
mm/yr, Figure 3) that are far smaller than points on Quaternary substrate with rates up to
~10 mm/yr (Figure 2).

Interestingly, even PS-InSAR points presumably located on bedrock show substantial
seasonal fluctuations that often appear coherent over large areas (Figure 4). Pre-Quaternary
units may experience some hydrologic expansion or contraction and can be mantled with
unstable soils. However, the bedrock points’ magnitude and sign of the seasonal vertical
displacement often change over several seasons, while points lying on Quaternary substrate
consistently subsided during the dry season and rebounded during the wet season. The
amplitude of seasonal fluctuations tends to be ~2-3 times larger on the Quaternary PS-

InSAR points than for bedrock points (Figure 4).

When interpreted in terms of vertical motions, the residual range-change rate field of
bedrock target points includes three larger areas of subsidence and three regions of uplift at
0.5-1.5 mm/yr rates (Figure 3). One area of apparent subsidence is located east of the
Greenville fault and we have no obvious explanation for this feature. The second area of
subsidence at rates of up to ~2 mm/yr appears localized about the epicentral region of the
1989, My, = 6.9 Loma Prieta earthquake and coincides with the region of horizontal
contraction evident in the residual GPS velocities. Preliminary modeling suggests that this
deformation pattern is consistent with postseismic viscous relaxation of the upper mantle
(Section 3.3). A third zone of slow (~0.5 mm/yr) subsidence along the northern San
Francisco peninsula may be related to an extensional bend in the SAF and/or interaction

with the offshore San Gregorio fault zone.
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Figure 3: Residual surface velocities after correction for the horizontal strain field due tc
strike-slip faulting. Only PS points located on bedrock are shown, to ensure that non
tectonic signals related to the behavior of Quaternary substrate are removed. Areas of rec
here indicate uplifiting zones; conversely, blue areas indicate subsidence. Yellow arrows are
the residuals of the fit of the dislocation model to the GPS data. Note the uplift signals
associated with Mount Diablo (MD), the Santa Cruz Mountains (SCM) and the Mission Hills
(MH), and the subsidence seen at Loma Prieta (LP). Purple lines are the surface projections
of the shallow and/or deep dislocations used to model the horizontal strain field.



Figure 4: Magnitude
of coherent, seaso-
nal fluctuations in
range change time
series of all PS data
points. The long-
term rates  are
removed from time
series and dry-to-wet
season motions from
1996 to 2000 are
stacked and filtered
using a Gaussian filt-
ering algorithm with
a smoothing radius
i y of 2.8 km to highlight
% : spatial correlation in
“Andreas fault ( seasonal range-
‘ change variations.
Grey dots indicate
locations of PS
located on Quat-
ernary substrate.

Uplift rates of the order of 1 mm/yr are indicated along the southern Santa Cruz
Mountains that flank Santa Clara Valley, along the peak elevations of the Mission Hills and
within the southern foothills of Mt. Diablo. Inferred uplift is observed on both sides of the
SAF between 37°10° and 37°30° latitude, but appears to be highest to the northeast
overlying a number of Quaternary thrust faults (Biirgmann et al., 1994). As the Santa Cruz
Mountain uplift zone is adjoined by the rapidly expanding Santa Clara aquifer, we are not
able to fully characterize the shape of the uplift zone or develop a well-constrained
mechanical model of the deformation. The uplift is terminated to the southeast by the Loma
Prieta zone of subsidence and residual contraction. Overall, the data suggest that uplift
occurs over a broad zone, consistent with regional contraction along the restraining bend in

the SAF that is ultimately accommodated by discrete thrust faulting and folding.

Points located between the Hayward and Calaveras faults appear to be rising at rates of

0-1.5 mm/yr. The highest uplift rates are localized in a small zone coinciding with the



highest elevations of the Mission Hills (Figure 3). Relocated seismicity and focal
mechanisms in the stepover region indicate oblique right-lateral slip on a steeply, northeast
dipping fault (Manaker et al., 2005). Abundant microseismicity and observation of
repeating small earthquakes along this fault at 5-10 km depth (Schmidt et al., 2005) suggest
that aseismic fault creep occurs at least over that depth range and may explain the localized

nature of the high uplift rates.

The highest uplift rates appear to coincide with known areas of folding and thrusting
related to restraining fault bends and stepovers along the Bay area strike-slip faults. These
include the southern foothills of the Mt. Diablo fold and thrust belt, the stepover region
between the Hayward and Calaveras faults, and the Santa Cruz Mountains northwest of the
Loma Prieta epicentral region. Active uplift rates of ~1 mm/yr in these regions suggest
rapid convergence rates and potentially significant earthquake hazard associated with the

underlying active thrust faults.

3.3Postseismic subsidence at Loma Prieta

As mentioned above, there are prominent residual features in both the GPS and PS-
InSAR data surrounding the epicentre of the 1989 Loma Prieta earthquake. In this region,
GPS velocities show a radial pattern of contraction, and PS-InSAR data show a positive
range change rate. The direction and magnitude of the residual horizontal velocities can
explain only ~0.5 mm/yr of the residual range-change rate at most, and therefore
subsidence at ~1.5 mm/yr is indicated. We believe that this subsidence is evidence of
continued viscous relaxation following the 1989 Loma Prieta earthquake, which is
predicted to result in a subsidence pattern similar to that we observe (Pollitz et al., 1998;
Pollitz and Nyst, 2005). Ongoing analysis (Biirgmann, Pollitz et al., manuscript in
preparation) suggests that these data could be explained by relaxation of a viscous mantle
substrate with a viscosity of ~ 5 x 10'® Pa s (Figure 5). The investigation of the continuing
postseismic deformation at Loma Prieta is a valuable means through which the rheological
properties of the mantle, and its roles in static stress transfer and time-dependent

earthquake hazard, can be uncovered.



Pollitz and Nyst (2004)
viscoelastic structure

Mm =12x1019Pas

Mm=5x1018Pas

4 3 2

Uplift (mm/yr)

1 0 1 2 3 4

Figure 5: Preliminary viscous relaxation models can explain 1993-2000 subsidence anc
contraction in the epicentral area of the 1989 Loma Prieta earthquake (Figure 3). The twc
panels show predicted vertical rates assuming two different Maxwell viscosities in the uppel
mantle (lower crust viscosity is three times the respective value).

4. DATA AVAILABILITY

Data from GPS campaigns are publicly available from the UNAVCO Campaign Data
Holdings Archive. Both raw GPS data and accompanying metadata are included and freely
accessible at

http://archive.unavco.ucar.edu/cgi-bin/dmg/groups?cpn=1&oby=group_name
Data collected by our group for this project are archived under the Group Names of
“Calaveras Fault”, “Hayward Fault” and “Loma Prieta.”

Please see http://www.unavco.ucar.edu/data_support/data/general.html for policies
regarding the use of these freely available data. Additional data used in this study included
RINEX format files obtained from the U.S. Geological Survey and the Bay Area Regional


http://archive.unavco.ucar.edu/cgi-bin/dmg/groups?cpn=1&oby=group_name

Deformation Network (BARD). These files include campaign-style surveying (USGS) and
continuous GPS stations (BARD) and are available at the NCEDC at UC Berkeley.

Processed GPS solutions, including the BAVU velocity field, time series and GAMIT-
format solution files (h-files) are available via the BAVU web pages at:

http://seismo.berkeley.edu/~burgmann/RESEARCH/BAVU/
http://seismo.berkeley.edu/~dalessio/BAVU/FILES/gamit.html
For more information regarding data availability, contact:

Dr. Roland Biirgmann
Department of Earth and Planetary Science, University of California, Berkeley
307 McCone Hall, Berkeley, CA 994720-4767

e-mail:burgmann@seismo.berkeley.edu

URL:http://www.seismo.berkeley.edu/~burgmann
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