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Chapter 1

Introduction and summary

Long before space geodetic techniques had achieved the level of precision necessary for
monitoring the detail of surface deformation, it was clear that they would provide a new
class of independent constraints on regional and global plate tectonics (e.g. Bosworth
et al., 1993). The foremost problems that needed addressing were (i) the ”rigidity”
or ”non-rigidity” of the interior of the plates, (ii) the stationarity of plate motion rates
through recent geologic time, and (iii) the kinematics of diffuse deformation zones
separating some plates (Stein, 1993). Over the past few decades, the increasing preci-
sion of the space geodetic observations, as well as the increasing quantity and spatial
density of the space geodetic networks, have led to major contributions towards the
awnsers of these problems and in the understanding of the kinematics and dynam-
ics of crustal deformation. Still, key problems in the study of intra-plate deformation
remain: (i) the lack of independent data to constrain the often complex regional kine-
matics and the accommodation of the crust-lithosphere strain accumulation/release in
crustal blocks and/or along faults, (ii) the poorly known rheological behavior of the
crust and lithosphere, specifically lateral variations in rheology, and (iii) the approxi-
mations/simplifications used for modeling the forces/stresses in crustal dynamics.

In this thesis I am concerned with modeling the kinematics of surface deforma-
tion using space geodetic observations in order to advance insight in both interseismic
and coseismic surface response. Interseismic surface deformation models are of prime
importance for understanding the dynamics causing deformation (England and House-
man, 1989; Jackson and Molnar, 1990) and in seismic hazard analysis (WGCEP, 1995),
while the coseismic surface deformation field provides important information on the
complexity of an earthquake and the crustal properties, as well as on the relaxation of
the long-term deformation field during an earthquake. To model the surface deforma-
tion field I adopt the method of Spakman and Nyst (2002) which resolves the velocity
(displacement) field and the motion (slip) on the fault simultaneously. The main advan-
tages of this method compared to other methods are (i) the fact that it is based entirely
on the kinematic principles of continuous deformation and fault motion, (ii) the incor-
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12 Chapter 1

poration of fault motion without assumptions on crustal or fault behavior, and (iii) the
determination of the model from an inversion of all data simultaneously. These advan-
tages allow the determination of the localization of deformation near slipping faults and
provide a complete description of surface deformation. The implementation of fault
motion is particularly important for the purely kinematic estimation of a coseismic sur-
face deformation field. Additionally, I investigate (i) to what extent available geodetic
observations help in constraining seismic hazard in the southwestern US (chapter 2)
and present-day tectonic processes of Taiwan (chapter 3), and (ii) how space geodetic
data can help in analyzing earthquake complexity and slip distribution (chapters 4 and
5).

In this introductory chapter I will provide an overview of the space geodetic ob-
servation methods from which data are used in this thesis and the modeling techniques
developed during the past decades. Subsequently, an outline of the research contained
in this thesis is presented.

1.1 Space geodetic techniques

During the mid 1980’s Satellite Laser Ranging (SLR) and Very Long Baseline Inter-
ferometry (VLBI) were able to provide the first measurements of contemporary plate
motions (Bennett et al., 2002; Christodoulis et al., 1985; Herring et al., 1986). Though
both systems have a high accuracy potential and are giving results over intercontinental
distances, they proved to have some serious disadvantages for crustal dynamic stud-
ies. The most important of these being the spatially very sparse and inhomogeneous
distribution of stations.

In the early 1990’s a new satellite system became operational: the Global Position-
ing System (GPS). This system proved to be an all-weather, continuously available,
economic, and very precise positioning technique. GPS is a satellite-based radio nav-
igation system providing precise three-dimensional positioning information. The sys-
tem consists of 24 satellites orbiting the Earth at a distance of∼20,200 km and is con-
tinuously available on a world-wide basis. The satellite arrangement is such that at least
four satellites are simulatenously visible anywhere on Earth, 24 hours a day. Know-
ing the coordinates of the four satellites, we can determine the coordinates of the user
antenna. Currently, the precision of the GPS, SLR and VLBI velocity/displacement
estimates range from 1 to 5 mm/yr. Continuous GPS arrays are even able to achieve a
precision on the sub-mm level.

Another space geodetic/remote sensing technique is Interferometric Synthetic Al-
timetry Ranging (InSAR). This technique provides a one-dimensional continuous im-
age of crustal deformation in the line-of-sight of the satellite. Though the obtained im-
age is strongly dependent on radar correlation, topography, and tropospheric artifacts it
has the strength of providing nearly spatially continuous data on crustal deformation.
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1.2 Modeling techniques

Along with the development of geodetic observation systems, a variety of techniques
incorporating the observations in crustal deformation modeling have been created.
These methods range from dynamic modeling methods to purely kinematic modeling
methods.

1.2.1 Dynamic modeling

The first set of modeling techniques is based on assumptions about the rheological
behavior of the Earth’s crust and lithosphere. For instance, by assuming the forces
acting at plate boundaries and stresses acting at the base of the plates (Forsyth and
Uyeda, 1975; Wortel et al., 1991), finite element methods can predict the intraplate
crustal deformation. Generally, these models consist of a weak upper crust, where
surface deformation is dictated by the motions of the ductile lower crust or uppermost
mantle. In these models, the geodetic observations may serve as a kinematic boundary
condition at the Earth’s surface (England and Houseman, 1989; Jackson and Molnar,
1990) while faults can be approximated by the implementation of strong crustal blocks
embedded in weak, easily deforming crust (Peltzer and Tapponnier, 1988; England and
Houseman, 1985).

In an inverse approach, models based on the elastic dislocation theory of Okada
(1985) use geodetic observations to obtain estimates of interseismic slip rates, while
assuming an elastic behavior of the crust. The simplest of these models contain a
half-space with uniform slip on fault extensions in the ductile lower crust and elas-
tic deformation in the upper crustal layer resulting from fault locking (Bennett et al.,
1996; Genrich et al., 2000; Matsu’ura et al., 1986; Savage et al., 1979). More compli-
cated models implement a shallow creeping layer containing processes of drag folding
and rotations of small blocks adjacent to the fault (King et al., 1994) or rotations of
elongated blocks within the deformation zone (Freund, 1970; McKenzie and Jackson,
1983, 1986). The theory can also be implemented to deduce slip distribution models of
earthquakes (Feigl et al., 2002; Freymueller et al., 1994; Hudnut et al., 1994; Reilinger
et al., 2000). In this application the fault is parameterized by relatively small dislocation
patches and slip on each patch is estimated by inversion of geodetic observations.

1.2.2 Kinematic modeling

In contrast with these techniques are the methods that are based on the geometri-
cal/kinematical concepts of crustal deformation. Though the models derived yield
no immediate quantitative results about the dynamical behavior of the crust, they do
provide information on the distribution of strain accumulation which constrains the
geodynamical processes driving the deformation and depict an important intermedi-
ate step in establishing ”depth-to-surface” relations. The least squares collocation
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method (Moritz, 1989) is the most widely used technique in kinematic modeling of
space geodetic data. The method is based on the interpolation in data space by assum-
ing a particular correlation between the relative motion data (Kahle et al., 2000; Kato
et al., 1998; Straub, 1996; Ward, 1998). Through spatial differentiation of the interpo-
lated data field a continuous velocity gradient field can be calculated. Haines and Holt
(1993) developed a method which is very similar to least squares collocation and di-
rectly incorporates strain rate data. The method inverts average strain rates and geodetic
data for a depth average of the horizontal velocity field. The average strain rates used as
data are first derived through Kostrov’s relation (Kostrov, 1974) from seismic moment
tensors or geological (fault slip) data. The average strain rates may remain unspecified
in case only the geodetic observations are to be fit (Beavan and Haines, 2001; Shen-Tu
et al., 1999).

Instead of spatial interpolation of the data, a relation between the geodetic observa-
tions and the velocity gradient field based on physical theory may be introduced by the
parameterization of the unknown velocity gradient field and the definition of a shape
function. The unknown coefficients of the shape function are subsequently determined
by inversion of the data. Generally, a simple triangulation of the station network is
adopted and a constant velocity gradient field is assumed (Frank, 1996; Bourne et al.,
1998). The most recent development among these kinematic modeling techniques is
the method of Spakman and Nyst (2002). This method relates relative observations be-
tween stations to a combination of continuous deformation and fault motion along an
arbitrary integration path and was derived from basic kinematic principles underlying
the velocity gradient field and fault motion. Through a triangular parameterization of
the velocity gradient field with a linear behavior within the triangles and the adaptation
of step functions on the fault segments, the method is able to resolve both contributions
simultaneously in an inversion of relative motion data.

1.3 Additional crustal deformation data

Space geodetic data are of course not the only source of data that depict the style of
crustal deformation. Tectonic geomorphology provides a means for measuring the of-
ten significant strain between major fault zones or strain not accommodated by surface-
breaking ruptures, whereas borehole breakout and hydraulic fracturing stress measure-
ments provide localized information about the principal stress directions of the crustal
deformation field. Another significant data source are the earthquake moment tensor
solutions. The centroid moment tensors provide information on the local stress release
during an earthquake. However, though stress and strain (rate) are related quantities,
the principal axis of stress and strain (rate) do not necessarily align in case of an elasto-
plastic rheology, which hampers a comparison between these quantities. Geological
fault slip observations and paleomagnetic rotations contain information about the long-
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term crustal deformation and typically span time intervals of thousands to millions of
years. Tectonic activity can, however, also vary on these timescales and therefore ge-
ological slip observations and paleomagnetism may not always be representative for
present-day activity.

1.4 Outline of this thesis

In chapter 2 the surface deformation field of the southwestern US deformation zone
is estimated in terms of the velocity gradient field and fault motion simultaneously by
inversion of 497 geodetic velocities. The model shows fault motion consistent with
aseismic creep measurements and with relative fault motion. The surface deformation
field shows distributed deformation in a zone around the faults exhibiting shear strains
and relative rotations. The eastern California shear zone acts as a distinct fault zone
bounded by more rigid blocks. The faults within the zone partition the shear motion,
while right-lateral shear strain rates and clockwise rotations are concentrated between
the bounding faults. In the same way, the San Jacinto and southern San Andreas faults
act as bounding faults of a fault zone. The Mojave Desert and eastern Transverse
Ranges are dominated by right-lateral shear, whereas the western Transverse Ranges
are subjected to contraction. The sense of rotation of these regions is consistent with
models based on paleomagnetic observations. Significant localization of deformation
is observed east of the San Andreas fault between the Transverse Ranges and San Fran-
cisco Bay. This is attributed to a relative rigidity contrast across the fault of∼ 1.8
caused by a strong granite basement west of the fault and weak material east of the
fault. A seismic hazard analysis based on the surface deformation model shows an in-
creased risk of aMw = 6.1−6.3 earthquake in the San Francisco Bay on the Hayward
and southern Calaveras faults.

In chapter 3 I am concerned with the determination of the present-day surface de-
formation of Taiwan by computing the velocity gradient field and fault slip rate from
143 GPS velocity vectors. In southern Taiwan the derived strain, rotation and fault slip
rates are indicative of lateral extrusion towards the south. In northern Taiwan the onset
of gravitational collapse is inferred which is induced by the on land extension of the
Okinawa Trough. In the eastern Central Range the observed inverted NW-SE exten-
sion is consistent with geological observations and high heat flow measurements. This
could be the result of exhumation of crustal material. The model further shows a signif-
icant decrease in slip rate northward along the Longitudinal Valley fault at 23.7◦N. The
northern Coastal Range shows high strain rates and two oppositely rotating blocks. By
combining the surface deformation model with seismicity data and seismic tomography
a coherent model for the present-day tectonic activity can be proposed. Both seismicity
and tomography show further evidence for active, southward propagating exhumation
of a crustal slice in the eastern Central Range. Offshore east Taiwan strong evidence of
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a southward propagating crustal tear fault, accommodating most of the Phillipine Sea
Plate-Eurasian Plate convergence, is deduced. The tear is the crustal response to incip-
ient northwestward subduction of the Phillipine Sea Plate. Thus, the Ryukyu Trench is
bending southward becoming almost perpendicular to the convergence direction, while
subduction of the Phillipine Sea Plate continues. In this setting a sudden rapid south-
ward propagation of the afore mentioned tear is conceivable.

In chapter 4 the kinematic surface deformation of the August 17 1999, Izmit
(Turkey) earthquake is inferred in terms of strain, rotation and fault slip in a joint analy-
sis of GPS and InSAR data. The fault slip contribution shows two distinct peaks: one of
∼4m of slip at G̈olcük, and a second of∼2.9m slip near Sapanca Lake. The strain field
portrays four distinct quadrants reflecting the earthquake focal mechanism. The tran-
sition between the quadrants is not centered on the epicenter of the event, but shifted
eastward north of the fault and westward south of the fault. This shift is the result of
a two-stage source rupture process caused by step-over features in the fault geometry.
This rupture process also induced a distinct asymmetry in the displacement field across
the fault. We obtain left-lateral shear strains along the Sakarya segment which is due to
a subsequent source nucleating at the Akyazi Gap inducing failure on the easternmost
segments. Strong interaction is also observed from a consecutive source near Hersek.
Finally, I deduce that the Izmit earthquake has released most of the strain which has
accumulated since the last main event on this stretch of the North Anatolian fault in
1719.

As an additional objective ofchapter 4I originally started to investigate the link be-
tween the surface deformation model and the slip distribution theory of Okada (1985).
However, not only proved the deformation field of the Izmit earthquake to be too com-
plex to be appropriately modeled by a simple elastic dislocation theory, but also the res-
olution of the slip distribution model seriously hampered interpretation of these models.
These observations motivated the research described in chapter 5.Chapter 5 describes
a quantitative analysis of the resolution of slip distribution models based on surface dis-
placement data. Assuming the theory of elastic dislocations in a half-space and adopt-
ing a parameterization for which model predictions are capable of fitting the spatial
variations of the data, the inverse problem proves to be intrinsically ill-conditioned.



Chapter 2

Kinematics of the South-Western
US Deformation Zone inferred
from GPS motion data.

2.1 Introduction

In the southwestern US the boundary between the Pacific and North American plates
comprises a broad zone of deformation portraying a variety of distinct deformation
styles and regions of complex tectonics (e.g. Transverse Ranges, eastern California
shear zone). An important constraint on the present-day tectonics in this region is an
accurate description of the velocity gradient field because this field provides important
kinematic boundary conditions for dynamic modeling (e.g. England and Houseman,
1989; Jackson and Molnar, 1990), as well as a means to estimate moment deficits used
for seismic hazard analysis (WGCEP, 1995). Space geodetic techniques, primarily
the global positioning system (GPS), now provide a great source of information about
the patterns and rates of deformation across spatial scales of order 10 to 1000 km.
Throughout the southwestern US deformation zone, for example, continuously operat-
ing networks of GPS stations have been in operation since the mid-1990’s (e.g. SCEC,
BARD, BARGEN, EBRY). Further densification is provided by the many campaign
sites from which data have become readily available (e.g. Bennett et al., 1997; Dixon
et al., 2000a,b; Gan et al., 2000; Miller et al., 2001; Shen et al., 1996; Thatcher et al.,
1999). Recently Bennett et al. (1999, 2002) and Bennett (2003) integrated data from a
large number of the continuous and campaign networks in southwestern US to obtain a
dataset within one single reference frame.

Because space geodetic positioning techniques provide velocity estimates at spe-

This chapter has been submitted for publication toJ. Geoph. Res.as: A.G. Bos, W. Spakman and
R.A. Bennett, Kinematics of the South-Western US Deformation Zone inferred from GPS motion data.
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18 Chapter 2

cific points in space, and the density of available points is quite variable depending on
the region and scale of investigation (kilometers to 100’s of kilometers), resolution of
the spatially continuous velocity gradient tensor field depends heavily on the number
and distribution of available stations. Most methods start with some interpolation of
the geodetic data in data space. For example, Snay et al. (1996) implement a bilinear
interpolation scheme to transfer crustal deformation information from geodetic sites
to grid nodes. Strain and rotation rates were subsequently obtained by discrete spa-
tial differentiation of the horizontal velocity grid. Shen et al. (1996) and Ward (1998)
resolved the strain and rotation rates at any arbitrary sample points by a weighted least-
squares inversion of the geodetic velocity estimates basically assuming smoothness of
the crustal velocity field. Along similar lines, Shen-Tu et al. (1998, 1999) invert aver-
age strain rates from seismological and geological inferences and/or geodetic velocity
estimates for a spatially variable Euler vector function that described the horizontal ve-
locity field on the Earth’s surface. The rotation vector function was represented by a
bicubic Bessel interpolation. Bennett (2003) regularized the velocity gradient inverse
problem by considering the relative motions among and internal deformations within
a very small number of geodetically defined strain provinces. Previous studies have
tended to concentrate on either the details of relatively small regions, or on relatively
low resolution broad-scale features. None of these previous investigations incorporated
(a)seismic motion on faults as part of their model parameterization.

In this chapter I analyze an updated version of the southwestern US crustal velocity
data set of Bennett (2003), with the aim of capturing both the broad-scale pattern of de-
formation, and the finer-scale details of the deformation field in a single self-consistent
surface deformation model. From this data set, I estimate the horizontal velocity gra-
dient field, as well as creep on all major faults using the inversion procedure proposed
by Spakman and Nyst (2002). This method is based on the kinematics of incremental
deformation in a model space formulation and incorporates no assumptions about the
dynamics or rheology of the crust. The method allows for densification of the model
parameterization in areas of increased data density, providing more detail in the sur-
face deformation field modeled where appropriate, while at the same time accounting
for both plate-scale deformation patterns and small-scale displacement discontinuities
associated with near surface fault creep. This multiscale parameterization has the po-
tential to determine whether strong jumps in relative velocities across faults signify
creep on the faults (King et al., 1994; Nicholson et al., 1986) or alternatively rapid
strain accumulation on locked seismogenic faults (Bennett et al., 1996; King et al.,
1994).

I use this technique to derive a surface deformation model for which I evaluate the
consistency of the contemporary strain rate field with the long-term strain rate field de-
rived from seismic and geological fault slip data and corresponding moment tensors. I
will also derive the moment deficit owing to the difference between the geodetic mo-
ment derived from my strain rate field and the seismic moment derived from moment
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Figure 2.1:Tectonic setting of the southwestern US deformation zone plotted against topog-
raphy. Black lines indicate the fault traces utilized in the model parameterization. Grey dots
indicate the shallow (< 20km) relocated seismicity of Engdahl et al. [1998]. MD: Mojave
Desert; ST: Salton Through; ECSZ: eastern California shear zone; CNSZ: central Nevada seis-
mic zone; WLB: Walker Lane belt; SAF: San Andreas fault; HF: Hayward fault; CF: Calaveras
fault; GF: Garlock fault; SJF: San Jacinto fault; EF: Elsinore fault; CPF: Cerro Prieto fault;
P: Parkfield. For a color version of this figure see figure C.1 of appendix C.1.

tensor summation of the seismicity within the model area during the time-span of ob-
servation, which I interpret in terms of seismic hazard. Finally, based on my surface
deformation model, I propose a kinematic model for the accommodation of the Pacific-
North American relative plate motion.

2.2 Tectonic Setting

In the southwestern US the boundary between the Pacific and North American plates is
distributed across a 300-1000 km wide zone ranging from the Pacific coast to the state
of Utah (figure 2.1). The relative plate motion across the deformation zone amounts
to ∼ 50mm/yr (DeMets et al., 1990), of which only a fraction is accommodated by
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the San Andreas fault (WGCEP, 1995). South of latitude 34oN, the remaining relative
plate motion is distributed along neighboring parallel faults, such as the San Jacinto
and Elsinore faults which all lie to the west of the San Andreas (WGCEP, 1995). North
of 34oN, the faults of the eastern California shear zone and Basin and Range province,
east of the San Andreas system, also accommodate a significant fraction of the total
plate motion. At 34oN the San Andreas fault changes its orientation from N40oW to
N73oW due to a 160 km ”left-step” in the fault. It is generally accepted that this Big
Bend section of the fault zone comprises a structural impediment to the plate motion
(Eberhart-Phillips et al., 1990) causing horizontal crustal shortening and vertical crustal
thickening within the Transverse Ranges (Argus et al., 1999). The Santa Monica, San
Gabriel, San Bernadino and Pinto Mountains can all be regarded as surface expres-
sions of this convergence. North of the Big Bend, the San Andreas fault resumes an
orientation almost parallel to the plate motion (N40oW). Further north, around the lati-
tude of 36.5oN the greater San Andreas system broadens, to include the Calaveras and
Hayward faults, in addition to the San Andreas fault senso stricto.

North of latitude 34oN, east of the greater San Andreas fault system, approximately
20 − 25% of the relative plate motion is transferred from the Salton Trough through
the Mojave Desert via the Eastern Californian shear zone (ECSZ) (Dixon et al., 1995,
2000b; Dokka and Travis, 1990; Gan et al., 2000; Miller et al., 2001; Sauber et al.,
1994; Savage et al., 1990). The ECSZ inlet feeds the western Great Basin strain
province (Bennett, 2003) which encompasses both the geologically classified Walker
Lane Belt (WLB) and the seismologically defined central Nevada seismic belt (figure
2.1). At Mono Lake (∼ 37.5oN) there is a broadening of the ECSZ deformation into
the central and northern Walker Lane Belt (WLB) and the central Nevada seismic zone
(CNSZ) located in the western Great Basin of the Basin and Range province (Bennett,
2003; Dokka and Travis, 1990; Oldow et al., 2001; Savage et al., 1990, 1995, figure
2.1).

West of this inboard shear zone, the central and eastern Great Basin provinces are
characterized by a series of roughly north-trending basin bounding normal faults (Stew-
art, 1971). In contrast to the rather uniform distribution of faults, historical seismicity
is primarily restricted to a narrow belt generally coincident with the greater Wasatch
fault zone called the intermountain seismic belt (IMSB). Contemporary crustal exten-
sion in this part of the Basin and Range province is distributed across a wide region that
includes, but is significantly broader than, the intermountain seismic belt (e.g. Bennett,
2003; Friedrich et al., 2003)

2.3 Relative motion data

Figure 2.2 shows the horizontal velocity estimates that comprise the data for this study.
This data set is derived from a combination of velocity estimates from continuous net-
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Figure 2.2:Dataset of 497 velocity vectors and their 95% confidence ellipses as utilized in
this study. Bottom figure shows a detailed view of southern California. Since the data density
in southern California is very high, the station positions are also given in figure 2.3.
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works [BARD (e.g. King et al., 1995), BARGEN (e.g. Bennett et al., 1998; Wernicke
et al., 2000), EBRY (http:/www.mines.utah.edu/ rbsmith/RESEARCH/UUGPS.html),
SCIGN (Bock et al., 1997) and IGS (Beutler et al., 1994)], as well as from campaign
data [SCEC (Shen et al., 1996), northern Basin and Range Province (Thatcher et al.,
1999), ECSZ (Bennett et al., 1997; Gan et al., 2000; Miller et al., 2001), the Sierra
Nevada (Dixon et al., 2000b) and northeast Baja, California (Dixon et al., 2000a)].
The method used to combine these different data sets is described by Bennett et al.
(2002) and Bennett (2003). All velocity vectors in the combined solution refer to a
common North America fixed reference frame. For my study I limit the dataset to GPS
and VLBI observation sites, which amounts to 497 stations located in the southwestern
US, of which 194 are continuously operating GPS stations. The velocity estimates at
the latter are in most cases significantly more precise than the campaign estimates. I
do not consider those stations for which the1σ velocity estimate uncertainties exceed
10 mm/yr. 57 stations in the combined data set are included in several of the cam-
paign networks and/or a continuous GPS network. For these stations I only retain the
continuous velocity estimate or the most precise estimate of relative motion for each
station. At two stations in the Mojave Desert post-seismic relaxation due to the Landers
earthquake could be identified (Shen et al., 1996). Since my objective is to model the
long-term, more stationary surface deformation field, I retain the pre-Landers velocity
estimates.

2.4 Inversion method and model parameterization

I use the method of Spakman and Nyst (2002) to invert the relative motion data in
estimates of the surface velocity-gradient field (strain- and rotation rate), and slip rate
(creep rate) on major faults. In brief, the method utilizes the following observation
equation for the observed relative motion∆vij between any two stationsi andj:

∆vij =
K+1∑
l=1

∫
Llij

∇v(r) · dr +
K∑
k=1

αkfk(rkij) (2.1)

where∇v(r) =

[
vφφ vφθ
vθφ vθθ

]
is the unknown velocity gradient field (with e.g.

vθφ I indicate the rate of change ofvθ-component with theφ-coordinate in a spherical
coordinate frame) andfk is the unknown fault slip rate (creep rate) on fault segment
k. The two stations are connected with a pathL of arbitrary geometry (but usually
the geodesic) which is cut into segments at the locations (rkij) where it crosses a fault
leading to path-segmentsLlij . At these locations a fault slip term is added to account
for the possible contribution of fault motion to∆vij . Equation 2.1 is exact in practice
and does not involve any knowledge of crustal rheology. The velocity gradient field is



2.4 Inversion method and model parameterization 23

parameterized by assuming linear variation of its components in triangular domains. To
this end a study region is subdivided by (spherical) triangulation using support points
which become the model nodes. The spatial density of nodes can be varied to adapt to
the local data density. Nodes need not coincide with station positions and triangle sides
never cross faults. With this parameterization the model parameters are the components
of the velocity gradient tensor at the model nodes. Fault slip rate (or creep rate) is
parameterized by assuming constant slip rate on fault segments.

Substitution of the model parameterization in 2.1 leads to a linear system of equa-
tions represented here bŷAm = d̂, whereÂ is the observation matrix,m represents
the collection of all model parameters, andd̂ is the vector of all combinations of rela-
tive motion between station pairs. The length ofd̂ is of the order ofM(M −1) relative
motion components whereM is the number of stations. This set of equations can be
extended by defining extra integration pathsL between all station pairs. These extra
paths are used to assure internal consistency between the velocity gradient field and
fault motion in constituting the total deformation field. A next set of equations derives
from the fact that∇ × ∇v = 0 within regions bounded by faults. This constraint is
defined for each single triangle leading to the linear equationαrGm = 0 whereαr
is a weight used to tune the relative importance of these equations in determining a
solution.

The data equations and the curl-constraints can be merged in one matrix equation
Am = d which is solved by regularized least squares. The regularization is performed
by extendingAm = d with 3 sets of damping equations: (1)αbI0m = 0 for damping
the amplitude of∇v components on model’s boundary nodes, (2)αiI1m = 0 for spa-
tially variable amplitude damping in nodes of the model interior, and (3)αdD2m = 0
for penalizing the second derivative of the components of∇v, whereI0 and I1 are
identity matrices andD2 a second derivative operator (or discrete Laplacian smoother;
Segall and Harris, 1987). The amplitude damping assures a complete regularization of
the extended matrix and avoids unwarranted amplitude excursions in regions of poor
spatial resolution while the second derivative damping has a smoothing effect on the
solution. For this application it proved unnecessary to damp the fault slip rate parame-
ters.

The formal least-squares solution of the regularized system is:

m = (ATC−1
d A + α2

bI0 + α2
i I1 + α2

dD
T
2 D2)−1ATC−1

d d̂ (2.2)

which depends on the tuning ofαr, and the 3 regularization factors. The a posteriori
model covariance is given by:C = (ATC−1

d A +α2
bI0 +α2

i I1 +α2
dD

T
2 D2)−1 and the

model resolution kernel isR = CATC−1
d A.

In my application M=497 which leads to 123,256 integration paths taken along
geodesics. In total 246,512 alternative integration paths were added. The curl con-
straints amount to 1327 equations, thus, in total I have 371,095 data equations. In-
version of the corresponding data covariance matrix is impossible owing to its size.
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Figure 2.3: Final parameterization of the SWUSDZ models. Thick lines indicate fault seg-
ments, black dots are the triangle nodes and grey dots are the site positions. Note that in my
choice for the triangle nodes I am not restricted to the locations of the observation sites. Trian-
gles do not intersect faults. Nodes at the fault are doubled to allow the velocity gradient field
to be discontinuous across faults.
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Instead I take forCd a diagonal matrix with elementsvar(∆vij)φ ≈ (σi)2
φ + (σj)2

φ as
an estimate of the variance for the velocity difference(∆vij)φ in longitudinal direction.
Similarly in latitudinal direction.

The model region is parameterized with 1327 triangles (figure 2.3). The local den-
sity of GPS stations was used to guide densification in the triangulation. The triangles
are spanned by 777 model nodes leading to 4*777 velocity gradient tensor components
to be solved for. The major system of surface-breaking active faults in California and
the Wasatsch fault zone were adopted from the USGS. The Basin & Range province
is characterized by diffuse fault zones which I mimic by a few single faults (figure
2.3). In total I have 46 large fault traces. These are divided into 292 segments leading
to 2*292 slip rate components in the model. The total number of model parameters
is 3692 which defines the size of the matrix to be inverted to obtain the solutionm
(Equation 2.2).

2.5 Inversion

The data are inverted for three different representations of the SWUSDZ crustal de-
formation field; the first (solution I) in terms of rotations of crustal blocks and fault
motion, the second (solution II) in terms of continuous deformation only, and the third
(solution III) in terms of continuous deformation and fault motion. In order to quanti-
tatively compare the three representations of crustal deformation I determine one set of
regularization parameters for all solutions. For tuning of the covariance factorσr for
the extra∇×∇v = 0 constraints and of the regularization parametersαb, αi andαd,
I primarily focus on obtaining solutions (for inversions I, II and III, respectively) that
are comparably resolved and obtain an acceptable model covariance. The spatial vari-
ation of the amplitude regularization (αi) depends on the number of paths (hitcount)

i σr αb αia αib αd αsr χ2 r̃m σ̃cm σ̃fm
10−7 109 108 108 108 1010 10−9

m/yr /yr mm/yr
I 3.5 3.0 2.0 4.0 3.0 2.0 13.72 0.31 0.53 0.036
II 3.5 3.0 2.0 4.0 3.0 - 5.27 0.66 1.20 -
III 3.5 3.0 2.0 4.0 3.0 - 3.98 0.66 1.36 0.049

Table 2.1:Aspects of the inversion parameterization and average results for inversions I, II
and III. Key: i, solution;σr, standard deviation of the∇ × ∇v = 0 equations;αb, αia , αib ,
αd andαsr, the regularization parameters;Tn, number of model nodes;K, number of fault
segments;̃rm = 1

M

∑M
i=1Rii, the average resolution, withRii the diagonal elements of the

resolution matrix andM the number of model parameters;σ̃cm = 1
Mc

∑Mc

i=1

√
Cii, the average

standard deviation for the components of∇v, withMc = 4Tn the number of components of
∇v; σ̃fm = 1

Mf

∑Mf

i=1

√
Cii, the average standard deviation for the components offk, with

Mf = 2K the number of slip components.
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Figure 2.4:Model standard deviations corresponding to a 95% confidence level and resolution
of solution I. The model standard deviations are expressed as percentage of the component
magnitude.

contributing to each node; nodes with less hits than1/8 of the maximum hitcount were
subjected to an increased regularization (αib) with respect to the other nodes (αia). In
inversion I I am concerned with solving for (average) crustal block rotations (asym-
metric part of∇v) and fault motion. To this purpose I suppress the symmetric part
of the velocity gradient tensor (strain rate) byαsr. Table 2.1 shows the regularization
parameters used to obtain my model solutions.

The normalized data misfit valuesχ2 per degree of freedom (Bos et al., 2003a)
provide a measure of how well the models can fit the data (table 2.1). Based on a1σ
data error solution III provides the best data fit, however, none of the solutions can fit
all local variations in the velocity data within the1σ data standard deviation. On a
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Figure 2.5:Model standard deviations and resolution of solution II.
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Figure 2.6:Model standard deviations and resolution of solution III.
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95% confidence level solutions II and III do fit the data within the standard deviations
(χ2
II = 0.87 andχ2

III = 0.66) in contrast to solution I (χ2
I = 2.28).

In solution I, the additional constraints imposed on the strain rate reduce the∇vφφ
and∇vθθ components of the solution to two orders of magnitude smaller than the∇vφθ
and∇vθφ components. These latter components are of the same magnitude, however of
opposite sign. Figure 2.4 shows the3σ model standard deviation (2.45 ∗

√
Cii) plotted

as a percentage of the solution value and the diagonal elements of the resolution matrix
for the latter two components. Standard deviations exceeding 100% of the solution
value have not been contoured. These occur mostly in regions with small amplitudes of
the velocity gradient components. The resolution of the∇vφθ and∇vθφ components
has been reduced by the additional constraints. However, interpretation of the model
is still warranted. Both components have significant velocity gradient values. The3σ
errors on the fault motions of solution I do not exceed0.9 mmyr−1.

Figure 2.5 and 2.6 show the3σ model standard deviations and the diagonal ele-
ments of the resolution matrix (Rii) of the∇vφφ and∇vθθ components of the velocity
gradient tensor of solutions II and III, respectively. TheRii values for∇vφθ and∇vθφ
are comparable to the values of∇vφφ and∇vθθ, respectively. Since part of the data
signal in solution III is explained by motion on faults, larger areas now render velocity
gradient values not significantly different from 0 in either or both directions. As in so-
lution I, the3σ errors on the fault motions of solution III do not exceed0.9 mmyr−1.
Generally, I observe a strong reduction in resolution along the model boundary, con-
sistent with the increased damping of the model on the boundary. I also observe a
reduction of resolution around some of the faults in solution III, indicating a trade-off
between the fault motion components and the velocity gradient components due to lack
of GPS data close to faults (Spakman and Nyst, 2002).

2.6 Description of the three solutions

2.6.1 Fault motion

In both solution I and III fault motion proves well resolvable (figure 2.7 and 2.8). Al-
though magnitudes might differ, the sense of relative motion in both models corre-
spond very well. The Californian shear zone is dominated by dextral motion. In the
Transverse Ranges significant thrusting is observed. In solution I this thrusting is ac-
companied by sinistral slip (3− 9mm/yr), whereas solution III resolves dextral slip on
the Santa Ynez fault (∼ 1mm/yr), Big Pine fault (∼ 0.4mm/yr) and Pinto Mountain
fault (∼ 2mm/yr). Both solutions obtain a combination of normal faulting and dextral
slip in the eastern Californian shear zone (ECSZ), Walker Lane Belt and the central
Nevada seismic zone (CNSZ). Sinistral thrust motion (∼ 2 mmyr−1) is obtained on
the Wasatch fault zone.

I have compared the obtained slip rates of both solution I and III to geological slip
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Figure 2.7:Fault motion contribution of solution I. A) Lateral component of the fault motions;
B) perpendicular component of the fault motions. Please note the different scales of the slip
vectors.



2.6 Description of the three solutions 31

Figure 2.8:Fault motion contribution of solution III. A) Lateral component of the fault mo-
tions; B) perpendicular component of the fault motions. Please note the different scales of the
slip vectors.
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Figure 2.9:Strain rate contribution of solution I. The arrows denote the principal strain rates:
contraction (black) and extension (white). For color version of this figure C.2 in appendix C.1.

rates, as well as creep measurements (appendix A.1). I find that the sense of motion
on faults in both solutions is generally in agreement with the geological observations.
Trade-offs between estimates of the velocity gradient and fault slip rate in some areas
require a careful interpretation of the magnitudes of the slip rate solutions. However, in
regions with dense station coverage in the vicinity of the faults I do model significant
aseismic surface creep.

2.6.2 Strain rate

Although strongly suppressed in amplitude, the strain rate field of solution I exhibits a
clear pattern (figure 2.9). I observe N-S contraction in the Great Valley, central Basin
and Range and east of the Mojave Desert. Almost E-W extension is found around the
Big Bend in the San Andreas fault, between the Pinto Mountain and San Andreas faults
and between the San Andreas, San Jacinto and Elsinore faults.
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Figure 2.10:Strain rate contribution of solution II. For color version of this figure C.3 in
appendix C.1.

Both solutions II and III show a clear Californian shear system (figure 2.10 and
2.11; note the difference in amplitude with solution I). In the shear zone, variations
in contractional and extensional patterns in the effective strain rate do not indicate a
change in dominant regime, but a small dominance of either principal strain rate. In
solution III the magnitude of the strain rates within the California shear zone has been
reduced due to the presence of fault motion. The principal axes show a rotation along
with the change of orientation of the San Andreas fault in the Big Bend of the fault.
In the ECSZ the dextral normal motion on the faults significantly reduces the exten-
sion observed in solution II and changes the orientation slightly from WNW-ESE to
pure E-W. Both solutions show a distinct asymmetry of the deformation at the San
Andreas fault in central California, between the Big Bend section and San Francisco.
The deformation tends to concentrate on the eastern side of the San Andreas fault, in
the Great Valley (figure 2.9 and 2.10). The deformation becomes much more diffuse
and spatially distributed across the Transverse Ranges. In southern California it mainly
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Figure 2.11:Strain rate contribution of solution III. For color version of this figure C.4 in
appendix C.1.

localizes between the San Jacinto and San Andreas faults, especially in solution III
(figure 2.10). Many regional aspects of the deformation of solution II compare well
with those obtained in earlier studies based on geodetic data and ignoring active fault
motion (appendix A.2). It is difficult to indicate the extent to which the discrepancies
result from differences in methodology between the various approaches and different
data sets used. I note however that significant differences between these earlier studies
and solution III exist and are a direct result of the implementation of fault motion in my
methodology. Further, I deduce that postseismic relaxation of the Landers earthquake
affects my surface deformation field (appendix A.3), while the postseismic relaxation
related to the Northridge and Loma Prieta earthquakes have no influence on my solu-
tions. However, postseismic relaxation of several other earthquakes may possibly affect
my solutions in the ECSZ, the western Transverse Ranges, along the Parkfield segment
of the San Andreas fault and at Salton Through. I am presently unable (due to lack of
data) to quantify the extent of their influence on my surface deformation solutions.
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Strain rates in the Basin and Range are almost an order of magnitude smaller than
those observed in the shear zone. The deformation in the Basin and Range province
appears to be dominated by north-south variations in the principal axes orientations.
East of the Wasatch fault zone significant E-W extension is obtained in both solutions,
whereas the western Basin and Range shows extension dominated right-lateral shear.
Although the spatial distribution of deformation in the Basin and Range remains de-
bated, general consensus exists on the fact that it is dominated by NW-SE extension
(Bennett et al., 1999, 2002; Flesch et al., 2000; King et al., 1994; Lachenbruch et al.,
1994; Thatcher et al., 1999). I found that a sinusoidal pattern in the NS-component
of the campaign dataset of Thatcher et al. (1999) dominates the deformation patterns
obtained in the Basin and Range province (appendix A.4). This dataset is also respon-
sible for the large extension east of the Wasatch fault zone observed in my model (see
appendix A.4). Therefore, I will refrain from further discussion of the surface defor-
mation model within the Basin and Range province.

2.6.3 Rotation rate

Both solutions II and III show strong clockwise rotations along the San Andreas fault,
Mojave Desert, ECSZ, CNSZ and Walker Lane Belt, consistent with dextral shear (fig-
ure 2.12B, C). I notice an asymmetry of the rotations with respect to the faults along
the Parkfield and Carrizo segments of the San Andreas fault. Solution III shows minor
counter-clockwise rotation of1− 2oMyr−1 in the southern Mojave Desert. Generally,
solution I (figure 2.12A) shows no strong shear related rotations indicating that in this
solution shear is accommodated by fault motion between near-rigid blocks. Here I ob-
serve clockwise rotations in the southern Great Valley, western Transverse Ranges and
between the Pinto Mountain and San Andreas faults. Counter-clockwise rotations are
found in the Mojave Desert. Though significant local rotations of the Great Basin and
Sierra Nevada are obtained in all solutions, I obtain no clear uniform counter-clockwise
rotation consistent with the0.28oMyr−1 and0.13oMyr−1 suggested by Dixon et al.
(2000a) and Harding Hearn and Humphreys (1998). However, especially solution I
(limited to fault motion and block rotation) does agree with their conclusion that the
block is translating to the northwest.

2.6.4 Asymmetry of the surface deformation field

Though in central California, north of the Big Bend, deformation concentrates at the
San Andreas fault, both solutions II and III show a distinct asymmetry of the strain and
rotation rates across the fault (figure 2.10, 2.11 and 2.12). The deformation localizes
on the eastern side of the fault. Figure 2.1 shows an updated version of the relocated
seismicity data of Engdahl et al. (1998) in the southwestern US. Most of the seismicity
occurs at or close to the major faults. However, there is significant seismicity east
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Figure 2.12:Rotation rate contribution of A) solution I, B) solution II and C) solution III. Note
the location of the 0 in the contour scale. For color version of this figure C.5 in appendix C.1.
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of the San Andreas fault in the Great Valley, which correlates with high strain rates
in my deformation field. The seismicity east of the Calaveras fault may be related to
the presence of blind thrust faults (Unruh and Lettis, 1998, USGS fault data set;), but
none are known east of the San Andreas fault between the Calaveras junction and the
Transverse Ranges.

Previous surface deformation studies have not obtained this asymmetry possibly
due to coarser/smoother model parameterization (Shen-Tu et al., 1998; Ward, 1998) or
the asymmetry was not addressed (Jackson et al., 1997; Shen-Tu et al., 1999). When
studying displacement data caused by the 1906 San Francisco event, Chinnery (1970)
found an asymmetry in the data across the San Andreas fault in the vicinity of Fort
Ross. Huggett et al. (1977) performed strain meter measurements near Hollister. They
observed large strains occurring away from and only on one side of the San Andreas
and Calaveras faults and postulated that this may have been caused by movement of
one side of the fault.

Malservisi et al. (2001) related an asymmetric surface deformation field in the
ECSZ to a viscosity contrast. The viscosity contrast relates to differences in heat flow,
where strain localizes in high heat flow regions. However, this can not explain the
asymmetry across the San Andreas fault since no heat flow contrast is observed across
the fault (figure1 of Sass et al. (1994)). Mahrer and Nur (1979) and Rybicki (1978)
determined displacement fields for static 2D models of a long strike-slip fault in a crust
of laterally varying rigidity. They observe a significant reduction of displacement on
the high rigidity side of the fault, as well as a shift of the peak displacement towards
the fault trace on both sides. Such a distinct rigidity contrast would also have important
implications for the crustal velocity structure across the fault.

Healy and Peake (1975) determined seismic velocity changes at Bear Valley. They
observed velocity variations extending a number of km away from the fault trace and
asymmetric across the fault. The same non-symmetry was obtained by Boore and Hill
(1973). Based on this contrast they deduced that the rigidity east of the San Andreas
fault is smaller than west of the fault by a factor of∼ 1.7. Across the Parkfield segment
of the San Andreas fault, Eberhart-Phillips and Michael (1993) obtained a 5-20% lateral
change in velocity over 4 km width. By combining the velocity model with a resistivity
model, they were able to deduce corresponding rock units. The high velocities to the
southwest of the fault are inferred as high-resistive basement of Salinian granite. The
large volume of low-velocity, low-resistivity material northeast of the San Andreas fault
is inferred to be overpressured Franciscan of Great Valley sequence material. Assuming
that the stress level at both sides of the fault is comparable, I deduce a rigidity contrast
across the fault of∼ 1.78, consistent with Boore and Hill (1973).

Since the same velocity contrast across the fault is still prominent at Bear Valley,
this crustal structure may extent all along the San Andreas fault from the Big Bend
to the Calaveras junction, thus providing a feasible explanation for the localization of
deformation east of the fault. The noted localization of deformation is important for
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seismic hazard analysis, as well as for the interpretation of tectonics.

2.6.5 Comparison to paleomagnetic observations

The rotation rates of solutions I, II and III (Figure 2.12A, B, C) are representative for
the period of observation (approximately 20 years) and apply to rigid rotations of small
equidimensional blocks. In contrast, paleomagnetic data are representative for the past
millions of years and may represent rotations of considerable crustal blocks (McKenzie
and Jackson, 1983). Since I am unable to solve for a net uniform rotation of the entire
study area, the comparison with paleomagnetic observations is not straightforward.
However, to determine the extent to which the present-day pattern may reflect the past
million years and the larger-scale crustal block rotations I do compare the results of
solutions II and III to paleomagnetic rotations.

Based on paleomagnetic observations Luyendyk et al. (1980) determined a geo-
metric model for the Neogene crustal rotations in southern California. In the western
Transverse Ranges their model consists of many crustal blocks presently bounded on
the north and south by E-W-trending sinistral faults, which have been subjected to
clockwise rotations of 70o to 80o within the Pacific-American dextral shear zone. The
eastern Transverse Ranges, central Mojave Desert and Tehachapi Mountains have also
been rotated clockwise. The rotated blocks are nested between blocks bounded by
NW-SE-trending dextral faults. Carter et al. (1987) refined this model in the eastern
Transverse Ranges and Mojave Desert. They included a counter-clockwise rotation in
the southern Mojave Desert to accommodate the 41o clockwise rotation they obtained
in the eastern Transverse Ranges since the late Miocene.

The rotation rate field of solution II shows orientations consistent with Luyendyk
et al. (1980). Solution III shows southern California rotating in a manner of which the
orientations are consistent with Carter et al. (1987), indicating the influence of the dex-
tral fault motions modeled on the Mojave Desert faults. This result suggests that the
rotation rates modeled might represent longer-term, larger-scale crustal block rotations.
However, Luyendyk et al. (1980) proposed that the rotation of the Transverse Ranges
may have ceased when the San Andreas fault broke through southern California in the
late Miocene, whereas Carter et al. (1987) found significant clockwise rotations in the
eastern Transverse Ranges since the late Miocene. Therefore, I propose that since the
late Miocene a major part of the Pacific-American dextral shear has been accommo-
dated by the San Andreas fault, whereas the remainder of the shear induces ongoing
rotations in southern California consistent with the model of Carter et al. (1987).

2.7 Implications for seismic hazard

Even though aseismic surface creep is present in the deformation zone (solution III,
Langbein, 2002; Lienkaemper et al., 1991; Rosen et al., 1998), it is reasonable to as-
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sume that within the seismogenic layer the faults are primarily locked. Therefore, I uti-
lize solution II to determine earthquake moment rates within my model area. Kostrov
(1974) codified the relationship between the strain rate tensorε̇ and earthquake activ-
ity. In addressing earthquake moment rates I adopt the scalar version of this formula
according to Ward (1998):

Ṁ = 2µAHA
s ε̇

A
max (2.3)

Ṁ represents the mean earthquake moment rate for the region A. I determineṀ for
each triangle of my parameterization, where A is the area of the triangle,ε̇

A
max the

maximum strain rate at the center of the triangle andµ = 3.0 1010 Nm−2, the rigidity
of the elastic layer.HA

s in equation 2.3 is the average thickness over which elastic
strains accumulate and dissipate in earthquakes.HA

s is neither the crustal thickness
nor the maximum depth of earthquakes. These depths exceedHA

s because the top few
kilometers of the crust are aseismic and the properties of the deepest quakes do not
reflect the seismogenic layer as a whole. Ward (1998) determined average values of
HA
s = 12.7 km for southern California,HA

s = 11.2 km for northern California and
HA
s = 14.7 km for the Basin & Range. I have adopted these values in my analysis.

Ward (1998) derived average strain and mean moment rates for southern California,
northern California and the Basin & Range province. For comparison, I have assigned
each triangle to either of the three areas based on their geographical location and deter-
mined the corresponding average strain and moment rate for each. I note that my model
area is not completely comparable with the areas adopted by Ward (1998). My south-
ern California domain exceeds Ward (1998)’s estimate due to the inclusion of Baja,
Mexico, while Ward (1998)’s northern California domain extends further north of my
modeling area. Therefore, the significantly different average strain rates obtained in
California in solution II result in comparable mean moment rates (table 2.2). Hence,
the strain rates in Baja, Mexico contained in solution II have lowered my estimate for
the average strain rate, while the increase in surface area due to this region induces a
similar estimate of the mean moment rate. The lower strain rates in northern California
north of my modeling area have a similar impact on the estimate of Ward (1998) in this
region. In the Basin and Range the two solutions differ significantly for both strain rate
and mean moment rate.

area104 km2 ε̇
A
max 10−8 yr−1 Ṁ 1019 Nmyr−1

Ward Sol. II Ward Sol. II seis.† geod.∗ Sol. II deficit
S.C. 15.7 21.3 11.8±1.6 10.6±0.23 1.06 1.42±0.20 1.35±0.09 0.29
N.C. 24.0 15.2 5.59±0.25 7.44±0.21 0.66 0.91±0.04 0.83±0.07 0.17
B&R 77.5 52.8 2.11±0.14 2.31±0.21 0.55 1.23±0.09 0.90±0.13 0.35
∗ geodetic mean moment rate derived byWard [1998]
† mean moment rates taken fromWard [1998]

Table 2.2:Mean strain and moment rates of Ward [1998] and determined for solution II.
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The moment deficit rate between the geodetic moment rate and the seismic moment
rate addresses the (in)completeness of the earthquake catalogue (Ward, 1998) (e.g. the
absence of large, rarely occuring events, as well as events with magnitudes less than
∼5). The deficits in the three general regions between the moment rates of solution II
and the seismic moment rate suggests that the catalogue simply fails to reflect the long-
term situation. Within the 150 year time span of the catalog the moment deficit rate
in southern California is comparable to aMw = 7.7 earthquake, where the moment
deficit rate of northern California amounts to aMw = 7.6 event.

Shen-Tu et al. (1999) determined strain rates and minimum moment rates for the
western United States from geodetic, geologic and seismic data. I find a reasonable
comparison of my solution II strain rates and their geodetic strain rates (table 2.3).
However, their regions along the Californian coast (regions A, B and C of Shen-Tu
et al., 1999) extent further westward than my model boundary. The lower strain rates
they model in the area west of my model boundary decrease their estimates of the av-
erage strain rate and the combined effect results in the significant differences observed
for the moment rates. In the Mojave Desert (region J of Shen-Tu et al., 1999) I find a
significantly larger average strain rate. This could be caused by my increased station

Shen-Tu et al[1998] Solution II

area min. mom. rate† Strain rate∗ area Ṁ
◦

Strain
104 seis. geol. geod. seis. geol. geod.104 rate∗

km2 km2

A 5.11 2.21 10.15 11.70 0.48 2.21 2.54 1.16 2.39 2.29
B 2.96 1.63 16.77 19.55 0.61 6.29 7.34 2.30 19.16 9.25
C 6.36 0.18 5.54 13.90 0.03 0.97 2.43 3.21 8.85 3.06
D 3.74 34.39 51.00 42.94 10.18 15.14 12.75 3.39 42.32 13.85
E 1.28 2.09 21.06 19.13 1.81 18.24 16.57 1.49 16.67 12.45
F 1.27 18.69 19.55 13.41 16.32 17.07 11.71 1.33 15.56 13.00
G 1.32 36.16 29.16 17.06 30.34 24.46 14.31 1.43 17.95 13.99
H 4.11 7.64 41.61 47.49 2.07 11.25 12.84 4.86 63.67 14.56
I 30.0 53.45 7.77 60.77 1.98 0.29 2.25 27.4 102.34 4.16
J 5.53 9.03 7.27 23.05 1.81 1.46 4.63 6.63 46.12 7.73
K 33.7 0.97 2.09 29.50 0.03 0.07 0.97 28.5 36.21 1.41

† Minimum moment rate (̇M = 2µV (|σ̇|+
√
γ̇

2

1 + γ̇
2

2); 1018 Nmyr−1) as determined by

Shen-Tu et al[1998] with shear modulusµ = 3.0 1010 Nmyr−1 and V is the volume,
which is the product of the area of the region and the seismogenic thickness (HA

s = 15km)

∗ Strain rate10−8 yr−1; ε̇
A
max = |σ̇|+

√
γ̇

2

1 + γ̇
2

2

◦ Ṁ (1018 Nmyr−1) is calculated using (3) in the text, with an assumed seismogenic
thickness of 15km

Table 2.3:Mean strain and moment rates of Shen-Tu et al [1999] and those determined from
solution II.
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Figure 2.13:Moment magnitudes corresponding to the moment deficits accommodated in my
model area during my observation period. The negative moment magnitudes correspond to
negative moment deficits, indicating that large earthquakes within the observation period have
released more seismic moment than has been accumulated by my strain rate field. For color
version of this figure C.6 in appendix C.1.

density in this area, enabling me to localize deformation.

Clearly the mean moment rates strongly depend on the ratio between the average
maximum strain rates and the size of the area utilized, e.g. a larger area with small
average maximum strain rates amounts to a mean moment rate comparable to the mean
moment rate of a small area with large average maximum strain rates.

Based on the USGS seismicity database and the Harvard CMT Catalogue I deter-
mine the seismic moment rate for the time span contained in my GPS data (1973-2000).
For the events obtained from the USGS database I use theM0−Ml relation of Thatcher
and Hanks (1973) for southern California (logM0 = 1.5Ml + 16.0) to determine the
seismic moment. To avoid the influence of the varying triangle sizes within my model
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parameterization I construct a grid of square cells of0.25o × 0.25o within my model
area. For each grid cell the average maximum strain rate is derived from the maximum
strain rates at the corners of the cell and the mean moment rate is determined using
equation 2.3. I multiply my model derived moment rates with the time span of my
data, obtaining the total accumulated moment of each grid cell. Based on their loca-
tion I assign each seismic event to a grid cell and apply moment summation to obtain
the total seismic moment within my time span for each cell. The deficit between the
seismic moment and the total geodetic moment gives an estimate of the excess moment
accommodated in my model area during the observation period of 27 years and will
allow identification of regions with possibly increased seismic hazard.

The moment magnitude (Mw) of an earthquake is related to the seismic moment
(M0) by (Kanamori, 1977):

Mw =
(
logM0

1.5

)
− 10.73 (2.4)

By replacingM0 in equation 2.4 by the moment deficit (M ) I determine the earthquake
magnitude corresponding to each moment deficit (figure 2.13). From figure 2.13 I can
see larger earthquakes diminishing the moment deficit. The large events in the region
(e.g. Landers, Hector Mine, Northridge and Loma Prieta) have released more seismic
moment than was accumulated geodetically in this time period (negative magnitudes).
Of course large earthquakes release seismic energy and moment across larger areas than
just their epicenter. This more regional influence of the large events is not explicitly
incorporated in my analysis, however, is taken into account in the interpretation of fig-
ure 2.13. In the western Transverse Ranges, the Northridge earthquake and aftershocks
have released most of the moment build up by the strain rates of my model within
the time period, thus reducing the seismic hazard in this area. The same holds for the
Mojave Desert, where the Landers, Big Bear and Hector Mine earthquakes released a
significant amount of the accumulated moment. However, all along the San Andreas
fault I find moment deficits corresponding toMw > 5.9. Significant moment deficit,
corresponding toMw = 6.1 − 6.3, has accumulated east of the Parkfield and Carrizo
segments of the San Andreas fault. A comparable moment deficit is also observed
in the Bay area of San Francisco, along the San Andreas fault just north of the Big
Bend and around the Imperial and southern San Andreas faults. On the Hayward and
southern Calaveras faults these high moment deficits coincide with regions of increased
micro-seismicity. This phenomena was also observed prior to other events (e.g. the 17
August, 1999, Izmit, Turkey earthquake; Nalbant et al., 1998; Parsons et al., 2000) and
may point at an increased risk of an earthquake to occur in these regions in the near
future.
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2.8 Crustal deformation of the SWUSDZ

King et al. (1994) derived that since 1850 about 60% of the Pacific-North American
motion occurred seismically and 40% aseismically. They further showed that within the
seismogenic depth range of the plate boundary aseismic deformation is concentrated
near the surface and at depth. In some cases this deformation can be located on creeping
faults, but elsewhere it is spread over a several kilometer wide zone adjacent to the
fault. I infer that this kind of surface deformation field is clearly modeled in solution
III. Based on solution III I derive a model of the kinematics of the present-day surface
deformation of the SWUSDZ. Figure 2.14 summarizes the main features for strain,
rotation and slip rates of my model.

Within the shear zone of California I can identify many faults containing dextral
motion and significant CW rotations. More in-depth, I can distinguish several fault
zones bounding rotating blocks. Around the San Francisco Bay I obtain dextral creep
on the San Andreas, Hayward and Calaveras fault system. The southern part of this
system is associated with CW rotations and shear strain rates in a setting dominated by
contraction. To the east of the San Andreas-Calaveras fault junction the model depicts
significant shear strain rates also in a setting dominated by contraction possibly related
to hidden thrusts in the area. The eastward extent of these shear strain rate patterns
is poorly constrained by the lack of data within the Sierra Nevada. The Parkfield seg-
ment of the SAF is dominated by asymmetric shear strains in a extension dominated
setting, southward diminishing dextral creep and asymmetric CW rotations. Between
the San Andreas-Calaveras fault junction and the Big Bend section of the San Andreas
fault, deformation localizes on the eastern side of the San Andreas fault which I have
attributed to a significant rigidity contrast across the fault. The Big Bend section marks
the transition from N-S contraction in the western Transverse Ranges to dextral shear
in the Mojave Desert. The Transverse Ranges are associated with sinistral creep and
significant CW rotations. The southern Mojave Desert experiences CCW rotations to
accommodate the CW rotations in the eastern Transverse Ranges. The rotating blocks
in the eastern Transverse Ranges and Mojave Desert are bounded by dextral faults.
The ECSZ, Walker Lane Belt and CNSZ show a continuous shear zone of dextrally
creeping faults separated by CW rotating blocks. In contrast to the Mojave Desert, the
faults bounding the Sierra Nevada obtain a significant normal component of fault creep
accommodating the extension of the Basin and Range. The White Mountains seismic
gap between the ECSZ and the CNSZ is dominated by shear, thus transferring the de-
formation from the ECSZ to the CNSZ. The western Great Basin undergoes significant
WNW-ESE extension. The San Andreas and San Jacinto faults are linked as a single
dextral fault system. Between the two dextral faults significant CW rotation and dex-
tral shear occurs consistent with deformation in a dextral fault zone. The southward
extension of the San Andreas fault, the Imperial Valley fault and the Cerro Prieto fault
also show significant dextral creep.
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Figure 2.14:Model of the kinematics of the present-day surface deformation of the SWUSDZ.
With extensional shear I indicate shear strains in which the magnitude of the extensional prin-
cipal axes exceeds the contractional principal axes. With contractional shear I indicate shear
strains for which the magnitude of the contractional axes exceeds the extensional axes.
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2.9 Conclusions

I have estimated the surface deformation field of the southwestern US deformation
zone in terms of I) block rotation and fault motion, II) the velocity gradient field, and
III) the velocity gradient field and fault motion simultaneously. Solution III provides
the best fit to the geodetic data. The model shows aseismic fault motion which sense
of motion is generally in agreement with geological observations. In densely sampled
areas, the fault motion is consistent with aseismic creep measurements. However, to
some extent (depending on GPS observations close to the faults) the trade-off between
fault motion and the velocity gradient field exists throughout my model. The surface
deformation field shows distributed deformation in a zone around the faults with signif-
icant shear strain rates and rotations, though significant distributed deformation away
from the faults is also observed. The eastern California shear zone acts as a distinct
fault zone, bounded by more rigid blocks. The faults within the zone take up a sig-
nificant part of the shear motion, while shear strain rates and clockwise rotations are
located between the bounding faults. Similarly, the San Jacinto and San Andreas faults
act as bounding faults of a fault zone with significant shear strain rates and clockwise
rotations. The Mojave Desert is dominated by right-lateral shear, whereas the western
Transverse Ranges show significant contraction. The sense of rotation in these regions
is consistent with models based on paleomagnetic observations. I deduce that since
the Late Miocene a significant part of the shear motion between the Pacific and North-
American plate is accommodated by the San Andreas fault, while the remnant motion
induces clockwise rotations in the Transverse Ranges and counter-clockwise rotation
in the southern Mojave Desert. Significant localization of deformation east of the San
Andreas fault is observed between the Big Bend section and the San Andreas-Calaveras
fault junction. This is an immediate result of a significant rigidity contrast across the
fault associated with a more rigid Salinian granite basement west of the fault and less-
rigid Franciscan or Great Valley sequence material east of the fault. This localization
of deformation has important implications for seismic hazard. In this area my seismic
hazard analysis shows a moment deficit accumulated between 1973 and 2000 corre-
sponding to aMw = 6.1 − 6.3 earthquake. Near San Francisco Bay, along the San
Andreas fault just north of the Big Bend and around the Imperial and southern San
Andreas faults a comparable deficit has accumulated. On the Hayward and southern
Calaveras faults the moment deficits coincide with significant microseismicity. This
may point at an increased risk of an earthquake to occur in these regions in the near
future.
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Chapter 3

Surface deformation and tectonic
setting of Taiwan inferred from a
GPS velocity field.

3.1 Introduction

The island of Taiwan is a zone of active continental deformation located in an excep-
tional tectonic setting within the plate boundary zone between the Eurasian Plate (EUP)
and the Phillipine Sea Plate (PSP) (figure 3.1). At Taiwan the PSP is moving toward
the EUP at a rate of 70-80 mm/yr in the direction N306◦E (Seno et al., 1993, inset of
figure 3.1). The complexity of Taiwan’s tectonic setting arises from the fact that at the
Ryukyu Trench the PSP subducts northnorthwestward underneath the EUP, whereas
at the Manila Trench the PSP overrides the EUP in a westward direction. Taiwan is
located at the transfer zone between subduction and overriding of the PSP. The 150
km long, NNE-trending Longitudinal Valley Fault (LVF) on the island of Taiwan is
generally considered as the suture zone between the two plates (Barrier and Angelier,
1986; Biq, 1972) accounting for 25-30 % of the total plate convergence (Angelier et al.,
2000).

The still ongoing collision between the Luzon volcanic arc and the Chinese conti-
nental margin started at least 8Myr ago (Ho, 1988; Kao et al., 1998; Lallemand et al.,
2001; Teng, 1990) thereby creating and building the Taiwan orogen. Due to the oblique
orientation of the strike of the arc relative to the strike of the passive margin, the colli-
sion at Taiwan has migrated southward, incorporating ever new portions of the Luzon
arc (Lewis and Hayes, 1983; Suppe, 1981). Details of the geodynamic evolution and
present-day tectonic setting of Taiwan are by no means resolved. This becomes evi-

This chapter is in press for publication inJ. Geoph. Res.as: A.G. Bos, W. Spakman and M.C.J. Nyst,
Surface deformation and tectonic setting of Taiwan inferred from a GPS velocity field.
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dent from the variety of contradicting models proposed in the literature (Angelier et al.,
1990; Chemenda et al., 1997; Lu and Malavieille, 1994; Suppe, 1981; Teng, 1990; Wu
et al., 1997). Suppe, 1981; Teng, 1990; Wu et al., 1997].

These models focus on two closely related processes: the geometry and dynamics
of the transition between the two subduction zones and the evolution of the Taiwan oro-
gen. The hypothesis of the ”thin-skinned” or ”critical taper” model (Barr and Dahlen,
1990; Dahlen, 1990) for actively deforming fold-and-thrust belts has been challenged
by models including the basement of the crust in the mountain building process (Ell-
wood et al., 1996; Hwang and Wang, 1993; Wu et al., 1997). In the ”thin-skinned”
models active deformation is confined to a trapezoidal segment of a wedge overlying a
planar decollement fault, whereas the ”basement involved” models require the discrete
incorporation of autochthonous basement material into the shallow parts of the orogen.
A model of crustal subduction followed by exhumation (Chemenda et al., 2001; Lin,
1998; Lin et al., 1998) has also been proposed to explain the rapid uplift and high heat
flow in the Central Range of Taiwan (figure 3.1). Lallemand et al. (1997, 2001) and
Teng et al. (2000) propose detachment of the Eurasian slab beneath Taiwan as a mecha-
nism to create space for the subduction of the PSP slab along the westward propagating
Ryukyu trench. Analogue modeling has shown the possibility of subduction reversal
along a boundary comparable to the LVF of Taiwan in a similar setting of two contrary
subduction zones, as well as provided insight in the mechanisms behind the processes
of exhumation and lateral extrusion (Chemenda et al., 1997, 2001; Lu and Malavieille,
1994). These and other models still require further testing against available geological,
geophysical and, in particular, geodetic data acquired in the past decade.

In 1989 the ”Taiwan GPS Network” was established by the Institute of Earth Sci-
ences, Academica Sinica (IESAS). Based on the 1990-1995 data of the network, Yu
et al. (1997) derived the present-day velocity field of the Taiwan area. Such a velocity
field provides significant information on the kinematics of the crustal deformation. I
apply the inversion method of Spakman and Nyst (2002) to the GPS velocity field of Yu
et al. (1997) in order to determine the kinematic properties of the surface deformation.
This method solves simultaneously for the velocity gradient field and fault slip rate.
The Spakman and Nyst (2002) method utilizes a physical relation between the velocity
gradient field, fault motion and the relative velocity data which is significantly different
from similar studies on complicated regions which are based on spatial interpolation of
the data (e.g. Beavan and Haines, 2001; Wdowinski et al., 2001). The incorporation
of fault motion in a joint inversion with the velocity gradient field is a unique char-
acteristic of the method. In contrast to for instance elastic dislocation modeling (e.g.
Bennett et al., 1996), my method requires no assumptions on crustal or fault dynam-
ics (see Spakman and Nyst (2002) for further discussion). From the velocity gradient
tensor I easily obtain the strain rate and rotation rate tensor fields. In conjunction with
geological observations in the area, I interpret the obtained surface deformation model
in terms of the kinematics of crustal processes. By combining the surface deformation
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Figure 3.1: Tectonic setting of Taiwan showing major faults as used in this study: LVF =
Longitudinal Valley Fault; LF = Lishan Fault; CF = Chuchin Fault; CHF = Chaochou-Chishan
Fault; CKF = Chukou Fault; DF = Deformation Front, and the main geological provinces: I
= Coastal Plain; II = Western Foothills (WF); IIIa = western Central Range (WCR); IIIb =
eastern Central Range (ECR); IV = Coastal Range (CoR); IJ = Ishigaki-Jima; IP = Ilan Plain
and COB = Continental Ocean Boundary.
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model with seismicity data and seismic tomography I am able to propose a coherent
model for the present-day tectonic activity at the island of Taiwan.

3.2 Geologic setting

Geologically, Taiwan can be divided into four N-NE trending provinces which are sep-
arated by active faults (figure 3.1). The provinces compose a west-vergent collisional
prism involving both the Chinese continental margin and the Luzon Arc. In the east-
ern Central Range (ECR) Pre-Tertiary high-grade metamorphic rocks of the Chinese
margin are exposed, while the Coastal Range (CoR) is composed of Neogene andesitic
volcanic units of the northern Luzon Arc (Yu et al., 1997; Hu et al., 1996).

The general structural trends of the Taiwan mountain belt show an elongated S-
shape (figure 3.1). Southern Taiwan is dominated by the on-shore extension of the
Manila accretionary wedge, representing a particular zone of weakness related to the
northern part of the Manila subduction system. To the north of this region, the ac-
cretionary wedge is terminated by the Chishan Transfer Fault zone (CTFZ), which
appears as a major structural, seismological and kinematic boundary trending N130◦E
(Lacombe et al., 2001). Another major wrench fault zone cutting across Taiwan is
the Sanyi-Pakua Transfer Fault Zone (S-PTFZ). This N140◦E trending left-lateral fault
zone is also accompanied by high seismicity and offsets several major structures (Def-
fontaines et al., 1997). The prominent Peikang and Kuanyin High represent the shallow
pre-Cretaceous Chinese continental basement. They are accompanied by significant
Bouguer anomalies (Hsieh and Hu, 1972) and are characterized by tectonic stability.
The deformation front (DF) is located along the western edge of the accretionary wedge
in the south and progresses north through the Coastal Plain (CP) along the eastern edges
of the basement highs. Generally, all deformation related to the convergence of the PSP
and EUP is considered to be accommodated east of the DF (figure 3.1).

3.3 GPS data

I use the dataset of GPS motion vectors published by Yu et al. (1997). These vectors are
determined for 131 stations of the ”Taiwan GPS Network” that were surveyed 4-6 times
between 1990 and 1995, four continuously recording stations and five semi-permanent
stations (figure 3.2). In the calculation of the station velocities, Yu et al. (1997) chose
the Paisha station (S01R), situated at the relatively stable Chinese continental margin,
as the fixed reference station and fixed the azimuth from Paisha to Taipei (at 52.1◦) to
resolve the translational and rotational ambiguities of the whole network in the estima-
tion. I adopt this reference station for plotting purposes, but note that my analysis is
independent of reference frame.
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Figure 3.2:GPS velocity vectors of Taiwan [Yu et al., 1997] as used in this study with their
95% confidence error ellipses.

Several earthquakes with magnitude 5.0 or more occurred in or near the area of ob-
servation during the time of observation. However, since they did not have a significant
effect on the length changes of the baselines, steady state motion is assumed during the
period of observation (Yu et al., 1997).

3.4 The Spakman-Nyst method

I use the inversion method of Spakman and Nyst (2002) to determine the surface defor-
mation of Taiwan in terms of discrete movements along faults (creep/slip) and contin-
uous deformation in crustal blocks from relative motion data. The kinematic method
does not require any assumptions about the dynamics causing the deformation or the
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rheology of the crust. For stationary deformation the method relates the observed rel-
ative motion (∆vij) between stationi and stationj to the velocity gradient field (∇v)
and fault slip rate (fk) on fault segmentk (figure 3.3):

∆vij =
K+1∑
l=1

∫
Llij

∇v(r) · dr +
K∑
k=1

αkfk(rkij) (3.1)

whereLlij is the integration path connecting stationsi andj. K denotes the number of
crossed fault segments,αk = ±1 depends on the fault orientation with respect to the
direction of integration along pathLlij , fk is the slip rate on faultk at the intersection
rkij betweenLlij and the fault and∇v(r) is the velocity gradient tensor.

The first part of the right hand side of equation 3.1 denotes the contribution of
continuous deformation to the relative motion between the two stations. The inte-
gration over the∇v is done in parts, since the∇v can be discontinuous across slip-
ping/creeping faults. The symmetric part of the velocity gradient tensor constitutes the
strain rate field, where the antisymmetric part constitutes the rotation rate field. The
second part represents the motion due to fault slip onK faults crossed by a pathLlij .
Equation 3.1 is purely linear in the unknown quantities∇v andfk and offers a com-
plete description of the relative crustal motion∆vij resulting from stationary crustal
deformation.

A set ofM geodetic relative motion observations yield at leastM(M − 1)/2 vec-
tor equations 3.1 coupled through∇v andfk. I divide the faults into segments and for
each segment the relative fault slip ratefk is parameterized as a (segment dependent)
constant rate. The study region is subdivided into a network ofN nodes connected by
triangulation with the restriction that triangles cannot intersect with faults. I adopt a lin-
ear behavior of the velocity gradient (quadratic displacement) on the spatial coordinates

Figure 3.3:The forward problem of relating relative velocity to the velocity gradient field and
fault slip. The curved pathLij connects two observation sitesi and j with relative motion
∆vij .
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in each triangle (Spakman and Nyst, 2002). This model parameterization is basically
the only assumption entering the observation equation (3.1) and is used to arrive at a
linear matrix system of equations. The density of the station distribution in the model
area is used as a guide for local densification of the grid. I include the surface traces
of ”major”, active faults. The ”minor” faults are implicitly represented by the velocity
gradient field. I do not attempt to incorporate all known faults, since the current data
density is insufficient to independently resolve the velocity gradient field and slip/creep
rates on numerous ”minor” faults in such a more detailed parameterization .

Substitution of the parameterization in 3.1 yields an ordinary set of coupled equa-
tions, which can be assembled in a matrix-vector form (see Spakman and Nyst (2002)
for details). Since the relative motion between 2 points is independent of the choice
of Llij , the matrix system can be extended with more data equations using the same
observation set∆vij . Closed integration paths (Llij − Llji) between stationsi andj
will always render zero relative motion, therefore, the closed paths which only sam-
ple continuously deforming crust are effectively replaced by the local constraint that
∇ × ∇v = 0. Additional pathsLlij may be required across faults to ensure internal
consistency between fault slip rate and the velocity gradient field. This effectively leads
to an extended set of data equations. Data errors, non-uniqueness and ill-conditioning
of the observation matrix cause my matrix-vector system to be an inconsistent set of
equations. To deal with problems associated with this, I adopt an inversion scheme
which selects a solution that fits the data in a least squares sense and at the same time
minimizes some model norm. Based on the characteristics of the model area (e.g.
station density) I adopt a combination of amplitude damping on the boundary of the
modeling area and, in the model interior, amplitude damping combined with spatially
varying first derivative regularization. The model minimizing the data residual and the
adopted model norm (defined by the regularization) is given by Spakman and Nyst
(2002):

m = (ATC−1
d A + α2

0Ib + α2
1Ig + α2

2D
T
1 D1)−1ATC−1

d d̂ (3.2)

with a posteriori model covariance given byC = (ATC−1
d A + α2

0Ib + α2
1Ig +

α2
2D

T
1 D1)−1 and model resolution kernelR = CATC−1

d A. HereA represents the
coefficient matrix,̂d is the observed velocity data vector including the∇ × ∇v = 0
constraints, andCd denotes the data covariance matrix. Since my data vectord̂ consists
of all M(M − 1)/2 relative velocities, my data covariance matrixCd would obtain
dimensionsM(M − 1)/2 by M(M − 1)/2. Inversion of this matrix would be very
inpractible, if not impossible. Therefore I only utilize the data standard deviations,
which through standard error propagation results in the standard deviation vector for
the data vector̂d. Ib andIg are identity matrices for the boundary and general damping,
respectively, andD1 stands for the first derivative operator.α0, α1 andα2 are the
weighting factors of the amplitude damping and first derivative regularization equations
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and control the trade-off between fitting the data and minimizing the weighted model
norm. The inversion depends on four tuning parameters: the weight (αr) attributed to
the surface constraint∇ × ∇v = 0, the weightα0 for the boundary node damping,
the weightα1 for the amplitude damping in the interior of the model and the weight
α2 attributed to the first derivative operator. I investigate a range of solutions obtained
with different combinations of the tuning parameters.

For the analysis of the inversion results I define the model normalizedχ2 per degree
of freedom:

χ2
v =

1
v

N∑
i=1

e2
i

σ2
i

(3.3)

whereN are the number of data equations,M the number of model parameters,v =
N −M the degrees of freedom of the model,ei = dobsi − d

pre
i is the prediction error

of the model andσ2
i is the1σ data variance. For models with a high degree of freedom

a proper data fit will result in aχ2 of around one. Aχ2 >> 1 indicates that I am
unable to fit the data with the current model, whereas aχ2 << 1 identifies an attempt
to model the data error, and may imply more model detail than supported by the data
signal. Theχ2 determination is, however, completely dependent on the data error: An
overestimation of such an error may result in aχ2 which is significantly smaller than
1 and vice versa. Further, I usẽσm = 1

M

∑M
i=1

√
Cii as an average indication of the

model error.

3.5 Inversions

The Spakman and Nyst (2002) method provides the possibility to solve for three dif-
ferent types of models for surface deformation. The first application (I) only solves
for the fault slip rate vectors, hence assuming the crustal deformation field to be only
controlled by motion/creep on unlocked, freely slipping faults; this corresponds to as-
suming rigid motion of large crustal blocks. The second application (II) solves for the
velocity gradient tensor only and thus ignores fault contributions to the relative motion
field i.e. assumes that all faults have been locked at the surface during the observation
period. Finally, the third (III) is the joint approach which solves for both fault slip rate
and the velocity gradient field. I invert for all three model types and provide an analysis
of the results for comparison.

The density of my dataset and my aim to model the regional deformation field re-
strict the estimation of the velocity gradient and fault slip rate to relatively substantial
areas and fault segments, respectively. Around the LVF the station density allows a
significantly denser parameterization compared to the rest of the model area. I include
the surface traces of the six major geological faults (Hu et al., 1996, 1997; Yu et al.,
1997) in my parameterization. The location of the fault traces have been digitized from
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Figure 3.4:Final parameterization of the models of Taiwan. Thick lines indicate fault seg-
mentation, black dots are the triangle nodes and grey dots are the site positions. Note that in
my choice for the triangle nodes I are not restricted to the locations of the observation sites.
Triangles do not intersect faults. Nodes at the fault are doubled to allow the velocity gradient
field to be discontinuous across faults.

Yu et al. (1997) to insure the station-to-fault relative positions. This approach leads
to a total of 290 triangles, spanned by 192 nodes and 57 fault segments with 57 slip
rate vectors (figure 3.4). Though fault slip rate parameter damping is possible, inver-
sion I proved to be overdetermined with acceptable model covariance and required no
damping. For inversions II and III I aim for a solution with minimal regularization, ac-
ceptable covariance and resolution and aχ2 ∼ 1.0. However, a largerχ2 (2.89 for my
preferred model) and slightly reduced spatial resolution are accepted to avoid spurious
values typical of an underdamped solution. Note that I implement the1σ standard devi-
ations in my inversion procedure. Utilizing a3σ standard deviation would result in aχ2

of 0.48. The first derivative regularization is allowed to vary spatially depending on the
number of integration paths crossing each triangle (hitcount of the triangle): Triangles
with less hits than1/12 of the maximum hitcount obtain an increased regularization
weight (α2a andα2b , respectively). The final tuning parameters obtained for both inver-
sion II and III were:αr = 3.0·105 (or a standard deviation ofσr = 1.4·10−6(myr)−1)
for the curl constraints andα0 = 1.0 · 108 for the boundary damping,α1 = 4.0 · 107

for the amplitude damping and,α2a = 5.0 · 1010 andα2b = 2.0 · 1011 for the spatially
dependent first derivative operator on high hitcount (> 1

12 ∗ max) and low hitcount
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i Tn Tt K χ2 r̃m σ̃cm σ̃fm[
10−8

yr

] [
mm
yr

]
I - - 114 24.4 1.0 - 0.13
II 155 290 - 4.96 0.65 1.25 -
III 192 290 114 2.89 0.62 1.46 0.22

Table 3.1:Aspects of the inversion parameterization and average results for inversions I, II and
III. Key: i, inversion;Tn, number of model nodes;Tt, number of triangles;K, number of fault
segments;̃rm = 1

M

∑M
i=1Rii, the average resolution, withRii the diagonal elements of the

resolution matrix andM the number of model parameters;σ̃cm = 1
Mc

∑Mc

i=1

√
Cii, the average

standard deviation for the components of∇v, withMc = 4Tn the number of components of
∇v; σ̃fm = 1

Mf

∑Mf

i=1

√
Cii, the average standard deviation for the components offk, with

Mf = 2K the number of slip components.

(< 1
12 ∗max) regions, respectively. The fault slip rate vectors in inversions I and III

were never subjected to damping. Table 3.1 provides an overview of some aspects of
the inversion parameterization and average results for inversions I, II and III.

3.5.1 I: Inversion for fault slip rate only

In an attempt to fit the data by pure fault motion, i.e. assuming rigid crustal blocks,
I only consider the 6 major geological faults on Taiwan. In the model the faults are
represented by 57 slip rate vectors, each consisting of a fault normal and a fault parallel
component, resulting in a total of 114 model parameters. The inverse problem proves
to be over-determined (perfect resolution) but the solution, with small model covari-
ance, shows large data misfits which can not be accommodated by the 95% confidence
error ellipses (χ2 = 24.4; figure 3.5a). Using a more detailed fault parameterization of
allowing twice the amount of slip model parameters per fault does not lead to a signif-
icant reduction of the data misfit nor renders a significantly different slip rate solution.
A comparison with neotectonic observations of fault slip rates also fails the test. For
instance, the solution for slip rate on the Longitudinal Valley fault comprises a combi-
nation of thrust and left-lateral motion, consistent with geological observations (figure
3.5b). However, the magnitude of the slip rate is significantly larger than the observed
slip rates determined from geological and creepmeter measurements (Angelier et al.,
1997; Lee et al., 2001). The Lishan fault accommodates significant thrust movement
on its northern segments, where geological evidence shows left-lateral movement in
the north with increasing thrust movement towards the south (Lee et al., 1997). While
the modeled left-lateral motion on the Chaochou-Chishan-Chuchin fault is supported
by geological observations, no evidence of the normal component has been found (La-
combe et al., 2001). The relative increase in thrust movement on the Chukou complies
with geological observations (Yu et al., 1997).
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Figure 3.5:Solving for fault slip rate only: a) Data misfits: Since my data are the relative
velocities between every pair of stations, I determine the misfit at each station by taking the
difference between the predicted velocity and the data velocity for each path connecting this
station and determine the average. I compare it with the average error ellipse of the station,
which is also determined from the error ellipses of all these paths. b) Fault slip rate solution.

Since I have only parameterized the six major active faults in the Taiwan region, I
acknowledge the possibility of an improved data fit should ”minor” fault systems be in-
cluded. Here, I only test whether rigid motion of large crustal blocks (implicitly defined
by adopting the major fault systems) can fit the data. In inversion III the ”minor” faults
and elastic loading are implicitly represented by the velocity gradient field. On account
of the poor data fit and the poor comparison to neotectonic observations, I conclude
that the hypothesis of pure rigid block motion cannot explain the GPS data.

3.5.2 II: Inversion for continuous deformation only

In this application I do not solve for fault motion contributions to the velocity field.
The parameterization consists of 290 triangles, spanned by 155 model nodes. Each
node generates 4 components of the velocity gradient tensor, which results in a total of
620 model parameters. The data misfit (χ2 = 4.96; figure 3.6b) is significantly better
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than obtained for model I. Largest misfits are found in the Longitudinal Valley region,
where many GPS stations are close to either side of the LVF (figure 3.6b). From figure
3.2 I infer that the GPS velocity changes strongly when crossing the fault as a result of
fault motion not modeled in this inversion.

Most of the convergence between the EUP and the PSP is absorbed in the Lon-
gitudinal Valley region. Extension is found in the southern Central Range (CR) and
the Ilan Plain (IP). Large contraction can also be seen just east of the Deformation
Front (figure 3.6a). Lee and Angelier (1993) determined the strain rates for the cen-
tral part of the Longitudinal Valley from trilateration data assuming that the crustal
deformation should be modeled by continuous crustal flow. They show contraction
rates at Juisui, Yuli and Chihshang of (all expressed inyr−1) 2.3 × 10−6, 3.1 × 10−6

and2.1 × 10−6, respectively, with a consistent N132oE trend. I find strain rates of
1.48 ± 0.02 × 10−6 in N140oE at Juisui,0.86 ± 0.02 × 10−6 in N137oE at Yuli and
1.35±0.02×10−6 in N133oE at Chihshang, which are consistently smaller. This could

Figure 3.6:Solving for continuous deformation only: a) Data misfits, b) Strain rate field. The
contouring denotes the effective strain rate (=(1/2εijεij)1/2). The arrows denote the principal
strain rates: contraction (black) and extension (white). For a color version of this figure see
figure C.7 of appendix C.1.
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be due to the differences in scale between their dense triangulation networks and my
sparser GPS network and my coarser parameterization (Kahle et al., 2000; Nyst, 2001).
Yu and Chen (1998) performed a study similar to that of Lee and Angelier (1993) for
the southern part of the Chukou fault. They used the data of 5 years of GPS campaigns
(1993-1997) to study spatial and temporal variations in crustal strain. Their calculated
contraction rates of0.48× 10−6yr−1 in N119oE at the central part of the Chukou fault
increase to2.01 × 10−6yr−1 in N109oE further to the south. Here I find an increase
from 0.47± 0.02× 10−6yr−1 in N119oE to1.08± 0.02× 10−6yr−1 in N96oE. They
also determined extension rates in the south of0.7× 10−6yr−1 in N18oE. This agrees
reasonably well with my extension rates of0.50 ± 0.02 × 10−6yr−1 in N27oE in the
same area.

Though this application clearly offers a better data fit than the inversion for fault
slip rate only (I), it remains inconsistent with neotectonic observations. Further, the
presence of major, active faults in this region is undisputed.

3.5.3 III: Inversion for fault slip rate and continuous deformation

The joint inversion utilizes the same triangular grid as inversion II. On the fault traces
duplicate model nodes are used to allow decoupling across the fault. The joint inversion
is thus based on the same 290 triangles spanned by 192 model nodes and an additional
57 slip rate vectors, yielding a total of 882 (768 for∇v and 114 forfk) model pa-
rameters. Some of the data misfits for this joint inversion are slightly larger than the
average 95% confidence ellipses leading to an average data misfitχ2 of 2.89 (figure
3.8a). I observe that the few misfit vectors that exceed the limits of the data confidence
ellipses are still primarily located in the Longitudinal Valley region, where deforma-
tion is strongest. Comparison with the data (figure 3.2) shows that the misfit vectors
denote local differences within the trend of the data. Our adopted parameterization is
too coarse to model these strong local variations in relative motion.

Before analyzing the fault slip rate (figure 3.8b) and the strain- and rotation rate
fields (figure 3.9a,b) I will discuss the covariance and resolution of the solution.

Covariance and resolution

From the model covariance matrixC I extract the standard deviations in the estimates
of my model parameters (σi =

√
Cii). For the velocity gradient field I plot theσi

corresponding to a 95% confidence level as two contour plots: one for theφ-derivatives
(longitude) (figure 3.7a) and one for theθ-derivatives (latitude) (figure 3.7b). The larger
errors (∼ 5 × 10−8 yr−1) occur along the southwestern extent of the Deformation
Front and in the northnorthwestern region of the model area. In regions with a small
amplitude (∼ 1 × 10−8 yr−1) the solution becomes insignificant. The errors of the
fault slip rate parameters, plotted as 95% confidence error vectors in theθ- andφ-
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Figure 3.7:Covariance and Resolution of the joint inversion solution. The covariance is rep-
resented as the model standard deviations (σm =

√
Cii). A) contour plot of the 95% confidence

σi on∇vθ, B) contour plot of the 95% confidenceσi on∇vφ, C) 95% confidenceσi on fk plot-
ted as error vectors in theθ-direction andφ-direction, D) contour plot of the resolution of∇vθ,
E) contour plot of the resolution of∇vφ.
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direction (figure 3.7c), are a factor 10 smaller than the average magnitude of fault slip
rate obtained in the solution.

Figure 3.7d and 3.7e show contour plots for the diagonal elements of the resolution
kernel of the velocity gradient field. The interior of the study region is relatively well
resolved with diagonal elements exceeding 0.75. The difference between resolution in
latitude and longitude can be understood by realizing that due to the better NS spread
of observations (compared to EW) latitudinal variations are better resolved. Reduced
resolution at the boundary of my modeling area is due to the influence of the regulariza-
tion. The reduced resolution offshore Taiwan in the northwestern part of my modeling
area can be attributed to the poor data coverage in this part of the model. In the in-
terior of the model the resolution is reduced due to a trade-off between fault slip rate
and the velocity gradient. This can be observed between the Deformation Front and
the Chukou fault, around 24oN between the Chukou fault and the Chaochou-Chishan
fault, and between the Chaochou-Chishan fault and southern Lishan fault. I note that
the fault slip rate thus modeled may represent a combination of fault creep and inter-
seismic signal, depending on the trade-off between the velocity gradient field and fault
motion. This trade-off occurs in case of lack of data to seperate fault motion from
the velocity gradient field in a kinematic inversion. (Nyst, 2001; Spakman and Nyst,
2002). The trade-off is best resolved in areas with relative motion observations close to
the fault zones. In areas where this is not the case, an interseismic signal due to block
motion may be introduced in the slip rate solution, whereas the fault may in fact be
locked. This trade-off also affects the amplitude of the velocity gradient estimate in the
proximity of the fault. I note that a solution for only continuous deformation (solution
II of this study) implicitly reflects pure elastic loading of locked faults. I further note
that the trade-off problem is not a feature of the Spakman and Nyst (2002) method, but
is a problem for any interpretation method of relative motion data. I refer to Spakman
and Nyst (2002) for a further discussion on this topic.

Fault slip rate contribution

In the joint solution I find significantly reduced fault slip rates compared to inversion
I, though the sense of motion is reasonably consistent between the two solutions. The
fault slip rate contribution of the joint solution (figure 3.8b) shows relatively small hor-
izontal slip rates of the order of∼ 2 mm/yr on most fault segments. Larger horizontal
slip rates are observed on the southern segments of the Chukou fault and on the Longi-
tudinal Valley fault. Large vertical rates have been determined on Taiwan (Lin, 1998;
Yu and Kuo, 2001), but are not reproduced by my model since I only consider hori-
zontal velocities/rates. Slip rates on the Longitudinal Valley fault vary from about 19
mm/yr with an azimuth of N124oE at Taitung to 25 mm/yr in N136oE at Yuli and 7.8
mm/yr in N151oE at Hualien. Yu et al. (1990) showed that the Longitudinal Valley fault
is a very weakly locked or almost freely creeping fault. At Tapo, Angelier et al. (1997)
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Figure 3.8:Joint solution: a) Data misfits, b) Fault slip rate solution. For further explanation
see figure 3.5

determined present-day rates based on detailed surveys of faulted concrete structures.
Their rate of 22 mm/yr in N143oE compares reasonably with my value of 26.84±0.22
mm/yr in N136oE. The difference might be explained by the scale differences of the
very local observations and my more regional parameterization.

The Lishan fault shows left-lateral movement at the northern segment changing to
thrust movement more to the south. This variation in movement is in agreement with
geological observations done by Lee et al. (1997). Yu et al. (1997) found a signifi-
cant increase in shortening rates towards the south along the Chukou fault, which is
in support of the increase of thrust movement I observe in my model. I further find
that the Deformation Front acts as a right-lateral thrust, which is consistent with the
observations of Lacombe et al. (2001).

Strain rate contribution

The parameterization of faults in application III allows the velocity gradient field to
be discontinuous across active faults. The implementation of the faults significantly
reduces the magnitudes of the strain and rotation rates compared to application II, es-
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pecially around the Longitudinal Valley fault and the Chukou fault. The magnitudes
obtained for the strain rate field still remain amongst the largest estimates on Earth for
interseismic deformation.

The strain rate field (figure 3.9a) shows a general behavior of NW-SE contraction
in the Longitudinal Valley of eastern Taiwan. In southwestern Taiwan I observe an
anticlockwise rotation of the principal axis direction to E-W contraction. The Peikang
High is found to have relatively small strain rates. Comparing this trend with the stress
field modeling results of Hu et al. (1996) I find a general agreement. However, differ-
ences between their results and my solution are observed, especially around the IP. This
may be due to ignoring the opening of the Okinawa Trough (OT) in their elastic-plastic
model, which could have a significant effect on the strain rates in northeastern Taiwan.
Another cause for discrepancies can be that stress and strain directions do not neces-
sarily align in case of elastic-plastic rheology, which hampers a comparison between
their stress directions and my strain directions. The magnitude of the strain rate field
decreases towards the north.

Figure 3.9: Joint solution: a) Strain rate field, b) Rotation rate field in degrees/Myr. The
numbers refer to local averages of relatively strong rotation rates and their1σ errors. For a
color version of this figure see figure C.8 of appendix C.1.
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East of the Longitudinal Valley fault relatively large NW-SE contraction dominates
the deformation. In contrast, the central and southern CR show a dominant NE-SW
to E-W extension. Geologically, this extension is inferred from normal faulting in the
orogen (Crespi et al., 1996; Kosuga et al., 1988), thermal observations (Crespi et al.,
1990) and normal fault type earthquake swarms (Lin and Tsai, 1981; Rau, 1996). The
Western Foothills (WF) are subjected to a WNW-ESE contraction accompanied by a
significantly southward increasing NNE-SSW extension. This trend is in agreement
with Pleistocene paleostress patterns in southwestern Taiwan (Lacombe et al., 1999;
Rocher et al., 1996). In the IP I find sugnificant NW-SE extension, consistent with the
inferred extensional direction in the Okinawa Trough (Herman et al., 1978; Kimura,
1985; Sibuet et al., 1987).

Rotation rate contribution

The rotation rate tensor is given by the anti-symmetric part of the velocity gradient
tensor (figure 3.9b). Strictly speaking, the obtained relative rotation rates apply to rigid
rotations of small equidimensional blocks. Interpretation of regional (anti) clockwise
rotations can be made if on average the obtained rotation rates are (negative) positive.
Since I am not able to solve for a net uniform rotation of the entire study region a
comparison with paleomagnetic block rotations is not straightforward. This is further
complicated by the fact that almost all paleomagnetic observations are older than 8Ma
(Lee, 1993; Miki et al., 1993), hence occurred prior to the last collisional phase (Ho,
1988; Kao et al., 1998; Teng, 1990). I notice that many large regions with the same
sense of rotation rate are bounded by the faults which is indicative of fault motion.

Model III (figure 3.9b) shows two regions with large anticlockwise rotation rates in
the CoR, where, just offshore the northern section of the CoR, equally large clockwise
rotations are obtained. This offshore area and the area around Taitung are, however,
poorly resolved and care should be taken when interpreting these rotation rates.

The WF are divided in three blocks with opposing rotations; Northern Taiwan is
dominated by anticlockwise rotations, the central part experiences clockwise rotation
averaging 10.1±0.8o/Myr as the southern WF are subjected to 12.5±0.7o/Myr of
anticlockwise rotation on average. The CR shows a similar division: The northern sec-
tion undergoes averagely 14.8±0.8o/Myr of clockwise rotation, the middle section is
subjected to anticlockwise rotation averaging 9.2±0.8o/Myr, and the southern section
shows reduced anticlockwise rotation in the west and clockwise rotation in the east.
The intersections of the oppositely rotating blocks coincide with the two major trans-
fer fault zones on Taiwan. Only the southern region of the Coastal Plain undergoes a
clockwise rotation of a fewdegrees/myr. The Ilan Plain is rotating clockwise with a
rate of 10.3±0.7o/Myr on average.
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Comparison to lithospheric stress data

I compare the principal axes of my strain rate field with the principal stress axes from
earthquake focal mechanisms. Since I only model the two-dimensional horizontal
strain rate tensor, I compare it to the horizontal components of the seismic moment
tensor. These four components were extracted from the Harvard moment tensor so-
lution of each earthquake within the modeling area with magnitude larger than 4 and
depth less than 50 km. In my comparison I make a distinction between shallow events
(<20km) and the deeper events. Though I am aware that the deeper seismicity may
be related to lithospheric deformation (subducting slab), I include the deeper events to
allow for comparison with events in the crustal root of the orogen underneath the Cen-
tral Range. The principal axes of seismic moment tensors do not need to coincide with
those of the surface strain rates since (i) the seismic moment tensors reflect local release
of stress (which does not necessarily coincide with regional strain rate directions) and
(ii) the surface strain rates do not necessarily reflect deformation at depth.

In the Western Foothills I find a reasonable agreement in the directions of the prin-
cipal axes for all events. In all other areas a consistent misfit exists for both shallow
and deep events. In the southern Central Range the E-W compression at depth is in
complete contrast to the E-W extension of my model. I believe that these disagree-
ments should be attributed mostly to the fact that those surface velocities which are
the response to deeper crustal processes not necessarily contain all information on the
deformation occurring in the deeper crust. Therefore, a combination with crustal de-
formation data (e.g. seismicity) is useful to study crustal processes driving the surface
deformation.

3.6 Geometry of the subduction system

Of basic importance for understanding the determined strain- and rotation rates and
fault slip rate is the geometry of the two subduction systems in the mantle. Numerical
modeling predicts that subduction of a continent-ocean boundary (COB) leads to favor-
able conditions for detachment of the oceanic lithosphere (Van de Zedde and Wortel,
2001; Wong A Ton and Wortel, 1997). Several recent studies have adopted the hy-
pothesis of detachment of the EUP slab under northern and central Taiwan in order to
explain the ongoing subduction of the PSP slab (Lallemand et al., 1997, 2001; Teng
et al., 2000). Analogue models (Chemenda et al., 2001) demonstrate the possible con-
junction of EUP slab detachment and incipient westward subduction of the PSP under
Taiwan.

The question remains whether slab detachment is actually occurring. Lallemand
et al. (2001) base their interpretation of slab detachment on the global tomographic
mantle model of Bijwaard et al. (1998), which shows predominantly low P-wave speeds
in the upper 100 km of the EUP subduction. However, since the non-subducted part
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Figure 3.10:Layer cuts from the global tomographic mantle model of Bijwaard and Spak-
man [2000]. The left column displays the P-wave velocity anomalies between 95km and 380km
(depths indicated) in percentages of the following reference velocities (from top to bottom)
8.047, 8.119, 8.275, 8.482, 8.701, and 8.913 km/s. White dots denote intermediate depth
hypocenters within 25 km of each layer depth. The grid of black lines are longitude and latitude
lines in steps of 2 degrees (see upper left panel for 2 values). The right column displays the re-
sults of a sensitivity test for estimates of spatial resolution in which the image recovery is tested
of a synthetic velocity model consisting of isolated blocks (circular outlines) of 1.2 degrees in
size and a thickness of about 50 km. The amplitudes are of alternating sign and the blocks are
shifted in depth. The colors denote the recovery of the synthetic model. Mild smearing effects
between the synthetic blocks are visible at all depths, but the synthetic blocks are generally well
recoverable, particularly in the upper 200 km under Taiwan. Below this depth resolution re-
duces gradually. I conclude from this (and other sensitivity tests) that the tomographic image of
the actual Earth (left column) is interpretable at length scales of 50-60 km. For a color version
of this figure see figure C.9 fo appendix C.1.
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of the Chinese continental lithosphere is imaged with similar low wave speeds, it is
difficult to discriminate between a detached slab and subducted continental lithosphere
particularly in the upper 100-150 km of the mantle. Below this depth range the EUP
slab is visible in the mantle tomography. Teng et al. (2000) invoke slab detachment
as the driving force behind the high uplift rates and large heat flow observed in the
eastern Central Range. The maximum uplift rates and largest heat flows are currently
observed between 23oN and 23.5oN, which would suggest that the tip of the southward
propagating detachment tear has advanced significantly south of this location (Wortel
and Spakman, 1992, 2000). However, both seismicity (figure 3.12; cross-section A) and
seismic tomography (figure 3.10) contradict this suggestion by showing a continuous
slab up to 23oN.

The assumption of slab detachment is required if the northward extension of the
EUP slab beneath Taiwan intersects with the PSP slab. Figure 3.10 shows cuts from
the tomographic model of Bijwaard and Spakman (2000), which differs from earlier
work (Bijwaard et al., 1998) as a result of 3D ray tracing to correct for seismic ray
bending effects caused by the 3D velocity structure of the mantle. For the Taiwan re-
gion this leads to an improved definition of the slab geometry. The relatively fast (blue)
anomalies north of 24oN and east of 122oE image the northnorthwestward plunging
PSP subduction zone along the Ryukyu trench. Similarly, the eastward dipping EUP is
visible south of 24oN and at longitudes centered around 122oE. For depths above 145
km the EUP slab is best delineated by intermediate seismicity. Below this depth the
slab reaches 24oN at most (the latitude of Hualien). I assume that the PSP slab and the
EUP slab are at the point of making contact with each other at Hualien. On account
of these images, slab detachment of the EUP below north to central Taiwan does not
at present seem a strong requirement to create space for the PSP to subduct in a north-
westward direction. The image associated with the EUP slab does not show significant
lateral displacement with depth, which attests of its steep dip. This could be attributed
to resistance of the Chinese continental margin to engage in the westward roll-back of
the EUP slab (viewed in a Eurasian fixed reference frame).

3.7 Model interpretation

3.7.1 Southern Taiwan: southward extrusion

In southern Taiwan my surface deformation model exhibits strain rates of almost pure
E-W contraction, which is consistent with ongoing collisional shortening in the orogen.
The contractional rates are accompanied by southward increasing, predominantly N-S
oriented extensional strain rates (figure 3.9a). I find right-lateral thrust motion of∼14
mm/yr in a N54oW direction on the Deformation Front and left-lateral normal motion
of 6-13 mm/yr in direction N110o-130oE (increasing southward) on the Chaochou-
Chishan fault (figure 3.8b). The block bounded by these faults is subjected to an an-
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Figure 3.11:Schematic representation of the tectonic interpretations made in this study: Grav-
itational collapse (thin black arrows) and opening of the Okinawa Trough (dark grey arrows)
in northern Taiwan, ongoing collision with crustal failure, accretion and exhumation of crust
in the Central Range of the central block (light grey arrows), lateral extrusion of the sedimen-
tary cover to the Manila accretionary wedge in southwest Taiwan (wide black arrows), and the
development of a tear fault with incipient northwestward subduction at the transition between
the two trench systems at Hualien. OT denotes Okinawa Trough.

ticlockwise rotation rate of∼ 12.5o/Myr, where the areas on either side of this block
are experiencing clockwise rotation rates or significantly smaller anticlockwise rotation
rates (southern Central Range; figure 3.9b). These patterns of surface deformation are
indicative of lateral extrusion towards the Manila accretionary wedge south of Taiwan.
To the north the extrusion is terminated by the Chishan Transfer Fault Zone (figure
3.11). The analogue models of Lu and Malavieille (1994) also suggest a southward
lateral extrusion of the sedimentary cover of the southern Western Foothills in response
to the oblique collision between the PSP and the EUP. The southern Taiwan area is
further characterized by low shallow seismicity with a significant increase at the base
of the crust (figure 3.12; cross-section A) and the results of geodetic re-triangulation
within the orogen (Chen, 1984) demonstrate that in this area subsidence prevails. These
observations are in support of my interpretation of my surface deformation model in
southern Taiwan.
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3.7.2 Central Taiwan: oblique collision, shortening and exhumation

In the central section of the Western Foothills and western Central Range (figure 3.1)
the model surface strain rate field is dominated by WNW-ESE contraction and clock-
wise rates of∼ 10.1o/Myr (figure 3.9a and 3.9b). I obtain right-lateral motion with
an increasing thrust component for the Deformation Front, left-lateral thrust motion on
the Chukou fault, insignificant motion on the Chaochou-Chishan fault and minor left-
lateral thrust motion on the Lishan fault (figure 3.8b). These modeling results represent
the surface response to the ongoing oblique collision causing shortening and shearing
in the orogen. However, in the eastern Central Range (figure 3.1) I obtain a dominant
extensional principal strain rate. The principal direction of the extension rotates from
NE-SW in the central-northern eastern Central Range to E-W in the south, in agreement
with geological observations gathered in the area (Crespi et al., 1996; Lu et al., 1998).
The extension is accompanied by an anticlockwise rotation rate of∼9.2o/Myr. Recent
reports of leveling measurements across the Central Range describe uplift rates as high
as 36-42 mm/yr for the past decade (Liu, 1995a) especially between 23oN and 23.5oN
(Kosuga et al., 1988). A feasible explanation of my surface deformation patterns, the
high uplift rates, and the high-grade metamorphic core complexes observed in the east-
ern Central Range (section 3.2) could be the exhumation of crustal material. Regional
tomography of Rau and Wu (1995, figure 3.13) shows a thickening of the crust under
the high elevations of the Central Range, where the deepest part is offset to the east. In
the north the low velocity root extends down to a depth of 35 km (vp = 6.0km/s). This
is in agreement with a Moho depth of 33 km inferred from gravity Bouguer anomaly
modeling (Yen et al., 1998). In both tomographic cross-sections the velocity in the top
15 km under the Central Range is relatively high compared to the velocities underneath
the Western Foothills and the Coastal Range. This coincides with a zone of relatively
little seismicity found underneath the eastern Central Range (figure 3.12). Chemenda
et al. (2001), Lin (1998) and Lin et al. (1998) propose a model of crustal subduction
followed by exhumation in a orogen-normal direction of the eastern Central Range to
account for the observations. In this model the continental crust of the South China
Sea is subducted to mid-crustal levels where it becomes detached from the mantle part
of the lithosphere and exhumes. However, in this model the obliquity and southward
propagation of the collision is not taken into account. Since collision commenced in
the north and is progressively moving southward, the subducting continental crust in
the north would reach critical conditions needed for its detachment from the mantle
well before its southern equivalent. Therefore, it is reasonable to assume a southward
propagation of the exhumation in conjunction with the collision (figure 3.11). This
southward propagation of the exhumation may cause the anticlockwise rotation ob-
served in the eastern Central Range as well as divert the principal directions of the
extension to a more NE-SW orientation in the regions with maximum exhumation.
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Figure 3.12:Local seismicity as cataloged by the Central Weather Bureau of Taiwan, between
May 1900 and October 2000. Light grey dots in cross-sections: 0≤M≤ 3, Black dots in cross-
sections:M > 3. Events contained in dotted circle correspond to the incipient subduction
outlined in section C.
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3.7.3 Northern Taiwan: crustal extension and orogenic collapse

Most of northern Taiwan (north of the Sanyi-Pakua Transfer fault zone) is subjected
to relatively small anticlockwise rotation rates (0o-5o/Myr; figure 3.9b) and left-lateral
fault slip rates (figure 3.8b). Strong clockwise rotation rates of∼10.0o/Myr are found
in the Ilan Plain. The strain rate field is characterized by relatively small NW-SE con-
traction corresponding to geological observations in the area (Crespi et al., 1996; Teng,
1996). Based on my model and the geological observations, the northern extent of the
mountain belt is no longer subjected to active crustal shortening. However, the exten-
sional regime due to the opening of the Okinawa Trough (Liu, 1995b; Yeh et al., 1989)
induces crustal stretching and gravitational collapse.

The back-arc extension in the trough is related to the southwestward migration
and rotation of the Ryukyu trench (Liu, 1995b; Yeh et al., 1989), which commenced
2Ma ago (Lee et al., 1991; Lee, 1993; Miki et al., 1993). The significant NW-SE
extension obtained in my model in the Ilan Plain clearly portrays the on-land extension
of the Okinawa Trough (figure 3.11). Shallow seismicity in northern Taiwan is low,
whereas the Ilan Plain is characterized by high, very localized shallow seismicity and an
increased heat flow, which would be expected in a back-arc basin. Thus, the Okinawa
Trough has acquired the ability to propagate into Taiwan along a pre-existing weak
zone, the Lishan fault. In the northern eastern-Central Range the WNW-ESE extension
may be due to a combination of the gravitational collapse and the crustal exhumation,
as identified in the central and southern eastern Central Range (figure 3.11).

Figure 3.13:Regional tomography adapted from Rau and Wu [1995]. A well resolved high
velocity feature comparable to the one found for the PSP at the Ryukyu Trench can be observed
underneath the Coastal Range and Eastern Central Range. The Central Range is underlain by
a region of high velocity. For a color version of this figure see figure C.10 of appendix C.1.
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3.7.4 The Coastal Range: incipient northwestward subduction of the PSP

In the Coastal Range, the modeled creep motion on the Longitudinal Valley fault de-
creases significantly northward from∼19mm/yr with an azimuth of N124oE at Taitung
to ∼ 7.9mm/yr in N151oE at Hualien (figure 3.8b). My strain rate field shows strong
NE-SW contraction accompanied by large anticlockwise rotation rates in the Coastal
Range and comparable clockwise rotation rates just offshore between 23.5oN and 24oN
(figure 3.9a and 3.9b). South of 23.5oN the NE-SW contraction is more moderate
(though significant) and smooth and predominantly anticlockwise rotation rates are
obtained. Some care should be taken when interpreting these results due to poorer res-
olution in this area especially in theφ-derivatives. However, based on the decrease in
modeled fault motion significant contractional strain rates or a significant decrease in
PSP motion are to be expected. Since there are no indications to suspect a change in
PSP velocity at 23.5oN, 40-50 mm/yr of PSP motion has to be accommodated east of
the Coastal Range. The focal mechanisms of the earthquakes in this region denote a
fault with an average strike of 23oN and an average dip of 75o located just offshore
the island of Taiwan (figure 3.14). At Hualien (23.9oN), I plotted the seismicity along
a profile striking perpendicular to this fault (figure 3.12; cross-section D). The profile
shows deep (up to 50 km), localized seismicity around the fault and indicates a north-
westward dipping Wadati-Benioff zone. Seismically, the slab extends to approximately
75 km. The fault location is also tied with a significant gravity low observed in Hualien
Canyon (Yen et al., 1998). Further, regional tomography (Rau and Wu, 1995, figure
3.13) shows a well defined high velocity zone (vp > 8.0km/s) underneath the Coastal
Range and Central Range, which compares in size to the Wadati-Benioff zone of the
PSP at the Ryukyu trench. Based on analogue modeling Chemenda et al. (1997, 2001)
propose the possible occurrence of incipient subduction of the PSP at the latitude of
Hualien. Such incipient subduction would accommodate most of the convergence be-
tween the PSP and Eurasia. The hypothesis explains my surface deformation model
and is in fact confirmed by the seismicity data and the regional tomographic model
(figure 3.11). The fault indicated by the focal mechanisms of events in the area could
represent the top of the PSP slab developing northwestward subduction below eastern
Taiwan.

3.8 Geodynamic evolution

To provide an understanding for the present-day tectonic setting of Taiwan I consider
the geodynamic development of the region. East of present-day Taiwan, the subduc-
tion of the PSP below the Chinese continental margin in the past million years has been
characterized by tearing of the continental-ocean boundary (COB) in roughly WSW di-
rection. The tear consistently followed the geometry of the COB, thereby progressively
creating the west Ryukyu Trench (Lallemand et al., 2001). This westward migration of
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Figure 3.14:Focal mechanisms from the Harvard CMT catalog (M>4, depth<50km). The
black mechanisms all denote a fault with a strike of 23oN and dip of 73o with the horizontal. The
grey vectors denote the GPS velocity vectors of Yu et al. [1997]. The white vector represents
the PSP motion. Barbed lines represent the Ryukyu trench where the segment central in the
figure denotes my proposed southward continuation.

incipient PSP subduction is caused by the obliqueness of the PSP motion relative to the
strike of the Eurasian plate. Trench creation thus advanced with an average speed com-
parable to the component of PSP motion along the strike of the COB. The position of
the tear tip coincides with the northern extent of the (more or less N-S striking) Manila
trench, which accommodates EUP subduction up to this latitude (Lallemand et al.,
2001). In the past 3-5 My the strike of the Ryukyu trench has aligned with the rela-
tive motion of the PSP. When viewed in a Eurasian fixed reference frame, the Manilla
trench has been rolling back to the west while the component of the PSP motion along
the strike of the COB (or normal to the Manila trench) provides the overriding motion.
As long as roll-back speed and overriding motion are equal there is no special reason for
strong orogenic activity. The Taiwan orogen itself must then result from a change in the
difference between roll-back speed of the trench and the westward component of PSP
advance. I believe that the Taiwan orogen is a direct result of a strong southward turn
of the strike of the Chinese continental margin, which existed east of Taiwan. Ongoing
roll-back of the Manila trench now brings the COB in the position of being overridden
by the PSP (Chai, 1972; Suppe, 1981, 1984; Tsai, 1986). Resistance of the Chinese
continental lithosphere to subduction has decreased the roll-back motion causing the
PSP to indent the Chinese continental margin thus creating an accretionary wedge, the
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Taiwan orogen. The decrease in slab roll-back also led to a steepening of the dip of
the subducting EUP, as observed in the global tomography (figure 3.10). Subsequently
part of the continental crust subducted to mid-crustal levels before buoyancy forces ini-
tiated failure and thickening of the subducting crust along two conjugate thrust faults
resulting in the exhumation (squeezing out) of a crustal slice (Chemenda et al., 2001)
as I have deduced for the eastern Central Range. Further, the Ryukyu trench has not
propagated into the Chinese continental margin (hence is not tearing the continent as
exemplified by the ”T1-tear” of Lallemand et al. (2001)). Instead, I propose the south-
ward propagation (more or less along the east coast of Taiwan) of the Ryukyu trench,
thus overcoming the jog in the COB geometry below present-day Taiwan. In conjunc-
tion with this southward bending of the trench incipient northwestward subduction of
the PSP under Taiwan is now in progress.

3.9 Summary and conclusions

The method of Spakman and Nyst (2002) has been applied to derive the surface defor-
mation from GPS motion vectors, where I explored different modeling options. The
fault-slip-rate-only solution of inversion I results in large data misfits and the agree-
ment with neotectonic fault observations is poor. The solution in terms of∇v generates
smaller data misfits. This model generally agrees with other continuous-deformation-
only studies. However, the presence of large, active faults on Taiwan can not be ig-
nored, thus the kinematics of Taiwan should be studied in terms of fault slip rate and
∇v.

Inversion III provides an acceptable data misfit, covariance and spatial resolution.
In this model the method of Spakman and Nyst (2002) exposes a trade-off problem
between fault slip rate and the velocity gradient field that can only be resolved by
placing both stations close to the faults and stations in the interior of crustal blocks.
The model shows significant motion on the Longitudinal Valley fault, southern Chukou
fault and the southern Deformation Front. Strain rates rotate from NW-SE contraction
in the Coastal Range to E-W contraction in the southern Western Foothills and NW-
SE extension in northern Taiwan. The rotation rate field shows several blocks with
consistent (anti) clockwise rotation.

The interpretation of my surface deformation model, combined with the seismic-
ity data, gravity data and tomography, leads to a coherent model for the present-day
tectonic activity of Taiwan (figure 3.11). I divide Taiwan in 4 distinct domains: south-
ern Taiwan, central Taiwan, northern Taiwan and the Coastal Range. The domains are
bounded by the two major transfer fault zones and the Longitudinal Valley fault. I de-
duce active convergence between the EUP and the PSP in both central and southern Tai-
wan. In southern Taiwan the almost E-W collision has resulted in N-S lateral extrusion
of the weak sedimentary cover towards the Manila accretionary wedge. To the north the
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extrusion is terminated by the Chishan Transfer Fault zone. In my deformation model
the eastern Central Range of central Taiwan shows almost orogen-perpendicular exten-
sion, while the western Central Range and the Western Foothills show predominantly
NW-SE collision induced contraction. In conjunction with Chemenda et al. (2001), Lin
(1998) and Lin et al. (1998) I relate this feature to active exhumation of a crustal slice.
However, I believe that the exhumation is propagating southward along with the colli-
sion, causing the principal directions of the extension to rotate to a more NE-SW orien-
tation. Northern Taiwan is transferring into a state of gravitational collapse induced by
the inland propagation of the opening Okinawa Trough (Liu, 1995b; Yeh et al., 1989)
along a pre-existing weak zone, the Lishan fault. Though my model shows that south of
23.5oN a very significant part of the convergence between the PSP and the South China
Sea is accommodated by slip on the Longitudinal Valley fault, whereas north of 23.5oN
about 40-50 mm/yr needs to be accommodated east of the island of Taiwan. I observe
a clear northwestward dipping Wadati-Benioff zone in both the seismicity data and the
regional tomographic model of Rau and Wu (1995). I deduce that in the transfer zone
between the two contrary subduction zones a southward propagating crustal tear fault
has developed east of Taiwan. The tear fault is the crustal response to incipient north-
westward subduction of the PSP below eastern Taiwan. Thus, the Ryukyu trench is
bending southward becoming almost perpendicular to the convergence direction, while
subduction of the PSP continues. Slab-slab interaction between the PSP slab and the
Eurasian slab may occur and detachment of the Eurasian slab may commence. In this
setting a sudden rapid southward propagation of incipient subduction is conceivable.
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Chapter 4

A joint analysis of GPS motions
and InSAR to infer the coseismic
surface deformation of the Izmit,
Turkey Earthquake.

4.1 Introduction

Over the past decade, space geodetic observations of surface motions have been widely
used to model the (a)seismic surface deformation of the Earth (e.g. Bennett, 2003; Bos
et al., 2003a; Shen et al., 1996; Shen-Tu et al., 1998, 1999; Snay et al., 1996; Ward,
1998). These models have provided an increased understanding of the complex spatial
distribution of crustal deformation which is particularly useful for understanding the
dynamics causing deformation and for seismic hazard analysis. For the latter a detailed
analysis of the coseismic surface deformation field can provide important information
on the relaxation of the long-term deformation field during an earthquake, as well as on
the complexity of the earthquake source and crustal structure. Although space geodetic
data have been used in studies of several major earthquakes (e.g. Landers, Hector Mine;
Fialko et al., 2001; Hudnut et al., 1994; Massonnet et al., 1993), kinematic modeling of
the coseismic surface deformation has been prohibited due to the absence of fault slip
as a parameter in the various analysis methods available. Coseismic GPS and InSAR
data have been utilized to model the slip distribution of earthquakes assuming a linear
elastic behavior of the deformation field (Hudnut et al., 1994; Massonnet et al., 1993).
For Fialko et al. (2001) it proved possible to estimate the surface displacement field

This chapter has been submitted for publication toGeoph. J. Int. as: A.G. Bos, S. Usai and W.
Spakman, A joint analysis of GPS motions and InSAR to infer the coseismic surface deformation of the
Izmit, Turkey Earthquake.
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from both an ascending and descending InSAR interferogram. Due to decorrelation
of the InSAR images near the fault trace, the displacement field was interpreted di-
rectly without estimations of fault slip or the displacement gradient field. The recently
develloped kinematic inversion method of Spakman and Nyst (2002) inverts geodetic
observations for the displacement gradient field and fault motion simultaneously which
allows us to distinguish between coseismic slip on the fault and strain release in the
blocks bounding the fault. I utilize this method to determine the kinematic coseismic
surface deformation field of the 1999 Izmit, Turkey earthquake.

Figure 4.1:Tectonic setting of the Izmit earthquake plotted against topography. Black line
indicates the fault trace utilized in this study. Black names between vertical lines state fault
segment names, while the grey square outlines the the area contained in the InSAR interfer-
ogram. The stars show the epicenter locations of the Izmit and Düzce earthquakes and the
corresponding focal mechanisms are provided. For a color version of this figure see figure C.11
of appendix C.3.

On August 17, 1999 aMw = 7.5 earthquake struck the Marmara region of north-
western Anatolia (Turkey). The earthquake was the most recent in a westward mi-
grating sequence of earthquakes along the North Anatolian fault which commenced
in 1939 and subsequently ruptured a 1200 km section of the fault (Ambraseys, 1970;
Barka, 1992). The August 17 event occurred near the town of Izmit and caused surface
rupture with dextral displacements of over 5 m (Barka et al., 2002) along a 110 km
segment of the North Anatolian fault. Rupture was induced on at least 5 major fault
segments (from west to east: Yalova, Gölcük, Sapanca, Sakarya and Karadere; figure
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4.1) each separated by step-overs (Barka et al., 2002; Hartleb et al., 2002; Langridge
et al., 2002; Reilinger et al., 2000). Three months after the Izmit event the Novem-
ber 12,Mw = 7.1, Düzce earthquake extended the rupture of the Izmit event further
east with failure on the G̈olyaka segment. Since the Marmara Sea region had previously
been identified as a seismic gap (Nalbant et al., 1998), a network of both continuous and
campaign GPS sites was established prior to the event (McClusky et al., 2000). Con-
sequently, the coseismic displacement field was captured by both GPS observations
and by the European Remote Sensing (ERS) satellite. The GPS displacements pro-
vide us with three dimensional information on the surface deformation at single points,
whereas the Satellite Aperture Radar (SAR) interferograms contain a piecewise contin-
uous image of the displacement in the line-of-sight direction of the satellite. Since the
two datasets are highly complementary, I utilize both in a joint estimation of the surface
deformation field of the Izmit earthquake. First, I adopt the purely kinematic inversion
method of Spakman and Nyst (2002) to invert the GPS data for the displacement gra-
dient field and fault motion. Next, the surface deformation field obtained is utilized
to compute a synthetic interferogram, which is compared to the InSAR interferogram.
Through an iterative approach of inverse and forward modeling an acceptable model
that jointly fits both datasets is obtained. The final model is subsequently interpreted
in terms of source complexity and crustal structure and the relaxation of the long-term
deformation field is analyzed.

4.2 Data

4.2.1 GPS data

The GPS evidence for the coseismic displacements of the Izmit, Turkey earthquake is
provided by Reilinger et al. (2000). For modeling the spatial distribution of the coseis-
mic surface deformation field I utilize a subset of 41 stations immediately surrounding
the fault trace of this event, as well as the November 12 Düzce earthquake (figure
4.2). The dataset comprises 3 continuous stations that were operating at the time of the
earthquake (named sites in figure 4.2) and 38 survey-mode sites for which coseismic
displacements could be determined. To obtain the coseismic displacements, the cam-
paign data have been corrected by Reilinger et al. (2000) for elastic strain accumulation
prior to the event and post-seismic afterslip up to the time of remeasurement.

4.2.2 InSAR interferograms

The InSAR analysis is performed on both the ERS 35-days coseismic interferograms
available, namely an ERS1 interferogram spanning the period 12 August/16 Septem-
ber 1999 (orbit numbers 42229 and 42730, frame 811) and the corresponding ERS2
pair 13 August/17 September 1999 (orbit nrs. 22556 and 23057, frame 811). The in-
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Figure 4.2:GPS displacement data of Reilinger et al. [2000] with the 95% confidence error
ellipses. Named sites indicate the continuously operating stations during the earthquake.

terferograms are shown in figure 4.3, where they have been masked for extremely low
coherence values (< 0.1). For the chosen frame they have both a perpendicular baseline
component of about 70 meters. With these baselines, the interferograms are in general
not particularly sensitive to topography. However for such a mountainous area the to-
pographic component of the interferometric signal is still significant. The topography
was therefore estimated and extracted by using the tandem pair 12/13 August.

Although their perpendicular baseline component is approximately the same, the
two interferograms show considerable differences in the fringe patterns, as already
mentioned in Reilinger et al. (2000) and Feigl et al. (2002). The difference in the
fringe pattern between the two differential interferograms is shown in figure 4.4. In
particular, in the lower part of the ERS1 interferogram the fringes still seem to follow
the topography, probably due to atmospheric effects wrapped around the relief. As for
the upper part, the presence of a somewhat regular pattern of fringes might indicate an
orbital error in one of the interferograms. However, I use very precise orbits (Scharroo
and Visser, 1998), which in my experience never gave such a huge trend. The hypoth-
esis that this could be a orbit error seems therefore very unlikely to me. At least part of
the effect could in my opinion still be due to atmospheric effects.
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Figure 4.3:InSAR interferograms: a) ERS1 interferogram spanning the period 12 August/16
September 1999 (orbit numbers 42229 and 42730, frame 811), b) ERS2 pair 13 August/17
September 1999 (orbit nrs. 22556 and 23057, frame 811). Both interferograms have been
masked for coherence< 0.1. The topographic component of the interferometric signal was
estimated and extracted by using the tandem pair 12/13 August. For a color version of this
figure see figure C.12 of appendix C.3.
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Figure 4.4:The difference in the fringe pattern between the two differential interferograms.
The presence of a somewhat regular pattern of fringes might indicate an orbital error in one of
the interferograms, however, in my opinion at least part of the effect could be due to atmospheric
effects.For a color version of this figure see figure C.13 of appendix C.3.

4.3 GPS data inversion

In order to model the surface deformation field of the Izmit earthquake from the GPS
displacements, I adopt the inversion method of Spakman and Nyst (2002). Although
formulated for the analysis of relative motion data, it can as well be applied to relative
displacement data. For the latter application, the method relates the relative displace-
ments (∆uij) between stationsi andj to the displacement gradient field (∇u; strain
and rotation) and fault slip (s) by:

∆uij =
K+1∑
l=1

∫
Llij

∇u(r) · dr +
K∑
k=1

αksk(rkij) (4.1)

whereLlij is an integration path between the stationsi andj,K denotes the number
of fault segments crossed,rkij is the location where the integration pathL crosses a fault,
andαk = ±1 depends on the orientation of the fault with respect to the integration
pathLlij . Equation 4.1 is exact in practice and does not involve any knowledge of
crustal/fault rheology.

I parameterize fault slip by assuming constant slip on fault (sub)segments. I imple-
ment a single fault trace that approximates the mapped coseismic surface rupture. To
avoid unrealistic detail the fault trace has been simplified and step-over features smaller
than 2 km length have been removed (figure 4.5). The Yalova and Gölcük step-overs
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remain an integral feature of the model fault trace. I have extended the fault towards
the east to include the D̈uzce earthquake rupture area and towards the west in the Mar-
mara Sea. Thus the fault divides my model area in a northern and a southern domain.
In total the fault consists of 11 fault segments for which I resolve 54 fault slip vectors
on fault subsegments. The displacement gradient field is parameterized by subdivision
of the study area into triangular domains spanned by model nodes. I assume a linear
variation of the displacement gradient components within the triangular domains. The
triangles are not allowed to cross the fault. I utilize a densification of the triangulation
towards the fault trace in order to accommodate the large differences in displacement
(and strain release) over relatively short distances (from mm at Istanbul to 2m at Gölcük
near the epicenter; figure 4.5). However, a too dense triangulation leads , given the lim-
ited dataset, to heavily overparameterized models. I adopt a parameterization of 678
triangles spanned by 382 model nodes, leading to a total of4 ∗ 382 + 2 ∗ 54 = 1636
model parameters for the inversion of∆u.

Substitution of the model parameterization in equation 4.1 leads to a linear system
of equations. In order to assure internal consistency between∇u and fault slip in
constituting the total deformation field, I extend the set of equations by defining 2
additional integration paths between all station pairs. A further set of equations derives
from the fact that∇ × ∇u = 0 within regions bounded by faults. This constraint is
defined for each triangle and a weight (αr) is assigned to tune the relative importance

Figure 4.5:Final parameterization of the Izmit models. Thick lines indicate fault segments,
black dots are the triangle nodes and grey dots are the site positions. Note that in my choice
for the triangle nodes I am not restricted to the locations of the observation sites. Triangles
do not intersect faults. Nodes at the fault are doubled to allow the velocity gradient field to be
discontinuous across the fault.
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i Tn K σr αb αia αib αd χ2 r̃m σ̃cm σ̃fm
104 105 104 105 104 10−6

m/yr /yr mm/yr
I 382 54 2.0 5.0 5.0 2.5 6.0 1.02 0.84 1.87 0.014
II 382 54 2.0 5.0 5.0 2.5 6.0 3.56 0.84 1.68 0.014

Table 4.1:Aspects of the inversion parameterization and average results for inversions I and
II. Key: i, solution;σr, standard deviation of the∇ × ∇v = 0 equations;αb, αia , αib , and
αd, the regularization parameters;̃rm = 1

M

∑M
i=1Rii, the average resolution, withRii the

diagonal elements of the resolution matrix andM the number of model parameters;σ̃cm =
1
Mc

∑Mc

i=1

√
Cii, the average standard deviation for the components of∇v, withMc = 4Tn the

number of components of∇v; σ̃fm = 1
Mf

∑Mf

i=1

√
Cii, the average standard deviation for the

components offk, withMf = 2K the number of slip components.

of these equations. The complete linear system of data-equations (Am = d, whereA
is the observation matrix,d is the extended data vector andm represents the collection
of all model parameters) can now be solved by adopting an inversion procedure that fits
the data in a least squares sense and at the same time minimizes some model norm. To
assure a complete regularization and avoid unwarranted model amplitude excursions in
regions of poor spatial resolution, I impose amplitude damping on the model boundary
nodes by extendingAm = d with αbIm = 0 (I the identity matrix) and spatially
varying amplitude damping on the nodes in the model interior (αiIm = 0), where
nodes towards the boundary of the model obtain an increased regularization weight. A
second derivative regularization is imposed to obtain a smooth solution (αdDm = 0).
For this application it proved unnecessary to regularize the fault slip parameters. The
formal least squares solution to the regularized system is given by (see Spakman and
Nyst (2002) for details):

m = (ATC−1
d A + α2

bI0 + α2
i I1 + α2

dD
TD)−1ATC−1

d d (4.2)

whereC−1
d is the data covariance matrix. The a posteriori model covariance is given

by: C = (ATC−1
d A + α2

bI + α2
i I + α2

dD
TD)−1 and the model resolution kernel is

R = CATC−1
d A. The model depends on the tuning of four parameters:αr, αb, αi,

andαd. For the tuning of these parameters, I primarily focus on obtaining a solution
with acceptable data fit (by inspection of the normalizedχ2 data misfit values), model
covariance and resolution. The respective weights of the∇×∇u = 0 and the regular-
ization equations, as well as an overview of some aspects of the solutions are provided
in table 4.3.
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4.4 Joint analysis

Presently, the computer implementation of the general method of Spakman and Nyst
(2002) is restricted to the analysis of horizontal velocity/displacement vector fields.
Although this implementation can be extended to include InSAR interferograms, the
significant influence of atmospheric effects on the Izmit interferograms (see section
4.2.2), as well as the restriction to horizontal deformation made me adopt a different
strategy for the joint analysis of GPS and InSAR data. Once the displacement gradi-
ent and fault slip has been inferred from the GPS data, equation 4.1 can be used to
predict the horizontal displacement field at arbitrary points. The change in range∆us
of the distance measured along the line-of-sight between the satellite and the ground
point due to a relative displacement is∆us = −u · ŝ, whereu is the displacement
vector and̂s is the unit vector pointing to the radar satellite. Assuming the absence of
vertical coseismic displacements the predicted fieldū is used to construct a synthetic
interferogram.

I have implemented the forward approach for a 1x1 km regular grid spanning the
modeling area contained within my InSAR image. I determine a predicted displace-
ment field on the grid with respect to each GPS station. Subsequently, these 41 fields
are made independent of the reference station. At each grid point the 41 resulting
displacements are checked for outliers. Generally, the displacements are found to be
consistent on a 95 % confidence level. From the 41 displacement fields a single, con-
sistent displacement field is determined. Projection of this field on the line-of-sight
direction provides me with a 1x1 km grid of range changes which is wrapped into a
predicted interferogram.

The next step is a comparison of observed and predicted interferograms. The com-
parison is done mainly on fringe pattern and total amount of deformation, since error
sources such as orbital errors, tropospheric delays, post-seismic deformation, as well
as the absence of the vertical displacements will already introduce a misfit between
the two interferograms. A quantitative analysis of the two dimensional and three di-
mensional range changes at the GPS stations showed that the restriction to a horizontal
displacement field will introduce a misfit of up to 150 mm which corresponds to over 5
fringes in the wrapped interferograms. The largest vertical displacements are observed
in the vicinity of the fault trace. Away from the fault the vertical displacements become
small and the misfit rapidly reduces to less than 1 fringe. The influence of the tropo-
spheric delays ranges from two to four fringes (Reilinger et al., 2000). Post-seismic
displacements are very small compared to the coseismic and might introduce a misfit
of less than 1 fringe in the model (Reilinger et al., 2000).

The first order differences between the observed and predicted interferograms are
attributed to differences in fault slip between the inverted (from GPS solely) and actual
slip at depth. These differences may exist as a result of lack of coseismic GPS data to
fully constrain both the∇u field and fault slip (Spakman and Nyst, 2002). By trial and
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error, the fault slip distribution is changed (and imposed a priori on the GPS inversion)
to optimize the fit between the predicted and observed interferograms.

4.5 Coseismic surface deformation

4.5.1 Solution I: Model based on GPS data only

I commence by inverting the GPS data only leading to solution I. The model (figure
4.6) can fit the data very well on a 95% confidence level (χ2 = 1.0) with acceptable
model covariance and resolution. The maximum data misfit does not exceed 0.013 m.

Figure 4.7 shows the3σ model standard deviations (σ̃i =
√
Cii) of each gradient

component plotted as a percentage of the displacement gradient estimate of the com-
ponent in each model node, as well as the diagonal elements of the model resolution
kernel in both the longitudinal (φ) and latitudinal (θ) directions. I find that the inte-
rior of the model is well resolved with relatively small errors compared to the model
amplitude estimate. Since the amplitude estimates of(∇uφφ) and(∇uφθ) are about
a factor two larger than the amplitude estimates of(∇uθφ) and(∇uθθ) a significantly
larger part of the model estimates exceeds the model errors (figure 4.7). The resolu-
tion of the model is good, though toward the boundary of the model the resolution
deteriorates significantly. This is generally due to the lack of data and the increased
regularization imposed towards the boundary. However, in the Marmara Sea and along
the G̈olyaka segment the reduced resolution may also be due to a trade-off between
the displacement gradient field and fault slip, which is caused by a lack of data in the
proximity of the fault (Nyst, 2001; Spakman and Nyst, 2002). The amplitude estimates
of the displacement gradient field toward the model boundary decrease as expected for
a coseismic strain field. However, the amplitudes are also smaller than the formal stan-
dard deviations and care should be taken in the interpretation of this part of the model.
The model standard deviations of the fault slip estimates are relatively small (averag-
ing∼14 mm). The largest standard deviations (∼25 mm) are observed on the Gölyaka
segment, whereas the smallest standard deviations (∼7 mm) are found on the Marmara
Sea segment.

The strain contribution of solution II (figure 4.6a) shows four distinct quadrants of
extensional and contractional strains reflecting the source mechanism of the earthquake
(figure 4.1). However, the contractional quadrant south of the fault is significantly
smaller than the extensional quadrant. The transition between the quadrants north and
south of the fault is characterized by left-lateral shear. The strain field along the Sakarya
fault shows minor left-lateral shear on both sides of the fault. Significant contractional
strain is observed north of the Gölyaka segment, with reduced left-lateral shear strains
south of the fault segment. The strain contribution (figure 4.6a) also shows a band of
right-lateral shear strain along the Bay of Izmit, extending onland eastward to Sapanca
Lake. The band is accompanied by significant clockwise rotations (figure 4.6b). I note



4.5 Coseismic surface deformation 87

Figure 4.6: The displacement gradient contribution of the model based on GPS data only
(Solution I): a) Strain field. The contouring denotes the effective strain (=(1/2εijεij)1/2). The
arrows denote the principal strains: contraction (black) and extension (white). b) Rotation field
in degrees. For a color version of this figure see figure C.14 of appendix C.3.
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Figure 4.7:The1σ model standard deviations (σ̃i =
√
Cii) plotted as a percentage of the

displacement gradient estimate (top four images) and the diagonal elements of the model reso-
lution kernel in both the longitudinal (φ) and latitudinal (θ) directions (lower two images).

that the band is located slightly to the north of the modeled fault trace in the Bay of
Izmit. The rotation contribution further shows large anticlockwise rotations on both
sides of the fault. This large scale anticlockwise rotation results from the unloading
of seismic strain. However, the anticlockwise rotations are not uniform (figure 4.10b).
The maximum anticlockwise rotations are found south of the Gölcük segment and north
of the Sakarya and Karadere segments.

The fault motion contribution of solution I (figure 4.8) shows increasing right-
lateral slip from the Marmara Sea eastward. Maximum slip (2.9 m) is reached on
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Figure 4.8:Graphic representation of the fault slip solution of the model based on GPS data
only (solid grey symbols), the model based on the joint analysis of GPS and InSAR (solid black
symbols), as well as the mapped surface offsets (open symbols).

the Sapanca segment. The fault motion subsequently decreases eastward to less than
1 m on the G̈olyaka segment. Significant fault slip (∼0.7 m) is also observed on the
Marmara Sea segment consistent with source rupture analysis estimates (Güllen et al.,
2002). The modeled fault slip of 1-1.5 m on the Yalova segment is consistent with
estimates of rupture source analysis (Güllen et al., 2002) and with estimates by slip
distribution modeling (Reilinger et al., 2000). Both the Hersek and Gölcük step-overs
show significant normal motion. The fault motion is reasonably consistent with the
observed surface ruptures (figure 4.8). However, despite a dense parameterization of
the fault trace, the fault motion can not fit all the details of the surface rupture data (e.g.
the large ruptures observed at Gölcük and on the Sakarya segments or the absence of
rupture in the Akyazi Gap). I note that the fault slip modeled probably represents an
average over the top few km of the crust and therefore does not necessarily coincide
with the surface rupture data. The normal motion on the Gölcük step-over is less than
observed, while the right-lateral motion is significantly higher. This difference may
be induced by the smoothing of the fault trace, changing for instance the strike of the
Gölcük step-over from N135oE to N107oE.

The synthetic interferogram determined from solution I (figure 4.9a) shows a south-
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Figure 4.9:Synthetic interferogram of a) the model based on GPS data only (Solution I), and
b) the model based on the joint analysis of GPS and InSAR (solution II). For a color version of
this figure see figure C.15 of appendix C.3.
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eastward turning of the fringes north of the fault, whereas the InSAR interferogram
shows more E-W orientated fringes in this area. I attribute this difference to an under-
estimation of fault slip on the segments along the Bay of Izmit. This is caused by a
trade-off between fault slip and the displacement gradient field as a result of absence
of GPS stations close to the fault (Nyst, 2001; Spakman and Nyst, 2002). The GPS
stations are located along the shores of the Marmara Sea and Bay of Izmit whereas the
fault trace is located along the southern shore. South of the fault the GPS stations are
closer to the fault and the data better constrain the displacement gradient field. This
trade-off may cause the band of right-lateral strain and clockwise rotations observed in
my surface deformation model. I further note that the data density at Gölcük and along
the western Sapanca segment is poor on the north side of the fault. To improve the fit
between predicted and observed interferograms I initially a priori increase (by trial and
error) the right-lateral fault slip on the G̈olcük and Sapanca segments.

4.5.2 Solution II: Model based on a joint analysis of GPS and InSAR

Figure 4.8 shows the final fault motion obtained which provides an acceptable fit to both
the GPS and InSAR data. The slip estimation shows a second peak of almost 4m on the
Gölcük segment. The fault motion on the Yalova step-over has been increased due to
the constraints imposed on the Gölcük segment. During the trial and error procedure the
fault slip on the Yalova and Marmara Sea segments has been constrained to the previous
unconstrained slip estimates of solution I to prohibit the occurrence of significant left-
lateral shear, induced by the trade-off with an overestimate of right-lateral fault motion,
within the Marmara Sea. The fault slip contribution complies reasonably well with
the observed surface rupture data (figure 4.8). However, slip on the Sakarya segment
seems to be underestimated, though there is a large scatter in the data, while slip on
the Karadere segment is overestimated. This may be attributed to the presence of a
thick sedimentary layer at the surface along these fault segments. Rupture observed
within these sediments need not be representative of the rupture in the first few km of
the Earth’s crust. The InSAR interferogram along these faults is very decorrelated and
therefore can not further constrain my slip estimates.

The fit to the GPS data is slightly deteriorated (χ2 = 3.56) compared to solution I.
However, the maximum misfit does not exceed 0.018 m. I attribute this deterioration
to either the coarseness of my parameterization which does not allow enough detail
to perfectly accommodate the trade-off in my displacement gradient field or strong
changes in the displacement gradient field near the fault. The synthetic interferogram of
solution II (figure 4.9b) compares to first order reasonably well with the InSAR image.
North of the Bay of Izmit the predicted interferogram contains about 7 fringes fewer
than the InSAR interferogram. This implies a difference of 196 mm in deformation
in the range change direction. Especially in the near field, the density of the fringes
is less than observed in the InSAR interferogram. This should be mainly attributed
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Figure 4.10:The displacement gradient contribution of the model based on the joint analysis
of GPS and InSAR (Solution II): a) Strain field. The contouring denotes the effective strain
(=(1/2εijεij)1/2). The arrows denote the principal strains: contraction (black) and extension
(white). b) Rotation field in degrees. For a color version of this figure see figure C.16 of
appendix C.3.
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to the absence of vertical displacements in the vicinity of the fault trace (see section
4.4). The slight difference in tilt between the two interferograms north of the Bay of
Izmit between G̈olcük and Izmit can be attributed to tropospheric delay errors, although
the smoothing of the G̈olcük step-over may also have its influence. The horizontal
fringes north of the fault along the Bay of Izmit are well reproduced. Further west, the
synthetic fringes start to bend southward slightly east of where the InSAR fringes bend.
Directly south of the fault the two interferograms comply rather well. However, going
southward atmospheric effects obscure the deformation signal contained in the InSAR
image and correlation between the two interferograms is lost (see section 4.2.2). West
of the Bay of Izmit decorrelation in the InSAR interferogram, makes interpretation
of the fringe pattern impossible. The model covariance and resolution have hardly
been affected by the implementation of the a priori constraints. The average standard
deviations on the fault slip estimates remain 0.014 m

The strain contribution of solution II (figure 4.10a) no longer shows the band of
right-lateral shear strains observed in solution I. North of the Yalova step-over WNW-
ESE extension is observed, where north of the Gölcük segment NNE-SSW contraction
dominates. South of these segments I obtain WNW-ESE contraction and NNW-SSE
extension, respectively. The strains are not just antisymmetric over the fault, but also
very asymmetric. Around G̈olcük the extensional strains south of the fault are sig-
nificantly larger than the contractional strains north of the fault (∼ 5.46 · 10−5 vs.
∼ 2.43 · 10−5, respectively). The same holds for the Gölyaka segment, where I find
∼ 4.07 · 10−5 of contractional strain north of the fault and∼ 1.92 · 10−5 of extensional
strain to the south. In the rotation field (figure 4.10b) the band of clockwise rotations in
the Bay of Izmit has been replaced by anticlockwise rotation. Some minor clockwise
rotation is still observed along the Sapanca segment. In all other aspects the strain and
rotation fields of solution I and II are comparable.

4.6 Discussion

4.6.1 Influence of fault geometry

Though my deformation model reflects the four quadrants of the earthquake source, the
sizes of the quadrants are not consistent and are not centered around the epicenter of
the earthquake (figure 4.11). The transition between the contractional and extensional
quadrants south of the fault is shifted slightly westward to the longitude of the Yalova
step-over, whereas north of the fault the transition is shifted eastward and is located at
the longitude of Sapanca Lake (figure 4.10 and 4.11). The amplitudes of the strains and
rotations of my surface deformation model are distinctly asymmetric across the Gölcük,
Gölyaka, Sakarya, and Karadere segments (section 4.5.2; figure 4.10). The dense sur-
face displacement field predicted by my model shows even more profound asymmetry
in both the east and the north component (figure 4.12). At Gölcük the east and north
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Figure 4.11:Top figure: Location and focal mechanisms of the three consecutive sources con-
stituting the Izmit earthquake rupture. In dark grey are indicated the contractional quadrants
and in light grey the extensional quadrants as observed in my surface strain field. Bottom fig-
ure: Source-time function of the Izmit earthquake. Capital names indicate the separate sources,
while normal names indicate the two stages of the main rupture near Gölcük.

displacements south of the fault exceed those north of the fault by a factor 1.5 and 3.5,
respectively. Along the Sapanca segment the absolute east displacements north of the
fault are significantly larger than south of the fault (1.7 m vs. 1.3 m, respectively).
Similarly, north of the Karadere segment I obtain an east displacement of 1.3 m and a
north displacement of 0.7 m, whereas south of the fault the absolute displacements are
0.4 m and 0.3 m in the east and north, respectively. Wang et al. (2003) used a Green’s
function approach to compute the displacement components of the Izmit earthquake for
both a homogeneous and a layered earth model. In both cases they obtain asymmetry
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in the north and east components of the displacement field similar in pattern to my dis-
placement field, though different in amplitude. However, the displacement field due to
a strike-slip earthquake on a vertical fault plane should be purely antisymmetric across
the fault. This implies that a deviation from this specific situation causes asymmetry to
occur. I stipulate that asymmetry can be induced by 1) non-linear elastic deformation
of the upper crustal rocks, 2) deviations of the earthquake rupture plane from the verti-
cal, 3) lateral variations in rigidity across the fault, and 4) a complex fault rupture due
to fault geometry.

For the 1997Mw = 7.6 Manyi (Tibet) earthquake Peltzer et al. (1998) obtained
significant asymmetry of the surface displacements which was attributed to non-linear
elastic deformation of the upper crustal rocks. Compared to linear elastic deformation,
non-linear elastic deformation will predict relatively larger displacements in nominally
extensional quadrants. Except for the Gölcük segment, the relatively larger displace-

Figure 4.12: A dense surface displacement field determined from solution II on a 1x1 km
regular grid for my model region. Top figure: The east component of the derived displacements.
Bottom figure: The north component of the derived displacements.
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ments observed for the 1999 Izmit earthquake occur in the contractional quadrants of
the event which is opposite to that predicted by the non-linear elastic deformation.
Neither can non-linear elastic deformation explain the significant shift of the transition
between the quadrants observed in the strain field (figure 4.10 and 4.11).

Deviations of the earthquake rupture plain from the vertical were suggested by Fi-
alko et al. (2001) to explain the asymmetry observed in the displacement field of the
1999Mw = 7.1 Hector Mine earthquake. For a non-vertical strike-slip dislocation in
an elastic half-space the surface displacements on the foot wall side of the fault decay
faster with distance from the fault than displacements on the hanging wall side. For
the Izmit earthquake this implies a south- dipping Yalova step-over, Gölcük segment
and G̈olcük step-over and a north-dipping Sapanca, Sakarya, Karadere and Gölyaka
segment. The earthquake focal mechanism of the Izmit earthquake indicates a north
dipping fault with a dip of 87o. DeLouis et al. (2002) estimated a northward dip of 85o

for the ruptured segments based on broadband teleseismic modeling, whereas Reilinger
et al. (2000) inferred an optimal fault geometry from GPS data and obtained a vertical
dip for the Yalova, G̈olcük, Sapanca and Sakarya segments and a 63o northward dip
for the Karadere segment. On November 12 1999, theMw = 7.1, Düzce earthquake
ruptured the G̈olyaka segment of my fault trace. Based on the GPS displacements of
this event B̈urgmann et al. (2002) inferred that the Gölyaka segment is a 54o north dip-
ping oblique normal, right-lateral fault. Therefore, the deviating dips of the Gölyaka
and Karadere segments may explain the asymmetry observed in the surface displace-
ments across these segments. The deviations from vertical for the other segments are
insignificant and do not explain the observed asymmetry.

Theoretically, Rybicki (1978) and Mahrer and Nur (1979) showed that an asym-
metry in the displacement field across a fault may be induced by a lateral variation
in rigidity. Their results portray that given a rigidity contrast across the fault, strain
localizes on the low-rigidity side of the fault. In my model strain localizes south of
the G̈olcük and north of the G̈olyaka segments. Assuming that the stress level on both
sides of the fault is comparable, I can deduce a rigidity contrast of 2.25 and 0.47, re-
spectively, between the region north of the fault and the region south of the fault along
these segments. However, no significant asymmetry in amplitude of the strain field is
observed across the Sapanca or Karadere fault segments, while a significant asymmetry
in the displacement field is observed. Therefore, a rigidity contrast across the fault may
not be the proper explanation for the asymmetry observed.

The surface trace of the North Anatolian fault in the Marmara Sea region is char-
acterized by several step-over features and gaps between the various fault segments.
Based on an inversion of teleseismic and near-field data, Yagi and Kikuchi (2000) de-
duced that the rupture at the epicenter started just west of the Gölcük step-over and
propagated westward along the Gölcük segment. During the first 5 seconds of the
event, rupture to the east was obstructed by the extensional step-over. Subsequently,
eastward rupture was triggered on the Sapanca segment. An asymmetric rupture of the



4.6 Discussion 97

Figure 4.13:Schematic representation of the two-stage main rupture: failure is initiated near
the G̈olcük step-over and propagates westward, while rupture eastward is obstructed by the
step-over feature. This induces an increased extensional quadrant south of the fault and con-
tractional strain north of the fault (top left figure). After approximately 5 sec. eastward rupture
on the Sapanca segment is triggered and propagates at super-shear velocity releasing the ac-
cumulated strain (top right figure). This increases the extensional quadrant north of the fault,
locating the transition between the extensional and contractional quadrant near Sapanca Lake
(see figure 4.11). Bottom two figures give a schematic representation of the strain against the
distance relative to the fault. Solid line indicates the strain accumulated prior to the 1999 event,
dashed line indicates strain accumulated at the moment eastward rupture commenced. As the
earthquake strikes strain west of the epicenter is released immediately, while during the first 5
sec. significant additional strain accumulates east of the epicenter.
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main source is also visible in the time-evolution of the slip distribution model of De-
Louis et al. (2002) and in the source time function of the earthquake (Li et al., 2002,
figure 4.11). Due to the two stage main rupture strain west of the epicenter is released
immediately, while strain release east of the epicenter is obstructed by the absence of
eastward rupture (temporarily prevented by the step-over feature). During this short
period (5-7.5 sec.) contractional strain due to the earthquake accumulates north of the
step-over as extension is induced south of the step-over (consistent with the earthquake
focal mechanism; figure 4.11 and 4.13a). The subsequent eastward rupture releases
the strain and causes an initially very rapid eastward movement of the northern block
(figure 4.13b). This is consistent with the super-shear rupture velocity (4.8-4.9 km/s)
observed along the Sapanca segment, whereas rupture along the other segments prop-
agated with a velocity of∼3.5 km/s (Bouchon et al., 2002; DeLouis et al., 2002; Yagi
and Kikuchi, 2000). This process explains the presence of the maximum east displace-
ments north of the fault at Sapanca Lake, as well as the shift observed in the transition
between extensional and contractional quadrants. The rapid eastward motion of the
northern block at the fault induces extension within the western half of the block, while
causing contraction in the eastern half of the block (figure 4.11). South of the fault, the
initial absence of eastward rupture and the subsequent sudden release of the central and
eastern part of the block induces the smaller westward shift of the transition between
the quadrants (figure 4.11).

I conclude that the dip of the G̈olyaka and Karadere segments may explain the
asymmetry observed in the surface displacement field across these fault segments.
However, a relative rigidity contrast across the Gölyaka segment of 0.47, where the
region north of the fault is relatively weaker than the south, can also explain the local-
ization of deformation observed across the fault. The rigidity contrast may be attributed
to the presence of volcanic rocks south of the fault. A combined effect is most prob-
able. The significant asymmetry in the surface displacements across the Sapanca and
Gölcük fault segments is a direct result of a two-stage main rupture process with initial
failure westward along the G̈olcük segment, while eastward rupture was obstructed by
the G̈olcük step-over followed approximately 5-7.5 sec after the onset of the event by
the triggering of failure along the Sapanca segment eastward.

4.6.2 Double source rupture process

In both solutions the largest strains are observed in the northwestern, southwestern,
northeastern and southeastern parts of my model (figures 4.6 and 4.10). In solution II
(figure 4.10) I observe a patch of NNE-SSW contraction north of the Gölcük segment
with twice as large NNW-SSE extension south of the fault segment. The extension
is associated with significant anticlockwise rotations. Along the Sakarya segment the
strain field portrays left-lateral shear. North of this segment and the Karadere segment
significant anticlockwise rotations are observed. This observation may be the result
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of the trade-off between fault slip and the displacement gradient field caused by an
overestimation of the fault slip. However, significant surface breaks are observed along
this segment which actually exceed the model estimates.

Studies of the source process of the Izmit earthquake (Güllen et al., 2002; Li et al.,
2002) reveal a complex source process. General consistency exists on the occurrence
of at least three consecutive source ruptures (figure 4.11). The main event was located
south of Izmit and induced a bilateral, asymmetrically propagating rupture (the two
stage main rupture). After 20-25 sec, a second source initiated near Hersek. This in-
duced a relatively slow rupture of 1-1.5 m and had a rather low moment release. About
30 sec after the initial rupture along the Gölcük segment, rupture on the easternmost
segments was triggered at the location of the Akyazi Gap. The moment of this third
rupture was a little less than half of the moment of the main source.

The source located at the Akyazi Gap provides a reasonable explanation for the
observed shear around the Sakarya segment. The contractional strain induced north
of the segment by the main shock is located in the extensional domain of the focal
mechanism of this consecutive event (figure 4.11). Similarly, the extensional strain
south of the segment due to the main rupture is located in the contractional domain
of the second source. The superposition of the contributions of both events result in
the shear strains observed in my model. The contractions and extensions due to the
main source around the Karadere and Gölyaka segments are enhanced by the third
source. This explains the relatively large strains observed in the eastern region of my
model. Along similar lines, the second source at Hersek could be responsible for the
strain field observed around the Gölcük segment. However, there would be a strong
interaction with the complex main source. Therefore, the exact extent of the influence
of the second source on the deformation field is much more difficult to distinguish. The
significant strains in the western part of my model are a direct result of the main and
second source.

4.6.3 Implications on slip distribution modeling

The complex source rupture and the influence of the fault geometry on the rupture
initiation and interaction have important implications on traditional slip distribution
modeling based on geodetic data. The elastic dislocation theory (Okada, 1985) utilized
in these models assumes a homogeneous elastic half-space to relate surface displace-
ment observations to slip on the fault. This assumption only allows lateral asymmetry
of the displacement field to occur due to fault geometry and fault dip. However, the
strike of the Izmit rupture is rather consistent for all but the Karadere segment, while
the dip is near-vertical for all but the Karadere and Gölyaka segments. The compli-
cated and very asymmetric displacement field deduced for the Izmit earthquake west
of the Karadere segment would therefore lead to significant misfits to the data on both
sides of the fault. The relatively large displacements on one side of the fault will be
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underestimated, while the relatively smaller displacements on the other side of the fault
will be overestimated, a pattern indeed observed in the slip distribution models of the
Izmit earthquake of Reilinger et al. (2000) and Feigl et al. (2002). Therefore, I con-
clude that even though slip distribution models may provide important information on
the mechanical behavior of the upper crust and about the mechanics of the earthquake
rupture, they are based on simplifying assumptions which may not account for all the
asymmetry observed across the fault. So, a careful assessment of the surface deforma-
tion of an earthquake is necessary to identify the influence of complex fault geometry
and crustal structure on the displacement field.

4.6.4 Relaxation of the long-term strain field

Since the Marmara Sea region was identified as a seismic gap (Nalbant et al., 1998),
a network of GPS observation sites has been established in the area (McClusky et al.,
2000) and the interseismic surface deformation field was studied (Ayhan et al., 2002;
Kahle et al., 2000). The surface deformation models are dominated by right-lateral
shear strain rates all along the fault trace. Based on these shear strain rates an interseis-
mic slip rate of 11-25 mm/yr was deduced for the North Anatolian fault (Ayhan et al.,
2002). Except for the peninsula north of the Bay of Izmit the principal extensional
strain rate axis dominates the shear strain rates.

The 1999 Izmit earthquake has released strain build-up over many years. Taking
the interseismic slip rate of 11-25 mm/yr and the maximum fault slip obtained in my
model (∼4 m), strain may have been accumulating over the past 160-360 years. The last
main earthquake on this section of the North Anatolian fault occurred in 1719 (Barka
et al., 2002), 280 years ago. The interseismic surface deformation models obtain an
average dilatational strain rate of∼ 1 · 10−7 strain/yr (Ayhan et al., 2002; Kahle et al.,
2000) which over 280 years leads to a total amount of∼ 2.8 · 10−5 strain that has
accumulated. This is in good agreement with the average strain release I deduce in
my model (∼ 2.3(±1.0) · 10−5). Therefore, I conclude that the Izmit earthquake has
released almost all strain which has been accumulated since the last large earthquake
on this stretch of the North Anatolian fault in 1719.

4.7 Conclusions

In a joint analysis of GPS and InSAR data the surface deformation field of the August
17 1999 Izmit (Turkey) earthquake has been determined in terms of strain, rotation and
fault motion. The incorporation of fault motion is a unique feature of the implemented
method (Spakman and Nyst, 2002) and is of prime importance for the purely kine-
matic estimation of a coseismic surface deformation field. The InSAR information was
specifically useful to minimize the trade-off between fault slip and the displacement
gradient in the inversion. This effect is most profound north of the Bay of Izmit where
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GPS stations are relatively far from the fault. On the Gölcük segment of the fault trace
slip up to∼4 m is necessary to properly fit the InSAR interferogram, whereas the GPS
inversion led to only∼2 m of slip.

The strain contribution of my model shows four distinct quadrants of extensional
and contractional strains reflecting the earthquake focal mechanism. The transition
between the quadrants is not centered on the epicenter, but shifted eastward north of
the fault, to the longitude of Sapanca Lake, and westward south of the fault, to the
longitude of the Yalova step-over. Along the Sakarya segment I obtain left-lateral shear
strains, whereas my fault slip estimates underestimate the surface ruptures. The strain
field is distinctly asymmetric across the Gölcük and G̈olyaka segments. The rotation
field shows dominant anticlockwise rotations resulting from the unloading of seismic
strain. Significantly larger anticlockwise rotations are observed south of the Gölcük
and north of the Sakarya and Karadere segments.

My surface deformation model can be directly related to the very complex source
rupture of the earthquake. I identify a two-stage main rupture process near Izmit and
two consecutive source ruptures located at Hersek and the Akyazi Gap, respectively.
The two-stage main rupture initiated near the Gölcük step-over and propagated west-
ward along the G̈olcük segment, while rupture eastward was obstructed by the step-
over feature. This initial stage induces an increased extensional quadrant south of the
fault and contractional strain north of the fault. Approximately 5-7.5 seconds into the
main event eastward rupture on the Sapanca segment was triggered and propagated at
super-shear velocity along the segment, releasing the accumulated strain. This process
increased the extension in the quadrant north of the fault, locating the transition be-
tween the extensional and contractional quadrant near Sapanca Lake. Thus, throughout
this main rupture the step-over features in the fault geometry had a very significant
influence on the rupture initiation and propagation.

The two consecutive sources strongly interact with the deformation field of the main
source and are responsible for the left-lateral shear strains observed along the Sakarya
segment and the complicated pattern of deformation observed along the Gölcük seg-
ment. On the easternmost segments (Karadere and Gölyaka) the dip of the fault plane
starts introducing asymmetry across the fault. However, the presence of strong vol-
canic basalts south of the Gölyaka segment may also introduce part of the localization
of deformation observed north of this segment.

Finally, I deduce that the Izmit earthquake has been responsible for releasing almost
all the strain which has been accumulating since the last main event on this section of
the North Anatolian fault in 1719.
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Chapter 5

The resolving power of coseismic
surface displacement data for fault
slip distribution at depth.

5.1 Introduction

Modeling of the spatial distribution of fault slip along a fault plane can provide clues
about the mechanical behavior of the upper crust, and, in particular, about the mechan-
ics of earthquake rupture. The slip distribution of the August 17, 1999, Izmit (Turkey)
earthquake has been modeled by inversion of displacement data (Feigl et al., 2002;
Reilinger et al., 2000), seismological data (Bouchon et al., 2000, 2002; Li et al., 2002;
Yagi and Kikuchi, 2000), and a combination of these datasets (DeLouis et al., 2002).
These models tend to agree on a broad scale, though differ significantly in detail. The
differences have been related to differences in inversion techniques and a priori con-
straints implemented (Feigl et al., 2002), as well as to the limited resolving power of
the different datasets when used separately (DeLouis et al., 2002). It is also conceiv-
able that the relative agreement at larger scales results in part from resolution artifacts
common to all models. Several papers (Du et al., 1992; Du and Aydin, 1993; Harris and
Segall, 1987) have addressed the issue of poor resolution in their experiments based on
displacement and/or seismological data. However, it remains ambiguous whether the
cause of the resolution problem is related to 1) utilizing a limited data set, and/or 2)
whether the data error is too large to sufficiently restrict the range of solutions, or 3)
that the resolution problem is actually intrinsic and basically independent of 1) and 2).

In this chapter, my objective is to investigate how well slip distribution models
inverted from surface displacement data (e.g. GPS, InSAR) can be resolved. The

This chapter has been submitted for publication toGeoph. Res. Lett.as: A.G. Bos and W. Spakman,
The resolving power of coseismic surface displacement data for fault slip distribution at depth.
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Figure 5.1: The 41 GPS displacement vectors of Reilinger et al. [2000] as utilized in this
study.

inversion procedure adopted allows for the determination of the a posteriori model co-
variance and a model resolution kernel. My analysis will show that the poor resolution
of slip distribution models at larger depth is intrinsic when based on elastic dislocation
theory. An increase in data density only improves the resolution at upper crustal levels,
while the resolution of the mid-crustal levels remains very poor.

5.2 Procedure

To model the coseismic slip distribution of the Izmit event, I adopt the horizontal GPS
surface displacements of Reilinger et al. (2000, figure 5.1). The data consist of 5 con-
tinuous stations operating during the event and 46 campaign stations. The campaign
displacements have been corrected by Reilinger et al. (2000) for elastic strain accumu-
lation prior to the event, as well as for post-seismic afterslip following the event until
the time of remeasurement.

As do others before me, I adopt the model of distributed dislocations in an elastic
half-space (Okada, 1985) to interpret the observed coseismic surface displacements.
My fault model consists of 6 fault segments, which are parameterized by 472 slip
patches of∼3x3 km, consistent with the parameterization of Reilinger et al. (2000).
The fault dips vertically (δ = 90o) to a depth of 24 km within a Poisson solid with a
Poisson’s ratio of 1/4. I only solve for the along-strike components of the slip vector at
each fault element (patch). The relation between the GPS observations assembled in a
vectord and the fault slip distributionm is linear,d = Am, whereA is the matrix of
the ”Okada” coefficients.
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To estimate the slip vector parameters I utilize a standard inversion scheme which
selects a solution that fits the data in a least squares sense and at the same time min-
imizes a model norm defined by the imposed regularization. I choose to penalize the
second derivative of the fault slip distribution which imposes smoothness on the slip
solution. At scales of at least a few kilometers this is a physically reasonable addition
of ”information”. The modelm minimizing the data residual and the adopted model
norm is given by (e.g. Jackson, 1979):

m = (ATC−1
d A + α2DTD)−1ATC−1

d d (5.1)

whereCd denotes the data covariance matrix andD stands for the second derivative
operator. The a posteriori model covariance is given byC = (ATC−1

d A+α2DTD)−1

and the model resolution kernelR = CATC−1
d A.

5.3 Coseismic slip distribution model

The inversion result is dependent on the weighting factorα of the second derivative
operator. Forα = 0 I obtain a perfectly resolved model (the standard least squares
solution), however, with unacceptably large model covariance (∼ 160002mm2). A
weighting ofα = 7×10−3 leads to a solution that approximates the model of Reilinger
et al. (2000). My procedure allows backward (left-lateral) slip to occur which I force to
zero at the far ends of the fault. I have assessed the dependence of the modeling results
on the second derivative smoother. Though the weight attributed to the regularization
controls the modeling results, backward slip is also observed in models penalizing the
first derivative (imposing model flatness) or when using classical amplitude damping,
thus backward slip is not a consequence of the type of regularization imposed. An ad-
ditional disadvantage of the amplitude damping is the fact that it proves to act much
more severely on the deeper patches and relatively increases the slip estimates at shal-
low depths. All these observations already imply an ill-conditioned inverse problem
where additional information (in my case regularization) is needed to arrive at an ac-
ceptable solution. I refrain from imposing positivity constraints and depth-dependent
regularization since 1) non-negativity constraints make it difficult (if not impossible)
to determine both resolution and model covariance, 2) they may not always be easily
applicable in fault studies, e.g. when the sense of fault motion is unclear, and 3) depth
dependent smoothing is difficult to tune because it tends to force slip to shallower
depths.

Figure 5.2 shows my coseismic slip distribution model compared to the model ob-
tained by Reilinger et al. (2000), model standard deviations (σi =

√
Cii) and the di-

agonal elements of the formal resolution matrix (Rii). I find that I reproduce the main
features of the model of Reilinger et al. (2000) reasonably well. The differences be-
tween the two models are basically due to differences in inversion procedure adopted
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Figure 5.2:Comparison of the GPS slip distribution model of Reilinger et al. (2000; top panel)
with my inversion result (second panel). The bottom two figures show the formal standard
deviation and diagonal elements of the resolution matrix of my inversion solution.

and constraints imposed (e.g. the non-negativity constraints imposed by Reilinger et al.,
2000). Significant backward slip is still induced on the Golyaka and Hersek segments
of the fault (up to 890 mm). The model standard deviations obtain a maximum of 253
mm and are generally an order of magnitude less then the derived fault slip estimates.
This model (or the model of Reilinger et al. (2000)) is an acceptable model because
of its data fit and model covariance and because it is in accord with observed surface
slip. My model is heavily determined by regularization which lowers the model covari-
ance and also the spatial resolution (i.e. introducing linear dependence between model
parameters)
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5.4 Model resolution

The formal resolution of this solution is rather poor. Except for some patches in the top
6 km of the model, the diagonal elementsRii are less then 0.1. I visualize this depen-
dence by multiplying the resolution kernelR with a slip vectoraēj whereēj is the unit
vector denoting patchj anda = −1000mm. Figure 5.3 shows the result for 3 selected
patches with varying dependence on other model patches. I find a significant depen-
dence between the model amplitudes at selected patches and those of patches within a
roughly 25 km radius which I adopt here as a measure of resolution length. Except for
the best resolved patch (52) all others show a significant reduction of amplitude which
may be up to two orders of magnitude. I further find that the deeper patches strongly
depend on amplitudes obtained for shallower depths. Backward slip is induced in the
model as a direct result of the poor resolution.

Earlier studies obtained resolution lengths on the scale of tens of km from syn-
thetic tests (DeLouis et al., 2002; Reilinger et al., 2000). I construct a synthetic model
containing∼12x12 km patches with 4 m right-lateral slip within my∼3x3 km fault

Figure 5.3:Model estimatesmi resulting from multiplication of the resolution kernelR with
aej (mi =

∑
Rij · aej) with a = −1000mm on patchj, indicated by the black rectangle. The

patches are evenly distributed throughout the model and portray a range of linear dependence
between model parameters.
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Figure 5.4:Result of the multiplication of the resolution kernelR (based on a 3x3 km fault
parameterization) with a synthetic model containing 12x12 km patches (top panel) (m = R ·
msyn).

parameterization and multiplied this model withR (figure 5.4). The result reasonably
reproduces the synthetic model in the depth range from 0-12 km on the Yalova, Sapanca
and Karadere segments. Due to the very poor resolution, the spike on the Sakarya seg-
ment, as well as the deeper spikes have been reduced in amplitude to less than half their
synthetic value. Since the resolution length (∼25 km) encompasses multiple synthetic
patches, the model still contains significant interaction between neighboring patches.

To enhance the spatial resolution a coarser parameterization with increased patch
sizes can be adopted. I obtain reasonable resolution (Rii ∼ 0.6 − 0.7) throughout my
model for a fault parameterization consisting of 2 layers of 12 km thickness for each
fault segment. However, spatial resolution still decreases significantly with depth and
the patches in the deeper layer remain reduced in amplitude (∼1800 mm). Further,
the parameterization has become to coarse to fit the spatial variations within the GPS
observations and large misfits of up to 170 mm are obtained (χ2 = 15.0). This shows
the need for a denser parameterization and consequently allowing the resolution to be
reduced.

5.5 Surface displacement field

Since coarsening of the fault parameterization does not provide a useful way to both
improve the model resolution and retain an acceptable fit to the data, a denser data
set may better constrain the model. Such a denser data set could be provided by e.g.
InSAR measurements. Since the correlation length of errors in InSAR data is of order
5km (Hanssen, personal communication, 2003), I simulate a dense data distribution by
determining a synthetic displacement field on a 5x5 km regular surface grid based on
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the synthetic model of∼12x12 km patches using a∼3x3 km fault parameterization. In
total this data set consists of 2010 data points and covers the same area as was contained
by the GPS data. The fault geometry, number of free parameters, and damping weights
are the same for this synthetic test as for the GPS data inversion. A low level of noise
of 7.5 mm (comparable to the GPS uncertainties) was assigned to the synthetic data
prior to inversion. I find that the inverted model reproduces the patches in the upper 12
km reasonably well (figure 5.5). Also, the patch on the Sakarya segment is now well
reproduced (compare to figure 5.4). Though the deeper patches are better localized
using this extended ”data” set, they are still significantly reduced in amplitude (between
1
2 and 2

3 of the synthetic value). Significant backward slip is again induced. The model
resolution in the upper 9 km of the model has improved compared to the models based

Figure 5.5:Results of the inversion of a dense displacement field of synthetic data on a 5x5
km regular surface grid predicted from a synthetic model containing 12x12 km patches using a
3x3 km fault parameterization.
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on the real GPS data distribution. However, at depths exceeding 9 kmRii remains less
than 0.1. I infer a slight reduction in resolution length for this model to∼20 km.

I conclude that a dense data distribution simulated by a 5x5 km regular grid im-
proves the resolution of the model, especially in the upper 9 km of the model. However,
the spatial distribution of slip at depth is still poorly constrained. I note that the syn-
thetic data used in this last experiment are fully consistent with the adopted model of
elastic dislocations. For real GPS data discrepancies between the idealized dislocation
models and true fault dynamics induce correlated data errors (Bos et al., 2003b).

5.6 The data kernel

The generally observed poor depth resolution could be intrinsic to using elastic dislo-
cation theory in the forward problem. Figure 5.6 shows the data kernels of 6 stations
at increasing distances from the fault trace as a function of fault patch depth. The dis-
placements at stations in the proximity of the fault are more sensitive to the slip on
the fault than the displacements at stations located further away from the fault trace
(especially for slip at upper crustal levels). Importantly, with increasing fault patch
depth the coefficients become systematically less sensitive to station position. The rel-
ative variation of coefficients with depth is on the order of 100-10000 which, because
of the systematic decrease with depth, points at a large condition number ofATA of

Figure 5.6:Data kernels, ”Okada” coefficients (dr/dU1), for the east and north displacements
at 6 stations perpendicular to the fault and at increasing distance from the fault plotted against
fault patch depth.
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≥ 1002 − 100002 and damping will always be needed to avoid instable solutions. As
observed, the damping will first destroy the resolution at depth. For dipping faults the
fault geometry is more laid out beneath an observing station network and the data ker-
nels of stations above the fault show greater variation in the upper 10-15 km which
will improve resolution for fault slip in this depth range. Still a systematic decrease of
kernel amplitude with fault depth occurs, comparable to that of vertical faults, which
I expect will cause a similar resolution problem but at somewhat larger depth than for
vertical faults. In conclusion, this inverse problem is intrinsically ill-conditioned.

5.7 Conclusions

I have performed an analysis of the spatial resolution of slip distribution models based
on the inversion of surface displacement data. For the 17 August 1999 Izmit, Turkey
earthquake I have shown that within the generally adopted∼3x3 km fault parameteri-
zation GPS displacements lack sufficient resolving power to constrain the spatial distri-
bution at larger depth. A denser data distribution improves the resolution in the upper
9 km of the model, but remains incapable to constrain the slip distribution at greater
depths. The inverse problem of retrieving fault slip from surface deformation data us-
ing elastic dislocation theory is intrinsically ill-conditioned. DeLouis et al. (2002) and
Wald and Graves (2001) showed that additional seismological data will only improve
the resolution at upper crustal levels. Thus, the details of deep fault slip remain as yet
largely in the null space of this inverse problem.
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Chapter 6

Epilogue

6.1 Concluding remarks

Although at first sight the research contained in this thesis may seem diverse, the com-
mon denominator is the inversion of space geodetic data to determine the surface defor-
mation field. In chapters 2, 3 and 4 I utilized the method of Spakman and Nyst (2002)
to infer geodetic observations in terms of strain (rate), rotation (rate) and fault motion.
The novel incorporation of fault motion in the inversion method allows me to partition
data signal between the velocity gradient and fault motion and allows for the determina-
tion of deformation localized around faults. The observed localization of deformation
in California (chapter 2) poses important implications on the crustal rheology across
the faults, as well as on the seismic hazard of this particular area. A basic problem
encountered, and specifically elucidated by the Spakman and Nyst (2002) method, is
the trade-off between the displacement or velocity gradient field and slip on the fault
in regions of poor data density in the proximity of the fault trace. Therefore, I have
assessed the extent of the trade-off for each model.

Throughout this thesis, both in the analysis of the surface deformation models and
in the resolution analysis of the slip dislocation models, I deduce that space geodetic
data in cases may contain little information on deformation at depth. Particularly, slip
distribution models adopting a parameterization which is dense enough to adequately
fit the data provide much less useful detail at depth than was previously assumed. Be-
cause the data sensitivity for fault slip at depths exceeding 10 km is relatively small,
coseismic surface deformation models mostly reflect the (near-) surface response to
processes driving the deformation. In general, a combination with other crustal de-
formation data/information (e.g. seismicity, crustal tomography) seems necessary to
study the crustal processes driving the deformation. Chapter 3 is among the first stud-
ies to provide a comprehensive look on a regional tectonic setting (in my case Taiwan)
by conducting a joint analysis of geodetic data, seismicity, seismic tomography, litho-
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spheric stress data, and geodynamics. Certain stretches in tying these diverse pieces
of information together are unavoidable. Additionally, the combination of the surface
deformation model with local seismicity allows for a quantitative assessment of the
seismic hazard within the model area (chapter 2).

An other novelty in this thesis is the presentation of the first kinematic coseismic
surface deformation field (i.e. displacement gradient and fault slip). The understand-
ing of this surface deformation field is an important intermediate step towards a time-
dependent analysis and may hold important implications for slip distribution modeling
(such as misfits due to the asymmetry of the surface displacement field across the fault).
Until now purely kinematic surface deformation studies were limited to interseismic
geodetic observations due to the limitations of the analysis methods (the absence of
fault motion in the analysis methods). The implementation of fault motion is of prime
importance in the derivation of a coseismic surface deformation model, since it allows
the distinction between the actual coseismic motion on the fault and strain release in
the bounding blocks. In this study the geodetic GPS and InSAR observations of the
1999 Izmit, Turkey earthquake have been utilized to infer the coseismic surface defor-
mation field. For this event, I was able to show that this field reflects the complexity of
the earthquake source and stipulate the importance of the fault geometry on the source
rupture process, hence on the surface deformation field.

6.2 Recommendations for future research

The increasing spatial density of geodetic observation sites will allow for continuously
increasing detail and complexity in the surface deformation models. Therefore, some
recommendations for future research are warranted.

First of all, the incorporation of the vertical displacements/velocities in the analysis
is of upmost importance, especially in convergent settings such as Taiwan. Vertical mo-
tions may prove to be very discrimitative between alternative geodynamic hypothesis.
For instance, in Taiwan vertical motions on faults are one order of magnitude larger
than the horizontal motions, thus giving an important tie to deep processes. Apart from
some exceptions the incorporation of vertical motions has been prohibited by the lim-
ited precision of geodetic estimates of the vertical displacement/velocity due to both
instrumental factors and the fact that vertical motions are typically slower. However,
this is continuously improving. Three dimensionality is also of prime importance for
the direct incorporation of the InSAR measurements in the inversion procedure. The
InSAR range changes are the one-dimensional result of the projection of the three-
dimensional displacements at the Earth’s surface on the line-of-sight direction of the
InSAR satellite. Vertical motions due to three-dimensional surface deformation will
therefore affect these range change measurements, even in predominantly strike-slip
settings (as is shown in chapter 4). A three-dimensional approach to modeling the sur-
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face deformation will also allow for the derivation of surface deformation models for
active volcanic regions (e.g. Yellowstone) and individual volcanos which could provide
important information on the swelling of volcanos prior to an eruption.

The incorporation of time as a variable parameter in surface deformation modeling
would be a second important development. A time-dependent analysis of the surface
deformation field will provide important information on the temporal variations of the
velocity gradient field which is crucial in both volcanic and seismic hazard analysis
and, in general, to estimate the short-term temporal development of plate deformation.
Especially the temporal variations in strain accumulation (linear vs. exponential) in
the years prior to a major earthquake might provide important new information for
earthquake prediction.
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Appendix A

South-Western US Deformation
Zone.

A.1 Comparison to geological and present-day interseismic
slip rates

In their synthetic tests Spakman and Nyst (2002) inferred that a basic trade-off may
exist between fault slip rate and the velocity gradient solution. The trade-off is a direct
result of the lack of physical constraints that couple fault motion to continuous defor-
mation in a pure kinematic inversion of velocity data. The trade-off is best resolved
when relative motion observations exist close to the fault zones. If this is not the case,
fault motion may in part reflect motions across a locked fault. I note that this trade-off
problem exists for any inversion method of relative motion data, since it is caused by
lack of data. In solution I I explicitly attempt to resolve crustal block behavior, while
solution III is more sensitive to the trade-off. If the trade-off is well resolved, the mag-
nitude of near surface creep could match the Holocene fault slip rates for faults that are
completely unlocked. Holocene fault slip rates have been determined for most faults
in California and the Wasatch fault zone. Table B.2 quotes the geological rates for
the fault segments modeled, as well as the rates obtained in solutions I and III. Both
solutions do quite well in recovering the general sense of motion of the faults. Signifi-
cant differences occur in solution III for the Pinto Mountain fault, the Santa Ynez fault
and the Big Pine fault. Geologically these faults are found to be slipping sinistrally at
rates of 0-5.3 mm/yr, 1.0-3.0 mm/yr 1.0-7.0 mm/yr, respectively, whereas solution III
resolves dextral motion of 0.7-3.3 mm/yr, 0.6-1.7 mm/yr and 0.4 mm/yr, respectively.
This difference could be the result of the afore mentioned trade-off.

Though solution I underestimates the geological slip rates on fast slipping faults, it
systematically overestimates the rates on slower slipping faults (again on a geological
time scale). This combined with the poor fit to the data leads me to conclude that the
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representation of crustal deformation by pure block rotation and fault motion proves
inadequate. The surface deformation field obtained in solution I is dominated by lateral
translation rather than block rotation. The fault motions of solution III are generally
smaller than the geological observations, except for very slow faults (∼ 1 mmyr−1),
which is indicative for fault loading.

Present-day interseismic observations show an almost freely creeping segment on
the SAF between the SAF-Calaveras junction and Parkfield (∼ 35mm/yr Langbein,
2002; Rosen et al., 1998) and a locked SAF south of Parkfield through the Big Bend
(Langbein, 2002; Schulz et al., 1982). Solution III shows significant fault motion on
the Big Bend segments of the SAF (2.3− 6.0mm/yr) and reduced motion north of
Parkfield (∼ 20mm/yr). Around San Francisco, Lienkaemper et al. (1991) obtained
historic creep rates for the San Andreas, Hayward and Calaveras faults. They deduced
no historic creep rates for the San Andreas fault,4−6mm/yr on the Hayward fault,
0−5mm/yr on the northern Calaveras, and9−12mm/yr on the southern Calaveras fault.
I obtain∼ 14mm/yr,∼ 6mm/yr,∼ 5mm/yr and∼ 10mm/yr, respectively. Except for
the San Andreas fault my rates in solution III compare well with the historic creep
rates. The dense BARD network across the Hayward and Calaveras faults provides the
necessary control of the solution trade-off. This may not be the case along the San
Andreas fault in central California because of lack of near-fault stations. Lyons and
Sandwell (2003) inferred interseismic creep rates for the southern San Andreas fault
from 60 InSAR interferograms. Our rates of6−8.4mm/yr are at the lower end of their
estimates of5−20mm/yr. This could be due to neglecting the contribution of vertical
deformation to the InSAR range-change (2.7mm/yr; Lyons and Sandwell, 2003), as
well as tropospheric, orbital and topographic errors still contained in the images.

Summarized, I find that the sense of motion of both solutions are generally in agree-
ment with the geological observations. Trade-off between estimates of the velocity
gradient and fault slip rates requires a careful interpretation of the magnitudes of the
slip rate solutions even in regions with a dense station coverage. The trade-off is well
resolved in regions with stations in close proximity of both sides of the fault.

A.2 Comparison of solution II to related work

Several studies of the crustal deformation field of different regions of the SWUSDZ
have been undertaken since the middle 1980’s. These studies are based on geodetic
data, such as GPS, VLBI, trilateration and triangulation, and solve only for the velocity
gradient tensor. In the study by Ward (1998) the velocity gradient tensor of the US is
determined by a weighted inversion of velocity data. On average, his data set is sparser
than mine but in southern California the data sets are of comparable density. Here
both the magnitude and pattern of his maximum horizontal strain rate field compare
well with my estimates in solution II. In the Basin and Range and in central California
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network Savage et al[1986] Solution II
ε̇1 ε̇2 ω ε̇1 ε̇2 ω

10−6yr−1 10−6yr−1 Degrees 10−6yr−1 10−6yr−1 Degrees
Salton Trough 0.18±0.01 -0.16±0.01 N85oW 0.30±0.01 -0.27±0.01 N95.7oW
Anza 0.15±0.01 -0.15±0.01 N89oE 0.13±0.01 -0.13±0.01 N83.5oE
Cajon 0.16±0.03 -0.19±0.02 N74oE 0.11±0.02 -0.13±0.02 N80.7oE
Tehachapi 0.16±0.01 -0.12±0.01 N78oE 0.10±0.01 -0.12±0.01 N79.9oE
Los Padres 0.12±0.01 -0.14±0.01 N89oE 0.08±0.01 -0.07±0.01 N92.5oE

Table A.1:Principal strain rates of Savage et al [1986] and the average principal strain rates
determined from solution II.

I obtain more detail in the deformation patterns due to my increased data density in
these regions and, perhaps, differences in modeling techniques. Shen-Tu et al. (1998,
1999) invert average strain rates and geodetic data for the horizontal velocity field on
the Earth’s surface. The average strain rates used as data are first derived through
Kostrov’s relation (Kostrov, 1974) from seismic moment tensors or geological data.
The average strain rates remain unspecified in case only the geodetic observations are
to be fit (Shen-Tu et al., 1999). Since in both cases their model parameterization is
quite smooth compared to mine I can only inspect correlation of the main features
of the strain rate field. I compared the average principal axes of the strain rates for
each grid area of Shen-Tu et al. (1998) and Shen-Tu et al. (1999), respectively, with
my principal strain rates calculated at those points. I find reasonable comparison in the
directions of the axes. However, I find significant differences in magnitude, particularly
east of the SAF between the Transverse Ranges and San Francisco. I believe this to be
a direct result of the differences in modeling techniques applied.

Solution II compares very well to the results of Snay et al. (1996) for the Big
Bend area of the San Andreas fault and to the study of Shen et al. (1996) of the Los
Angeles Basin. Both studies use data covering a broader time span (up to a century)
resulting in large contractional strain rates around the Garlock fault, White Wolf fault
and the Ventura Basin. This is comparable with my results for these regions in solution
II. Both studies also show the corresponding rotation rates. Consistent with solution
II they show significant clockwise rotations along the Big Bend section of the San
Andreas fault, in the San Gabriel Mountains, around the northern San Jacinto fault and
the San Juan section of the San Andreas fault. Savage et al. (1986) determined strain
rates within several trilateration networks in southern California. Table A.1 lists the
principal strain rates determined for each network and those determined from solution
II. I observe a fair agreement between the two solutions, though I obtain slightly higher
magnitudes in the Salton Through network.

In conclusion I find that many regional aspects of the deformation field of solution
II have been determined in earlier studies based on geodetic data. It is difficult to indi-
cate the extent of the discrepancies resulting from differences in methodology between
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the various approaches. However, most differences can be attributed to differences in
data density, origin and time span of the data and differences in modeling techniques. I
note that significant differences between these earlier studies and solution III exist and
are a direct result of the implementation of fault motion in my methodology.

A.3 Postseismic deformation

Considering the occurrence of several large (Mw>5.5) earthquakes in my study region
during the time span of my data, e.g. Landers (Mw=7.3), Loma Prieta (Mw=7.1) and
Northridge (Mw=6.7), the question is raised to what extent the solutions are influenced
by postseismic relaxation. Postseismic deformation would constitute a time-dependent
signal in the GPS data, which is not modeled in my present approach. In case of larger
events, GPS based postseismic deformation studies have been undertaken. Savage and
Svarc (1997) identified a long-term postseismic relaxation signal (>5 years) associ-
ated with the 1992 Landers event. During the 3.4 year study interval, they determined
long-term principal strain rates of 0.44±0.04µstrain/yr in direction N64oW±7o and
-0.39±0.09µstrain/yr in direction N26oE±7o. In solution II I obtain principal strain
rates of 0.227±0.001µstrain/yr in direction N70oW±1o and -0.167±0.001µstrain/yr
in direction N20oE±1o, respectively. The directions of the principal axes concur well.
The slight deviation in magnitude can be explained by the longer time interval spanned
by my dataset (>5 years). Both the magnitudes and directions of principal strain rate
of solution II deviate from the pre-earthquake strain accumulation rates of 0.07±0.02
µstrain/yr in direction N80oW±5o and -0.07±0.02µstrain/yr in direction N10oE±5o

(Sauber et al., 1994; Savage et al., 1995). However, my strain rate estimates may show
a return to these strain accumulation rates.

The postseismic GPS observations of the 1994 Northridge quake show no long-
term relaxation effects (Savage et al., 1998). Since my data in the vicinity of the event
mostly consists of campaign stations with annual observations, the velocity estimates
could only be slightly affected by the short-term signal (few weeks) and my inversion
solutions represent interseismic deformation. Savage et al. (1994) determined that the
postseismic adjustment following the 1989 Loma Prieta event was nearly completed
during their 3.3 year study interval. Our data in the Bay area comprises the time span
1996-2000. Therefore, the data and my solutions are unaffected by this earthquake.

Of several other significant earthquakes the postseismic deformation signals remain
unstudied. However, postseismic relaxation of these events may affect my solutions
in the ECSZ, the western Transverse Ranges, along the Parkfield segment of the San
Andreas fault and at Salton Through.
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A.4 Surface deformation field of the Basin and Range province

The surface deformation field in the northern Basin and Range does not reflect a clear
uniform style of deformation (figure A.1A). The principal axes of my strain rate field
rotate over large angles across small distances. Generally, the deformation field is an
order of magnitude less in amplitude than that of the Californian shear zone. In the
eastern Basin and Range, east of the Wasatch fault, significant E-W extension towards
the fault is obtained. West of the Wasatch fault the dominant regime is E-W contrac-
tion, while the Wasatch fault obtains left-lateral thrust motion. Geologically, this fault
is known as a normal fault (Shen-Tu et al., 1999). Towards the center of the north-
ern Basin and Range, a north-south variation of NNW-SSE contraction followed by a
NNW-SSE extension is observed. In the western Basin and Range the pattern of defor-
mation becomes more coherent with NW-SE extension dominated right- lateral shear.
The principal axis direction of extension is consistent with geological and earthquake
focal mechanism observations (Zoback, 1989).

Figure A.1: Detail of the strain rate field in the Basin and Range for A) solution III and b)
a solution excluding the campaign dataset of Thatcher et al. [1999] in the Basin and Range
province.
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Although the spatial distribution of deformation in the Basin and Range remains
debated, general consensus exists on the fact that it is dominated by NW-SE extension
(Bennett et al., 1999, 2002; Flesch et al., 2000; King et al., 1994; Lachenbruch et al.,
1994; Thatcher et al., 1999). In order to understand the discrepancy between my model
and this consensus I first take a closer look at the data in the Basin and Range.

So far, 26 continuous GPS stations have been operating in the northern Basin and
Range. Besides these continuously operating stations, my dataset comprises the cam-
paign data of Thatcher et al. (1999), which provides a dense crosssection across the
northern Basin and Range. Figure A.2 shows the EW and NS components of the ve-
locity estimates of this crosssection, as well as the velocity estimates of the 10 CGPS
stations located along the crosssection. Between longitudes241.5oE and243oE the
EW-component of the campaign estimates are significantly smaller than the CGPS es-
timates. At first sight, the NS-component shows a consensus between the campaign
data and the CGPS data. However, east of243oE the campaign data obtains an almost

Figure A.2:Velocity profile across the Basin & Range. Light grey dots are the NBAR velocity
rates of Thatcher et al. [1999], black dots are the CGPS velocity rates. The error bars represent
the 1-sigma data error.
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sinusoidal pattern not observed in the CGPS. Inspection of the campaign data indicates
that the majority of these stations have only been observed twice or thrice. Therefore,
site instabilities or other site related problems may affect the data thus introducing a
pattern not caused by the deformation of the region. In the fall of 2002 reobservation
of the NBAR stations was undertaken. Preliminary results of this campaign show an
improvement in the velocity estimates at the stations and the disappearance of the sinu-
soidal pattern. Unfortunately, the data is not yet available and can not be implemented
in this research.

Question remains to what extent this pattern affects my model. Bennett (2003)
inferred that the NBAR data set had little influence on their estimations of strain rate
within the Basin and Range. However, their direct interpretation of the slope portrayed
by the data is significantly different from my method. I tested the effect of the large
scatter in the Basin and Range data on the solution by performing an inversion without
the NBAR data set (only retaining the CGPS stations). Figure A.1B shows the result.
The north-south dominance in the deformation patterns has been replaced by east-west
patterns, which concurs more with the general consensus on the deformation of the
region. The large extension observed east of the Wasatch fault zone has disappeared,
thus was caused by the campaign data set. Deformation seems to localize in the western
Great Basin, west of245oE. I have also observed a significant reduction in strain rates
in the southern Basin and Range indicating a significant influence of the NBAR data set
on the deformation field in this sparsely sampled region. Unfortunately, the majority
of the amplitudes have been reduced to insignificance on a 95% confidence level, so no
further interpretation is possible.
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Appendix B

Fault slip rates SWUSDZ.

Table B.1: Fault names corresponding to the fault segment numbers used in so-
lutions I and III (section 2.6).

fault name segment num. fault name segment num.
San Andreas 1-22 Calaveras 23-32
Hayward 25,26 Rogers Creek 27,28
Headsburg 29,30 Concord/Green Valley 33,34
Paicines 35,36 Garlock 37-42
Rinconda 43-46 Death Valley 47-50
Furnace Creek 51-54 Fish Lake Valley 55,56
Panamint Valley 57-60 Hunter Mountain 61-64
Little Lake 65,66 Owens Valley 67-72
White Mountain 73,74 Fish Springs/Round Valley 75,76
Hilton Creek/Hartley Springs 77,78 Mono Lake 79,80
Sierra Nevada Range Front 81-94 Imperial Valley 95-98
San Jacinto 99-104 Laguna Salada 105-108
Elsinore 109-114 Big Pine 115-118
Palos Verdes 119-124 Agua Blanca 125-128
Newport Inglewood 129-132 San Gabriel 133-136
Pinto Mountain 137-140 Blackwater 141,142
Pisgah 143-146 Gravel Hill 147,148
Camp Rock 149-152 Frontal 153-158
Lockheart 159-164 Helendale 165-168
Calico 169-172 San Juan 173-176
Arroya Prida 177-180 Santa Ynez 181-186
Oak Ridge 187-190 White Wolf 191-194
Red Mountain 195-198 Santa Monica 199-202
San Miguel 203-206 San Pedro Matir 207,208
Cerro Prieto 209-212 Basin & Range 213-268
Wasatch 269-280 Basin & Range 281-292
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Table B.2: Geological rates for all fault segments modeled and the rates obtained
in solutions I and III (section 2.6).

segm. geologicala solution I solution III
num. rake∗ rate† rake∗ rate† rake∗ rate†

min.-max. pref.
1- 4 180 12.0-30.0 20.0 163.5-185.4 12.1-15.7 174.9-184.9 13.6-15.0
5-10 180 31.0-36.8 33.9 172.7-182.3 17.2-29.0 178.7-188.3 7.3-21.0
11,12 180 27.5-36.0 31.0 155.6,162.6 20.8,14.7 171.9,178.8 6.0,4.9
13,14 180 24.0-36.0 30.0 171.6,157.7 12.0,7.4 193.5,191.5 3.4,2.3
15-18 180 19.0-30.0 24.5 119.1-171.8 5.8-10.2 149.5-174.3 2.3-3.9
19-22 180 10.0-35.0 29.0 172.5-196.4 13.0-20.0 182.7-199.3 6.0-8.4
23,24 180 7.0-17.0 15.0 192.3,191.0 19.0,16.4 188.3,189.3 10.5,10.3
31,32 180 4.0-8.0 6.0 194.9,189.7 8.3,8.6 189.7,183.3 5.1,5.1
25,26 180 7.0-11.0 9.0 180.0,180.1 6.8,8.0 186.6,183.0 4.8,7.1
27,28 180 7.0-10.5 9.0 193.8,198.5 6.7,5.8 193.8,198.5 6.7,5.7
29,30 180 0.0-8.0 1.0 39.8,214.5 3.1,1.3 191.4,196.2 3.9,4.6
33,34 180 4.0-8.0 6.0 196.2,202.4 11.6,13.9 195.3,197.1 7.6,10.1
35,36 180 5.0-13.0 9.0 185.9,185.7 14.4,17.0 181.1,184.5 13.4,16.0
37,38 0 1.0-3.0 2.0 34.7,37.8 6.7,9.2 47.7,30.4 0.6,0.6
39,40 0 4.0-9.0 6.5 34.3,9.3 8.3,8.8 12.4,327.8 0.4,0.8
41,42 0 3.0-9.0 6.0 11.4,358.3 4.5,4.7 339.8,306.2 0.6,0.7
43-46 180 1.0-5.0 3.0 102.8-182.8 1.0-3.3 157.7-238.4 0.1-1.6
47-50 180 0.2-3.2 2.6 187.6-209.6 3.0-4.7 165.1-177.7 1.2-1.5
51-54 180 5.0-12.0 8.5 155.0-164.8 3.1-4.0 143.2-183.6 1.5-1.8
55,56 180 2.0-6.0 4.0 169.3,171.1 3.6,2.9 204.7,205.6 1.8,1.0
57-60 180 1.7-3.2 2.4 255.2-270.6 1.5-4.7 13.3-186.5 0.1-0.5
61-64 180 1.7-3.2 2.4 146.1-176.9 1.0-2.3 201.4-342.4 0.3
65,66 180 1.0-3.0 2.0 225.3,230.1 2.3,4.2 231.6,228.9 0.7,1.7
67-72 180 1.0-3.0 2.0 226.6-256.5 3.2-6.1 199.2-239.9 1.7-3.2
73,74 180 0.5-1.2 0.8 243.9,237.0 3.1,2.9 227.9,234.3 1.8,1.2
75,76 270 0.1-1.4 0.7 197.0,192.3 2.2,4.1 316.4,331.6 0.3,0.2
77,78 270 1.3-2.6 2.0 176.3,179.2 5.4,5.5 298.1,234.9 0.2,0.3
79,80 270 1.8-3.3 2.5 183.4,181.9 4.4,3.5 193.6,200.3 0.3,0.2
81-86 225 0.0-4.6 2.3 189.8-219.2 2.4-7.7 161.0-235.8 0.9-2.1
87-94 225 0.0-4.6 2.3 256.7-326.3 1.9-4.3 226.8-287.5 1.3-4.2
95-98 180 20.0-40.0 35.0 173.7-180.6 15.2-24.8 173.3-178.9 11.9-18.9
99,100 180 8.0-24.0 12.0 198.9,198.4 11.0,11.9 165.6,217.9 1.2,2.2

101-104 180 1.7-6.1 4.0 148.4-178.3 11.1-13.4 176.8-196.1 3.3-4.5
105-108 180 1.0-7.0 4.0 187.4-210.3 6.9-10.5 219.6-226.4 3.1-4.1
109-112 180 1.3-9.3 5.6 144.9-185.5 3.2-5.8 196.1-245.4 0.2-2.1
113,114 180 1.0-7.0 4.0 183.0,178.8 4.8,5.0 187.4,185.4 3.0,2.9
115-118 0 1.0-7.0 4.0 309.1-319.5 2.2-3.0 186.3-223.7 0.4-0.5
119-124 135 0.1-6.0 3.0 104.3-234.6 2.0-6.5 49.3-189.4 1.1-3.2
125-128 135 2.0-6.0 4.0 87.8-182.9 1.0-2.1 62.9-159.0 0.5-1.8
129-132 180 0.3-1.2 0.7 188.0-197.6 1.6-4.6 187.4-203.3 1.6-3.9
133,134 90 0.5-5.6 3.0 185.4,174.0 2.1,3.0 174.7,184.0 0.6,0.8
135,136 90 0.0-1.4 0.7 199.9,198.3 4.1,4.3 192.4,201.6 0.8,0.7
137-140 0 0.3-5.3 2.8 16.3-359.8 7.7-11.1 122.6-128.7 1.3-5.8
141,142 180 0.4-4.8 2.6 197.0,183.7 2.7 207.3,197.2 0.6,0.9
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Table B.2: continued

segm. geologicala solution I solution III
num. rake∗ rate† rake∗ rate† rake∗ rate†

min.-max. pref.
143-146 180 0.0-1.6 0.8 148.5-177.7 1.7-3.2 174.8-234.8 1.0-1.9
147,148 180 0.2-1.6 0.9 172.4,167.7 2.5,4.0 157.6,158.4 1.5,2.9
149-152 180 0.1-2.0 1.0 167.7-197.1 6.0-8.7 170.1-188.6 4.9-6.8
153-158 45 0.3-15.0 1.3 18.1-372.8 3.9-5.6 30.0-139.9 0.7-3.1
159-164 180 0.1-1.5 0.8 169.3-215.3 3.3-5.7 197.7-216.7 0.7-3.5
165-168 180 0.2-1.5 0.8 149.2-165.9 2.2-2.7 61.5-76.2 1.1-2.0
169-172 180 0.4-4.8 2.6 195.0-212.9 3.6-10.6 23.4-154.8 0.7-2.4
173-176 180 1.0-5.0 3.0 173.0-201.0 3.1-4.2 181.1-205.4 2.1-3.5
177,178 45 0.5-0.6 0.5 45.7,19.8 1.2,2.6 105.8,99.3 1.0
179,180 90 0.2-0.4 0.3 55.8,53.3 3.2,0.9 105.2,75.9 1.6,0.5
181-186 0 0.1-3.0 2.0 16.1-66.3 2.9-4.7 95.6-133.3 1.4-4.2
187-190 90 8.4-17.5 13.0 41.2-355.9 3.2-3.8 84.3-106.6 0.5-1.0
191-194 90 0.0-3.0 2.0 67.7-72.3 2.4-3.0 108.3-146.7 0.1-0.5
195-198 90 2.0-14.4 10.4 11.4-50.7 3.1-4.6 37.0-99.4 0.2-1.0
199-202 45 0.0-5.0 2.0 67.5-112.3 1.9-4.8 34.9-77.1 0.2-1.2
203-206 180 0.0-6.0 3.0 170.2-239.8 1.5-3.1 186.5-238.2 1.7-5.3
207,208 225 2.0-8.0 5.0 201.7,198.4 5.0,4.0 207.8,197.6 5.8,4.2
209-212 180 31.0-51.0 41.0 179.4-184.0 22.3-36.2 179.2-186.3 15.1-35.4
213-220 225 0.0-2.0 1.0 72.9-222.3 0.4-2.3 132.8-265.5 0.1-1.6
221-226 225 0.0-2.0 1.0 174.3-266.4 2.4-2.9 164.7-310.5 0.3-0.6
227-230 225 0.0-2.0 1.0 41.7-335.8 0.5-0.6 73.0-343.4 0.1-0.3
231-238 225 0.0-2.0 1.0 204.7-276.6 0.7-5.3 188.0-229.8 0.3-0.9
239-246 225 0.0-2.0 1.0 37.77-377.3 0.2-0.5 21.9-349.2 0.1-0.9
247-250 225 0.0-2.0 1.0 19.3-43.3 1.0-1.3 122.4-309.8 0.1-0.2
251-262 225 0.0-2.0 1.0 136.0-230.0 0.8-4.1 66.6-328.2 0.3-1.0
263-268 225 0.0-2.0 1.0 11.6-334.0 0.3-0.9 230.1-275.5 0.1-0.8
281-286 225 0.0-2.0 1.0 7.4-108.1 0.2-0.4 20.2-76.1 0.2-0.4
287-292 225 0.0-2.0 1.0 213.3-319.9 0.5-1.4 214.0-260.8 0.3-1.1
269-280 270 0.5-2.8 1.4 22.5-348.3 0.7-3.1 23.6-332.7 0.4-4.2

a Geological fault slip rates have been taken fromShen-Tu et al[1999] and references therein.
∗ Rake of the fault in degrees.
† Total fault slip rates in mmyr−1.
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C.1 South-western US defomation zone

Figure C.1:Tectonic setting of the southwestern US deformation zone plotted against topog-
raphy. Black lines indicate the fault traces utilized in our model parameterization. Orange
dots indicate the shallow (< 20km) relocated seismicity of Engdahl et al. [1998]. MD: Mojave
Desert; ST: Salton Through; ECSZ: eastern California shear zone; CNSZ: central Nevada seis-
mic zone; WLB: Walker Lane belt; SAF: San Andreas fault; HF: Hayward fault; CF: Calaveras
fault; GF: Garlock fault; SJF: San Jacinto fault; EF: Elsinore fault; CPF: Cerro Prieto fault;
P: Parkfield.
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Figure C.2:Strain rate contribution of solution I. The arrows denote the principal strain rates:
contraction (red) and extension (blue).
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Figure C.3: Strain rate contribution of solution II. The arrows denote the principal strain
rates: contraction (red) and extension (blue).
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Figure C.4: Strain rate contribution of solution III. The arrows denote the principal strain
rates: contraction (red) and extension (blue).
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Figure C.5:Rotation rate contribution of A) solution I, B) solution II and C) solution III. Note
the location of the 0 in the contour scale.
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Figure C.6:Moment magnitudes corresponding to the moment deficits accommodated in our
model area during our observation period. The negative moment magnitudes correspond to
negative moment deficits, indicating that large earthquakes within the observation period have
released more seismic moment than has been accummulated by our strain rate field.



148 Appendix C

C.2 Taiwan

Figure C.7:Solving for continuous deformation only: a) Data misfits, b) Strain rate field. The
contouring denotes the effective strain rate (=(1/2εijεij)1/2). The arrows denote the principal
strain rates: contraction (red) and extension (blue).
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Figure C.8:Joint solution: a) Data misfits, b) Fault slip solution. For further explanation see
figure 3.6
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Figure C.9:Layer cuts from the global tomographic mantle model of Bijwaard and Spakman
[2000]. The left column displays the P-wave velocity anomalies between 95km and 380km
(depths indicated) in percentages of the following reference velocities (from top to bottom)
8.047, 8.119, 8.275, 8.482, 8.701, and 8.913 km/s. White dots denote intermediate depth
hypocenters within 25 km of each layer depth. The grid of black lines are longitude and latitude
lines in steps of 2 degrees (see upper left panel for 2 values). The right column displays the re-
sults of a sensitivity test for estimates of spatial resolution in which the image recovery is tested
of a synthetic velocity model consisting of isolated blocks (circular outlines) of 1.2 degrees in
size and a thickness of about 50 km. The amplitudes are of alternating sign and the blocks are
shifted in depth. The colors denote the recovery of the synthetic model. Mild smearing effects
between the synthetic blocks are visible at all depths, but the synthetic blocks are generally well
recoverable, particularly in the upper 200 km under Taiwan. Below this depth resolution re-
duces gradually. We conclude from this (and other sensitivity tests) that the tomographic image
of the actual Earth (left column) is interpretable at length scales of 50-60 km.
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Figure C.10:Regional tomography adapted from Rau and Wu [1995]. A well resolved high
velocity feature comparable to the one found for the PSP at the Ryukyu Trench can be observed
underneath the Coastal Range and Eastern Central Range. The Central Range is underlain by
a region of high velocity.
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C.3 Izmit

Figure C.11:Tectonic setting of the Izmit earthquake plotted against topography. Black line
indicates the fault trace utilized in this study. Black names between red lines state fault segment
names, while the grey square outlines the the area contained in the InSAR interferogram. The
stars shows the epicenter locations of the Izmit and Düzce earthquakes and the corresponding
focal mechanisms are provided.
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Figure C.12:InSAR interferograms: a) ERS1 interferogram spanning the period 12 August/16
September 1999 (orbit numbers 42229 and 42730, frame 811), b) ERS2 pair 13 August/17
September 1999 (orbit nrs. 22556 and 23057, frame 811). Both interferograms have been
masked for coherence< 0.1. The topographic component of the interferometric signal was
estimated and extracted by using the Tandem pair 12/13 August.
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Figure C.13:The difference in the fringe pattern between the two differential interferograms.
The presence of a somewhat regular pattern of fringes might indicate an orbital error in one
of the interferograms, however, in our opinion at least part of the effect could be due to atmo-
spheric effects.
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Figure C.14:The displacement gradient contribution of the model based on GPS data only
(Solution I): a) Strain field. The contouring denotes the effective strain (=(1/2εijεij)1/2). The
arrows denote the principal strains: contraction (red) and extension (blue). b) Rotation field in
degrees.
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Figure C.15:Synthetic interferogram of a) the model based on GPS data only (Solution I),
and b) the model based on the joint analysis of GPS and InSAR (solution II).
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Figure C.16:The displacement gradient contribution of the model based on the joint analysis
of GPS and InSAR (Solution II): a) Strain field. The contouring denotes the effective strain
(=(1/2εijεij)1/2). The arrows denote the principal strains: contraction (red) and extension
(blue). b) Rotation field in degrees.
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Samenvatting voor de leek
(Summary in Dutch)

De aarde heeft een koude, mechanisch sterke schil genaamd de lithosfeer (het griekse
lithos betekend steen). De lithosfeer is ongeveer 100km dik en beslaat de korst en het
bovenste deel van de mantel. Hij is het dunst in de oceanische gebieden en dikker on-
der continenten. Gezien op geologische tijdschaal, dat wil zeggen miljoenen jaren en
niet seconden, drijft deze schil op een stromende massa genaamd de asthenosfeer (het
griekse asthenia betekend zwak). De lithosfeer is verdeeld in een klein aantal bijna
rigide (starre) platen die ten opzichte van elkaar bewegen. De meeste deformatie op
aarde, zoals gebergtevorming, vindt plaats langs de randen van deze platen. We on-
derscheiden 3 soorten plaatgrenzen: divergente grenzen, waar platen uit elkaar drijven
en nieuwe korst wordt gegenereerd. Dit zijn de zogenaamde mid-oceanische ruggen.
Convergente plaatgrenzen waarbij de korst wordt geconsumeerd door de aarde. Hier
schuift een van de twee platen onder de andere; een proces dat subductie wordt ge-
noemd en o.a. bij Japan optreedt. Tenslotte zijn er nog plaatgrenzen waar platen langs
elkaar schuiven: de transform breuken, zoals de San Andreas breuk in California.

Er zijn verschillende geodetische methoden om de coördinaten van een punt op
aarde te bepalen. Een van de bekendste systemen is het Global Positioning System
(GPS) welke is ontwikkeld om de plaats van een ontvanger op aarde nauwkeurig te
bepalen. Dit systeem bestaat uit 24 satelieten die in een vaste baan om de aarde draaien.
Door de afstand van een ontvanger op aarde naar een aantal satelieten te berekenen, kun
je de cöordinaten van deze locatie bepalen. De wetenschap heeft de nauwkeurigheid
van deze plaatsbepalingen weten terug te brengen tot enkele milimeters. Door over
een aantal jaren de positie van een vast punt op het aardoppervlak te bepalen, is het
mogelijk om de gemiddelde verplaatsing van dat punt gedurende die jaren te berekenen.
Deze verplaatsingen, die een direct gevolg zijn van de beweging van de plaat waarop
dat punt ligt en de interactie van deze plaat met zijn aangrenzende platen, vormen het
uitgangspunt voor mijn onderzoek.

In een eerder onderzoek hebben Marleen Nyst en Wim Spakman een methode
ontwikkeld die een mathematische relatie legt tussen de bovengenoemde verplaatsin-
gen en het snelheidsgradiëntveld1 in de platen en de breukbewegingen die langs de
plaatgrenzen optreden. Dit snelheidsgradiëntveld en de breukbewegingen beschrijven
gezamenlijk het oppervlaktedeformatieveld en vormen een kinematische2 randvoor-

1gradïent: grootheid die de richting bepaald waarin een andere grootheid het sterkst veranderd en die
tevens een maat voor die verandering is. In ons geval leggen we de richting vast en geven een continue
representatie van de verandering van de snelheid in deze richting.

2De kinematica beschrijft de leer van de bewegingen. De kinematica is een onderdeel van de dynam-
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waarde voor de dynamische processen, zoals subductie en gebergtevorming, die eraan
ten grondslag liggen en bevatten belangrijke informatie voor aardbevings risico analy-
ses. Daarnaast kan het oppervlaktedeformatieveld ten gevolge van een aardbeving be-
langrijke informatie verschaffen over de complexiteit van deze aardbeving. Derhalve
heb ik gedurende mijn promotie deze methode toegepast op een drietal situaties: het
interseismische (gemeten tussen grote aardbevingen) deformatieveld van Taiwan, de
zuidwestelijke Verenigde Staten en het co-seismische (tijdens een aardbeving) defor-
matieveld van de Izmit aardbeving van 17 augustus 1999 in Turkije, met het doel om
deze informatie af te leiden en te interpreteren.

In het zuidwesten van de Verenigde Staten zorgt de interactie tussen de Pacifis-
che en Noord-Amerikaanse plaat voor een brede en gevarieerde deformatie zone. Het
oppervlakte deformatieveld wordt gedomineerd door het langs elkaar schuiven van de
twee platen langs de San Andreas breuk. De ”Transverse Ranges” (zie figuur 2.1) ac-
commoderen3 een 160 km ”left-step” van de San Andreas breuk, hetgeen resulteerd in
significante contractie (samentrekking) in deze regio. Het model laat duidelijk zien dat
de San Jacinto en de San Andreas breuken samenéén breukzone vormen, waarbinnen
rotatiesnelheden met de klok mee domineren. Een belangrijke observatie in het model
is de asymmetrie van het deformatieveld rond de San Andreas breuk tussen de ”Trans-
verse Ranges” en de splitsing van de San Andreas breuk met de Calaveras breuk net
ten zuiden van San Fransisco. Hier localiseert de deformatie zich aan de oostkant van
de breuk. Deze asymmetrie kan worden gecorreleerd4 met een rigiditeits (starheids,
hardheids) contrast tussen het gesteente aan de oost- en die aan de westkant van de
breuk, waarbij localisatie van deformatie optreedt aan de zwakke kant van de breuk.
Verder is het oppervlakte deformatieveld gebruikt voor een risicoanalyse voor het ge-
bied. Hieruit blijkt duidelijk dat die gebieden waar de afgelopen 20 jaar significante
aardbevingen hebben plaatsgevonden meer spanning hebben gerelaxeerd dan dat er in
deze 20 jaar weer is opgebouwd. Vooral in de westelijke ”Transverse Ranges” en ”Mo-
jave Desert” hebben de laatste grote aardbevingen (Mw > 6.0) het grootste deel van de
opgebouwde spanning gerelaxeerd en daarmee het risico op een nieuwe grote aardbev-
ing in de nabije toekomst sterk gereduceerd. Echter in het gebied van de asymmetrie is
genoeg spanning opgebouwd voor een magnitude 6,1-6,3 beving. Een aardbeving met
overeenkomstige magnitude is mogelijk rond de baai van San Fransisco, langs de San
Andreas breuk net ten noorden van de Big Bend en langs de zuidelijke San Andreas en
Imperial Valley breuken. In de regio van San Francisco, langs de Calaveras en Hay-
ward breuken, is er ook een verhoogde micro-seismiciteit, hetgeen een extra indicatie
is voor het mogelijk optreden van een significante aardbeving (magnitude groter dan
6,0) in de nabije toekomst.

ica (krachtenleer of leer van de bewegingsverschijnselen) en is een studie die zich bezig houdt met de
beschrijving van de bewegingen van een lichaam zonder hierbij de oorzaak van de beweging te betrekken.

3zich aanpassen, zich schikken
4onderling samenhangen
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In Taiwan is het verkregen oppervlakte deformatieveld gecombineerd met andere
soorten geofysische data en modellen die informatie verschaffen over de diepere lithos-
feer. Deze combinatie heeft geleid tot een eenduidig model van de huidige tektonische5

situatie. Taiwan is gelocaliseerd boven een zeer gecompliceerde plaatgrens. Ten no-
ordoosten van Taiwan schuift de Filipijnse plaat onder Eurasie (zie figuur 3.1), ter-
wijl ten zuiden van het eiland de Eurasische plaat onder de Filipijnse plaat verdwijnt.
De overgang tussen deze twee subductie zones wordt gekenmerkt door een oblique
(schuine,scheve) collisie tussen de twee platen, hetgeen gebergtevorming en het eiland
Taiwan tot gevolg heeft gehad. Het model laat zien dat deze botsing nog steeds een
dominante rol speelt in de deformatie in centraal en zuid Taiwan. Als direct gevolg van
hiervan probeert de bovenste sedimentaire laag van de korst in zuid Taiwan naar het
zuiden toe uit te wijken. In centraal Taiwan wordt een stuk korst langs breuken naar
boven geduwd, waardoor het gebergte hier sterk groeit in hoogte. Door de obliquiteit
van de collisie verplaatst deze zich gestaag zuidwaarts. In het noorden van Taiwan
heeft de botsing dan ook zijn belangrijkste invloed gehad en vindt afbraak van het
gebergte plaats. Ten oosten van Taiwan is komen vast te staan dat de subductie van de
Filipijnse plaat onder Eurasie een bocht maakt en tegenwoordig ook in noordoostelijke
richting onder Taiwan schuift. Deze nieuwe subductie zone breidt zich langzaam naar
het zuiden uit en kan een groot risico op aardbevingen met zich meebrengen.

Het co-seismische deformatieveld van een aardbeving kan belangrijke informatie
verschaffen over de bronprocessen van een aardbeving, de structuur van de korst en
de relaxatie van de korst. Bij de analyse van een co-seismisch deformatieveld speelt
de implementatie van breukbewegingen in het oppervlaktedeformatieveld een belangri-
jke rol. Doordat de methode die wordt gebruikt de eerste is die voor beide parameters
tegelijkertijd kan oplossen is dit het eerste kinematisch model voor een coseismisch op-
pervlaktedeformatieveld. De studie is gebaseerd op data van de Izmit, Turkije aarbev-
ing. Voor ons model baseren we ons op de GPS data, maar ook op een andere satelieto-
bservatie genaamd InSAR. Dit is een radartechniek waarmee continue beelden worden
gemaakt van de deformatie aan het aardoppervlak. Deze techniek baseerd zich op het
verschil tussen twee beelden, die op verschillende tijdstippen door dezelfde sateliet
zijn genomen. Dankzij de combinatie van deze twee soorten data was het mogelijk
om een deel van de deformatie op de breuk te localiseren in plaats van uit te smeren
over een zone rond de breuk. Hierdoor is een redelijk goede overeenkomst verkre-
gen tussen het model en de breukbewegingen die aan het aardoppervlak zijn gemeten.
Uit het model kan worden afgeleidt dat het mechanisme van de hoofdbeving uit twee
fasen heeft bestaan. In de eerste fase heeft slip6 zich over de breuk ten westen van
het epicentrum voortgeplant, terwijl slip naar het oosten werd tegengehouden door een
bocht in de breukgeometrie. Pas na 5-7,5 seconden was het mogelijk om ook slip naar

5tektoniek: bouw, opbouw van de aardlagen
6Het langs elkaar bewegen van twee blokken langs een breukvlak (vergelijk met het laten slippen van

de koppeling, waarbij de twee koppelingsplaten niet goed in elkaar grijpen en langs elkaar heen bewegen).
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het oosten te initïeren. Hierdoor is er een grote asymmetrie in het verplaatsingsveld
ontstaan. Daarnaast kan worden afgeleidt dat er naast de hoofdbeving nog zeker twee
secundaire bevingen hebben plaatsgevonden, namelijk een ongeveer 30 km ten westen
van Izmit bij Hersek en een ongeveer 70 km ten oosten van Izmit bij de Akyazi Gap.
Tenslotte wordt nog gekeken naar de hoeveelheid spanning die door deze aardbeving
gerelaxeerd werd. Hieruit blijkt dat deze grote beving bijna alle spanning, die sinds de
laatste grote beving in 1719 was opgebouwd, heeft gerelaxeerd.

Bij mijn onderzoek naar het oppervlaktedeformatieveld ten gevolge van de Izmit
aardbeving wilde ik ook een link leggen met de methode die de ruimtelijke verdeling
van slip op het breukoppervlak in kaart brengt. Deze methode is echter gebaseerd op
de aanname dat het verplaatsingsveld aan het aardoppervlak dat dient als data (bv. GPS
data) symmetrisch is over de breuk. De analyse liet echter duidelijk zien dat dit voor de
Izmit aardbeving duidelijk niet het geval was. Daarnaast bleek dat de modellen gemaakt
met deze methode een lage resolutie hadden. Dit houdt in dat de data de verdeling
van de slip niet kan localiseren, maar uitspreidt over een groter gebied. Aangezien
niemand hier tot nu toe aandacht aan had besteed, heb ik een analyse gemaakt van de
daadwerkelijke resolutie van deze modellen. Ik ben daarbij tot de conclusie gekomen
dat oppervlaktedata, zoals alle geodetische observaties, weinig informatie bevatten over
de verdeling van slip op dieptes groter dan 10 km.
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Nederlandse vertaling van het citaat op pagina 5:

Alleen voor jullie, zonen van wetenschap en wijsheid, hebben wij dit werk
geschreven. Studeert aandachtig in dit boek en zoekt onze bedoeling bi-
jeen, die wij werspreidt over verschillende plaatsen hebben uiteengezet; en
wat opéén plaats door ons verborgen is gehouden, hebben wij op een an-
dere duidelijk gemaakt, zodat het voor jullie onthuld wordt, als jullie wijs
zijn.

Heinrich Cornelius Agrippa von Nettesheim,De occulta philosophia, III,
65

English translation of the citation of page 5:

Only for you, children of doctrine and learning, have we written this work.
Examine this book, ponder the meaning we have dispersed in various
places and gathered again; what we have concealed in one place we have
disclosed in another, that it may be understood by your wisdom.

Heinrich Cornelius Agrippa von Nettesheim,De occulta philosophia, III,
65
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