The Kinematics of Faults in the San Francisco Bay Area
Inferred from Geodetic and Seismic Data

by

David Andrew Schmidt

B.S. (University of California, San Diego) 1997

A dissertation submitted in partial satisfaction of the
requirements for the degree of

Doctor of Philosophy
in
Geophysics
in the

GRADUATE DIVISION
of the
UNIVERSITY OF CALIFORNIA, BERKELEY

Committee in charge:

Professor Roland Biirgmann , Chair
Professor Douglas Dreger
Professor Steven Glaser

Fall 2002



The Kinematics of Faults in the San Francisco Bay Area

Inferred from Geodetic and Seismic Data

Copyright Fall 2002
by

David Andrew Schmidt



Abstract

The Kinematics of Faults in the San Francisco Bay Area

Inferred from Geodetic and Seismic Data

by

David Andrew Schmidt

Doctor of Philosophy in Geophysics

University of California at Berkeley

Professor Roland Biirgmann , Chair

The work presented in this dissertation focuses on the kinematics and mechanics of the
Hayward fault, the Loma Prieta earthquake rupture, and the Silver Creek fault. To better
understand their behavior and geometry, geodetic and seismic data are used in conjunction
with elastic models of the crust. Along the northern and central segments of the Hayward
fault, a steady interseismic deformation rate is observed. Variations in this rate along strike
suggest a variable slip-rate distribution at depth indicative of locked and creeping patches.
A locked patch that correlates with the presumed source region of the 1868 earthquake on
the Hayward fault implies that elastic strain is accumulating at this location. The southern
Hayward fault exhibits complex time-dependent slip. Interferometric Synthetic Aperture
Radar (InSAR) is employed to visualize the crustal deformation signal by utilizing over 100

interferograms. Results suggest that the observed surface deformation is best explained



by a combination of transient fault slip and land subsidence. This is in contrast to the
Silver Creek fault in the Santa Clara Valley where all of the deformation is attributed to
differential aquifer compaction and expansion across the fault. Regional faults interact
through the redistribution of stress in the crust and upper mantle. The effect of this change
in stress on the creeping portion of the Hayward fault following the 1906 San Francisco
earthquake is explored using a rate-and-state friction model. The predicted surface creep
response, driven by the postseismic relaxation of the mantle following the 1906 event, is used
to constrain the rheology of the lower crust. Rheologies that include a horizontal shear zone
underpredict the surface creep response observed from offset cultural features. Inversions for
the coseismic slip distribution of the 1989 Loma, Prieta earthquake are performed to evaluate
the sensitivity of the inversion to the prescribed fault geometry. Models the incorporate a
dipping Loma Prieta fault and a vertical San Andreas are preferred over a single dipping
plane. The findings presented in this thesis provide new insight on how active faults behave

and interact throughout the earthquake cycle.
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Preface

0.1 Introduction and Motivation

The San Andreas Fault System is the most studied fault network in the world. The
foundation for our present-day understanding of active fault systems was developed after
the M,,7.7 earthquake on the San Andreas fault in 1906. Reid [1910] first hypothesized
that earthquakes represent the release of elastic energy which is accumulated over time
in the crust. However, it wasn’t until the acceptance of plate tectonics in the later part
of the twentieth century that the buildup of elastic strain could be understood in the
context of the larger earth system. While a general understanding of earthquakes is well
established, the details of how faults behave throughout the earthquake cycle and interact
within a fault system are not fully understood. Recent observations of transient aseismic
events, slow earthquakes, and repeating earthquake sequences have illustrated the diversity
of faulting behavior. The frictional, rheological, and geometrical controls that dictate how
faults behave are current topics of research in the earth science community.

This dissertation focuses on the kinematics and mechanics of faults in the San
Francisco Bay Area. Three major faults accommodate the deformation between the Pacific

plate and Sierra Nevada microplate in the Bay Area: The San Andreas, the Hayward, and



viii

the Calaveras faults. Of these three faults, the Hayward fault is the best system to study
because it exhibits a wide range of faulting behavior and it is well instrumented. The
Hayward fault has also received attention because it passes beneath an urban corridor in
the Bay Area. A major earthquake on any part of the Hayward fault would result in a
significant loss of human life and property. The work presented here draws upon a diversity
of data sets including seismic waveform data, alignment array data, well level data, seismic
relocations, extensometer measurements, leveling data, and surface displacements observed
using the Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar
(InSAR). These data are used to study both seismic and aseismic processes along locked
and creeping faults in an attempt to provide insight on the mechanics of fault systems.
Each chapter represents an independent body of work that addresses different scientific
and technical issues. In the next section, a detailed summary outlines the approach and

principal findings contained in the following chapters.

0.2 Technical Summary

The technology behind InSAR was originally developed to produce topographic
maps. Gabriel et al [1989] demonstrated that InSAR can also be used to image crustal
deformation arising from processes as earthquakes or land subsidence. In this work, InSAR
is used to observe the deformation along the Hayward fault. InSAR has the potential
to resolve the details of both the spatial and temporal pattern of deformation. Before
utilizing the InSAR data along the Hayward faut, a time-series methodology is developed

for exploiting a large InSAR data set. In Chapter 1, 115 differential interferograms are



ix

inverted for a time-dependent deformation signal in the San Francisco Bay Area. The
linear inversion solves for the incremental deformation between synthetic aperture radar
(SAR) scene acquisitions. The resulting time series spans from 1992 to 2000 and has a
temporal resolution on the order of months. A nonlinear range-change signal is extracted
from the InSAR data without imposing a model of the expected deformation. The time-
series methodology facilitates the spatial and temporal interpretation of deformation in
regions where the deformation is complex, such as the superposition of tectonic and land
subsidence signals.

The InSAR time series is compared to leveling, well water level, and extensometer
data in the Santa Clara valley to evaluate the resolution and accuracy of the inversion
methodology. Over an eight-year period, up to 41£18 mm of land uplift is observed due
to recharge of the confined aquifer. Maximum uplift occurred north of Sunnyvale and in
the Evergreen Basin. Seasonal uplift and subsidence dominates west of the Silver Creek
fault near San Jose with a maximum peak-to-trough amplitude of ~35 mm. The pattern
of uplift provides constraints on the spatial and temporal characteristics of water-bearing
units within the aquifer. The Silver Creek fault partitions the uplift behavior of the basin,
suggesting that it acts as a hydrologic barrier to fluid flow. While no tectonic creep is
observed along the fault, the development of a low permeability barrier in the fault core
suggests that appreciable shear has been accommodated in the Quaternary alluvium.

Having developed a tool to visualize time-dependent deformation, in Chapters 2
and 3 the focus returns to the Hayward fault. InSAR and surface creep data along the

southern Hayward fault are used to interpret the complex, time-dependent deformation



observed in Fremont, California, from 1992 to 2000. A time-series analysis of 108 interfer-
ograms observes both right-lateral surface creep and vertical deformation. Surface creep is
corroborated by independent alignment array data. An inversion of ascending and descend-
ing InSAR data is performed to assess the aseismic slip distribution over two time periods.
The resulting slip distribution and residuals suggest that the InSAR and fault creep data
are not easily satisfied by fault creep alone. Broad deformation to the west of the Hayward
fault likely reflects a component of land subsidence of the Niles alluvial fan. The analysis
of ascending and descending InSAR data suggests subsidence in 1998 on the east side of
the fault near the outlet of Niles canyon. We find that the deformation is best explained
by a combination of fault creep and land subsidence, although existing data sets are not
sufficient to resolve the detailed kinematics of the deformation.

While the deformation along the southern Hayward fault is complex, surface creep
rates along the northern 50 km of the Hayward fault appear to be constant over the last
several decades. In Chapter 3, the depth of aseismic slip on the Hayward fault is addressed.
The distribution of aseismic slip has implications for the mechanics of the fault system as
well as for the seismic hazard. A least-squares inversion of multiple geodetic and seismic
data sets is performed to determine the strike-slip distribution of the aseismic slip-rate.
InSAR data from 9 independent ERS interferograms are stacked to obtain range-change
rates from 1992 to 2000. Horizontal surface displacement rates at 43 sites are measured
using GPS from 1991 to 1999. Surface creep observations and estimates of deep slip rates
determined from characteristic repeating earthquake sequences are also incorporated in the

inversion. The densely spaced InSAR data require a non-planar fault surface to adequately
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model the near-fault data. The fault is discretized into 283 triangular dislocation elements
that approximate the non-planar attributes of the fault surface. South of Hayward, a
steeply, east-dipping fault geometry accommodates the divergence of the surface trace and
the micro-seismicity at depth. Laplacian smoothing and a positivity constraint are included
in the inversion. The InSAR data provide the greatest resolution on the shallow portion
of the fault. The additional data sets complement the InSAR data and improve the model
resolution. The inversion result suggests a heterogeneous distribution of aseismic slip-rate
that is characterized by both locked and freely slipping patches. A locked region at depth
coincides with the likely source region of the 1868 earthquake (M 6.8) on the southern
Hayward fault.

The most recent large earthquake to occur in the Bay Area is the M6.9, 1989
Loma Prieta earthquake. The aftershock distribution and the diversity of aftershock focal
mechanisms suggest that the Loma Prieta mainshock was complex with slip potentially
occurring on multiple rupture planes. In Chapter 4, I explore how assumptions of fault
plane geometry may effect the kinematic slip distribution. Waveform data from strong
motion stations with absolute time and geodetic displacements are incorporated into a
combined inversion for the kinematic slip history. Several different fault geometries are
evaluated including (1) a 70° southwesterly-dipping plane, (2) a 65° dipping plane below
10 km with a vertical plane above, and (3) a model that includes a shallow, southwesterly
dipping thrust on the east side of the primary rupture plane. Combined synthetic inversions
suggest that the mapping of complex rupture onto a single fault plane can account for the

variability in rake and slip magnitude of previously published source models. A bilateral slip
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distribution is found consistent with previous studies. Results suggest a primary asperity
that ruptured with oblique motion northwest of the hypocenter, consistent with the location
of the initial aftershock response. The data prefer rupture on dipping structures suggesting
that little slip occurred on a vertical San Andreas fault. A small concentrated patch of slip
prefers the shallow dipping thrust fault, although the improvement in fit to the data does
not appear to be significant.

The Loma Prieta earthquake acted to redistribute stress to neighboring faults.
Along the southern Hayward fault, left-lateral creep was observed for 4 years following the
1989 event. It is expected that the 1906 earthquake produced a much larger change in stress
on the Hayward fault. However no data exist to document how surface creep rates were
affected by the 1906 event. In Chapter 5, numerical simulations are performed to predict
the shallow surface creep response of the Hayward fault given the coseismic and postseismic
stress history imposed following the 1906 San Francisco earthquake. The creeping section
of the Hayward fault is modeled as a one-dimensional elastic system that behaves accord-
ing to a rate-and-state constitutive law. This analysis requires prior knowledge of various
fault parameters used to specify the rate-and-state formulation as well as the postseismic
stressing history. The appropriate values for the fault parameters are determined by fitting
the creep response observed on the southern Hayward fault following the 1989 Loma Prieta
earthquake. No documented observations of creep on the Hayward fault were made imme-
diately following the 1906 earthquake that can confirm or refute the details of our model
predictions. However, large coseismic stress changes for the 1906 earthquake should have

resulted in a left-lateral slip response of 0.03 to 0.21 m. Offset cultural features suggest
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that creep rates along the Hayward fault have remained constant since about 1920 until the
1989 Loma Prieta earthquake. Modeling the surface slip helps to constrain the magnitude

of the imposed stress shadow and evaluate rheological models for the Bay Area.
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Chapter 1

Time-dependent land uplift and subsidence in the
Santa Clara valley, California, from a large InSAR

data set

1.1 Introduction

Over the past decade, interferometric synthetic aperture radar (InSAR) has proven
itself to be a powerful tool for studying earth processes such as volcano deformation, tectonic
deformation, and land subsidence [for references see Massonnet and Feigl, 1998; Birgmann
et al., 2000a]. InSAR provides a spatially continuous observation of the change in range
between the satellite and the ground over the time period of the interferogram [Gabriel et
al., 1989]. Crustal deformation data are often interpreted under the assumption of constant
deformation rates due to limitations of sparsely sampled data sets, such as campaign GPS
data. However, the deformation signal for many interesting phenomena, is time-dependent.

Transient relaxation processes following large earthquakes produce surface displacements



that decay non-linearly with time. Deformation arising from volcanic inflation can be
spatially and temporally variable and the observation of this complexity can provide valuable
insight into the rate of fluid or magma movement within the subsurface. Aseismic surface
creep and slow earthquakes are additional examples of transient processes that are best
resolved using data sets with high spatial and temporal resolution.

InSAR has the potential to resolve spatially and temporally complex deformation
especially if redundant data can be used to separate the desirable deformation signal from
noise and other artifacts, such as atmospheric delays [e.g., Sandwell et al., 1998; Zebker
et al., 1997]. Many regions of study are affected by more than one deformation process,
such as land subsidence resulting from ground water pumping in combination with tectonic
deformation, which can complicate the interpretation of individual interferograms [ Watson
et al., 2002; Bawden et al., 2001]. The analysis of individual interferograms can be further
complicated by the presence of non-deformation artifacts such as orbital, atmospheric, or
processing errors. Since standard statistical techniques, such as stacking, are not suitable
to resolve non-linear deformation, new techniques to synthesize multiple interferograms
must be developed. Recent studies have attempted to extract temporal information by
utilizing the growing catalogue of available SAR scenes collected by the Earth Remote
Sensing spacecraft (ERS-1 and ERS-2) of the European Space Agency (ESA) [e.g., Lanari
et al., 2002; Beauducel et al., 2000; Ferretti et al., 2001]. A methodology for exploiting a
large data set of differential interferograms is presented. Using a linear inversion scheme,
a crustal deformation time series is extracted from a data set consisting of 115 differential

interferograms of the Santa Clara valley located in the San Francisco Bay Area (Figure 1.1).



By comparing the result with other geodetic measurements, it is demonstrated how InSAR

can be a powerful tool to image time-dependent, nonlinear processes.

1.2 InSAR Processing Procedure

Interferograms are produced using the Repeat Orbit Interferometry Package (ROI
PAC) developed at JPL/Caltech. SAR data are processed using 8 looks in range and
40 looks in azimuth which results in pixel widths of roughly 150 m. A weighted power
spectral density filter and an adaptive filter are applied to each interferogram [Goldstein
and Werner, 1998]. Processing parameters were chosen to counter temporal decorrelation
in those interferograms spanning several years while maximizing resolution. Topography
is removed using a 30 m U.S. Geological Survey (USGS) Digital Elevation Model (DEM).
Results from the Shuttle Radar Topography Mapping (SRTM) mission were not available
at the time that the interferograms were processed. Upon the recent release of the SRTM
data a comparison was performed with the USGS DEM. A 50-km-wavelength signal with a
maximum peak-to-trough amplitude of 2.7 m was found in the residual between elevation
models for the flat, urban regions of the Bay Area. However the analysis of tandem ERS
InSAR data (one-day interferograms) suggests that this anomalous signal originates from
the SRTM data set. A 2.7 m elevation change would translate to ~1 mm in range change
for a perpendicular baseline of 100 m.

Orbital errors result in near-linear gradients across an interferogram. Precise Orbit
Products provided by the European Space Agency (ESA) are used as the initial parameters

when calculating the orbital baseline. A regional gradient associated with the interseismic
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significant locations (x). All InSAR observations are referenced to Oak Hill. Quaternary
faults appear as bold lines, dashed where inferred [Jennings, 1994]. Major drainage channels
appear as gray lines.



strain field across the Bay Area is removed using a dislocation model derived from available
GPS data presented in Birgmann et al. [2000b]. Regions of isolated, coherent data are
connected by manually estimating the number of wavelength cycles represented by the
deformation field before an automated algorithm unwraps the phase. Orbital baseline values
are then re-estimated using the flattened interferogram and the interseismic gradient is
added back to the interferogram. Finally, the interferograms are geo-referenced to the

USGS DEM.

1.3 Time Series Inversion Methodology

A range-change time series is determined by performing a least squares inver-
sion from the differential interferograms. Interferograms are co-located and of identical
dimensions. The notation for the discussion that follows can be found in Table 1.1. The
range-change data are contained in T';j;, where ¢ and j are the pixel coordinates of the
kth interferogram, and N interferograms are created from S independent SAR scenes. The
range change in each interferogram is referenced to a common pixel (3,5, ) to ensure that

all deformation is measured relative to a common location,

The dates of the SAR scenes are contained in chronological order in the 1x§ vector L, and
T is a 2xN array with the beginning and ending date for each interferogram ordered by
the date of the first scene. Information about the temporal distribution of interferograms

is included in the inversion through H, where H is a Nx(5-1) matrix composed of ones and



zeros using the information in T and L,
1 for T;; < Lj < Tyo
H;; = (1.2)
0 for T;; > Lj or Lj > Tyo.

The data kernel, G, is constructed using H, and the finite difference approximation of the

Laplacian smoothing operator,V? [see Harris and Segall, 1987],
G = . (1.3)

The smoothing operator acts as a temporal rather than a spatial filter since the indepen-
dent variable is time. The degree of smoothing is determined by the factor v where v=0
corresponds to no smoothing. The data vector, d, consists of the relative range change in

each interferogram for a given pixel (%,5),

Lijk
dy = . (1.4)

0

The relative range-change that occurs during each time step is contained in the model vector,
my, and is calculated using a least squares inversion where my; = G79dy [Menke, 1989].
Given the InSAR data that is available for most applications, this is a mixed-determined
inverse problem performed for each pixel (7,j). The generalized inverse, G™Y, is calculated
using singular value decomposition. The time series, C, is constructed by summing the

range change from preceding time steps,
kg
Cijkf = z my. (15)
k=1
The acquisition rate of SAR scenes dictates the temporal resolution of the final time series,

while the number and distribution of interferograms determines the model and data resolu-

tion of the inversion. The inversion methodology results in a time series with an irregular



temporal sampling, since the date of each time step corresponds to the acquisition date of a
SAR scene used to create the interferograms. The ERS spacecraft repeat their orbits every
35 days; however, longer gaps occur when acquisitions were not scheduled, orbit baselines
were unsuitable, or the spacecraft orbital configuration was altered.

Interferograms are often plagued by atmospheric artifacts with complex spatial
and temporal correlations [Hanssen, 2001; Williams et al., 1998; Zebker et al., 1997]. Any
atmospheric signal resulting from the lateral heterogeneity of water vapor would ideally
be estimated using a priori zenith delays determined from meteorological data or continu-
ous GPS. Unfortunately, this information is not readily available at the required spatial or
temporal resolution to be feasible for this study. Alternatively, an additional set of model
parameters could be included in the inversion which represent the atmospheric signal asso-
ciated with each SAR scene. This would make the inversion significantly underdetermined.
For this analysis, any such signal is treated as uncorrelated noise, acknowledging that this
signal is correlated among interferograms that share common SAR scenes. The estimated
error for the time series, o, is calculated assuming that the standard error of an interfero-
gram, og, is 4 mm,

Y = 02G8(G7E)T, (1.6)

(1.7)

A comparison of the time series result with existing data sets suggests that the propagated
errors exceed the actual precision of the result. Other data analysis techniques, such as

stacking, would produce smaller estimates of the error. A higher error estimate is expected



Table 1.1: Notation.

by Jr
u, v

HE =0

pixel reference location
number of pixels along the width and length of an interferogram

number of SAR scenes

number of interferograms in data set
(u x vx N) array containing the range-change data

(S x 1) vector with the dates of the SAR scenes

(N x 2) array with the date of the first and second pass for each interferogram

(S x 1) data vector containing the range-change for interferogram k at pixel (4,5)

(N + §- 2 x S) data kernel

(S - 2 x S) Laplacian smoothing operator

smoothing factor

(S x 1) model vector, incremental range-change between SAR acquisitions for pixel (%,j)
(S x 1) cumulative time series at pixel (%,5)

(§ x 1) vector with the time series error at pixel (i,5)




because the time-dependent signal is not constrained to a linear or sinusoidal form. However,
results are found to be consistent between time series and stacking approaches where such
analysis is appropriate.

Typically, N, the number of interferograms, is significantly greater than S, the
number of SAR scenes. As N approaches S, the inversion becomes less stable and it may
become necessary to exclude those interferograms where a SAR scene is used only once. This
helps to improve the model resolution matrix and stabilize the inversion at the expense of
reducing the temporal resolution. At least 30 interferograms are required to produce a

reasonable time series.

1.4 Results for the Santa Clara Valley

The time series inversion is demonstrated using SAR data from the San Francisco
Bay Area. Surface deformation in the region due to tectonic and non-tectonic processes has
been monitored using terrestrial and space geodetic techniques [e.g., Lisowski et al., 1991;
Lienkaemper and Galehouse, 1997; Birgmann et al., 2000b]. Thus the InSAR time series
can be compared directly to independent geodetic observations to evaluate its spatial and
temporal accuracy. The time series methodology was developed to assist in the interpreta-
tion of complex deformation that occurs along active strike-slip faults [e.g. Birgmann et al.,
2000b]. In the Bay region, the largest magnitude deformation signal is due to hydrologic,
non-tectonic processes. The following analysis focuses on the Santa Clara valley since this
region provides the best data set to evaluate the time series result. The Santa Clara Valley is

a sedimentary basin whose stratigraphy forms a series of interbedded aquifers and aquitards
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[Clark, 1924; Twamura, 1995]. The primary confined aquifer is located at a depth interval of
60-300 m and consists of unconsolidated alluvium over the semi-consolidated alluvium of the
plio-pleistocene Santa Clara formation. Consolidated bedrock of the Franciscan complex is
found at greater depths.

Land uplift and subsidence in the valley due to the recharge and withdrawal of
fluids is well documented by several public agencies such as the Santa Clara Valley Water
District (SCVWD) and the USGS [see Poland and Ireland, 1988; Poland and Davis, 1969].
An increase in the withdrawal of water from the aquifer and a decrease in rainfall for the first
half of the twentieth century resulted in a substantial drop in well levels and a corresponding
land subsidence of ~4 m. Recovery efforts over the past quarter century, such as the import
of water from outside sources and the construction of percolation ponds, have allowed water
levels to partially recover. Preservation of the aquifer requires the continual monitoring
through extensometers, well water levels, and level line observations (Figure 1.1). Most of
the initial subsidence was due to inelastic, unrecoverable consolidation of fine silts and clay
layers. Some elastic rebound can be expected with the recovery of water levels. InSAR
is an attractive method for monitoring land subsidence because of its spatial coverage and
precision [Massonnet et al., 1997; Fielding et al., 1998; Galloway et al., 1998; Amelung et
al., 1999; Bawden et al., 2001; Hoffmann et al., 2001]. However, individual interferograms
are often difficult to interpret because the amount of deformation that is observed is highly
dependent on the seasonal differences between the acquisition of the first and second SAR
scenes. A time-series analysis has the potential to overcome this limitation by resolving the

temporal variability of the surface deformation.
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For the Santa Clara valley time series analysis, 115 interferograms are used in the
inversion. The temporal distribution of interferograms used in the analysis is displayed in
Figure 1.2. Interferograms used in the analysis are limited to those with small perpendicular
baselines (< 200 m) to ensure that errors imposed by topography remain small. SAR data
were collected by the ERS1 and ERS2 satellites between April of 1992 and June of 2000 along
two different orbital tracks. Track 70 is on a descending trajectory with the satellite moving
from north to south and the antenna looking to the northwest (look azimuth ~284°). Track
747 is on an ascending trajectory with the satellite moving from south to north looking to
the northeast (look azimuth a76°). The ascending and descending geometries can be used
to decipher vertical from horizontal deformation if one component of the three-dimensional
deformation field can be independently constrained. While both ascending and descending
data were included in the inversion, the vast majority of SAR data were collected along
the descending trajectory (106 out of 115). Comparisons of the ascending and descending
data suggest that the crustal deformation is predominately vertical. Therefore the range-
change data are projected onto a vertical vector. The range-change in all interferograms is
referenced to Oak Hill, an outcrop of consolidated bedrock located in the southern portion
of the Santa Clara valley [Wentworth et al., 1999]. It is assumed that this point is less
susceptible to the ground-water-controlled deformation. A comparison of the time series
result with individual interferograms illustrates the ability of the time series to fit the
original data (Figure 1.3).

The InSAR time series reveals an overall pattern of uplift since 1992 (Figure 1.4a).

The uplift is attributed to an increase in the ground water levels. The increase in pore
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Figure 1.2: The chart shows the temporal distribution of interferograms with perpendicular
baselines of less than 200 m used in the analysis for the Santa Clara valley. These include
all data acquired by the ERS1/2 spacecraft from April of 1992 to June of 2000 along tracks
478(gray horizontal bars) and 70(black horizontal bars). A complete list of interferograms

can be found in Table 1.2.



Table 1.2: List of interferograms used in the analysis of the Santa Clara valley.

Datel Date2 Track Sat1 Orbit1 Sat2 Orbit2 Perp. At
YYYYMMDD YYYYMMDD Base. (m) (yr)
19920610 19951110 70 ERS1 4724 ERS1 22603 36 3.4
19920610 19970906 70 ERS1 4724 ERS2 12449 4 5.2
19920610 19971011 70 ERS1 4724 ERS2 12950 3 5.4
19920610 19980509 70 ERS1 4724 ERS2 15956 181 5.9
19920610 19980926 70 ERS1 4724 ERS2 17960 172 6.3
19920610 19991225 70 ERS1 4724 ERS2 24473 71 7.5
19920715 19000129 70 ERS1 5225 ERS2 24974 104 7.5
19920715 19920819 70 ERS1 5225 ERS1 5726 61 0.1
19920715 19920923 70 ERS1 5225 ERS1 6227 23 0.2
19920715 19930630 70 ERS1 5225 ERS1 10236 172 1.0
19920715 19950519 70 ERS1 5225 ERS1 20098 66 2.8
19920715 19950901 70 ERS1 5225 ERS1 21601 92 3.1
19920715 19970104 70 ERS1 5225 ERS2 8942 76 4.5
19920715 19990703 70 ERS1 5225 ERS2 21968 48 7.0
19920715 19991016 70 ERS1 5225 ERS2 23471 7 7.3
19920819 20000129 70 ERS1 5726 ERS2 24974 43 74
19920819 20000408 70 ERS1 5726 ERS2 25976 107 7.6
19920819 19920923 70 ERS1 5726 ERS1 6227 38 0.1
19920819 19950519 70 ERS1 5726 ERS1 20098 127 2.7
19920819 19950901 70 ERS1 5726 ERS1 21601 153 3.0
19920819 19970104 70 ERS1 5726 ERS2 8942 15 44
19920819 19970802 70 ERS1 5726 ERS2 11948 13 5.0
19920819 19990703 70 ERS1 5726 ERS2 21968 13 6.9
19920819 19991016 70 ERS1 5726 ERS2 23471 138 7.2
19920923 20000129 70 ERS1 6227 ERS2 24974 81 7.3
19920923 20000408 70 ERS1 6227 ERS2 25976 145 7.5
19920923 19930630 70 ERS1 6227 ERS1 10236 195 0.8
19920923 19970104 70 ERS1 6227 ERS2 8942 53 4.3
19920923 19970802 70 ERS1 6227 ERS2 11948 51 4.9
19920923 19990703 70 ERS1 6227 ERS2 21968 25 6.8
19920923 19991016 70 ERS1 6227 ERS2 23471 100 7.0
19930630 19950519 70 ERS1 10236 ERS1 20098 106 1.9
19930630 19950901 70 ERS1 10236 ERS1 21601 80 2.2
19930630 19980822 70 ERS1 10236 ERS2 17459 81 5.1
19930630 19981205 70 ERS1 10236 ERS2 18962 4 5.4
19930630 19991016 70 ERS1 10236 ERS2 23471 95 6.3
19930630 19991120 70 ERS1 10236 ERS2 23972 73 6.4
19950513 19980329 478 ERS1 20005 ERS2 15362 95 2.8
19950519 19950901 70 ERS1 20098 ERS1 21601 26 0.3
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Table 1.2: Continued.

Datel Date2 Track Sat 1l Orbit1l Sat2 Orbit2 Perp. At
YYYYMMDD YYYYMMDD Base. (m) (yr)
19950519 19970802 70 ERS1 20098 ERS2 11948 140 2.2
19950519 19981205 70 ERS1 20098 ERS2 18962 102 3.5
19950901 19981205 70 ERS1 21601 ERS2 18962 76 3.3
19950901 19990703 70 ERS1 21601 ERS2 21968 140 3.8
19950901 19991016 70 ERS1 21601 ERS2 23471 15 4.1
19950901 19991120 70 ERS1 21601 ERS2 23972 153 4.2
19951007 19960503 70 ERS2 2429 ERS1 25108 124 0.6
19951007 19961026 70 ERS2 2429 ERS2 7940 68 1.1
19951007 19961130 70 ERS2 2429 ERS2 8441 66 1.1
19951110 19951111 70 ERS1 22603 ERS2 2930 268 0.0
19951110 19970906 70 ERS1 22603 ERS2 12449 40 1.8
19951110 19971011 70 ERS1 22603 ERS2 12950 33 1.9
19951110 19991225 70 ERS1 22603 ERS2 24473 35 4.1
19951111 20000129 70 ERS2 2930 ERS2 24974 152 4.2
19951111 20000408 70 ERS2 2930 ERS2 25976 88 4.4
19951111 19971220 70 ERS2 2930 ERS2 13952 23 2.1
19951111 19990320 70 ERS2 2930 ERS2 20465 44 34
19960323 20000507 478 ERS1 24514  ERS2 26384 58 4.1
19960323 19960324 478 ERS1 24514  ERS2 4841 134 0.0
19960323 19991010 478 ERS1 24514  ERS2 23378 14 3.5
19960324 20000507 478 ERS2 4841 ERS2 26384 192 4.1
19960324 19991010 478 ERS2 4841 ERS2 23378 120 3.5
19960503 19960504 70 ERS1 25108 ERS2 5435 90 0.0
19960503 19961026 70 ERS1 25108 ERS2 7940 56 0.5
19960503 19961130 70 ERS1 25108 ERS2 8441 58 0.6
19960503 19981031 70 ERS1 25108 ERS2 18461 53 2.5
19960503 19990213 70 ERS1 25108 ERS2 19964 24 2.8
19960503 19990529 70 ERS1 25108 ERS2 21467 126 3.1
19960504 19961026 70 ERS2 5435 ERS2 7940 146 0.5
19960504 19961130 70 ERS2 5435 ERS2 8441 148 0.6
19960504 19980509 70 ERS2 5435 ERS2 15956 152 2.0
19960504 19981031 70 ERS2 5435 ERS2 18461 37 2.5
19960504 19990213 70 ERS2 5435 ERS2 19964 66 2.8
19960504 19990529 70 ERS2 5435 ERS2 21467 36 3.1
19961026 19961130 70 ERS2 7940 ERS2 8441 140 0.1
19961026 19981031 70 ERS2 7940 ERS2 18461 109 2.0
19961026 19990213 70 ERS2 7940 ERS2 19964 80 2.3
19961130 19981031 70 ERS2 8441 ERS2 18461 111 1.9
19961130 19990213 70 ERS2 8441 ERS2 19964 82 2.2
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Table 1.2: Continued.

Datel Date2 Track Sat1 Orbit1 Sat2 Orbit 2 Perp. At
YYYYMMDD YYYYMMDD Ba.se. (m) (yr)
19970104 20000129 70 ERS2 8942 ERS2 24974 28 3.1
19970104 20000408 70 ERS2 8942 ERS2 25976 92 3.3
19970104 19970802 70 ERS2 8942 ERS2 11948 2 0.6
19970104 19990703 70 ERS2 8942 ERS2 21968 28 2.5
19970802 20000129 70 ERS2 11948 ERS2 24974 30 2.5
19970802 20000408 70 ERS2 11948 ERS2 25976 94 2.7
19970802 19990703 70 ERS2 11948 ERS2 21968 26 1.9
19970906 19971011 70 ERS2 12449 ERS2 12950 7 0.1
19970906 19991225 70 ERS2 12449 ERS2 24473 75 2.3
19971011 19991225 70 ERS2 12950 ERS2 24473 68 2.2
19971220 20000129 70 ERS2 13952 ERS2 24974 129 2.1
19971220 20000408 70 ERS2 13952 ERS2 25976 65 2.3
19971220 19990320 70 ERS2 13952 ERS2 20465 67 1.2
19980404 19980822 70 ERS2 15455 ERS2 17459 100 0.4
19980404 19991120 70 ERS2 15455 ERS2 23972 108 1.6
19980509 19980926 70 ERS2 15956 ERS2 17960 9 0.4
19980509 19990529 70 ERS2 15956 ERS2 21467 116 1.1
19980509 19990807 70 ERS2 15956 ERS2 22469 25 1.2
19980718 19990911 70 ERS2 16958 ERS2 22970 84 1.1
19980822 19981205 70 ERS2 17459 ERS2 18962 85 0.3
19980822 19991120 70 ERS2 17459 ERS2 23972 8 1.2
19980926 19990529 70 ERS2 17960 ERS2 21467 125 0.7
19980926 19990807 70 ERS2 17960 ERS2 22469 34 0.9
19981031 19990213 70 ERS2 18461 ERS2 19964 29 0.3
19981031 19990529 70 ERS2 18461 ERS2 21467 73 0.6
19981205 19991016 70 ERS2 18962 ERS2 23471 91 0.9
19981205 19991120 70 ERS2 18962 ERS2 23972 7 1.0
19990213 19990529 70 ERS2 19964  ERS2 21467 102 0.3
19990314 20000924 478 ERS2 20372 ERS2 28388 108 1.5
19990314 19991219 478 ERS2 20372 ERS2 24380 109 0.7
19990320 20000408 70 ERS2 20465 ERS2 25976 132 1.1
19990529 19990807 70 ERS2 21467 ERS2 22469 91 0.2
19990703 20000129 70 ERS2 21968 ERS2 24974 56 0.6
19990703 19000408 70 ERS2 21968 ERS2 25976 120 0.8
19990703 19991016 70 ERS2 21968 ERS2 23471 125 0.3
19991010 20000507 478 ERS2 23378 ERS2 26384 72 0.5
20000129 20000617 70 ERS2 24974  ERS2 26978 57 0.4
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Figure 1.3: Profiles through the InSAR. time series (heavy solid line) with error envelope
(dotted lines) are compared to the range change for individual interferograms (thinner solid
line) spanning the respective time interval. These plots provide a representative illustration
of how closely the inversion reproduces the original InSAR data. The profiles are plotted
along the upper west-east level line path A-A’ in Figure 1.1. The time period for each inter-
ferogram is displayed above the profile. Most of the interferograms are fully reproduced as
in (A and B). Several profiles show constant offsets or gradients between the interferograms
and time series (C and D). These gradients are attributed to orbital or long-wavelength
atmospheric artifacts that are reduced by the inversion.
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pressure reduces the vertical effective stress on the skeletal matrix resulting in regional uplift.
As much as 41+£18 mm of uplift centered north of Sunnyvale is observed(see Figure 1.1 for
location). Most of this uplift took place between 1992 and 1998 with a mean uplift rate of
6.4+2.2 mm/yr. Uplift is also observed in the Evergreen Basin located in the eastern portion
of the Santa Clara valley. Significant subsidence relative to Oak Hill is also observed along
the western margin of the valley. The southwestern portion of the valley shows insignificant
uplift with no distinctive pattern. Continual uplift extends along several major tributaries,
especially along Garabazas and Saratoga creeks.

The time series analysis also resolves a seasonal uplift pattern with the largest
magnitude centered near San Jose (Figure 1.4b). The seasonal signal is sharply bounded
on the east by a structure that aligns with the northward extension of the Silver Creek
fault [Ikehara et al., 1998]. Both ascending and descending interferograms show consistent
deformation across this fault suggesting that the relative motion is vertical and not related
to strike-slip fault motion. The fault appears as a sharp discontinuity in the deformation
field of several interferograms that can be explained by differential subsidence across the
structure. The Guadalupe river and Coyote creek delineate the west and east bounds of the
seasonal deformation north of San Jose suggesting that the feature has some relationship
with the drainage pattern. A seasonal subsidence pattern is also observed in the northwest

portion of the region, however this signal is more complex and difficult to characterize.

1.4.1 Evaluation of Spatial Accuracy

To evaluate the spatial accuracy of the InSAR time series, results are compared

with elevation changes measured using spirit leveling. Level line data were collected in the
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Figure 1.4: (A) Five frames from the InSAR time series show the pattern of net uplift
since September of 1992. Uplift is centered north of Sunnyvale and east of the Silver Creek
fault in the Evergreen Basin. Uplift is relative to Oak Hill (open square in final frame).
The drainage network for the Santa Clara valley is also shown in the final frame. (B) The
seasonal uplift pattern during a period from August of 1998 through August of 1999. (C)
Time series at two points (dots in final frame of A) are compared to illustrate the seasonal
versus long term deformation pattern. The points are separated by the Silver Creek fault

which partitions the aquifer.
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valley beginning in 1912 [Poland and Ireland, 1988]. Since 1989 the SCVWD performed
yearly field observations along west-east and north-south profiles across the valley (Fig-
ure 1.1). In 1999 a new leveling route was added running west-east across the southern half
of the valley and observations were increased to bi-yearly sampling. Cumulative deforma-
tion along each level line is compared to profiles across the InSAR time series (Figure 1.5).
The shape of the profiles agrees well except for significant discrepancy between kilometers
0 to 5 in Figure 1.5b. Differences between the InSAR time series and the level data may
reflect (1) additional subsidence during the time from when the level data was collected and
when the SAR data was acquired, (2) artifacts in the InSAR data, or (3) propagating errors
along the leveling line. Benchmarks in the leveling line may also experience benchmark

instability that occurs in a region smaller than the spatial resolution of the interferogram.

1.4.2 Evaluation of Temporal Accuracy

Extensometers were installed in the valley by the USGS in the early 1960s to
measure the compaction of sediments in the basin [Lofgren, 1961]. The SCWD currently
maintains extensometers at SUNNY and MARTHA which are anchored at a depth of 306
and 183 m, respectively (see Figure 1.1 for location). The temporal signal of the time series
can be evaluated by comparing the compaction measured by the extensometers and uplift
history provided by the InSAR time series. Both the trend and the magnitude of the seasonal
oscillation agree between the two data sets (Figure 1.6, a-b). The agreement between the
extensometer and InSAR results suggests that all seasonal deformation is confined within
the depth range of the extensometer boreholes and can be attributed to the compaction (or

expansion) of the sediments.
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Figure 1.5: Level line data (open squares with error bars) are shown along two paths: (A)
elevation change from April of 1995 to April of 1998 along a west to east path from Los Altos
to Milpitas (A-A’ in Figure 1.1), and (B) elevation change from April of 1999 to April of
2000 along a west to east path from Los Gatos to Alum Rock (B-B’ in Figure 1.1). Profiles
through the InSAR time series (solid line) show uplift relative to Oak Hill during similar
time periods. Since a common vertical reference does not exist for both data sets, the level
line data is arbitrarily shifted vertically so that the profiles can be compared to the InSAR
data. Errors in elevation change relative to the western most benchmark accumulate along
the leveling line according to 2.24 mm/vkm. Gaps in the InSAR. profile reflect regions
where the phase is incoherent and, therefore, no data is available. The maximum change in
topography (not shown) across the valley is 70 m and most of this change is located near
the edges of the valley.
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Figure 1.6: Extensometer observations (solid squares) are compared to vertical surface dis-
placements observed from the InSAR time series (circles) with its associated error envelope
(dotted lines) for the (A) MARTHA and (B) SUNNY instruments. (C) The InSAR time
series is compared to well level depths that have been converted to compaction using the
relationship discussed in Section 1.4.2 for a well adjacent to the MARTHA extensometer
(well number 07S01E16C005, solid line). Well level data are collected approximately every
month, providing a temporal resolution comparable to the InSAR time series.
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Unfortunately, the extensometer data is not sampled as frequently as the InSAR
data. Since the seasonal uplift is tied to the water level, the monthly fluctuations in the
depth of water in wells are compared to vertical surface displacements. Well water levels
and surface uplift are used to calculate the elastic skeletal storage coefficient, S, for a given
aquifer. The elastic skeletal storage coefficient describes the elastic response of the aquifer
to a change in effective stress from the change in head, Ah, as measured by the change in
water level found in wells [Lohman, 1961]. The change in water level is related to the change
in compaction, Ab, according to Ab=-Ah x Si.. The InSAR time series is compared to the
compaction calculated for a well located near San Jose using Sj.=1.5x10"2 as determined
by Poland and Ireland [1988] (Figure 1.6c). The inferred compaction and measured uplift

signal are highly similar suggesting that the ongoing deformation is in the elastic regime.

1.5 Discussion

1.5.1 Reduction of InSAR Artifacts

Atmospheric heterogeneity is the most significant source of error when using In-
SAR data to resolve crustal deformation [Hanssen, 2001]. The utilization of redundant data
appears to be the best approach for minimizing these artifacts by allowing for the identifica-
tion and exclusion of problematic scenes and averaging out uncorrelated errors [Massonnet
and Feigl, 1998; Sandwell and Price, 1998]. To assess whether the time series inversion is
successful at minimizing these artifacts, several sets of interferograms are examined that
share a common SAR scene. The SAR scene acquired on October 26, 1996, provides a good

illustration of an atmospheric disturbance (Figure 1.7). The apparent elevation change is
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spatially correlated with a similar-magnitude range-change for all interferograms that share
the common scene. The sign of the artifact flips depending on whether the scene is the first
or second scene in the interferogram. While a signal associated with a single scene is in fact
due to a sudden and completely reversed deformation event cannot be ruled out, temporal
smoothing acts to reduce such excursions.

A direct inversion of the interferograms without imposing the smoothing constraint
produces a time series that is rough and prone to sharp fluctuations from one time step to
the next. However, the original interferograms are reproduced with very small residuals.
Applying a temporal smoothing constraint significantly reduces the roughness at the expense
of increasing the residuals (Figure 1.8). If the deformation signal is continuous and smooth
given the temporal resolution of the time series, then the roughness (||V?ml|2) can be
largely attributed to atmospheric errors (see Appendix A). Since deformation rates are not
constant through time, solutions that are over-smoothed will begin to damp the time-varying
deformation.

The choice of the smoothing weight, -y, is largely subjective. A cross-validation
sum of squares (CVSS) as demonstrated by Matthews and Segall [1993] for determining
the proper weight applied to the smoothing operator was attempted. The CVSS did not
produce a minimum and therefore, did not constrain y. A - equal to 0.14 is chosen such that
the residual sum of squares (RSS= ||[d — Gm)||3) is minimized while also minimizing any
atmospheric artifacts that were identified through direct inspection of the interferograms.
Auxiliary data sets, such as the extensometer and level line data in the Santa Clara valley,

help to evaluate whether the model is over-smoothed. The smoothing parameter can also
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Figure 1.7: Profiles through the InSAR time series (heavy solid line) with error envelope
(dotted lines) are compared to range change observations from the original interferograms
(thinner solid line) along the lower west-east level line path B-B’ (Figure 1.1). The time
period for each interferogram is displayed above the profile. An atmospheric artifact that
creates a range change delay of ~10 mm is located at 20 km along the profile. The at-
mospheric delay occurs in the October 26, 1996, SAR. acquisition and can be identified by
examining those interferograms that use this SAR scene. Increasing the temporal smoothing
parameter, -y, reduces this type of artifact.
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Figure 1.8: The value of the smoothing parameter, 7, is chosen by examining (A) the
tradeoff between the residual sum of squares and the roughness, and (B) the increase in
residual between the compaction data (Figure 1.6¢) and the time series as a function of 7.
Ultimately, (B) and the minimization of apparent atmospheric artifacts (see Figure 1.7) are
used to choose a value of y=0.14.
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be evaluated by examining the trade-off curve between the RSS and the roughness of the
model (Figure 1.8). A significant fraction of the roughness can be attributed to atmospheric
artifacts which can produce a range-change of greater than 10 mm.

The time series methodology is unsuccessful at minimizing any systematic biases
in the interferograms such as atmospheric delays that correlate with topography (for exam-
ple, fog). As with any time series, a regular and dense sampling rate is required to fully
characterize a non-linear signal. For example, the time series of the seasonal uplift near San
Jose does not fully capture the large peak-to-trough amplitude of the compaction signal
in the early part of 1997 because of the gap in available data (Figure 1.6¢). The irregular
acquisition of ERS1 and ERS2 data remains a limitation when performing a time-series
analysis. Complementary data sets, such as continuous GPS sites [Bawden et al., 2001],
can provide valuable information between SAR scene acquisitions and help to calibrate the
inversion when evaluating . Additionally, the ERS acquisitions largely consist of descend-
ing orbit data, limiting the potential for creating a separate time series of ascending SAR

data to gain insight into the multi-dimensional displacement field.

1.5.2 Interpretation of Uplift and Subsidence Pattern

The spatial pattern of land subsidence observed during the first half of the twen-
tieth century correlates with the overall uplift pattern observed from 1992 to 2000 (Fig-
ure 1.9a). From 1934 to 1960, maximum subsidence was centered north of Sunnyvale and
in the region directly east of San Jose coincident with the seasonal deformation [Poland and
Ireland, 1988; Poland and Green, 1962]. In the decade that followed, subsidence continued

in the vicinity of San Jose. It is unclear why early level line studies did not observe the sharp
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signal across the Silver Creek fault or significant deformation to the east. However, early
leveling surveys likely did not have the temporal resolution to observe seasonal patterns.

The distribution of water bearing units suggests that the aquifer can be divided
into two lateral hydrogeologic units: the forebay and the confined zone [Iwamura, 1995].
The forebay region includes the alluvial fans found along the perimeter of the valley where
high, vertical permeabilities allow surface water to infiltrate the aquifer. Groundwater
then flows horizontally into the confined zone, a region in the central part of the valley
where water bearing units are capped by a thick layer of fine silts and clays. In the confined
aquifer, different depositional environments associated with periods of low sea level produced
interfingered beds of coarse and fine grained material. These low and high permeability units
create a complex network where groundwater flows between units under different confining
pressures.

The InSAR time-series results suggest that the confined region can be further
subdivided into three domains based on the deformation pattern: two regions experiencing
net uplift (1992-2000) centered in Sunnyvale and the Evergreen basin, and a central region
dominated by seasonal deformation. The seasonal uplift is bounded on the west where the
thickness of unconsolidated sediments decreases along the northwesterly-striking basement
high extending from Edenvale Ridge and Oak Hill.

The magnitude of elastic rebound is expected to correlate with the thickness of
unconsolidated alluvium, or the depth to basement assuming that Ah is translated to the
full thickness. Unfortunately, the depth to basement is unconstrained for much of the valley;

few of the wells reach consolidated bedrock. At several localities, such as in San Jose and
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north of Sunnyvale, the depth to basement is believed to be in excess of 420 m [Meade,
1967; California Department of Water Resources (CDWR), 1967]. Well data suggests that
the depth to basement is highly variable throughout the San Francisco Bay region where
faulting and erosion during periods of low sea level have created an irregular bedrock surface
[Atwater et al., 1977]. Deep sedimentary basins can be identified from the residual gravity
field which reflects the heterogeneity in density of the upper crust. The isostatic residual
gravity field of the bay region shows gravity lows along the east and west edges of the valley
separated by a saddle located down the valley axis (Figure 1.9b) [Roberts and Jachens,
1993]. The saddle in the gravity field correlates with the seasonal deformation. The uplift
observed north of Sunnyvale is not centered over the western gravity low. This suggests
that the western low reflects the consolidated sediments of a Miocene basin [Langenheim et
al., 1997] which is not part of the aquifer system.

The thickness of the alluvium is not the only property of the aquifer that may
control the elastic response. The heterogeneity of sediment type and the connectivity of
permeable beds may also play a significant role. The effective time constants of flow depend
on the thickness of interbeds and the vertical hydraulic diffusivity of aquitards [Alley et al.,
2002]. The petrology and grain size of sediments from well cores were catalogued in an
effort to characterize the constituents of the aquifer system. Meade [1967] and Johnson et
al. [1968] analyzed core samples from the Sunnyvale and San Jose extensometer sites. Fine
sands and clays dominate the sediment found at the Sunnyvale site with grain sizes ranging
from 0.001 to 0.2 mm. In San Jose, grain sizes were generally larger ranging from 0.004 to

1.5 mm with often abrupt transitions between fine and coarse deposits. Developing geologic
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Figure 1.9: (A) Land subsidence observed from 1934 to 1960 is reproduced from Poland and
Ireland [1988, Figure 19] using data collected by the National Geodetic Survey. Subsidence
contours (thin lines, irregular intervals) are in units of m, dashed where poorly controlled.
Regional faults and major cities are shown as in Figure 1.1. (B) The isostatic residual
gravity field from Roberts and Jachens [1993] reflects basement structure. Gravity contour
intervals (thin lines) are in 4 mgal units. A gravity low in the Evergreen Basin correlates

with the secular uplift pattern. Seasonal uplift is centered over the saddle in the gravity
field.
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cross sections from well logs can be difficult because stratigraphic units may not correlate,
especially if the units have an appreciable dip. Johnson [1995] used statistical correlations
between well-perforation indicators to determine the lateral extent of water-bearing units.
Coarse-grained units were found to be correlated over a wider area near San Jose than in
Sunnyvale with an average bed thickness of 2.5 versus 1.3 m, respectively.

Despite the difficulty in correlating units from one well to the next, well log data
and hydraulic head levels at different depths identified a sequence of productive water-
bearing units identified as the Agnew aquifer [CDWR, 1967; Johnson, 1995]. The deposi-
tion of these units is associated with the ancestral drainage of the Coyote creek and the
Guadalupe river, both of which transport sediment down the valley axis on the way to the
bay [Meade, 1967; CDWR, 1967]. Seasonal uplift and subsidence shown in Figure 1.4b out-
lines a tabular region that broadens towards the north and may reflect the seasonal recharge
of the Agnew aquifer. The InSAR data is not sufficient to resolve whether recharge has
occurred in the shallow or deep sequence of the Agnew aquifer. The southern end of the sea-
sonal uplift signal is co-located with the southernmost limit of the confined zone. Recharge
of the basin is accommodated through the flow of subsurface water from the Coyote valley
located to the south of the Santa Clara valley. Subsurface water flows through a narrow
alluvial channel between Oak Hill and the Edenvale Ridge before cascading into the deeper
aquifer [CDWR, 1967].

The long term uplift pattern also suggests that the permeable beds extend along
stream channels to the west; however, these regions do not exhibit much seasonal defor-

mation. The subsidence along the west side of the valley observed in Figure 1.4a outlines
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the Santa Clara formation which is traditionally characterized as the recharge zone. The
coarser sediment found in the San Jose well log implies higher hydraulic conductivities. The
large seasonal uplift pattern in San Jose may be explained by a system where the seasonal
influx of groundwater is redistributed over short periods of time. In contrast, the aquifer
north of Sunnyvale and in the Evergreen basin may be characterized by lower hydraulic
conductivities because of a greater percentage of fine sediment and clay layers resulting in
the slow influx of groundwater into these parts of the aquifer.

The uplift pattern observed using the InSAR time series highlights the spatial
complexity of the aquifer system in the Santa Clara valley. The temporal and spatial
pattern of uplift and subsidence afforded by InSAR provides important constraints on the
lateral distribution of water bearing units and the time scales over which the groundwater is
exchanged. Ultimately, knowing the lateral extent and connectivity of water bearing units
will improve numerical studies which attempt to model the mechanics of the aquifer system

[for example, Wilson and Gorelick, 1996; Leake, 1990; CDWR, 1985; Helm, 1977].

1.5.3 The Silver Creek Fault

The unconsolidated alluvium conceals much of the fault network present in the
Franciscan bedrock below the Santa Clara valley. The identification of these faults provides
important information that could ultimately be used to evaluate the seismic hazard for the
region [Rogers and Williams, 1974]. The Silver Creek fault represents one such structure
that has received attention because it passes near downtown San Jose. The Silver Creek
fault was originally identified as a west-dipping thrust fault separating geologic units of

the Santa Clara Formation and the Franciscan Complex in exposed bedrock to the south.
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Crittenden [1951] postulated that the fault continued beneath the alluvium to the north,
although evidence indicating whether the fault has exhibited movement since the Holocene
was inconclusive [CDWR, 1967; Rogers and Williams, 1974; Bryant, 1981; Catchings et
al., 2000]. The mapping of artesian head levels has long been known to be a useful way of
identifying faults which partition hydrologic systems [ Tolman, 1937]. However, the existence
and location of the fault trace has been difficult to ascertain from hydrologic, geomorphic,
or geophysical analyses. The fault trace is constrained within a 200-meter-wide zone where
the deformation is localized. The zone of deformation is chosen by looking for inflection or
knick points in the range-change profile. Deformation is evenly distributed within the zone,
although discrete jumps in phase are observed at some locations.

The differential subsidence across the fault captured by InSAR provides important
constraints on the maturity of the fault as well as its control on groundwater flow in the
aquifer. Faults can act as low permeability barriers that retard fluid flow across the structure
or they can act as conduits [Caine et al., 1996]. The disparate uplift pattern across the
Silver Creek fault suggests that it acts as a barrier. The fault may bisect sections of the
Agnew aquifer and prevent recharge from the south or west. This can be accomplished
either when lithologic units of different permeability are juxtaposed during faulting [e.g.,
Maclay and Small, 1983] or from the grain size reduction from shear in the fault core [ Teufel,
1987]. Ultimately a geochemical analysis of the groundwater from both sides of the fault
may be necessary to fully evaluate to what degree the aquifer is fully partitioned.

The development of the fault zone into a hydrologic barrier suggests that the fault

has undergone significant slip since the deposition of the Quaternary alluvial units. Using
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high-resolution gravity and magnetic data, Jachens et al. [2002] suggest that the Evergreen
basin is formed from the extensional right-stepover between the northern extension of the
Silver Creek fault and the southern extension of the Hayward fault. While the differential
uplift across the fault could also be related to a distinct increase in alluvial thickness, the
sharp lineament in the observed deformation argues for a fault zone that penetrates the

alluvium.

1.6 Conclusions

It is demonstrated how a complex, time-dependent signal can be extracted from
a large InSAR data set. In the Bay Area, long term as well as seasonal signals of crustal
deformation are resolved. Vertical deformation in the Santa Clara valley is dominated by
secular uplift north of Sunnyvale and in the Evergreen Basin, and a seasonal pattern of
uplift and subsidence near San Jose. The Silver Creek fault is identified by differential
subsidence distributed over a localized zone and may represent an important barrier in the
hydrologic system. The deformation pattern can be used to constrain the temporal and
spatial characteristics of the aquifer mechanics in the Santa Clara valley.

The time-series methodology does not parameterize the mode of deformation,
whether it be linear, non-linear, or sinusoidal. The inversion also acts to reduce atmospheric
and orbital artifacts inherent in each interferogram. InSAR time series can overcome many
of the limitations encountered when working with individual interferograms. It provides
an important tool that aids in the interpretation of complex deformation patterns with

applications toward the study of tectonic, hydrologic, and volcanic systems.



34
1.7 Acknowledgements

Mark Merritt of the SCVWD provided leveling, extensometer, and well level data
from the Santa Clara Valley. SAR data was provided to the WInSAR Consortium by the
European Space Agency (ESA) through their North American distributor, Eurimage. Orig-
inal SAR data ©ESA (1992-2000). Additional SAR data provided by an ESA (ENVISAT)

data grant.



35

Bibliography

Alley, W., Healy, R., LaBaugh, J. W., and T. E. Reilly, Flow and storage in groundwater
systems, Science, 296, 1985-1990, 2002.

Amelung, F., Galloway, D.L., Bell, J.W., Zebker, H.A., and R. J. Laczniak, Sensing the
ups and downs of Las Vegas—InSAR reveals structural control of land subsidence and
aquifer-system deformation, Geology, 27, 483-486, 1999.

Atwater, B. F., Hedel C. W., and E. J. Helley, Late Quarternary depositional history,
Holocene sea-level changes, and vertical crustal movement, southern San Francisco Bay,
California, U.S. Geol. Surv. Prof. Pap., 1014, 1-15, 1977.

Bawden, G. W., Thatcher, W., Stein, R. S., Hudnut, K. W., and G. Peltzer, Tectonic
contraction across Los Angeles after removal of ground water pumping effects, Nature,
412, 812-815, 2001.

Beauducel, F., Briole, P., and J. Froger, Volcano-wide fringes in ERS synthetic aperture
radar interferograms of Etna (1992-1998): Deformation or tropospheric effect?, J. Geo-
phys. Res., 105, 16,391-16,402, 2000.

Bryant, W. A., Southeast segment of Hayward, Evergreen, Quimby, Silver Creek, and
Piercy fault, Calif. Div. of Mines and Geology Fault Evaluation Report FER-106, 20 pp.,
1981.

Birgmann, R., Rosen, P., and E. Fielding, Synthetic Aperture Radar Interferometry to
measure earth’s surface topography and its deformation, Annu. Rev. Earth Planet. Sci.,
28, 169-209, 2000a.

Birgmann, R., Schmidt, D., Nadeau,R. M., d’Alessio, M., Fielding, E., Manaker, D.,
McEvilly, T. V., and M. H. Murray, Earthquake potential along the northern Hayward
fault, California, Science, 289, 1178-1182, 2000b.

Caine, J. S., Evans, J. P., and C. B. Foster, Fault zone architecture and permeability
structure, Geology, 24, 1025-1028, 1996.

California Department of Water Resources, Reconnaissance investigation of ground water
storage in Santa Clara valley to increase yield of the State Water Project, 308 pp., 1985.



36

California Department of Water Resources, Evaluation of groundwater resources, South
San Francisco Bay, appendix A: Geology, Bulletin 118-1, 153 pp., 1967.

Catchings, R. D., Goldman, M. R., Gandhok, G., Rymer, M. J., and D. H. Underwood,
Seismic imaging evidence for faulting across the northwestern projection of the Silver
Creek fault, San Jose, California, U.S. Geol. Surv. Open File Rep., 00-125, 29 pp., 2000.

Clark, W. O., Ground water in Santa Clara valley, California, U. S. Geol. Surv. Water-
Supply Pap., 519, 209 pp., 1924.

Crittenden, M. D., Geology of the San Jose-Mount Hamilton area, California, Calif. Div.
of Mines Bull., 157, 1951.

Ferretti, A., Prati, C., and F. Rocca, Permanent scatterers in SAR interferometry, IEEE
T. Geosci. Remote, 39, 1, 8-20, 2001.

Fielding, E. J., Blom, R. G., and R. M. Goldstein, Rapid subsidence over oil fields measured
by SAR interferometry, Geophys. Res. Lett., 25, 3215-3218, 1998.

Gabriel, A. K., Goldstein, R. M., and H. A. Zebker, Mapping small elevation changes over
large areas-differential radar interferometry, J. Geophys. Res., 94, 9183-9191, 1989.

Galloway, D.L., Hudnut, K.W., Ingebritsen, S.E., Phillips, S.P., Peltzer, G., Rogez, F., and
P. A. Rosen, Detection of aquifer system compaction and land subsidence using inter-
ferometric synthetic aperture radar, Antelope valley, Mojave Desert, California, Water
Resour. Res., 34, 2573-2585, 1998.

Goldstein, R. M., and C. L. Werner, Radar interferogram filtering for geophysical applica-
tions, Geophys. Res. Lett., 25, 4035-4038, 1998.

Harris, R. A., and P. Segall, Detection of a locked zone at depth on the Parkfield, California,
segment of the San Andreas fault, J. Geophys. Res., 92, 7945-7962, 1987.

Hanssen, R. F., Radar interferometry: data interpretation and error analysis, Kluwer Aca-
demic, Boston, Ma., 308 pp., 2001.

Helm, D. C., Estimating parameters of compacting fine-grained interbeds within a con-
fined aquifer system by a one-dimensional simulation of field observations, International
Symposium on Land Subsidence, 2d, Anaheim, California, December 1976, 121, 145-156,
1977.

Hoffmann, J., Zebker, H., Galloway, D., and F. Amelung, Seasonal subsidence and rebound
in Las Vegas valley, Nevada, observed by synthetic aperture radar interferometry, Water
Resour. Res., 37, 1551-1566, 2001.



37

Ikehara, M. E., Galloway, D. L., Fielding, E., Biirgmann, R., Lewis, A. S., and B. Ahmadi,
InSAR imagery reveals seasonal and longer-term land-surface elevation changes influenced

by ground-water levels and fault alignment in Santa Clara valley, California, EOS Trans.
AGU, 45, F37, 1998.

Iwamura, T. I., Hydrogeology of the Santa Clara and Coyote valleys ground water basins,
California, in Sangines, E. S., Anderson, D. A., and A. V. Busing, Recent Geologic Studies
in the San Francisco Bay Area, Pacific Section of the Society of Economic Paleontologists
and Mineralogists, 76, 173-192, 1995.

Jachens, R. C., Wentworth, C. M., Graymer, R. M., McLaughlin, R. J., and F. C. Chuang,
A 40-km-long concealed basin suggests large offset on the Silver Creek fault, Santa Clara
valley, California, Abstracts with Program, Geol. Soc. Am., Cordilleran Section, 98th
Annual Meeting, Corvallis, Oregon, 34(5), 99, 2002.

Johnson, N. M., Deterministic and stochastic approaches for evaluating multiple scales of
Santa Clara valley hydrostratigraphy, in Sangines, E. S., Anderson, D. A., and A. V.
Busing, Recent Geologic Studies in the San Francisco Bay Area, Pacific Section of the
Society of Economic Paleontologists and Mineralogists, 76, 193-208, 1995.

Johnson, A. 1., Moston, R. P., and D. A. Morris, Physical and hydrologic properties of
water-bearing deposits in subsiding area in central California, U.S. Geol. Surv. Prof.
Pap., 497-A, 71 pp., 1968.

Jennings, C. W., Fault activity map of California and adjacent areas: with locations and
ages of recent volcanic eruptions, Calif. Div. Of Mines and Geology, map no. 6, 1:750,000,
1994.

Lanari, R., De Natale, G., Berardino, P., Sansosti, E., Ricciardi, G. P., Borgstrom, S., Ca-
puano, P., Pingue, F., and C. Troise, Evidence for a peculiar style of ground deformation
inferred at Vesuvius volcano, Geophys. Res. Lett., 29(9), 10.1029/2001GL014571, 2002.

Langenheim, V. E., Schmidt, K. M., and R. C. Jachens, Coseismic deformation during the
1989 Loma Prieta earthquake and range-front thrusting along the southwestern margin
of the Santa Clara valley, California, Geology, 25, 1091-1094, 1997.

Leake, S. A, Interbed storage changes and compaction in models of regional groundwater
flow, Water Resour. Res., 26, 1939-1950, 1990.

Lienkaemper, J., and J. Galehouse, Revised long-term creep rates on the Hayward fault,
Alameda and Contra Costa Counties, California, U.S. Geol. Surv. Open File Rep., 97-
690, 1997.

Lisowski, M., Savage, J. C., and W. H. Prescott, The velocity-field along the San-Andreas
fault in central and southern California, J. Geophys. Res., 96, 8369-8389, 1991.



38

Lofgren, B. E., Measurement of compaction of aquifer systems in areas of land subsidence,
U.S. Geol. Surv. Prof. Pap., 424-B, 49-52, 1961.

Lohman, S. W., Compression of elastic artesian aquifers, U.S. Geol. Surv. Prof. Pap.,
424-B, 47-49, 1961.

Maclay, R. W., and T. A. Small, Hydrostratigraphic subdivisions and fault barriers of the
Edwards Aquifer, south-central Texas, J. Hydrol., 61, 127-146, 1983.

Massonnet, D., and K. L. Feigl, Radar interferometry and its application to changes in the
earth’s surface, Rev. Geophys., 36, 441-500, 1998.

Massonnet, D., Holzer, T., and H. Vadon, Land subsidence caused by the East Mesa
Geothermal Field, California, observed using SAR interferometry, Geophys. Res. Lett.,
24, 901-904, 1997.

Matthews, M. V., and P. Segall, Statistical inversion of crustal deformation data and
estimation of the depth distribution of slip in the 1906 earthquake, J. Geophys. Res.,
98, 12153-12163, 1993.

Meade, R. H., Petrology of sediments underlying areas of land subsidence in central Cali-
fornia, U.S. Geol. Surv. Prof. Pap., 497-C, 83 pp., 1967.

Menke, W., Geophysical Data Analysis: Discrete Inverse Theory, Academic Press, San
Diego, California, 289 pp., 1989.

Poland, J. F., and G. H. Davis, Land subsidence due to withdrawal of fluids, Rev. Eng.
Geol., 2, 187-269, 1969.

Poland, J. F., and J. H. Green, Subsidence in the Santa Clara valley, California, a progress
report, U. S. Geol. Surv. Water-Supply Pap., 1619-C, 16 pp., 1962.

Poland, J. F., and R. L. Ireland, Land Subsidence in the Santa Clara valley, California, as
of 1982, Mechanics of Aquifer Systems, U.S. Geol. Surv. Prof. Pap., 497-F,61 pp., 1988.

Roberts, C. W., and R. C. Jachens, Isostatic residual gravity map of the San Francisco Bay
area, U.S. Geol. Surv. Geophys. Invest. Map GP-1006, scale 1:286 500, 1993.

Rogers, T. H., and J. W. Williams, Potential seismic hazards in Santa Clara County,
California, California Division of Mines and Geology, Special Report, 107, 39 pp-, 6
plates, 1974.

Sandwell, D. T., and E. Price, Phase gradient approach to stacking interferograms, J.
Geophys. Res., 103, 30183-30204, 1998.

Teufel, L. W., Permeability changes during shear deformation of fractured rock, 28th U. S.
Sympos. Rock Mech., 473-480, 1987.



39

Tolman, C. F., Ground Water, New York, McGraw-Hill, first edition, 593 pp., 1937.

Watson, F. M., Bock, Y., and D. T. Sandwell, Satellite interferometric observations of dis-

placements associated with seasonal ground water in the Los Angeles basin, J. Geophys.
Res., 107, 1029/2001JB000470, 2002.

Williams, S., Bock, Y., and P. Fang, Integrated satellite interferometry: Tropospheric noise,
GPS estimates and implications for interferometric synthetic aperture radar products, J.
Geophys. Res., 108, 27051-27067, 1998.

Wilson, A. M., and S. Gorelick, The effects of pulsed pumping on land subsidence in the
Santa Clara valley, California, J. Hydrol., 174, 375-396, 1996.

Wentworth, C. M., Blake, Jr., M. C., McLaughlin, R. J., and R. W. Graymer, Preliminary
geologic description of the San Jose 30 x 60 minute quadrangle, California, U.S. Geol.
Surv. Open File Rep., 98-795, 1999.

Zebker, H. A., Rosen, P. A., and S. Hensley, Atmospheric effects in interferometric synthetic
aperture radar surface deformation and topographic maps, J. Geophys. Res., 102, 7547-
7563, 1997.



40

Chapter 2

The interplay between creep and land subsidence

along the southern Hayward fault

2.1 Introduction

The Niles District of Fremont, California, has long been known as a geologically
active and complex region (Figure 2.1). Local residents first experienced the region’s full
seismic potential in 1868 when a M6.8 earthquake ruptured along what was then known as
the Niles-Irvington fault. As urban development spread throughout the twentieth century,
residents observed that buildings and other structures that spanned the fault were continu-
ously offset by surface creep. Today, the Niles-Irvington fault is referred to as the Hayward
fault, an 80-km-long structure that continues north to San Pablo Bay. Whereas geomor-
phic and surface creep observations identify the fault on the surface, microseismicity has
provided insight into the fault structure at depth [Waldhauser and Ellsworth, 2002]. Along
the southern half of the Hayward fault, the seismicity diverges from the surface trace.

The seismicity at depth continues to the east across the Mission step-over region where
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slip from the Calaveras fault is transferred to the Hayward fault [Andrews et al., 1993].
While no clear expression of a through-going fault is found at the surface, the seismicity
suggests that the central Calaveras and the southern Hayward fault form one continuous,
sub-vertical structure below a depth of 6 km. Four M ~5 events occurred in the vicinity
of the Calaveras-Hayward fault junction from 1858 to 1864 [Toppozada et al., 1981; Bakun,
1999]. The kinematics of this sequence suggests a possible causative relationship with the
M 6.8 earthquake on the southern Hayward fault in 1868.

While the majority of the Hayward fault exhibits surface deformation in the form
of relatively steady right-lateral creep, the trace of the fault near Fremont exhibits tran-
sient and often complex deformation. A time-averaged creep rate of ~9 mm/yr on the
southernmost 5 km of the fault appears to be consistent for much of the twentieth century
[Lienkaemper and Galehouse, 1997]. This high rate is striking because it is nearly twice
the creep rate observed along the rest of the fault and has been difficult to explain with
previous fault models [Simpson et al., 2001; Birgmann et al., 1998]. A geologic rate rate of
~9 mm/yr suggests that insignificant slip deficit has accumulated along the southernmost
section of the fault [Lienkaemper et al., 1991]. During the 1990’s, this section of the fault
experienced a dramatic reduction in creep rate in response to the M6.9, 1989 Loma Prieta
earthquake [Lienkaemper et al., 2001].

The seismic hazard associated with the Hayward fault has encouraged greater
study of the fault system, including monitoring efforts using GPS, borehole seismome-
ters, creepmeters, strainmeters, and alignment arrays [e.g., Bilham and Whitehead, 1997,

Lienkaemper et al., 1991]. These data provide information about slip that occurs on the
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Figure 2.1: A shaded relief map of the Niles District in Fremont, California, shows the
location of the southern Hayward fault relative to the Calaveras fault. Microseismicity
follows along the Mission step-over. Alameda creek is responsible for creating the Niles
alluvial fan. The approximate boundary of the alluvial fan as described by Clark [1915]
is shown with a dash-dot line. The white-dotted box shows the extent of the InSAR data
shown in later figures.
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fault at depth producing deformation at the surface. Unfortunately, existing data sets pro-
vide a sparse sampling of the surface deformation. The spatial coverage of Interferometric
Synthetic Aperture Radar (InSAR) data allows for the improved visualization of the sur-
face deformation by increasing the spatial extent of coverage. Biirgmann et al.[1998] first
interpreted InSAR data for the region. Using one interferogram, they hypothesized that
vertical deformation may be significant as the fault terminates south of Fremont. In this
paper, as many as 108 interferograms in addition to other existing data sets are used to

evaluate the crustal deformation in the Niles district of Fremont.

2.2 Temporally and Spatially Complex Deformation

Over the past decade InSAR has become a powerful technique for measuring
crustal deformation. Nine years of data collection by the ERS1/2 satellite of the Euro-
pean Space Agency have produced an opportunity to image secular, seasonal, and transient
deformation at unprecedented spatial and temporal resolution. Developing the necessary
tools to deal with this data set is imperative for minimizing artifacts and correctly inter-
preting the complex deformation. A time-series analysis is performed along the southern
Hayward fault to resolve the time-dependent deformation. The time-series analysis inverts
a collection of interferograms for the incremental range-change between SAR scene acqui-
sitions. I invert 108 interferograms, all of which have perpendicular orbit baselines of less
than 200 m, using the time series analysis described in Chapter 1. Figure 2.2 shows the
temporal distribution of those interferograms that span the time period from June of 1992

to June of 2000. Interferograms are produced using the Repeat Orbit Interferometric Pack-
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age (ROI PAC) developed at Caltech/JPL. Data are processed using 8 looks in range and
40 looks in azimuth resulting in a pixel dimension of 150 m.

The resulting time series of the region show the time-dependent range-change
signal. Surface creep is best visualized by plotting the time-dependent range-change between
two reference locations on opposite sides of the fault. The offset in range-change across the
fault as a function of time is determined by averaging 9 pixels on either side of the fault and
taking the difference. Assuming that the signal represents right-lateral creep, the range-
change is projected onto a horizontal, fault-parallel vector. Approximately 3.3 mm of right-
lateral offset produces 1 mm of range-change. The surface creep observed across a 1 km
baseline at location A in Figure 2.1 is presented in Figure 2.3. The time series is evaluated
by comparing it to existing data sets. Using an alignment array, Lienkaemper et al. [1997]
observed left-lateral creep after the 1989 Loma Prieta earthquake followed by an 18 mm
right-lateral creep event in the early months of 1996 (Figure 2.3a). While the magnitude of
the left-lateral response (~3 mm of strike-slip motion) is too subtle for the InSAR data to
resolve, the larger creep event is clearly indicated by the inversion. This result is noteworthy
because the creep event is not well constrained by any individual interferogram. The creep
event was observed at several alignment array locations along a ~4 km stretch of the fault.
The northern extent of the creep event was at a creepmeter located to the north (site B,
Figure 2.1) were 4.5 mm was observed. The InSAR time series at this site is shown in
Figure 2.3b, although no offset is resolved in the InSAR time series. A small seasonal signal
is resolved in the final years of the time series where the temporal sampling improves. This

seasonal signal is attributed to the differential swelling of sediments on either side of the
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fault producing a small vertical component with a peak-to-peak amplitude of ~3 mm.

The frames of the time series can be examined to visualize the spatial extent of the
deformation. Two examples from the time series are shown where significant deformation
is localized in time (Figure 2.4a-b). These frames correspond to a time period that is not
spanned by an actual interferogram. During a three year period from 1993 to 1996, localized
deformation is found to the east of the fault near Irvington where a sharp offset in range-
change is located along the fault trace. A broad region of increased range is observed to
the west. This time period includes the creep event observed by the alignment array data.

A distinctly different pattern is observed from 1998 to 1999. An increase in range
is observed on the east side of the fault at the outlet of Niles canyon. The increase in range
(from blue to red) across the fault would correspond to either left-lateral creep or vertical
motion with the east side down. Because the InSAR data resolves only one component of
the deformation, the data used to produce the time series is not able to differentiate vertical
and horizontal deformation without additional constraints.

The combination of ascending and descending SAR data, which are accquired
using slightly different orbital geometries, can be used to determine the two-dimensional
deformation field if the third dimension can be independently constrained. For strike-slip
faults, the vertical and fault parallel deformation can be determined by assuming that
the fault normal displacement is negligable. Given that the fault strikes at N35°W, the
ascending satellite orientation (with a look azimuth of 76°) will be less sensitive to fault
parallel movement than the descending orientation (with a look azimuth of 284°). The

range-change will also be positive or negative depending on whether right-lateral creep is
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Figure 2.3: (A) The InSAR time series (circles) is compared to alignment array data
(dots and error bars) on the southern Hayward fault at Camellia Drive (site A in Fig-
ure 2.1)[Lienkaemper et al., 2001]. An 18 mm creep event was observed in February of
1996. The InSAR time series is multiplied by a factor to convert the range-change to fault
parallel motion. (B) The time series is shown for a site further north along the fault (site
B in Figure 2.1). A seasonal signal is resolved after 1996.
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Figure 2.4: Two frames from the InSAR time series (color) are displayed over a shaded
relief image of the topography (gray). The region shown corresponds to the white-dotted
box in Figure 2.1. (A) The range-change from June 30, 1993 to May 3, 1996 captures the
spatial extent of the deformation. Deformation to the east of the fault is related to the
1996 creep event. Deformation to the west outlines the net subsidence of the Niles alluvial
fan. (B) The range-change over a one year period from September 26, 1998 to September
11, 1999 shows a localized signal near the outlet of Niles canyon. The analysis of several
ascending interferograms suggests that this signal includes a vertical component.
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projected onto the descending or ascending look vector, respectively. Additionally, the
range-change is more sensitive to vertical than horizontal surface displacements because the
satellite looks down at a steep angle of 23° off vertical.

Unfortunately, no ascending data were collected before 1995 and due to the paucity
of ascending data in later years, only 12 interferograms are produced from the ascending
SAR data. The time series result shown in Figure 2.4b and the available ascending data
suggest that the range-change data are best explained by a component of vertical defor-
mation near Niles in 1998. The strike-slip and dip-slip surface components along the fault
trace are calculated by decomposing an ascending (3/23/1996-8/1/1999) and a descend-
ing (5/4/1996 - 8/7/1999) interferogram (Figure 2.5). The strike-slip component is well
resolved and is consistent with the alignment array observations during this time period.
A dip-slip component (east side down) of 10 mm is resolved near Niles while no dip-slip
component is found to the south. Because of the steep gradient in phase near the fault
trace, it is difficult to unwrap the data within several 100 meters of the fault trace for the
ascending interferogram. However, the wrapped interferogram suggest that a discrete step
in phase is found at the fault trace.

The InSAR time series and the decomposition of the range-change into strike-slip
and dip-slip components all indicate complex, transient deformation along the southern

Hayward fault.
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Figure 2.5: The vertical and fault-parallel components along the trace of the Hayward
fault are determined by inverting a set of ascending and descending interferograms. The
ascending interferogram spans from 3/23/1996 to 8/1/1999 and the descending interfer-
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fault trace. Therefore, the vertical and fault parallel components are determined for a 1 km
baseline across the fault. Error bars show the alignment array data of surface creep listed
in Table 2.2 for the 1996-1999 time period.
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2.3 Aseismic Slip Distribution

Assuming that the observed deformation is attributed to the Hayward fault, I
invert for the slip distribution using a bounded variable least squares formulation [Stark and
Parker, 1995]. Inversions are performed for two periods, the first from 1992 to 1997 and the
second from 1996 to 1999. Two independent, descending interferograms were chosen from
the 108 that were processed in the region (Figure 2.6). The two interferograms span a similar
time period from 1992 to 1997 (Table 2.1). Cummulative surface creep during this time
period is estimated from the data of Lienkaemper et al. [2001] and included as a constraint
in the inversion (Table 2.2). The surface creep is determined by differencing the first and
last measurement that best approximates the time span of the interferograms. Right-lateral
slip is constrained between 0 and 0.1 m while the dip-slip component is constrained between
+ 0.05 m. A Laplacian smoothing constraint is used to stabilize the inversion [Harris and
Segall, 1987]. A smoothing weight of 400 is used in the inversion (Figure 2.7).

Displacement Green’s function are calculated using the boundary element code
POLY3D [Thomas, 1993] which allows for angular dislocations. The fault surface is dis-
cretized into triangular elements. In the top 4 km, the non-planar fault surface dips ~ 65°
to the east so as to join with the microseismicity diverging from the surface trace. Vertical
subfaults continue to a depth of 12 km. An additional discretized fault surface is placed to
the north of Niles along the Hayward fault and extends from the surface to a depth of 4
km. Slip on these subfaults is constrained to a value consistent with 5 mm/yr to account
for surface creep on the adjacent section of the fault. Below this creeping section, the fault

is presumed to be locked at depth [Lienkaemper et al., 1991; Waldhauser and Ellsworth,
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Figure 2.6: Two descending interferograms (left column) are inverted to determine the
aseismic slip during the period from 1992 to 1997. The InSAR data are subsampled (black
dots) at a resolution of 1 km. Surface creep observations measured by Lienkaemper et
al [2002] at several alignment array sites (open black circles) are used as an additional
constraint. The predicted range-change for the inversion is shown to the right of each
interferogram. The difference in appearance between the predicted range-change plots is
caused by the difference in tilt and offset of the two interferograms.



Table 2.1: Interferograms used in the inversion for distributed aseismic slip.

Datel Date2 Track Frame Satl  Orbitl Sat2  Orbit2 Perpend. At
YYYYMMDD YYYYMMDD Base. (m) (yr)
Inversion 1992-1997
19920610 19971011 70 2853 ERS1 4724 ERS2 12950 3 5.4
19920819 19970802 70 2853 ERS1 5726 ERS2 11948 13 5.0
Inversion 1996-1999
19960323 19991010 478 747 ERS1 24514 ERS2 23378 14 3.5
19960324 20000507 478 747 ERS2 4841 ERS 226384 192 4.1
19960503 19990529 70 2853 ERS1 25108 ERS2 21467 126 3.1
19960504 19990807 70 2853 ERS2 5435 ERS2 22469 127 3.3

€q
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Figure 2.7: The smoothing weight is evaluated by examining the tradeoff between the
normalized residual sum of squares (RSS) and the model roughness for each inversion.
Models that are rough do a better job of fitting the data resulting in a smaller RSS. However,
smoother models are preferred at the expense of increasing the RSS. The choice of smoothing
parameter is designated with a filled symbol.
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2002; Simspon et al., 2001]. Three additional model parameters solve for an offset and
linear tilt across each interferogram. This is done to account for a regional gradient that
might be associated with an error in the orbital baseline of the satellite or a low frequency
atmospheric artifact.

The resulting slip distribution resembles clockwise rotation of the east side of the
fault relative to the west side with an up-dip displacement of 45 mm north of Niles and
down-dip displacement of 25 mm near the southern edge of the parameterized fault plane
(Figure 2.8a). The transition from up-dip to down-dip displacement is centered directly
below Irvington at a depth of ~7 km. Strike-slip displacement with a magnitude of 35 mm
is found at a depth of 10 km to the north of Niles. A second patch of strike-slip displacement
with a magnitude of 38 mm is resolved in the top 4 km and extends along strike between
Niles and Irvington. Insignificant strike-slip displacement is resolved south of Irvington
during this period.

A similar inversion is performed for the time period from 1996 to 1999 using 4
independent interferograms (2 ascending and 2 descending, Table 2.1). The 4 original
interferograms are shown in Figure 2.9. Cumulative surface creep over this time period
is estimated from Lienkaemper et al.[2001] as discussed above and used as an additional
constraint. The inversion resolves a maximum strike-slip displacement of 45 mm at depth
on the southern portion of the fault (Figure 2.8b). The strike-slip displacement south
of Irvington is in contrast to the 1992-1997 period where no strike-slip displacement was
observed on this portion of the fault. The dip-slip pattern of up-dip displacement north

of Niles and down-dip displacement south of Irvington is similar to that found from 1992-
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Figure 2.8: The oblique slip distribution along the southern Hayward fault is shown for two
time periods: (A) 1992 to 1997 and (B) 1996 to 1999. The arrows show the displacement of
the east side of the fault relative to the west side. The individual interferograms used in the
inversion and the model predictions are shown in Figures 2.6 and 2.9. Table 2.2 lists the
surface creep observations included in the inversion and the location of these measurements

along strike are shown above (open triangles). North of Niles, the Hayward fault is assumed
to be locked at depth.
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1997, however the magnitudes are significantly reduced. A component of east side down

displacement on the order of 16 mm is found in the top few kilometers near Niles.

2.4 Discussion

There exist several caveats when interpreting the slip distribution for the two time
periods. Beginning with the Loma Prieta earthquake in 1989, the southern Hayward fault
entered a transient state where surface creep rates greatly diminished from that observed
prior to 1989. Therefore the inversion results do not characterize the long-term aseismic
slip distribution on the fault. Additional concerns arise from the unknown fault geometry
of the Mission step-over region. It is unclear how the surface trace of the Hayward fault
connects to the active seismicity at depth. The fault plane is parameterized to end south
of Fremont, consistent with the mapping of the active surface trace of the Hayward fault.
The relocated seismicity of Waldhauser and Ellsworth [2002] delineates a continuos fault at
depth that connects to the Calaveras fault. Our parameterization does not allow for slip to
occur to the south, which may effect the distribution.

Strike-slip displacement at <4 km depth below Irvington during the 1992-1997
time period and shallow dip-slip displacement near Niles between 1996 and 1999 explain
the primary crustal deformation signal observed in the InSAR data. However, the inversion
results suggest additional complexity at depth. Because the InSAR data extends along the
surface to a distance of less than 4 km from the trace of the fault, the inversions can only
be expected to resolve slip in the top few kilometers of the fault. However, slip on the deep

portions of the fault (below 5 km) do help to model some of the long wavelength features
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Figure 2.9: InSAR data (left column) and predicted range-change (right column) are shown
for the inversion of InSAR data from 1996 to 1999. Two ascending (A-B) and two descending
(C-D) interferograms are used in the inversion. See the caption of Figure 2.6 for additional
information.
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in the InSAR data.

For the time period from 1992 to 1997, the inversion has difficulty modeling the
elevated range-change to the west of the Hayward fault extending towards the San Francisco
Bay. It is this signal that gives rise to the complex dip-slip displacement pattern at depth
in the inversion. The increase in range-change on the westernmost edge of the InNSAR data
is also accommodated by the transition from 0 to 35 mm of slip from south to north at
depth.

During the 1996 to 1999 time period, vertical deformation at the surface is easier to
establish with the availability of both ascending and descending InSAR data. Although the
Hayward fault is primarily a strike-slip system, historical evidence does exist for localized
vertical deformation of tectonic origin across the fault in this region. Eyewitness accounts of
the 1868 earthquake report that the east side of the fault subsided near Niles [Clark, 1915].
Lawson [1908] also noted the vertical throw of the fault when documenting the surface
rupture. The modeling of deformation near the ends of a fault also require significant
dip-slip and vertical deformation [Birgmann et al., 1998].

However, the vertical surface deformation along the fault could also be attributed
to land subsidence where the decrease in pore pressure in the alluvium leads to the com-
paction of the sediments. The proximity of the inferred vertical ground movement to an
outlet of a major watershed and a large aquifer provide a potential source for the vertical

range-change signal.
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2.4.1 Land Subsidence of the Niles Fan

Ground water is supplied to the region via Alameda Creek, the primary drainage
for a 1.6x10% km? watershed which includes the Livermore and Sunol valleys [California
Department of Water Resources, 1967]. Discharge from the creek over the past 600 kyr
has produced the Niles alluvial fan located at the mouth of Niles Canyon [Koltermann
and Gorelick, 1992]. Several large aquifers extend out under the San Francisco Bay from
this locality. Movement on the fault bisects the alluvial fan and has diverted the path of
Alameda Creek as evidenced by several abandoned stream channels [Clark, 1915].

The differential level of the water table in wells on opposite sides of the Hayward
fault first identified it as a barrier to subsurface fluid flow. The analysis of well levels
over a four month period by Clark [1915] revealed that subsurface water travels in an
asymmetric fashion along the Hayward fault following the seasonal recharge of water. High
permeabilities on the east side of the fault result in the quick recharge of wells. Because
the fault appears impermeable, the only source of water for wells on the west side of the
fault comes from Alameda creek. For the wells west of the fault, those that are closest to
Alameda creek are first to recover following the seasonal influx of surface water. Therefore,
the expected pattern of seasonal, differential land subsidence near Irvington is for the east
side of the fault to uplift in the winter and subside in the summer. Differential subsidence
near Niles is expected to be minimal given that both sides of the fault are supplied by
the same water source, and thus, uplift or subside in unison. The secular pattern of land
subsidence is difficult to predict without long term records of well levels. However, net

subsidence or uplift is expected to outline the shape of the primary confined aquifer defined
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by the Niles alluvial fan.

The deformation along the southern San Francisco Bay is likely related to land
subsidence of the aquifer system. Several interferograms exhibit a range-change pattern
that mimics the shape of the Niles alluvial fan (Figure 2.4a). Near the apex of the fan, a
small seasonal signal is observed in the InSAR time series on both sides of the fault. In the
latter months of 1998, the 10 mm vertical signal observed in the InSAR data suggest land
subsidence on the east side of the Hayward fault (Figure 4b). This signal would reduce
the right-lateral creep as observed along the satellite’s line-of-sight in several descending
interferograms. The spatial pattern suggests that the deformation is localized to the east
side of the fault. The location of the subsidence at the outlet of the canyon argues for a
hydrologically related process; Although, the subsidence appears to be a transient event

unrelated to the seasonal cycle of deformation.

2.4.2 The 1996 Creep Event

The 18 mm creep event was clearly observed in the alignment array data of
Lienkaemper et al. [2002]. The event was observed at 4 locations which suggests that
the creep event extended 1.7-3.7 km along strike. The alignment array observations con-
strain the event to occur between 12/16/1995 and 2/17/1996. However, Lienkaemper et
al. [1997] suggest that the event occurred around the 7th of February. However, no corre-
sponding strain event was measured by several dilatational strainmeters located within 6
km of the event (M. Johnston, personal communication). This would suggest that the size
of the creep event was below the detection threshold of the dilatational strainmeters and

likely occurred on a patch extending from the surface to a depth no greater than several
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100 m [Johnston and Linde, 2002].

Such a small event would also be difficult to resolve in the InSAR data given the
spatial resolution of interferograms. Despite the small inferred size of the creep event, a
localized deformation pattern is found in those interferograms spanning the time period.
The slip distribution for the 1992-1997 period resolves a 38 mm patch of slip at a depth of
4 km below the surface creep event. The InSAR time series shown in Figure 2.3 places the
creep event in the later part of 1995 whereas the alignment array data observed the event
in early 1996. The inspection of individual interferograms show that no discrete offset is
observed in the early months of 1996, which is consistent with a shallow creep event. The
InSAR time series shown in Figure 2.3 is determined across a 1 km baseline which would
be more sensitive to slip at greater depths than the alignment array data. This suggests
that a deeper transient event may have occurred in 1995 which eventually propagated to

the surface in the early months of 1996.

2.5 Conclusions

In this paper, InSAR data are used to visualize the localized deformation from
1992 to 2000 along the southern Hayward fault. A surface creep event observed in the early
months of 1996 may have initiated with a transient aseismic event in late 1995. Inversions
for the aseismic slip distribution suggest that the transient event occurred in the top few
kilometers of the fault. Land subsidence of the Fremont aquifer and the Niles alluvial fan
best explains the increase in range-change to the west of the Hayward fault. The detailed

analysis of well water levels may provide additional answers. However, insufficient data
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exists to evaluate the hydrology of the region during the time period of interest. A more
perplexing vertical signal is observed in 1998 near Niles. While it is difficult to attribute the
vertical deformation to solely a tectonic or hydrologic origin, it is possible that both played
a role. An abnormally high influx of water to the ground water system during the winter
of 1998 may have altered the mechanical properties of the fault surface. Alternatively, an
increase in crustal or fault zone pore pressures may have been sufficient to alter the stress

condition on the fault and instigate aseismic creep.



Table 2.2: Surface creep constraints used in the inversions for distributed slip.

location time period observed (mm) predicted (mm)
Inversion 1992-1997
Subfaults® 1992-1997 26.0 -
Rockett 1992.568-1997.989  32.7+3.0 33.2
Union 1993.019-1997.647 36.6+2.4 38.3
Pine? 1993.022-1997.647  44.9+0.9 35.9
Camellia® 1992.432-1997.647 28.7+1.4 35.9
Parkmeadow? 1992.432-1997.797 24.7+1.3 35.9
Mission 1993.189-1997.644 6.6+1.7 8.2
Inversion 1996-1999
Subfaults® 1996-1999 17.5 -
Rockett 1996.361-2000.060 14.3+3.5 17.4
Union 1996.210-1999.679 +2.1 19.6
Pine® 1996.191-1999.696  8.5+2.1 10.4
Canellia® 1996.361-1999.849  7.9+2.0 10.4
Parkmeadow® 1996.361-2000.079 12.2+3.8 10.4
Mission 1996.210-1999.699 15.0+1.5 14.9

@Slip constraint for subfaults north of Niles consistent with 5 mm/yr of creep.
Located on an identical subfault.
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Chapter 3

Distribution of aseismic slip-rate on the Hayward

fault inferred from seismic and geodetic data

3.1 Introduction

Several faults within the San Andreas fault system have long been known to exhibit
interseismic creep at the surface, including the central San Andreas fault, the Maacama
fault, the Concord fault, the Calaveras fault, and the Hayward fault [Galehouse, 2002].
However, the underlying factors that explain why these faults exhibit surface creep and
others do not are not understood. The range of faulting behavior is not limited to steady,
interseismic creep or coseismic rupture. The detection of slow earthquakes along subduction
zones [Dragert et al., 2001; Miller et al., 2002], transient aseismic slip events on the central
San Andreas fault [Linde et al., 1996, 1992], and postseismic afterslip [e.g., Smith and
Wyss, 1968; Bilham et al., 1989; Birgmann et al., 2002] have demonstrated that a greater
percentage of accumulated strain is released through aseismic processes than was previously

appreciated.
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The spectrum of fault behavior ranging from seismic to aseismic end members
may be controlled by the material properties of the fault zone that translate into variations
in frictional properties. Slip behavior can be interpreted under a rate-and-state friction
framework. Originating from experimental work on rock friction, rate-and-state friction is
an empirical, mathematical representation of the frictional interaction between two surfaces
[Marone, 1998]. For real fault systems, the factors that determine whether two rock surfaces
slip under an applied stress are difficult to isolate due to the complexity of the system.
However, rate-and-state friction suggests that the stiffness of the surrounding rock and the
constitutive properties of the fault surface and gouge zone dictate the slip behavior [Marone
and Scholz, 1988]. The presence of clay lithologies or the thickness of the gouge zone are
examples of factors that may control the frictional response. Faults that exhibit velocity-
strengthening are associated with stable creep while velocity-weakening behavior leads to
stick-slip behavior.

Other investigators have shown that material heterogeneity is not required to
establish a heterogeneous slip-rate distribution that persists over multiple earthquake cycles
(Horowitz and Ruina, 1989). A complex and long-lasting stress state could be responsible
for variations in slip behavior. Evidence for a heterogeneous stress state on faults is well
documented [Rivera and Kanamori, 2002]. Geometric complexities, such as bends in the
fault, produce stress concentrations that persist until the fault can straighten itself by
shearing asperities.

One approach for identifying which factors control fault behavior on real fault

systems is to correlate the spatial variations in fault behavior with the heterogeneity of
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fault properties or characteristics. This requires that the distribution of fault behavior,
such as the interseismic slip-rate distribution, can be resolved using geophysical data. By
inverting trilateration data on the Parkfield segment of the San Andreas fault, Harris and
Segall [1987] resolved the transition from the locked to the creeping section and spatially
correlated the distribution with earlier earthquakes. Their result was later confirmed by
more recent GPS data [Murray et al., 2001]. However the resolving power of geodetic
data to infer slip on faults at depth remains limited. Recently developed space geodetic
techniques, such as InSAR, and cross-correlation relocation techniques of seismicity have
helped to provide a new level of detail.

The Hayward fault in the San Francisco Bay Area presents itself as a candidate
system for the study of aseismic fault behavior because a wide range of complimentary
data sets are readily available. The Hayward fault is a major strand of the San Andreas
fault system accommodating nearly 25% of the deformation across the plate boundary (Fig-
ure 3.1). The fault exhibits a diversity of slip behaviors including large coseismic rupture,
frequent micro-seismicity, and aseismic creep. Surface creep is observed along the entire
length of the fault in the range of 3-9 mm/yr and the rates appear to be consistent over the
past several decades [Lienkaemper et al., 1998]. The geologic slip-rate on the fault is esti-
mated at ~9 mm/yr [Lienkaemper and Borchardt, 1996; Lienkaemper et al., 1991; Williams,
1995]. The difference between the geologic and contemporary creep rates suggests that a
slip deficit exists and that the accumulating elastic strain will presumably be released in a
future earthquake.

Assessing the seismic potential and developing our understanding of the fault has
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Figure 3.1: A map of the San Francisco Bay Area shows the major faults in the region
including the San Andreas, Hayward, Calaveras, and Greenville faults. The surface trace
of the modeled Hayward fault is shown with a bold line. The background seismicity (gray
dots) and the location of surface creep observations (solid squares) are also shown. The
scale bar marks the distance along the fault from Pt. Pinole.
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been the topic of several previous studies. The established model for the Hayward fault
consists of a fault that is locked at depth. Stress imposed by slip on neighboring faults
and across the plate boundary drives aseismic slip in the shallow subsurface of the fault
producing the creep observed at the surface. Savage and Lisowski [1993] developed a friction
model to relate the depth of creep and the rate of stress accumulation to the surface creep
rate. They estimate that enough strain is accumulating per century for at least a M6.8
event for the entire length. Lienkaemper and Galehouse [1998] used revised surface creep
measurements to upgrade the seismic potential of the fault to MT7. Using space-geodetic
data, Biirgmann et al. [2000] inverted directly for the depth of creep on the northern segment
of the Hayward fault. They argue that based on seismic data and forward boundary element
models (BEM), this segment of the fault may be mechanically distinct from the southern
Hayward fault and may not release accumulated strain in coseismic events. Simpson et al.
[2001] used BEM to relate the along-strike variation in the surface creep rate to the depth of
creep. They identify several regions where the fault is likely locked at depth. Malservisi et al.
[2001] used a visco-elastic finite element model driven by far-field plate velocities to provide
a more realistic representation of the loading conditions on the Hayward fault. Through a
series of forward models, they find creep to extend to greater depths than that predicted
using elastic models driven by slip on deep dislocations. By analyzing the microseismicity
on the fault, Wyss [2001] mapped the location of locked asperities using the local recurrence
time. Waldhauser and Ellsworth [2002] also attempt to identify regions where aseismic slip
is restrained, or the fault is locked, based on the distribution of the background seismicity

which they relocate using cross-correlation techniques.
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The most significant earthquake to occur on the Hayward fault in historic times
was a M6.8 event in 1868 [Lienkaemper et al., 1991; Toppozada and Borchardt, 1998]. The
event likely nucleated on the southern portion of the fault and ruptured as far north as
Berkeley (at km 20, distance referenced from Pt. Pinole) [Yu and Segall, 1996; Lawson,
1908]. No earthquake greater than Mp4.5 has been observed on the Hayward fault since
seismic instrumentation was installed in the early twentieth century [Oppenheimer et al.,
1992]. However, paleoseismic data suggest that several large earthquakes have produced
surface rupture on both the northern and southern portions of the Hayward fault [Hayward
fault Paleoearthquake Group, 1999; Lienkaemper et al., 1999]. The lack of significant seis-
mic moment release on the northern segment of the fault within recorded history has raised
concern that this segment may be overdue for a large earthquake. The Working Group on
California Earthquake Probabilities [1999] identified the Hayward fault as a significant po-
tential threat to the loss of life and property in California. The hazard associated with such
an event is significant because the Hayward fault passes beneath several urban communities
in the San Francisco Bay Area.

In Chapter 2, the time-dependent, localized deformation on the southern Hayward
fault was addressed. In this chapter, the analysis of Birgmann et al.[2000] is expanded to
incorporate updated geodetic and seismic data sets and extend the modeling over the north-
ern 50 km of the fault. An inversion for the aseismic slip-rate distribution is performed using
data from Interferometric Synthetic Aperture Radar (InSAR), the Global Positioning Sys-
tem (GPS), slip-rate estimates from characteristic repeating earthquake (CRE) sequences,

and surface slip-rate observations. The inversion results provide evidence for a heteroge-
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neous slip-rate distribution consisting of locked and creeping patches.

3.2 Fault Zone Structure and Geometry

The active surface trace of the Hayward fault is well documented from both ge-
omorphic evidence and from the offset of man-made structures [Lienkaemper, 1992]. The
fault generally strikes N35°W; however, several salients indicate a more complex fault struc-
ture. Starting from the north end of the fault, San Pablo Bay (km -10) resides in an exten-
sional basin formed in a right step-over from the Hayward fault to the Rodgers Creek fault.
Despite attempts to determine the fault structure below San Pablo Bay using reflect