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‘What, indeed, if you look from a mountain top down the long wastes of the
ages? The very stone one kicks with one’s boot will outlast Shakespeare.
His own little light would shine, not very brightly, for a year or two, and
would then be merged in some bigger light, and that in a bigger still.’

Virginia Woolf, To the lighthouse

Voor mijn ouders
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Chapter 1

Background and motivation

1.1 Introduction

During the last 20 years methods and technology to measure active deformation of the
Earth’s crust have improved impressively. In particular this has resulted in a strongly in-
creased accuracy of space geodetic data derived from the Global Positioning System (GPS),
Satellite Laser Ranging (SLR), Synthetic Aperture Radar Interferometry (InSAR) and Very
Long Baseline Interferometry (VLBI). Numerous dense data sets have been composed and
published and their interpretation has already had strong impact on the development of
knowledge of kinematic and dynamic aspects of crustal deformation.

Repeated geodetic observations provide estimates of crustal kinematics in terms of rel-
ative motions between point positions at the surface. In dissipative systems, such as asso-
ciated with crustal deformation, knowledge of kinematics alone is in general insufficient to
uniquely determine the dynamics of forcing processes. However, accurate knowledge of
surface kinematics poses an indispensable boundary condition for modeling of the dynam-
ics. In this thesis I am primarily concerned with establishing such boundary conditions from
an analysis of relative motion measurements. The first part of chapter 2 introduces a new
analysis method that inverts relative motions in joint estimates of the strain and rotation rate
field and slip rates on active faults. Applications of the method to synthetic data are given in
the second part of chapter 2 and to real data in chapters 3 and 4. Our method aims at model-
ing kinematic features of the deformation field of the brittle upper layer, extensive treatment
of the complexity of crustal rheology reaches beyond the scope of this thesis. This introduc-
tory chapter primarily provides an overview of main concepts concerning the kinematics of
continental deformation that have been developed over the last decades and allows to place
our new method in the spectrum of surface deformation analyses. This overview is largely
based on Molnar [1988]; England and Jackson [1989]; Gordon and Stein [1992]; King et al.
[1994]; Lamb [1994] and Thatcher [1995].
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1.2 Aspects of continental deformation

Continental deformation takes place in a complex and distributed manner, often accom-
panied by intraplate seismicity. For instance, extensively studied regions, as the western
United States, the Mediterranean and the Middle East, and central and southern Asia, show
patterns of large predominantly aseismic blocks, embedded in seismically active, strongly
deforming areas. Discussing the nature of continental deformation requires discrimination
between deformation on lithospheric and deformation on crustal time and length scales
[e.g., England and Jackson, 1989]. The average thickness of continental crust is 35 km. The
brittle upper crust is most seismogenic and encompasses the upper 10 to 20 km. Here, earth-
quakes occur as a release of built-up interseismic strain. The limiting shear stress, defining
the strength of the material, depends on the frictional resistance to fault slip at depth. Ex-
cept for the deformation directly associated with rupturing, deformation is thought to be
predominantly elastic and reversible. Pressure and temperature conditions generally sug-
gest that deformation in the mid- to lower crust takes place as ductile flow, controlled by
crystal dislocation and diffusion processes allowing for large strain without rupturing. The
duration of the seismic cycle in the shallow crust is indicative for the time scale at which
deformation of the ductile crust occurs and can vary between a few tens to hundreds or
even thousands of years. Finally, the mechanical strength of the uppermost mantle part of
the lithosphere is also of significance. This layer is capable of supporting large deviatoric
stresses over millions of years.

Laboratory investigations of deformation mechanisms suggest a relatively strong seis-
mogenic upper layer, a weak lower crust and a strong uppermost mantle to depths between
60 and 100 km. Usually, the latter is assumed to be the strongest. This would imply that
on a long time scale the uppermost mantle controls the large-scale deformation pattern and
that averaging of surface deformation over time could, in some way, reflect the lithospheric
deformation field. However, experiments do not completely exclude the possibility of the
upper crust being the strongest layer. This may imply that in some cases the upper crust con-
trols surface deformation and in turn has an important influence on the ductile lower crust
[e.g., Lamb, 1994]. Before we further discuss the basic hypotheses regarding crustal defor-
mation, we introduce the main, different observations regarding the kinematics of crustal
deformation.

1.3 Main sources of kinematic deformation data

Information on style of continental deformation provided for by observation of crustal kine-
matics strongly depends on the type of data. Geologic fault slip and paleomagnetic rotation
data represent effects of long-term crustal deformation and span time intervals ranging from
a few thousands to millions (geology) and from a few millions to hundreds of millions
(paleomagnetism) of years.

Another source of information are earthquake moment tensors. Seismic moment tensors
are cataloged since 1977 (Harvard centroid moment tensor (CMT) catalogue [Dziewonski
et al., 1981]. The seismic observation record may span a time interval of (a few) 100 years
[e.g., Ambraseys and Jackson, 1990; Pacheco and Sykes, 1992; Papazachos et al., 1999], but
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probably still represents only part of the seismic cycle that may span tens to thousands of
years. The mechanisms of small earthquakes within one region are often extremely varied
and in some way represent internal crustal deformation. Large intracontinental earthquakes
likely nucleate near the seismic-aseismic transition zone. They are associated with faults
that break through the entire seismogenic layer and possibly extend into the ductile part
of the crust. In general, their mechanisms are consistent with the deformation pattern on
lithospheric length and time scales and their summed moment release accounts for almost all
of the seismic faulting within active regions: On average the larger events constitute about
10% of all earthquakes, but represent about 95% of the total seismic moment. However, the
summed contribution of large earthquakes to crustal deformation is often much smaller than
predicted on account of motions derived from rigid plate models and space geodetic data
[e.g., McKenzie and Jackson, 1983; Ekstrom and England, 1989; Ward, 1998a,b; Kreemer
et al., 2000]. Probably, a considerable amount of aseismic motion occurs as distributed
creep [e.g., Houseman and England, 1986; England and Jackson, 1989] or as creep on faults
[Scholz and Cowie, 1990], although effects of a seismicity rate that strongly varies with time
or of an incomplete seismic record can not be excluded. Plate motion models like NUVEL-
la [DeMets et al., 1990, 1994] incorporate magnetic anomalies in oceans averaged over the
past few million years, earthquake data and directions of transform faults and can be used
to predict relative motion for comparison with observations of present-day kinematics.

Nowadays geodetic observation of crustal deformation allows monitoring of nearly in-
stantaneous motion with permanent GPS stations. Campaign type GPS results in time-
averages of motion typically on the scale of years. For some regions time-averages on the
order of 10 to 100 years are obtained by reoccupation (by GPS) of for instance old trian-
gulation sites. GPS data obtained at relatively stable plate interiors are in good agreement
with plate motion vectors. However, strong deviations occur in continental deformation
zones with active faults, where crustal motions are often dominated by cyclic build-up and
release of elastic strain. Other geodetic sources of observations are, e.g., Synthetic Aper-
ture Radar Interferometry (InSAR), Satellite Laser Ranging (SLR) and Very Long Baseline
Interferometry (VLBI). In this thesis we will use mainly GPS observations and therefore be
restricted to continental deformation on crustal time and length scales.

1.4 Crustal deformation: models and hypotheses

A basic issue in the discussion about continental deformation is whether the crust deforms
as a series of (semi-)rigid blocks or as a continuum [e.g., King and Cisternas, 1991]. Key
to a subdivision in these two end-member approaches, the continuum model and the block
model, seems whether deformation below the brittle upper crust is narrowly focused on
down-dip extensions of seismogenic faults, more associated with block models (figures
1.1A and B), or broadly distributed in bulk flow, more associated with continuum mod-
els (figures 1.1C and D). In block models the upper crust is relatively strong with respect
to the underlying layers and determines the surface deformation field. In continuum mod-
els the upper crust is relatively weak and the ductile lower crust or uppermost mantle part
of the lithosphere (depending of the scale of the region under consideration and the time
interval represented by the type of the data used) determines the surface deformation field.
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Figure 1.1: Four models for the distribution of deformation as a function of depth: (a) Block
deformation with complete localization of slip, (b) Surface drag folding with localized deformation
at depth, straight lines indicate elongated, rotating blocks that slide past one another along strike-slip
faults within fault zone (see also text), (¢) Surface block motion and distributed deformation at depth,
(d) Model of (c) with a transitional layer (a, b and ¢ from King et al. [1994], d from Lamb [1994]).

Basically, both models are applied to establish the relation between the observed surface
deformation and the deformation mechanism at depth: In the block model observations of
crustal deformation are interpreted in terms of the lateral distribution of motion in the duc-
tile regime of the fault zone. In the continuum model these observations are interpreted in
terms of the crust responding to tractions applied at its base by flow in the lower crust or
uppermost mantle.

1.4.1 Quasi-rigid (or block model) approach

On geological time scales the block model view is motivated by geological and paleomag-
netic observations of relatively old and narrow fault zones within continental transform and
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compressional settings. These fault zones with widths of 10-20 km have undergone dis-
placements of hundreds of kilometers and usually have persisted for some 10 Ma or more
[e.g., Peltzer and Tapponnier, 1988; King et al., 1994; Armijo et al., 1999]. Most (quasi-
)rigid block models involve assumptions of a strong crust and the longer-term rigidity of
(micro-)plates or crustal/lithospheric blocks of which the motion is coupled through de-
formation zones or narrow shear zones [e.g., Avouac and Tapponnier, 1993; Peltzer and
Saucier, 1996]. Surface deformation is dominated by the relative motion of blocks and re-
sults from interactions along block boundaries. Major faults are considered to cut through
the seismogenic crust and reach down into the ductile lower crust (figure 1.1a) and maybe
into the upper mantle. In the lower crust deformation occurs as localized continuous slip on
the extensions of faults into the ductile regime and in the upper crust as accumulation and
release of elastic strain.

In its simplest form a crustal scale block model is a half space model with uniform slip
on fault extensions in the lower crust and with elastic deformation in the upper crustal layer
that result from fault locking before earthquakes occur [e.g., Savage and Burford, 1973;
Freund and Barnett, 1976; Matsu’ura et al., 1986]. The depth of this brittle layer is usually
indicated as the locking depth. A deficit of seismic moment release on short time scales
implies that the fault is locked and that elastic deformation is broadly distributed throughout
the block, waiting to be released. Strain rates and the surface velocity field in the vicinity
of faults can be predicted assuming elastic dislocation theory and block motion [Okada,
1985]. In general, geodetic measurements across individual faults do not contradict the
block model view [Larsen and Reilinger, 1992; Feigl et al., 1993; Larson, 1993; Johnson
et al., 1994; Bennett et al., 1996; Walpersdorf et al., 1998, and many others]. In block
models of the surface deformation that represents longer time scales, geodetic data can be
used to verify the assumption, often made in block models, of minimal elastic strain energy
within the blocks, i.e. at large distances from fault zones, where surface deformation is
not supposed to be influenced by loading mechanisms imposed by the uninterrupted block
motion at depth [e.g., Saucier and Humphreys, 1993; Lundgren et al., 1995].

Several observations obtained within the continental deformation zones have led to
adaptations of the simple block model described above. For example, King et al. [1994]
find a seismic moment deficit of about 40% in California when deformation rates computed
from summed seismic moment tensors are compared to rates estimated from regional plate
motion studies. The predominant amount of seismic slip seems to be localized at mid-depths
in the seismogenic zone. Assuming that the earthquake catalogue is sufficiently long, they
conclude that the slip deficit in the upper and lower parts of the seismogenic zone proba-
bly occurs as creep. Accumulation of this deformation causes a superficial brittle-ductile
process of drag folding and rotations of small blocks adjacent to the fault (figure 1.1b).
Other examples of surface processes within the fault zones that may diffuse a clear view
on the block behavior at depth are described for California, eastern Iran and the Aegean
area, where crustal deformation has been modeled by rotation of elongated blocks within
the deformation zone [e.g., Freund, 1970; McKenzie and Jackson, 1983, 1986].
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1.4.2 Continuum approach

On geological time scales the continuum approach is motivated by the spatial scale at which
large topographic features, such as mountain belts and basins, occur. These features can
only be sustained if the stress is distributed over a depth range much deeper than the crust.
In general, continuum models are dynamical models that represent the lower crust and/or
uppermost mantle part as a viscous, continuously deforming fluid that dictates crustal defor-
mation by applying shear tractions to the base of the (upper-)crustal layer [e.g., Tapponnier
and Molnar, 1976; Bird and Piper, 1980; England and McKenzie, 1982; Houseman and
England, 1986]. Faulting is a result of rupturing of the brittle crust as it follows the flow of
the lithosphere and faults are restricted to the crust (figure 1.1C and D) [e.g., McKenzie and
Jackson, 1983; Houseman and England, 1986; Lamb, 1987]. A more detailed model was
proposed by Lamb [1994] and includes a transitional layer that exerts basal tractions on the
overlying brittle crust (figure 1.1d).

A simple dislocation model for a weak crust invokes an elastic plate overlying a visco-
elastic (Maxwell solid) half space [e.g., Savage, 1990]. During an earthquake the elastic
strain, accumulated in the elastic layer, is transferred to the underlying layer. The coseismic
rupture cuts through the elastic upper layer whereas the motion in the visco-elastic substrate
is continuously distributed [e.g., Pollitz et al., 2000].

Continuum modeling approaches that use space geodetic data attempt to relate the ob-
servations to the motions of the ductilely deforming lower crust/lithosphere. For example,
Bourne et al. [1998a,b] argue that, in the absence of perturbations due to recent earthquakes,
the short-term motion of the surface best reflects the long-term flow of lithosphere. The seis-
mic release of energy, however, makes the blocks move as unstrained bodies over the long
term. The time-averaged velocity at a point of the crust will in general differ from that in
the ductile layer beneath it, but the time-averaged velocity of the whole crustal block, which
may encompass several fault zones, will be equal to the velocity of the deeper lithosphere.

1.4.3 Combined approach

The combination of ideas underlying continuum and block deformation models has also led
to other, more hybrid approaches [King and Cisternas, 1991]. The first type invokes strong
crustal blocks embedded in weak crust, hence lateral contrast in crustal strength. Exam-
ples are, the laboratory model of a rigid block, indenting weak plasticine material [Peltzer
and Tapponnier, 1988], and the computerized inclusion of a rigid block into a thin viscous
sheet model [e.g., England and Houseman, 1985]. Both simulate the northward moving
Indian continent and the deformation of the Himalayas and Southeast Asia. These models
nicely mimic the observed continental deformation pattern of blocks embedded in strongly
deforming areas, but provide no insight into the style of deformation. The second type orig-
inates from fractal theory and is based on the assumption that ductile deformation can be
mimicked by self-similar fault motion at any scale of deformation. Consequently, this model
should describe the large-scale deformation of the lithosphere as well as localized deforma-
tion in the crust. In fact, it means that the only difference between faulting and folding is the
scale at which the observer is looking. If this fractal relation is applied to recent seismicity,
it only holds for earthquakes with magnitudes smaller than 6.5 [e.g., Ekstrom and England,
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1989; Kreemer et al., 2000]. Larger events in some way behave anomalously. Further, the
conclusions from various applications of the fractal relation to geological faults seem to be
in contradiction. For example, Scholz and Cowie [1990] find for a variety of tectonic envi-
ronments that small faults play a minor role in the deformation process, while Walsh et al.
[1991] need a continuum approach to explain the extension of the North Sea, because the
total amount of faults is not sufficient to accommodate the deformation.

1.5 Discussion

Despite fundamental difference between the two end-member views on lithospheric defor-
mation in terms of coupling between lithosphere and crust, it remains questionable whether
it is possible to discriminate between (quasi-)rigid and continuum mechanisms based on
observations of surface deformation only. Savage [1990] showed that the two basic classes
of crustal rheology that relate surface deformation to the earthquake cycle cannot be dis-
tinguished in two-dimensional models by using surface observations. The resemblance
between the velocity fields derived for Southeast Asia by the rigid model of Peltzer and
Saucier [1996], by the continuum model of England and Molnar [1997] and by the com-
bined approaches of England and Houseman [1985] and Peltzer and Tapponnier [1988] is
also indicative for the non-unique relation between surface data and deformation mecha-
nism at depth. This ambiguity can be illustrated by different views of motion partitioning
observed in plate-boundary tectonic settings. On the one hand Gilbert et al. [1994b] argue
that the strength of the crust can be derived from observed orientations of surface strain:
Strain patterns parallel to the regional fault structure are due to a strong crust and vertical
loading mechanisms, because the fault controls the stress field. If the crust is weak the strain
pattern follows the regional rather than the local stress field. However, another equally ac-
ceptable alternative is that fault orientations are dictated by the motion of the underlying
velocity field and strongly depend of the shape and orientation of the block in which they
are embedded. This view is supported by floating block model studies in which local defor-
mation patterns can be completely different from the regional velocity field [e.g., Freund,
1970; McKenzie and Jackson, 1983, 1986; Taymaz et al., 1991; Lamb, 1994]. A third purely
kinematic alternative is proposed by Tikoff and Theyssier [1994], who argue that the degree
of partitioning and the orientation of the strain field are not controlled by the deformation
mechanism at depth, but by the angle between the relative plate or block motion vector and
the plate or block boundary (or the degree of obliquity). For example, pure-shear dominated
transpressional settings (such as Sumatra) are inefficient in accommodating strike-slip mo-
tions, resulting in a low degree of partitioning, whereas simple-shear dominated settings
(such as California) are very efficient, resulting in a high degree of partitioning.

1.6 The subject of this thesis

Although the character of crustal deformation mechanisms at depth may be difficult to ob-
tain from the analysis of surface deformation data only, an important factor in the study of
crustal and lithospheric deformation is an accurate representation of the kinematics of the
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Earth’s crust, both in time and in space. Recently, several purely kinematic methods have
been developed that can convert large numbers of deformation measurements (e.g., space
geodetic data, seismic moment tensors, geological slip rates) into continuous velocity or
velocity gradient fields. These methods can be applied to any arbitrary region, indepen-
dent of scale or presumed deformation mechanism at depth. The simplest method computes
uniform strain and rotation rates in triangles defined by the sites of observation and then
performs an integration across the model area to derive the continuous deformation field,
for instance from GPS and triangulation data [Davies et al., 1997] or with Quaternary fault
slip rates [England and Molnar, 1997]. A continuous velocity field of the upper crust can
be obtained from earthquakes by applying the Kostrov [1974] relation to obtain local strain
rate from seismic moment tensor summation [e.g., Haines, 1982; Haines and Holt, 1993;
Holt and Haines, 1995; Haines et al., 1998]. The central assumption is that the strain rates
in the upper crust, when averaged over a suitable length and time scale, represent the ver-
tically averaged strain rates throughout the crust or lithosphere on a longer time scale. The
least squares collocation method [Kahle et al., 1995; Straub, 1996; Kato et al., 1998a] and
the bicubic spline methods of Bourne [1996] and of Beavan and Haines [2001] differ in
design, but share that the continuous velocity field at the Earth’s surface is obtained by in-
terpolation of velocity observations. Derivation of the velocity gradient field follows from
differentiation of the interpolated velocity field.

The subject of this thesis is the development, testing and application of a new inverse
method for the analysis of relative motion data. Like the former methods our new method
aims at representing the kinematics of the crustal deformation field without relating it to
the style of deformation at depth. However, the velocity field of the Earth’s crust on short
time scales, as represented by space geodetic data, is not necessarily a continuous function
of spatial coordinates. Faults accommodate slip and represent boundaries between moving
plates or blocks, whatever the deformation at depth may be. Unlike previous approaches,
discontinuous deformation across faults is addressed by our method. The method, presented
in the next chapter, incorporates active fault motion and simultaneously solves for a piece-
wise continuous deformation field in crustal blocks.



Chapter 2

Inversion of relative motion data
for estimates of crustal strain
rate, rotation rate and fault slip

2.1 Introduction

Relative motions between points at the solid Earth’s surface are nowadays mostly derived
from repeated observation using space geodetic techniques such as the Global Positioning
System (GPS). Surface motions constitute important kinematic boundary conditions in the
modeling of processes driving crustal deformation. There are broadly two ways to incor-
porate relative motion data in the analysis of crustal deformation. One way is dynamic
modeling assuming certain general aspects of the dynamics of crustal deformation which
are closer specified during computation, by forward or inverse modeling, of a model that
can fit the observed relative motions. For instance, elastic-dislocation modeling of fault
behavior in an elastic crust is often applied for fitting of observed relative motions near
fault zones [e.g., Savage and Burford, 1973; Savage et al., 1979; Matsu’ura et al., 1986;
Bennett et al., 1996; Genrich et al., 2000]. In dynamic modeling the kinematic properties
such as the strain rate field are implicitly determined by the assumptions underlying the
adopted model for crustal dynamics and the rheological relation assumed between stress,
material/fault strength, and strain (rate). The other way is kinematic modeling - the subject
of this thesis - which avoids using crustal dynamics and rheology. In this case estimates of
the strain rate field and other kinematic parameters are derived from the motion data in a
purely kinematic way, i.e. independent of crustal dynamics. This does not yield immediate
quantitative results about the dynamical behavior of the crust and thus can only be consid-
ered an intermediate step towards crustal dynamics. But, a pure kinematic approach does
provide quantitative information about for instance the distribution of strain accumulation in
the shallow crust and is useful in obtaining qualitative insight into the underlying dynamics.
Importantly, the surface fields such as strain rate obtained from a kinematic analysis pro-

9
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vide a spatially continuous and independent boundary condition for subsequent modeling of
crustal dynamics. Instead, observations of relative motion constitute a sparse and spatially
discrete boundary condition.

A number of kinematic inversion methods exist which focus on determining the velocity
gradient field Vv (r,t) from observations of relative crustal motion Awv. The velocity gra-
dient is the spatial derivative of the crustal flow field v(r, ¢). For incremental deformation
strain rate is the symmetric part of Vv (r, t). Basically, kinematic inversion methods can be
divided into two classes: Methods based on interpolation in data (v (7, t)) space and those
based on interpolation in model (Vv (7, t)) space.

Data space methods first perform a spatial interpolation of the observed Awv and next
obtain Vv by spatial differentiation. The interpolation can be based on assuming spatial
correlations between velocity observations [e.g., Straub, 1996; Kato et al., 1998a; Ward,
1998a; Kahle et al., 2000] or by parameterizing the unknown velocity field by shape func-
tions leaving coefficients of the shape functions to be determined in an inversion procedure
of fitting a smooth velocity field to the velocity data [Beavan and Haines, 2001]. So far,
the interpolation methods have not been derived from a particular physical theory relating
observations to the velocity gradient field. Also, contributions of fault motion to observed
relative motion data are not explicitly incorporated.

Model space methods usually involve a parameterization of the unknown Vv field. This
is also done by shape functions, defined for instance on triangular domains, for which the
coefficients are determined in an inversion of the velocity data. However, now Vv is a
direct result of data inversion. Importantly, model space methods are based on a physical
theory linking observations with model quantities, e.g., in terms of an observation equation.
Up to now, theory in applications has been subject to the assumption of constant Vv in tri-
angular regions spanned by the observation network [e.g., Frank, 1966; Davies et al., 1997;
Bourne et al., 1998a]. This assumption basically allows data inversion for each triangle
separately and leads to velocity gradient fields which are discontinuous across the edges of
the triangles. Fault motion has not been incorporated in the theory.

In the first part of this chapter we develop a general kinematic formulation which in
a natural way leads to working in model space. From basic principles we derive an ob-
servation equation which relates observations of relative motions to path integrals over the
unknown velocity gradient field. The combination of many of such equations leads to an
inverse problem for which there is no theoretical restriction on the complexity of the ve-
locity gradient field. In practice, model complexity is determined by the resolving power
of the data. A particular novelty is that we also incorporate terms that exactly account for
the effects of fault motion on observed relative motions. In the second part of this chapter
we test the performance of the inverse method on synthetic velocity fields. In a first series
of tests we consider continuous deformation only and solve for the velocity gradient ten-
sor field Vv. In a second series the model area comprises two faults and simultaneously
with the velocity gradient field we also solve for slip on active faults. We investigate the
influence of experiment design (i.e. density of model parameterization, distribution of ob-
servation points, data noise) on the quality of the solution and the sensitivity of the solution
for regularization.
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2.2 Derivation of a general kinematic observation equa-
tion

Geodetic observation of crustal deformation yields changes in relative position of points
attached to the deforming surface. In a fixed reference frame, adopted at time ¢ = 0, the
position of a point i is given by r; + u(r;,t) where u is the displacement field that evolved
since ¢ = 0. The relative displacement of a point j with respect to 7 that developed in the
crustal flow during time increment At = to — £ is:

Augj = [u(rj, t2) —u(r;, t2)] — [u(rj, t1) —u(ri, t1)].

If Aw;; is caused by pure continuous deformation both terms can be related in a general
way to the displacement gradient field Vu(r,t) by integration over arbitrary paths L ;;(t1)
and L;;(t,) connecting the two positions at ¢, and ¢, respectively:

Au;j = / Vu(r,ty) -dr — / Vu(r,t,) -dr (2.1)
Lij(t2) Lij(t1)

For the analysis of short term crustal deformation both paths can be taken the same in which
case the relative error in Au;; due to the mismatch at the endpoints of integration paths is
of the order of |u(r,t2) — u(r,t1)|/l;; where l;; is the length of the integration path. This
error is negligible in the analysis of crustal deformation based on geodetic data. Taking
Lij(tl) = Lij(tg), A’Uij = Auij/At, and Au = ’U,('I',tz) — ’LL('I',tl) equation 2.1, is
rewritten as:

Au
Av;; = / v [—} -dr 2.2)
P, LAt

Aw,; is the relative motion derived from repeated geodetic observation of sites ¢ and j.
Equation 2.2 relates observed relative motion to a linear approximation Au/At of the
crustal flow field v(r, ) = du/d¢ that developed between ¢ and ¢. If v is time-stationary,
hence v = Aw/At for all At, or At is sufficiently small, as in continuous observation with
GPS stations, we find

Awv;(t) = /L Vo(r,t)-dr. (2.3)

Equation 2.3 is applicable to arbitrary steady or non steady crustal flow in regions without
active faults. Effects of fault motion on Av;; are incorporated by considering the relative
motion between two points on the integration path at either side of an active fault. An
analysis is given in appendix A. If a path L;; crosses K faults the relative motion due to
fault slip averaged over a period At is:

ad As
Avi(t) =Y akA—t’“(rfj, t) (2.4)
k=1

where Asy, is the total slip on fault & at the intersection r fj between L;; and the fault. The
factor o, has value +1 or -1 depending on fault orientation with respect to the direction of
integration along L;; (see appendix A).
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Figure 2.1: Schematic representation of model geometry: a) A study region with a “Y’-shape fault
system is triangulated between model nodes (black dots). Triangles do not intersect faults. Note
that nodes at the fault are always doubled to allow the velocity gradient field to be discontinuous
across faults. The curved line L;; connects two observation sites ¢ and j with relative motion Awv;;.
Integration along L;; is done in parts along segments Lﬁj. b) Ten observation sites (open circles)
are connected by 45 geodesics, yielding 90 component equations in the forward problem. c) For
observation sites at opposite sides of faults extra path equations (denoted by curved lines) are included
to force internal consistency between fault slip and the velocity gradient field in the inversion model.

For general crustal flow the combination of equation 2.3 and 2.4 relates observed relative
motion Awv;; to the velocity gradient field and fault slip occurring from ¢ ; to ¢, (figure 2.1a):

R K As
k
Avij =Y g Vo(r,t)-dr + ZakA—t(rfj,t) (2.5)
=1 ij k=1

The integration over Vv is done in parts because Vv can be discontinuous at slipping faults.
Equation 2.5 needs to be extended in the case that Av ;; results from two velocity vectors
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that are taken from independent geodetic networks between which an unknown relative
rotation between geodetic network solutions may exist. The terms to be added to 2.5 are:
Q; xr; — Q; x r; where £, denotes the rotation vector for the observation network to
which site m belongs. One network rotation vector can be set to zero in which case the
remaining €2,,, describe the relative rotation with respect to this fixed network.

Equation 2.5 is the observation equation which will be used for the inversion of relative
motion data and has the nice property that it is purely linear in the unknown quantities
Vv and Asy,/At. Further, 2.5 provides a purely kinematic description, hence, does not
assume anything about crustal dynamics or fault dynamics. Most importantly, equation 2.5
gives a complete description of the relative crustal motion data Aw ;; resulting from non
time-stationary crustal flow. Note that the choice of L;; is completely free. Although this
property hints at an inherent complexity in the interpretation of relative motion data we will
turn it to our advantage in the inversion stage.

2.3 Setting up an inverse problem

We restrict our analysis to time independent or time averaged problems and leave non steady
motion to future developments. Below an inverse problem is set up for all three components
of relative velocity vectors.

Assume a set of M point positions of which the motion in some reference frame is
obtained from geodetic techniques. These positions yield at least M (M — 1)/2 vector
equations 2.5 along geodesics or other connecting paths L ;; for all combinations of sites ¢
and j. These equations are coupled through the velocity gradient field Vv and the relative
fault slip A sy, on fault (segments) k. In figure 2.1b this coupling is visualized by the sam-
pling of the surface by integration paths L ;;. The resulting inverse problem is to solve this
coupled set of integral equations.

The study region (which can be the entire Earth’s surface) is subdivided into a network
of N nodes connected by triangulation (either in cartesian or spherical coordinates). The
N nodes at the vertices of the triangles need not coincide with observation sites. Further,
triangles do not intersect with faults. We adopt a linear dependence of Vv on the spatial
coordinates in each triangle. This parameterization allows for quadratic velocity variation
within triangles, and continuity of Vv across the edges of the triangles. Hence, for each
component of the velocity gradient tensor we assume that

[Vo(r)lu =Y [Volu(rm)gm(r) (2.6)

m=1

where 7, is a vertex of the triangle and g,, () are interpolation functions. In appendix B
we carry this out in more detail. Faults are divided into fault segments (appendix A) and for
each fault segment k the relative fault slip Asy, is parameterized as a simple step function,
i.e. we assume that A sy, is constant along segment k.

Substitution of these parameterizations in 2.5 leads, after integration, to an ordinary set
of coupled linear equations. These can be put into a matrix-vector form by assembling
all velocity gradient parameters into one vector of length 9V, and by assembling all fault
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parameters in a vector of length 3K . Denote these vectors by p and s respectively, then the
matrix-vector equivalent of M (M — 1)/2 equations 2.5 is:

[VI|F] E} =d 2.7

where all data Av;; have been put into one vector d. Details of the above steps are pre-
sented in appendix B. The submatrix V represents the coefficients linked to continuous
deformation, and the non-zero elements of F" are +1 or -1 associated with fault segments. It
is important to note that going from 2.5 to 2.7 only involves the assumptions of linear veloc-
ity gradient in triangles and constant slip on fault segments. Higher order parameterizations
are of course possible but that does not affect the principle of the interpretation method we
propose.

The matrix system 2.7 can be extended with more data equations using the same obser-
vation set Av;;. For each observation pair ¢ and j many alternative integration paths L ;;
can be invented which all lead to the same relative motion Awv ;; (figure 2.1c). In particular,
closed integration paths L;; — Lj; between sites ¢ and 5 will always render zero relative
motion. Such equations are welcome because they put implicit constraints on the null space
of the inverse problem. Closed paths which sample continuously deforming crust are ef-
fectively replaced by the local constraint that V x Vv = 0 which after substitution of the
parameterization (equation B.2) leads for each triangle to 3 additional equations which are
added to 2.7. Still, extra paths L;; may be required across faults to ensure internal consis-
tency between fault slip and the velocity gradient field, and to ensure that the solution of the
inverse problem is a deformation field. Augmenting 2.7 with these extra equations leads to:

raEIHEH =

where G contains for each triangle the coefficients that result from the constraint V x Vv =
0, and V and F now contain extra path equations across faults.

2.4 Inversion

In practice equation 2.8 is inconsistent due to data errors. These include implicit data errors
that may arise from the difference between true crustal deformation and our parameterized
approximation assuming linear variation of Vv in triangles and step-functions for As .
The implicit errors can be made small by taking sufficiently small triangles and fault seg-
ments. A detailed parameterization, however, will in general lead to a mixed-determined
or underdetermined inverse problem because there will be an insufficient number of data to
independently constrain all model parameters. Consequently, a solution will be non-unique.
Further, inhomogeneous distribution of integration paths and near linear dependence be-
tween some equations in 2.8 will often lead to an ill-conditioned matrix. To deal with these
problems we adopt an inversion procedure which selects a solution that fits the data best
in a least squares sense and at the same time minimizes some model norm. For details see
[e.g., Jackson, 1979; Menke, 1989; Scales et al., 1990] The following notation is used: A
represents the coefficient matrix of equation 2.8, d = [d|0]%, m = [p|s]?, C4 denotes
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the data covariance matrix, and D stands for a damping or regularization operator that will
be specified later. Assuming that the data and model are uncorrelated we choose to mini-
mize the object function: ®(m) = (Am — d)"C ;' (Am — d) + o>m” DT Dm where
a controls the trade-off between fitting the data and minimizing the weighed model norm.
The model m minimizing ® is formally:

m=(AT'C;'A+*D'D)'ATC [ d (2.9)

with a posteriori model covariance given by C' = (ATC?A + ozzDTD)’1 and model
resolution kernel R = CATCJIA.

The data covariance C'; incorporates, as a tuning parameter for inversion, variances
for the exact equations Gm = 0. The variances (row-weights) are chosen to make these
equations at least as important as the data equations for determining the solution. In equa-
tion 2.9 it is assumed that C exists. If this proves not the case then either a?D* D must
be adapted or other strategies can be followed such as truncated Singular Value Decom-
position. If for « = 0 C exists then the ordinary least squares solution is obtained with
R = I, the identity operator. This does not imply that the model covariance C' is small.
Data errors combined with ill-conditioning of the observation matrix will more than often
result an unacceptably rough model and regularization is needed to further constrain the so-
lution. Regularization will lower the model variance but also reduces the spatial resolution
which is a well-known trade-off. A common choice for regularization is D = I which
leads to classical damped least squares penalizing the amplitudes of /m. Other possibili-
ties are to take for D a first or second derivative operator which implies imposing spatial
correlations between adjacent model parameters and which requires the model to be flat or
smooth, respectively [e.g., Menke, 1989; Scales et al., 1990]. Because derivative opera-
tors have a non-empty null space, a combination with amplitude damping is necessary to
fully regularize the inverse problem. In this thesis we will work with a combination of am-
plitude and second derivative regularization. This requires minimizing the object function
d(m) = (Am —d)"C (Am — d) + a2mTm + a2m” DY Dym where D, stands for
a second derivative operator [Scales et al., 1990]. The solution that minimizes ® is

m=(ATC;'A+ 21 +o2D] Dy)tATC? (2.10)

Inversion is now dependent on three tuning parameters: the weight attributed to the equa-
tions Gp = 0, and o, and ay. Target of inversion is a model that can fit the data properly
(x? ~ 1) and that has acceptable covariance C and resolution R. This requires investiga-
tion of a range of solutions obtained for different combinations of the tuning parameters.
Inevitably a model must selected on the trade-off curve between model variance and reso-
lution.

Lastly, we note that our application involves parameters of different physical dimension
and expectation value. In any data application, a Singular Value Decomposition of A will
show that singular values associated with fault slip parameters are typically by a magnitude
10* — 105 smaller than those associated with the elements of Vv. This implies a large
condition number which implicitly results from the large difference in size of coefficients in
submatrices V and F', respectively. A simple scaling between both sets of model parameters
can be used to change the spectrum e.g., by multiplying the pertinent columns of A with
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a priori standard deviations or expectations of parameter values. It is not difficult to show
that column scaling is not necessary if C exists. However, if truncated Singular Value
Decomposition is used as a means to solve the inverse problem care should be taken that the
small but significant singular values associated with fault slip are not truncated. In this case
column scaling is recommended.

2.5 Synthetic experiments

2.5.1 Synthetic experiment design

A forward finite element calculation is performed to obtain relative velocities which are
consistent with a deformation field. The geometry of the synthetic model is defined in
spherical coordinates. A 2° x 2° model area is deformed by applying a plane shear stress
at the top boundary. The lower boundary is kept fixed and the top, left and right boundaries
are free to move. Elastic rheology is assumed and relative displacements are derived by
solving the mechanical equilibrium equation using a finite element method [Govers, 1993].
Division of the displacements by an arbitrary time scale of one year determines the synthetic
velocities, which become the data for our inverse modeling. We compute a velocity field
for a model without faults (Model I; figure 2.2.1a, Ib and Ic) and also for a model with two
frictionless faults (Model II; figure 2.2.11a, IIb and Ilc).

Remarkably, at first sight the two velocity fields do not differ very much. Effects of slip
on the two faults in model II, especially on the upper fault I, are not easily recognized in
the velocity field. However, the patterns of the strain rate fields are quite different. The
smooth strain rate field of model I shows strong shear strain rates at the top and dominant
extension and contraction at the left and right sides, respectively, of the model. Although
the above properties also characterize the strain rate field of model II, more striking are the
relatively strong variations in strain rate due to the presence of the faults, especially around
the fault tips. The slip on both faults reaches a maximum near the center of the fault traces
and zero at the tips. The slip on the upper fault (fault I, figure 2.3) has a normal component,
whereas the slip on the lower fault (fault II) has a strong thrusting component. Both faults
also accommodate dextral strike-slip.

Some of the discontinuous transitions in the contouring of figures 2.2.Ib and IIb are due
to our definition of the effective strain rate; we add a minus sign if contraction dominates.
For instance, the principal strain rates (figures 2.2.Ic and Ilc) show that the area located

Figure 2.2: Figure on next page: The two synthetic models each computed with 6238 finite elements.
Both velocity fields are generated by the same shear stress applied to the top boundary. The bottom
boundary is kept fixed and the top, left and right boundaries are free to deform. Model I: (Ia) Velocity
field computed at 81 observation points; (Ib) Contoured effective strain rate field (£+/ %éé, with
é= %(Vv + (Vv)T)); (Ic) Principal strain rates at 150 arbitrary locations. Model II: (Ila) Velocity
field with the black line segments representing the faults; (IIb) and (IIc) similar to text at (Ib) and (Ic).
The fault slip is shown in figure 2.3.
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Figure 2.3: The distribution of fault motion, denoted by the arrows, on faults I and II of model II.
Fault I accommodates dextral normal slip rates on 26 splitted nodes with a maximum of about 10
mm/yr at the center. Fault II is a dextral thrust with 32 splitted nodes and with a maximum slip rate of
about 36 mm/yr.

along the north-south axis at the center of the model accommodates almost as much con-
traction as extension. A small preponderance of contraction over dilatation in one area and
the reversed situation in a neighboring area is translated in a radical shift of sign of the
effective strain rate, while the deformation field hardly changes.

2.5.2 Synthetic inverse problem

In the inversion we solve for the deformation field that generates the two lateral compo-
nents of the synthetic velocity field v = (vg,v,) With units [+1, which is determined by
horizontal fault motion and the four components of the velocity gradient Vv that are purely
associated with deformation in lateral directions. Our parameterization is restricted to linear
variations of Vv within spherical triangles determined by 7', nodes spanning T triangles.
Faults in the model area are parameterized by K great-circle line segments. We have a set
of S observation sites. In the forward problem, defined by the linear matrix system 2.8, the
data vector d contains the S(S — 1) velocity differences between all pairs of observation
points and for the two velocity components. The model vector s contains for all fault seg-
ments the two components of the slip vector (sg, s¢) with units [%] and consists of 2 - K
elements. The model vector p consists of 4 - 1", elements and contains for all nodes the four
components of Vv, which in spherical geometry is denoted by

Vo = | V60 Ves 7
Voo Voo

with units [yr—!]. The symmetric part of Vv, i.e., ¢ = 1(Vv + (Vv)?), represents the
strain rate tensor, and the antisymmetric part, i.e., w = £(Vv — (Vv)T), the rotation rate
tensor. Extensional strain and clockwise rotation are defined as positive and contractional
strain and counterclockwise rotation as negative.

Weight factors a,, and ay (equation 2.10) control the effect of amplitude damping of
Vv on boundary nodes and second derivative regularization of Vv on all model nodes,
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respectively. Besides data variances o2, the covariance C 4 also contains variances o2 (with

units [W]), as a tuning parameter for the weight of the extra V X Vv = 0 constraints

(section 2.3). For determination of (ATC;1A + a I + a§D§D2)_1 (equation 2.10)
we apply Cholesky decomposition [Press et al., 1992]. We use 7, = ﬁ Zf\il Ciias a
general indication of the model error.

For the analysis of the inversion results we define a root-mean-square misfit function:

@2.11)

where y = (y1,¥2,...,yp) is the vector that is to be compared to x = (z1,z2,...,Tp).
We compute model misfit ¥ s (g, 772) for inversion solution 772 with respect to the synthetic
model @, where m is an expansion of a solution 72 on the parameterization used in the
finite element modeling. Similar to solution mm the synthetic model consists of two parts;
p=[p,|su]", withp, the components of (Vv),, and s, the components of fault slip. We
separate the model misfit vector into dp,, = p,, — p; and ds, = s, — S;5. The number
of model parameters of the synthetic model is M = M. + M, with M. the number of
components of Vv at midpoints of finite elements and M ; the number of slip parameters
at synthetic fault segments. Besides the root-mean-square model misfit ¥ p;(u, 1) we
compute the usual model correlation coefficients p(u, ™) = p-m/(||p] - ||7]), which,
however, will prove to be less sensitive to model differences than our ¥ measure.

We also use equation 2.11 to compute the data misfit ¥ y(d, d,,,) with N the number
of data, d the data vector and d,, = Am. We note that the inversions are not noise free.
Equation 2.8 is inconsistent because of implicit data errors. The data d result from the
finite element modeling. A solution 12 however is based on the assumption that Vv varies
linearly in triangles much larger than those used for computing . Any variation of p
inside an ‘inversion’ triangle that cannot be matched by a linear trend will therefore cause
data inconsistencies between the exact data d and those that can be ideally predicted from
the left-hand side of equation 2.8.

2.5.3 Continuous deformation

In the first series of tests we apply our method to the velocity field of model I (figure 2.2.1a)
and solve for the components of Vv only. This reduces m and A of matrix system 2.9 to p
and [V'|G]T, respectively. The number of model parameters is M = M .. While the number
and configuration of stations are kept constant, the triangulation is varied and we solve the
problem on three grids (figure 2.4). For grid PII the nodes are placed at the 81 observation
points. We take a uniform standard deviation o4 = 3 mm/yr, which is of the order of the
present accuracy obtained from repeated GPS campaigns.

Inversions are performed for a range of values of o, @, and ag. Some numbers perti-
nent to inversions performed on each grid are listed in table 2.1. Figure 2.5 shows eigen-
value spectra of C ~Lon grids PI (a), PII (b) and PIII (c). We plot the normalized spectrum
A= )\:Llin , )\i‘jn s e )\i‘nf‘fn ), with A,;,, the smallest eigenvalue. Hence, the maximum
value on the vertical axis (figures 2.5A, B’ and C”) is the condition number A = A ;04 / Anin
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Pl

Figure 2.4: Three triangulation grids applied for inversion for Vv of the synthetic velocity field
of model I (figure 2.2.1): (PI) 32 triangles; (PII) 128 triangles where the white dots indicate the (81)
station configuration which is used for all experiments; (PIII) 384 triangles.

grid‘ T, ‘ T, | AL ‘ ok H &t ‘\pM ‘ Ty
ml | 12 || | % | %
PI 25 32 | 41657 - 2-10°8 4 2

PII 81 | 128 | 23987 | 1.0-10~!t || 3-1078 5] 03
PIII | 209 | 384 | 12798 | 2.1-10~* || 1-10~7 6| 03

Table 2.1: Parameters for inversion for Vv on the grids PI, PII and PIII (see figure 2.4). Key for
the input parameters: 77, , number of grid nodes; T, number of triangles; AL, average length of path
segments per triangle and o¥', the standard deviation for G. Key for the output parameters: %, the
average model standard dev1at10n W, s, the model misfit and ¥y the data misfit.

of C™1, with Ajee the largest eigenvalue. The difference between the dotted and dashed
line represents the effect of G' on the spectrum A. Including the V x Vv = 0 constraints
has a strong positive effect on the conditioning of the inverse problem on grids PII and
PIII. Besides reducing A on PII and PIII, G also considerably decreases the model misfit
W s (e, M) on these grids (by about 10%). We define 0¥ as the standard deviation for which
W s (i, M) is minimal (table 2.1). Regularization in the form of amplitude and second dif-
ference damping further smoothes the spectrum (solid line, figure 2.5a, b, ¢). Variation of
o, and regularization have little effect on the inversion performed on grid PI. On this grid
the data constrain the solution well.

The results for model misfit ¥ s (pt, 72) and data misfit ¥y (d, d,,,) as functions of a,,
aq and grid density, obtained for o, = o¥, are shown in figure 2.6. In general, the synthetic
deformation field is well recovered on all grids; minimal values of ¥ 5/ (g, ) are about 4%
on PI, 5% on PII and 6% on PIII and the model correlation coefficient ranges between 0.96
and 0.98. On all grids ¥ 5 (d, d,,,) and its variation as a function of a4 and «, are small.
On PI the data misfit is about 2%, somewhat larger than the 0.3% misfit on PII and PIII.
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Figure 2.5: Spectra A = ( A2 . )\ M_) of C!, obtained by singular value decomposi-

tion, of inversions for Vv on the grlds PI PII and PIIL. Key: dotted line, o, = aq = g = 0; dashed
line, o, = o, aa = ag = 0; solid line, o = o}, vy = & and ag = }; (A), (B”) and (C’) display
the complete spectra (see table 2.1 for the values of o for which the spectra are computed) and (B)
and (C) show the same spectra (B”) and (C’) for the first 100 to 200 eigenvalues, respectively.

We select the optimal solution to have minimal ¥ 5, (e, ) and ¥ 5 (d, d,,,) for o, = o¥,
aq, = off and g = o] (see table 2.1). The regularized spectrum of C ~1 of the optimal
solution is shown with a solid line in figure 2.5.

Compared to the results obtained for grid PI the smaller values for ¥ y(d, d,,,) obtained
for PII and PIII may indicate a better fit of the model to small scale variations in g. This
is however not reflected in an improved model fit. The (small) increase of ¥ pr(p, M)
with increasing grid density implies that the predominant part of the synthetic deformation
field varies linearly on a scale of the order of or larger than AL on PI. Grid densification
degrades the inverse problem conditioning, which independent of the application of the
%Gp = 0 constraint requires stronger regularization to obtain acceptable solutions on PII
and PIIL For illustration the optimal solution /m on PII is given in figure 2.7. In general,
the variation of the components of Vv (figure 2.7, panels (b)) agrees well with those of
the synthetic solution (figure 2.7, panels (a)). Component v gy (figure 2.7.1a-1c) is relatively
small and hardly contributes to the velocity field. Since the synthetic velocity field originates
from the application of a plane shear stress it follows that the two components v 94 and vgg
(figure 2.7.2a-2¢, 3a-3c) dominate the deformation field. The model misfit dp " (figure 2.7,
panels (c)) shows subsequent positive and negative misfits in longitude () direction for v g¢
and vgg and in latitude (¢) direction for vy and vge. These larger scale variations are
responsible for the somewhat increased values of ¥ p;(p, 1) on PII and PIII, compared to
PI. Integration over these model misfit patterns yields (near) zero relative velocity, which
demonstrates that this misfit pattern is in the null space of A and has not successfully been
suppressed by regularization. The explanation of this lies in the symmetry of experiment
design (i.e. symmetry in observation sites and thus in baseline sampling) which causes (near
zero) eigenvalues (associated with near-null space eigenvectors) representing possible larger
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Figure 2.6: Influence of damping on data and model misfit of inversion for Vv on the grids PI,
PII and PIIL. The contouring denotes (a) ¥y (i, m) and (b) ¥ (d, d,,) as functions of a4 for the
second difference damping (horizontal axis) and of ¢, for amplitude damping (vertical axis). In these
computations the standard deviation for the V x Vv = 0 constraints is g, = o/ (table 2.1).

scale variations in the model to which the data are insensitive. These effects are similar to
those observed in synthetic travel time experiments [Lévéque et al., 1993].

2.5.4 Continuous deformation and fault motion

To solve for components of Vv and s simultaneously, we apply our method to synthetic
velocity field II (figure 2.2), measured by the same 81 stations as in the previous experi-
ments. Again, we consider three different grids; P1, P2 and P3 (figure 2.8) of which the
triangulations are of similar density as of grids PI, PII and PIII (figure 2.4), respectively. On
grid P1 and P2 fault I and II consist of 6 and 8 segments, respectively, and on P3 of 12 and
16 segments, respectively. We consider misfit functions for fault slip, ¥ ar, (s, 87), and
for the velocity gradient, ¥ s, (p,,, P;7,), separately. Again, we assume a uniform a priori
data standard deviation o4 of 3 mm/yr on all grids and scan the solution space for different
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Figure 2.7: Optimal solution of inversion for Vv on grid PII; (a) synthetic model Py» (b) our solution
P,; linearly interpolated over the finite element grid p,;,, (c) misfit §p with the synthetic deformation
field, for (1) vge, (2) veg, (3) vse and (4) vsg. Note the different contouring limits.

combinations of ¢, a, and .

2.5.5 Results of inversion for Vv and s

Some aspects of the inversion parameterization and tuning parameters per grid are listed
in table 2.2. The extra eigenvalues in the spectra of figure 2.9, compared to the spectra
in section 2.5.3 (figure 2.5), are introduced by the fault parameters. Many of the small
eigenvalues are associated with eigenvectors pertaining to fault slip and, as we will infer
later, trade-off in the solution between fault slip and Vv as a result of lack of resolution
(due to lack of data). The initial values of A on P1, P2 and P3 (dotted lines in figure 2.9) are
much larger than on the respective equivalent grids PI, PII and PIII, indicating very small
eigenvalues. The extra constraints represented by ULGp = 0 reduce A (dashed lines in
figure 2.9 computed with o, = o, defined as in section 2.5.3), by a factor of about 2, 20
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Figure 2.8: Three grids consisting of fault segmentation and triangulation of regions bounded by
faults, applied for inversion for Vv and s of the synthetic velocity field of model II (figure 2.2): (P1)
38 triangles, 14 fault segments; (P2) 134 triangles, 14 segments, where the white dots indicate the (81)
station configuration; (P3) 394 triangles, 28 fault segments

grid ‘ T,

T, AL ‘ ot H alg ‘ G ‘ Uy ‘ W, ‘ Uy

[m] g [5] (7] % % %
Pl 32| 38135392 | 1.4-107 2 || 1-107% | 0.004 23 30 | 3.5
P2 88 | 134 | 22222 | 2.1-107'2 || 3.1078 | 0.001 21 26| 2.5
P3 | 218 | 394 | 12575 | 4.6-10 72 || 4-10~% | 0.0008 17 20 2

Table 2.2: Parameters for inversion for Vv and s. Key for some of the output parameters: &, G5
average model standard deviation for components of Vv, s, respectively, and ¥z, model misfit for
slip parameters. See the key of table 2.1 for the rest of the symbols.

and 200 on the grids P1, P2 and P3, respectively.

We find optimal values for o, and the damping parameters o, and oy which are com-
parable to the previous experiments in which we solved for Vv only. Figure 2.10 shows
Vs, (8, 8m) (2.102), ¥ o, (P, P,y,) (2.10b) and ¥ x (d, d,,) (2.10c¢) as functions of a g for
second difference regularization and «a, for amplitude damping. In general we find improv-
ing model and data fit results for increasing density of the parameterization: ¥ p7, (S, Sm)
decreases from above 30% on P1 to 20% on P3 and ¥y, (p,, p,,) from 23% to 17%.
Un(d,d,,) has a minimal value of 3.5%, 2.5% and 2.0% on P1, P2 and P3, respectively.
The model correlation coefficient ranges between 0.87 (P1) and 0.97 (P3) for s and between
0.95 (P1) and 0.98 (P3) for Vv. On P3 we find minimal values of data and model misfit
coinciding for similar values of a/, and ay.
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Figure 2.9: Spectra of C ™!, obtained by singular value decomposition, of inversions for Vv and s

on the grids P1, P2 and P3. See the caption of figure 2.5 for a complete explanation (see table 2.2 for
the values of o' for which the spectra are computed).

2.5.6 Analysis of one solution

We select the optimal solution on grid PIII for o, = o¥, g = ok and oy = as (ta-
ble 2.2), which leads to (nearly) coinciding minima of ¥ s, (P, P,,)> Y, (8p; 8im) and
¥n(d,d,,). In general, the properties of this solution (with ¥ s (p,,,P,,,) = 17 % and
s, (8us 8m) = 20 % (panels (b), figure 2.11)) agree well with those of the synthetic so-
lution (panels (a), figure 2.11). We can distinguish three different misfit patterns, that add
up to dp,, (figure 2.11c) and ¥ s, (p,,, P,y,)- The largest component of ¥ 5/, (p,,, P, ) is de-
termined by the small-scale, high-magnitude misfits near fault tips. Apparently, our model
parameterization is, despite its large density compared to the station distribution, still too
sparse to accommodate these variations. However, densification of the triangular grid proves
of no use, because the small-scale, strong variations of the synthetic deformation field are
also not fully detected by the observation station distribution adopted. Secondly, we find
misfits of somewhat smaller magnitude surrounding the faults. Part of this model misfit
signal varies linearly over the triangulation and correlates with the slip misfit vectors ds ,
(figure 2.11.3c). For example the misfit slip vectors on fault I (of < 3 mm/yr) are predom-
inantly oriented in ¢ direction and correlate with the misfits of v 44 surrounding this fault
(figure 2.11.4c). The misfit slip vectors on fault IT (of < 1 cm/yr) that point in -direction
change sign at the center of the fault trace and correlate with the misfit of v gy at both sides
of this fault (figure 2.11.1c). The third source for misfit is represented by sequences of rela-
tively long wavelength alternating positive and negative patterns (most prominent along the
boundaries in ¢-direction in figure 2.11.2¢ and in #-direction in 2.11.3c) and are of the same
origin as discussed at the end of section 2.5.3.

We find that the predominant part of the synthetic model is contained within the bounds
imposed by the model errors for Vv (figure 2.12). Only at narrow zones along the model
boundaries and the faults the model misfit for Vv exceeds the model errors. The model
misfit for the fault slip vectors exceeds the model errors o/, by on average 2 to 3 mm/yr,
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Figure 2.10: Influence of damping on data and model misfit of inversion for Vv and s on the grids
P1, P2 and P3. Abbreviations CD and F in (a) and (b) denote the results for Vv and s, respec-
tively. The contouring denotes the model misfit for the (a) fault slip (Uas, (8y, 8m)) and (b) Vv
(Tar, (pu, P,,)) and the (c) data misfit (¥ n(d, d,,)) as functions of g (horizontal axis) and g
(vertical axis). In these computations the standard deviation for the V x Vv = 0 constraints is
o, = ol (table 2.2).
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Figure 2.11: Optimal solution m of inversion for Vv and s on grid P3 (with ¥ (p,, p) = 17 %
Uar, (Su, 8m) = 20%). See the caption of figure 2.7 for the components of Vv, indicated by the
contouring. For the slip solution s: (3a) synthetic solution s, ; (3b) our solution linearly interpolated
over the finite fault elements s, and (3c) misfit with the synthetic fault slip ds,,. Note the different
contouring limits.

which is, once again, indicative for trade-off between components of Vv and s. An increase
of the uniform data standard deviation ¢ 4 of 3 mm/yr to about 6 mm/yr increases o, and
consequently changes the formal status of most of the model misfits from significant to
insignificant. However, it does not change the solution (figures 2.11b) and the misfit pattern
(figures 2.11c¢).

Figure 2.13 shows the diagonal components R ;; and C;; of the resolution R and co-
variance C, respectively, pertaining to Vv of the optimal solution on grid P3 discussed in
the previous section. In general the vgg and vgy components are better resolved than the
vgg and vgg components and show smaller covariance. A similar observation is made for
fault IT with respect to fault I, of which the latter accommodates mostly ¢-oriented fault
slip. Corroborating inferences in the previous section, less well resolved model parameters
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Figure 2.12: Difference between model misfit dp,,, and model error o, of the optimal solution 1
of inversion for Vv and s on grid P3. The contouring denotes [|0p, || — o', only if this difference
is larger than zero. Otherwise the value plotted is set to zero. See the caption of figure 2.7 for the
components of V.
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Figure 2.13: Contouring denotes the diagonal components R;; of the resolution kernel R (a, b) and
C;; of the covariance C (c, d), respectively, interpolated between the nodes ¢ of parameterization P3
and for components of Vv only; The spatial resolution for vgg and vge (a) and for veg and vy 4 (b)
are the same (similarly for the covariance (c) and (d)). The covariance is scaled by a factor of 1-10™ 14

with relatively large model errors are located along the faults and along the boundaries of
the model area.

In the application of our method to real data, the choice for the best solution can only
be based on data misfit, resolution and covariance characteristics for a range of solutions.
The data misfit on P3 as a function of oy and «, (figure 2.10.P3c) varies smoothly and
remains very small, even for significant changes in especially the model misfit for fault slip
g, (Su, Sm) (figure 2.10.P3a). For the set of solutions found for grid P3 the trade-off
between covariance and resolution becomes clear if we plot average estimates for standard
deviations of s and Vv, 5, = (1/My) =M /Ty and ¢, = (1/M,) M /Ci, respec-
tively, and for the resolution (1/ M) Zf\il R;; as functions of a, and oy (figure 2.14) in a
similar way as in figure 2.10. In applications to real data somewhere within this trade-off
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Figure 2.14: Influence of damping on average model error and resolution of inversion for Vv and
s on grid P3. Abbreviations CD and F indicate Vv and s, respectively. Contouring denotes average
standard deviations of (A) Vv: &%, = (1/M.) Y12 v/Ciis (B) s: 6, = (1/My) Y12 +/Cii and
(C) average resolution (1/M) sz\il R;; as functions of «g (horizontal axis) and «y (vertical axis),
similar as for the results shown in figure 2.10.

between resolution and covariance a model must be selected.

Of interest is to determine how sensitive the solution is to the exclusion of one obser-
vation site i. This is done by exclusion of all 80 observations involving i fromd = Am,
which gives equations d _; = A_;m_;, and comparison of the inversion results with those
of an inversion with the full set of stations, hereafter the reference inversion. To analyze the
sensitivity of the solution to all 81 stations we perform a succession of 81 inversions on grid
P3 with 0, = o/, @, = o] and aq = o/]. We define the sensitivity of a quantity ¢ to the
exclusion of data associated with site  as

5¢(i) = ¢ — ¢(i), 2.12)

with ((i) its value computed for the inversion of d_; = A_;m_; and f its value for the
reference inversion. Figure 2.15 represents the results of the sensitivity tests for 6 different
quantities for (: The average model standard deviation of Vv: ¢, (2.15a), and of s: 67,
(2.15b), model misfit functions ¥ 57 (p,,, Py,,) (2.15¢) and ¥ ps, (8, 81m) (2.15d), average
model resolution 7 (2.15¢) and data misfit ¥ x(d, d,,,) (2.15f). In general, the inversion is
not very sensitive to exclusion of any of the stations. The inversion results are most sensitive
to exclusion of observation points located along the boundaries of the model area and close
to the faults. The average model standard deviation of the slip parameters o /, becomes
worse if the faults are less well sampled, but this does not have significant influence on o .
We conclude that the partitioning of the solution over fault slip and velocity gradient is,
as expected, sensitive to the presence of observation sites near the faults. This trade-off is
primarily determined by lack of data and not by our interpretation method.
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Figure 2.15: Results of the sensitivity of several characteristics of the optimal solution (presented in
figure 2.11) to the exclusion of one station (black dots). The contouring denotes §{ (%) at the location
of station 7 (equation 2.12), with for ¢: (a) 65,; (b) 67,; (¢) Wi, (pH,pm); (d) ¥, (8p,8m); (€)
(1/M) Zf\il Rii; () Un(d,d,,). The reference values ¢ are: (a) 2-10™%; (b) 0.4 mm/yr; (c) 20 %;
(d) 17 %; (e) 0.91; (f) 2%.

To further examine the trade-off between s and Vv, we perform an inversion on P3
with a data set consisting of 100 stations with the additional 19 stations located closely
along both sides of the fault traces. We do not add more stations at the fault tips, because
this complexity can only be resolved by more sites and smaller triangles. Figure 2.16a
shows the misfit between the 4 components of Vv of the synthetic deformation field and
the 100-station solution. The misfits due to the trade-off between s and Vv have become
smaller (compare to figure 2.11c). This becomes clear if we plot the difference between
the 81- and the 100-station solution (figure 2.16b). Furthermore, the residual fault slip As
is very small (on average less than 1 mm/yr). Model misfits for fault slip and continuous
deformation have decreased to about 12%.
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Figure 2.16: (a) Difference between synthetic deformation field II (figure 2.2.1Ib) and Vv deter-
mined jointly with s on grid P3 for a data set with 100 observations, of which the extra stations
(compared to the 81 used in the previous studies) are located closely around the fault traces. See the
caption of figure 2.7¢c for explanation of the components. (b) Difference between the optimal solution
for a data set with 81 stations (figure 2.11b) and the optimal solution for a data set with 100 stations,
both on P3.

2.6 Discussion and conclusion

The synthetic data for our experiments where constructed to be internally consistent with the
synthetic deformation field. Further, the synthetic model was constructed to possess more
detail than could be resolved, i.e. nonlinear variation of the velocity gradient field within
the triangles used for inversion, to mimic data complexities of real data sets. The synthetic
experiments demonstrate that our proposed kinematic inversion method works well to obtain
joint estimates of the velocity gradient field and slip on active faults. The data are fit within
their error bounds for solutions which are well resolved and have acceptable covariance.
Model misfit patterns could be sufficiently minimized and basically can be understood as
a result of the imposed lack of data. Extra constraints imposed on the solution for Vv in
the form of V x Vv = 0 data equations improve the conditioning of the inverse problem
and increase the model fit. Our adopted regularization strategy aimed at obtaining smooth
models. Some small amplitude but spatially large-scale and smooth model variations prove
to be associated to the model null space. Imposing an additional flatness constraint (first
derivative damping) will probably suppress these effects.

Although our parameterization is based on linear variation of the velocity gradient
within triangles this proves not particularly restrictive. Strong variations in the velocity
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Figure 2.17: Difference between Vv determined jointly with s and Vv obtained in an inversion
ignoring fault slip; 1-4 denote components of Vv (see caption of figure 2.7c.)

gradient field can be accommodated by using a denser parameterization with smaller tri-
angles. The most basic problem we encountered is the trade-off between fault slip and the
velocity gradient field. We stress that this effect is due to lack of data. Any inversion method
of relative motions will one way or another encounter this problem and have to deal with
it. Our method offers sufficient flexibility to study trade-off phenomena. For instance an in-
version performed for data set I (no faults in the synthetic model) for both velocity gradient
and fault slip yields insignificant fault slip. Conversely, an inversion of data set II restricted
to solving for the velocity gradient only yields a solution with small data misfit and very
large model misfit (figure 2.17 and compare to figure 2.7¢). In general, ignoring fault con-
tributions in the inversion would lead to a test of the hypothesis that all faults are essentially
locked at the surface. Similarly one can test the hypothesis that the velocity gradient is
zero and that fault slip purely reflects crustal block motion. In our synthetic experiments
an inversion for fault slip only, although well resolved, cannot fit the data properly and this
solution can therefore be rejected.

The trade-off may complicate the interpretation of estimated fault slip in inversions of
real data. Parameterization of large faults only will render a continuous deformation so-
lution that probably represents slip on non-parameterized faults combined with distributed
deformation in the crust. If only observation sites are used far away from faults, the esti-
mated fault slip will reflect predominantly (long term) crustal block motion, i.e. independent
of fault locking. If sites are used close to faults, the actual fault motion will prevail in the
estimate which includes obtaining zero motion if a fault has been locked during the obser-
vation period. Insignificant slip rates in combination with strong variations in the velocity
gradient near the fault trace suggest fault locking and/or surface creep processes associated
with fault activity at depth. Using observation sites close to faults is the only remedy (for
any method) to break the trade-off.

One interesting extension of the method would seem to assume unknown fault location
and include fault locations as additional model parameters. This is however doomed to fail
because there is no kinematic coupling between fault position and velocity gradient field
in our pure kinematic approach. In fact, this lack of coupling combined with lack of data
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causes the trade-off between velocity gradient and fault slip. Solving for fault location could
however be successful if crustal and fault rheology would enter the analysis, e.g., by invok-
ing elastic dislocation models to create a relation between fault behavior and the velocity
gradient field. Another interesting development would be to include time as an independent
variable and invert time series obtained from permanent observation with GPS. We foresee
no basic problems for this application because time is already included in the observation
equation (equation 2.1). For this application of our method inclusion of earthquake related
motions would not only cause no basic problems, it would even be highly desirable in order
to map the kinematic response of the crust to preseismic loading, coseismic rupture and
eventually postseismic relaxation processes. We leave this for future development.

For application of our method to deformation studies in areas with large variations in to-
pography (e.g., volcano deformation) we note that the lateral components of relative velocity
may also depend on the radial (depth) derivative component of the velocity gradient field
and hence should be included in the forward problem. Our synthetic model was constructed
from a plane stress finite element computation which implies that the radial derivative of the
horizontal components of velocity are zero.

Basically our proposed method is independent of spatial scale. For instance it can also
be applied to study global crustal deformation and plate motion. Further, because of its
independence of crustal rheology the inversion results are useful as constraints or boundary
conditions on crustal modeling, and for direct interpretation of strain and rotation fields, and
fault slip, in the context of the tectonic evolution of a particular study region.
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Chapter 3

Present-day crustal deformation
of the Aegean

3.1 Introduction

The extensive monitoring of active crustal motion by means of satellite geodesy over the
past 15 years has been an important contribution to the present knowledge of the surface
kinematics of the Aegean region, one of the Earth’s most seismically active and rapidly
deforming continental regions. The recent integration of geodetic data of over 30 local
campaigns has lead to a data set of more than 200 velocity vectors [Clarke et al., 1999;
Cruddace et al., 1999] and is performed within the framework of the SING project (GPS
Seismic hazard in Greece). This preliminary version of the final data set samples the area
from longitude east 20.5° to 28° and from latitude north 35° to 41.5° and is especially dense
at the Ionian islands, the Greek mainland and around the Gulf of Corinth.

In this chapter we apply our inversion method to the SING data set in two different
versions. We invert for the velocity gradient only which would follow from the assumption
that all faults in the Aegean were locked during the entire observation period. We compare
results of this application with those of inversions for both velocity gradient and fault motion
allowing for slip on some major faults in the region. Further, we compare the results of both
solutions with seismic moment tensor information, other geodetic studies, both on regional
and local spatial scales, and young paleomagnetic and geologic observations. Finally, in an
attempt to contribute to a more detailed, kinematic picture of the present-day deformation
of the Aegean, we propose a new view on the accommodation of deformation in the crust.
For a full description and discussion of the method we refer to chapter 2.

3.2 Active tectonics

The tectonics of the Aegean region can be considered in a larger-scale framework of the
interacting Eurasian, African and Arabian plates (figure 3.1). About 12 Myr ago (mid-
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Figure 3.1: Simplified representation of the tectonics in the Eastern Mediterranean. The white
arrows represent the motion relative to Eurasia fixed. The African plate can also be denoted as the
Nubian plate. Key: A, Adriatic Sea; AS, Aegean Sea; BSZ, Bitlis suture zone; CT, Cyprus trench; D,
Dinarides; DSR, Dead Sea Rift; EAF, East Anatolian fault; GA, Gulf of Aquaba; HT, Hellenic trench;
IS, Ionian Sea; LS, Libyan Sea; NAF, North Anatolian fault; PST, Pliny-Strabo trench; RS, Red Sea;
SM, Sea of Marmara; SP, Sinai Peninsula.

Miocene), the Arabian plate reached the Eurasian plate borders, which closed the Bitlis
suture and initiated the continental collision that is still continuing [e.g., Dewey et al., 1986;
Armijo et al., 1999]. At the Caucasus and the region between the Black and the Caspian
Seas, representing the northern rim of the broad boundary zones between the plates, Arabia
is being overridden by Eurasia. The southern rim is marked by the Bitlis-Zagros fold and
thrust belt. The release of gravitational potential energy due to the thickened crust in eastern
Turkey has been proposed as the cause for the wrenching of Anatolia from Eurasia leading
to the WSW directed motion of Anatolia along the North Anatolian fault with respect to
Eurasia [e.g., McKenzie, 1972; Jackson and McKenzie, 1984, 1988]. The now nearly 2000-
km-long North Anatolian fault has propagated through continental crust and lithosphere
from the Karliova triple junction (Eurasia-Anatolia-Arabia) to the Aegean region [Armijo
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Figure 3.2: Map of Greece with main topographic features.

et al., 1999]. Geological and space geodetic observations estimate the present-day slip rate
at a 25 mm/yr [Armijo et al., 1999; Straub et al., 1997; Reilinger et al., 1997; McClusky
et al., 2000]. Around the Sea of Marmara and the Dardanelles the North Anatolian fault
enters the Aegean where it disperses along the North Aegean trough and other, more south-
ernly located, NE-SW oriented fault branches. This style of faulting ends against NW-SE
and E-W trending normal faults in central and northern Greece [Taymaz et al., 1991].

The boundary between the Aegean and Eurasia is unclear. Paleomagnetic observations
[e.g., Kissel et al., 1986; Kissel and Laj, 1988], seismic moment tensors [e.g., Jackson and
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McKenzie, 1988; Taymaz et al., 1991] and regional GPS studies [e.g., Reilinger et al., 1997;
Straub et al., 1997; Kahle et al., 2000; McClusky et al., 2000] show that the NE-SW dex-
tral shear crosses the central Aegean. At the western Aegean the Kephalonia fault zone
represents the boundary between the Adriatic Sea and the Aegean region and marks the be-
ginning of the Hellenic trench. North of the Kephalonia fault zone the Hellenic arc does not
seem to accommodate any motion, while it shows rapid southwestward motion with respect
to Europe south of it [Smith et al., 1990; Kahle et al., 1996; Noomen et al., 1996]. This
may indicate that the westward motion of Turkey is being accommodated by shortening in
the region north of the Kephalonia fault zone [McKenzie, 1972, 1978] and/or by motion on
the Kephalonia fault zone and the western Hellenic trench [e.g., Kahle et al., 1995, 1996].
Whether the North Anatolian fault connects to the Gulf of Corinth is subject of debate [Le
Pichon et al., 1995; Armijo et al., 1996; Papazachos, 1999; Papazachos et al., 2000].

A phase of extension of the Aegean was initiated about 12 Myr ago probably caused
by the roll-back of African lithosphere beneath the Aegean along the Hellenic trench [e.g.,
Meijer and Wortel, 1997], where the Eastern Mediterranean Basin (African plate) is sub-
ducting in NNE direction. Wide-spread basin subsidence resulted in the formation of the
Aegean Sea [e.g., Le Pichon and Angelier, 1979; Mueller and Kahle, 1993; Jackson, 1994].
At present, the central southern Aegean between the volcanic (latitude 37 © to 38°) and non-
volcanic Hellenic arc (latitude 35° to 36°) appears to be relatively aseismic and strain-free
[e.g., Kahle et al., 2000], yet it must have undergone an increase in surface area by a factor
of about two since extension began [Le Pichon et al., 1995]. Although the net effect of
relative plate motion between Africa and Eurasia is convergence, the Aegean region must
still be subject to large-scale extension evidenced by the present-day southwestward di-
rected motion at a rate of about 40 mm/yr with respect to Europe of the eastern Aegean
south of ~40°N and the western Aegean south of ~38°N [e.g., McKenzie, 1972; Jackson,
1994; Le Pichon et al., 1995; McClusky et al., 2000]. The localization and distribution in
the Aegean of this motion relative to Eurasia is complex and not fully agreed upon. In the
eastern Aegean region at western Turkey N-S extension is taken up by E-W trending graben
structures [Taymaz et al., 1991; Straub et al., 1997; Kurt et al., 1999; Kahle et al., 2000]. In
the central and western Aegean region N-S motion is accommodated by N-S extension in
the North Aegean trough and on normal faults and graben structures in the Greek mainland
[e.g., Taymaz et al., 1991; Jackson et al., 1992] and along the Gulf of Corinth [e.g., McKen-
zie, 1972, 1978; Le Pichon et al., 1995; Armijo et al., 1996], and by dextral motion along
the Kephalonia fault system [e.g., Kahle et al., 1995, 1996; Cocard et al., 1999].

3.3 Data: the SING project

Since 1988 several regional GPS networks have been established in the Aegean area (marked
by a O-symbol in table 3.1). Frequent occupation of these networks led to a GPS data
archive that, together with SLR observations in the context of the Wegener project (éh-
symbol, table 3.1) and 100-year old triangulation data from a network in central Greece
(#-symbol, table 3.1), samples the Greek mainland, the Peloponessos, the Ionian islands
and the Aegean Sea. The integration of these data into one main data set, locally densified
by smaller-scale GPS arrays obtained at seismically active areas or areas of expected seis-
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39

cGY | 1¢ A® cv T4 w* Ai® G®
(1,21 | [3.4] | 156,71 | [8,9] | [10,8,11] | [12,13,17] |[2,14,15] |[16]
1892 X
1904 X
1974 X
1988 10
1989 | 5 9 10 9
1990 6 5
1991 | 10 9 9
1992 5 6 8
1993 | 5 10 5
1994 4,9 8
1995 10 6,10 5,9
1996 | 5 9,10 6 6,10 5 5
1997 | 9-10
1998 6

Table 3.1: Different data sets that constitute the SING data set. Symbols: Q, regional networks;
M, historic triangulation network; &, Mediterranean SLR network; <, local postseismic networks.
Network keys: CG, Central Greece; T, historic triangulation; I, Ionian; A, Aegean; W, Wegener; C,
Corinth; Ai, Aigion; G, Grevena. Numbers between straight brackets refer to publications in which
the campaign and processing of the data set is described: 1 [Denys et al., 1995], 2 [Clarke et al.,
1998], 3 [Kahle et al., 1995], 4 [Kahle et al., 1996], 5 [Kastens et al., 1989], 6 [Gilbert et al., 1994a],
7 [McClusky et al., 2000], 8 [Davies et al., 1997], 9 [Briole et al., 1996], 10 [Billiris et al., 1991], 11
[Veis et al., 1992], 12 [Noomen et al., 1993], 13 [Smith et al., 1994], 14 [Bernard et al., 1997], 15
[Clarke et al., 1997a], 16 [Clarke et al., 1997b], 17 [Zerbini et al., 1998]. The numbers in the table
refer to the month during which the stations were occupied.

mic risk, is one of the subjects of the GPS Seismic Hazard in Greece (SING) project [e.g.,
Clarke et al., 1999; Cruddace et al., 1999]. Main objectives of the SING-project are the
assessment of strain accumulation throughout Greece and the identification of areas of high
seismic hazard. The data set used in this study constitutes a large subset of a preliminary
version of the SING data with velocities measured up to 1998. In addition to the main data
it contains data of two smaller-scale densification arrays (<»-symbol, table 3.1) and is espe-
cially dense in central and northern Greece, the Ionian islands and the eastern Peloponessos.
Table 3.1 lists the time intervals of occupation per network.

The processing of the data and the integration of the different subsets is described by
Clarke et al. [1998]; Cruddace et al. [1999] and Clarke et al. [1999]. We summarize the
basic SING strategy. The GPS data are processed with the Bernese [Rothacher and Mervart,
1996] and the GIPSY-OASIS II [Webb and Zumberge, 1997] scientific software packages.
With both methods an average position for the permanent station CG54 (also Dionysos,
figure 3.3) over the period of observations is estimated in ITRF96, with respect to which the
coordinate sets are transformed. The differences between the two solutions for the location
of CG54 are small: 1 mm for the eastern, 8 mm for the northern and 0.6 mm for the vertical
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component. Velocities are calculated under the assumption that short-term inter-seismic
velocities are steady and therefore reference frame biases can be estimated. The errors in
the velocities are scaled based on a combination of baseline repeatability measurements and
formal y2-values computed by the processing software.

In 1992 the almost 100 year old Greek triangulation network was re-occupied by GPS.
The orientation of the triangulation - GPS velocity estimates is constrained using 14 sites
common to both the triangulation and the local GPS networks [Billiris et al., 1991; Davies
et al., 1997; Clarke et al., 1998]. The results show a high compatibility between short-term
and 100-year deformation estimates; the coordinate fit of the triangulation networks fits the
model of steady state velocities well within 95% confidence limits.

Two earthquakes occurred during occupation of the stations between 1988 and 1998,
that had significant, coseismic influence on the measurements: the M 3=6.2, June 15, 1995
Aigion (Gulf of Corinth, Aigion earthquake hereafter) and the M ;=6.6, May 13, 1995
Kozani-Grevena (northern Greece, Grevena earthquake hereafter) earthquakes, both asso-
ciated with almost pure extension. Clarke et al. [1997a] subtracted the coseismic veloci-
ties due to the Aigion earthquake from the SING data, shown in figure 3.3C. Only those
measurements done during the 4 campaigns in the Grevena area after the Kozani-Grevena
earthquake are included [Clarke et al., 1997b] (table 3.1, figure 3.3B). The velocities, of
which the first measurements were obtained 5 days after the Grevena earthquake, show SW
to SSW directed motion southeast of the epicenter and of the NE-SW striking rupture plane
[e.g., Clarke et al., 1997b]. Finally, we exclude those velocities computed from sites that
were occupied only twice. The remaining set is sufficiently dense to represent the regional
velocity field and consists of 175 vectors (figure 3.3).

3.4 Evidence for postseismic deformation?

Initial inversions of the 175 SING data set (figure 3.3) are targeted at fitting both the relative
velocity data and the V x Vv = 0 constraints by solving for a continuous deformation
field only. In this part of the analysis faults are ignored; parameterization is restricted to
the velocity gradient field. This inversion is further described in appendix C and shows that
acceptable model error can only be obtained for models with a poor data fit (x 2 >> 1).
Inspection of the solution demonstrates that the region near the Gulf of Corinth is responsi-
ble for the large data misfit (figure C.3), this despite the much denser parameterization used
here (figure C.1B). Linear variation of Vv in small triangles is apparently insufficient to fit
the data, which show strong spatial variation over small distances (figure 3.3). The pres-
ence in the SING set of the data of the Grevena and Aigion networks (table 3.1) that were
acquired almost immediately after the Grevena and Aigion earthquakes raises the question
to what extent the data are influenced by postseismic deformation. We recall that the data
have been corrected for coseismic deformation [Clarke et al., 1997a].

Postseismic deformation would constitute a time-dependent signal in GPS data which
is not being modeled in our present approach. From geodetic studies of crustal deforma-
tion associated with large earthquakes either afterslip and/or viscoelastic relaxation of the
lower crust (and perhaps upper mantle) have been proposed as main sources for postseismic
deformation [e.g., Pollitz et al., 2000]. Because constraints on both horizontal and vertical
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Figure 3.3: (A) The 175 velocity vectors of the SING data set, displayed with respect to a Eurasia
fixed reference frame. The small open, white square at longitude 23.93°, latitude 38.08° indicates
the fixed station CG54 (Dionysos). The two windows indicate the local areas that are enlarged in (B)
the Grevena area, northern Greece, with the fault plane solution of [Clarke et al., 1997b] for the May
13, 1995, Kozani-Grevena earthquake; and in (C) the Gulf of Corinth, with the fault plane solution of
Bernard et al. [1997] for the June 15, 1995, Aigion earthquake.
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Figure 3.4: The 116 velocity vectors of the SING data set without the possibly post-seismically
influenced stations. For further information see caption of figure 3.3

motions are critical for a unique estimate of the individual contributions of both processes,
the assessment of possible postseismic deformation for the Grevena and Aigion earthquakes
from our horizontal GPS velocities is not straightforward. Both visco-elastic relaxation and
afterslip may have played a role in the postseismic deformation. Koukouvelas and Doutsos
[1996] measured an afterslip throw of 3 cm within the first 10 weeks after the earthquake.
Furthermore, from magneto-telluric profiles crossing the Aigion fault segment Pham et al.
[2000] found evidence for a regional-scale, highly conductive layer, 5 to 10 km thick, at a
depth of about 13 km, suggesting the presence of fluid enriched crustal rocks with a ductile
rheology. Such a layer could play an important role in visco-elastic relaxation of the crust
after a large earthquake. We do not know of detailed descriptions of observations of post-
seismic deformation due to the Grevena earthquake. However, the short time-interval of 5
days between the actual earthquake and the first occupation of the Grevena network causes
the possible presence of a considerable non-stationary postseismic signal in the data to be a
complicating factor for our analysis.

In general, possible postseismic effects are most likely averaged out over the 100-year
time interval between the first and last measurements at triangulation sites. This expectation
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is confirmed by studies of Davies et al. [1997] and Clarke et al. [1998], who find a high
compatibility between short-term and 100-year geodetic estimates of deformation, before
the earthquakes occurred. However, since occupations of the Aigion, Corinth and Grevena
networks took place within the first year after the earthquakes at the end of the time-interval
that covers the complete data set (table 3.1), strong signals like the co- and postseismic
velocities associated with the two earthquakes mentioned can cause anomalous velocity
behavior compared to the rest of the data. To derive the regional-scale, steady velocity field
we exclude all stations that may have been influenced by postseismic motions from the
Aigion and Grevena earthquakes, which reduces the data set to 116 vectors. The remaining
velocity data set (figure 3.4) contains only a few data at the Grevena area and no data directly
along the north and south of the western part of the Gulf of Corinth. The procedure followed
for the exclusion of data is described in appendix C. An attempt to separate interseismic
from postseismic effects by comparing a solution obtained for the 175-vector data set with
a solution for the 116-vector data set shows considerable difference in the deformation field
at the Grevena and Aigion regions only. Finally, appendix C presents the results of a simple
forward computation of the response of a visco-elastic half space [VISCO1D, Pollitz et al.,
2000] to the stresses released by the Aigion earthquake. In the remainder of this chapter we
will use the reduced data set of 116 velocity vectors.

3.5 Inversion

3.5.1 Model parameterization

The data are inverted for two different representations of the Aegean crustal deformation
field; the first in terms of continuous deformation only, the second in terms of continuous
deformation and fault motion. For both inversions we use the same triangular grid (figure
3.5). On the fault traces duplicate model nodes are used to allow decoupling across the
fault in a joint inversion for the velocity gradient field and fault motion. In general, the
local density of the stations is used as a guide for local densification of model nodes for the
triangulation.

For the parameterization of faults we adopt the fault zones of the tectonic maps presented
by Taymaz et al. [1991] and Jolivet et al. [1994]. The location and strike of the main faults
of both studies are almost similar and the information on the smaller-scale structures is
complementary. Information from local studies is used to define the location of the fault
traces more precisely. We do not aim at a fault parameterization which is as complete as
possible. Our modeling implies that slip that occurred on non-parameterized faults will be
represented in our solution by local variation in the velocity gradient field.

At southern Albania and northwestern Greece (the Epirus region) we parameterize the
boundary between the Adriatic Sea and the Aegean region. The fault system parallel to this
boundary [Mantovani et al., 1992] is represented by one fault. We connect the segmentation
of the southern strand of the N-S pull-apart basin of the Gulf of Arta to the segments of
the sinistral Katouna fault striking in a NW-SE direction [Le Pichon et al., 1995; Haslinger
et al., 1999]. The region immediately south and southeast of the southern termination of
the Katouna fault north of the Gulf of Patras is characterized by small-scale N-S opening
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Figure 3.5: Model parameterization of the (A) Aegean. Key: GA, Gulf of Arta; GAr, Gulf of Argolis;
GC, Gulf of Corinth; GE, Gulf of Evvia; GM, Gulf of Messinia; KaF, Katouna fault; KF, Kephalonia
fault; NAFn, northern branch of North Anatolian fault; NAFs, southern branch of NAF; NAT, North
Aegean Trough; WHA, West Hellenic arc. (B) Gulf of Corinth. Key: GCn, northern strand of the
Gulf of Corinth; GCs, southern strand of Corinth. The black dots indicate the sites of the reduced data
set of 166 velocity vectors.

graben structures, which we parameterize as the eastward continuation of the Katouna fault.
The parameterization of the Kephalonia fault zone consists of the southern Kephalonia and
the northern Lefkada segment [Louvari et al., 1999].

The Peloponessos is separated from the Greek mainland by the Gulf of Patras in the west
prolongating into the Gulf of Corinth in the east. The location, orientation and activity of
the faults in the proximity of the Gulf of Corinth are by no means certain. We parameterize
this area by incorporating two main fault strands, the first along the north coast and the
second along the south coast (figure 3.5)B. At the Peloponessos we incorporate the NW-SE
trending graben structures at the Gulf of Messinia and the Gulf of Argolis. In a similar way
as for the Gulf of Corinth we parameterize the Gulf of Evvia by two faults along both sides
of the coasts. Along the east coasts of the mainland of Greece and the island of Evvia we
include the NW-SE trending fault zone, which separates Greece from the northeastern part
of the Aegean Sea [e.g., Taymaz et al., 1991].

East of 31°E the North Anatolian fault has a narrow and localized character. Before it
enters the Aegean region its lateral motion is transferred across an active pull-apart basin at
the Sea of Marmara, where the slip motion is partitioned over several subbranches [Straub,
1996; Armijo et al., 1999]. We parameterize three strands; the two northernmost main
strands and a smaller subbranch. The northern strand enters the North Aegean trough,
an ENE-trending depression zone. We omit parameterization of the extensional graben
structures in western Turkey, because of the small number of data in this region.
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I | 257|492 | - 34 1.0 1.5 1.18 | 0.92 1.7 -

I | 295 | 492 | 96 1.1 1.0 0.75 1.13 | 0.96 1.4 0.6

Table 3.2: Grid characteristics, a priori model parameters and average results for the inversion for
Vv only (inversion I) and for joint estimates of Vv and s (inversion II). Key: ¢, inversion; T,
number of model nodes; 7%, number of triangles; K, number of fault segments; o; standard deviation

of V x Vv = 0 data constraints; 7, = % Ei‘il R;;; the average model resolution, with R;;

the resolution matrix and M the number of model parameters; o;, = le Z?i“l v Ci;, the average

standard deviation for the components of Vv, with M, = 47;, the number of components of Vv;
ol = MLf Zf\ifl v/Cii, the average standard deviation for the components of s, with My = 2K the
number of slip components.

3.5.2 Regularization

In a first series of inversions (inversions I hereafter) we solve for the lateral components of
Vv only. We represent Vv in spherical coordinates in a symbolic notation (chapter 2) by

Vo = | U Vs 7
Vop Voo

where 6 denotes longitude and ¢ denotes latitude. In a second series (inversions II) we also
solve for the horizontal slip vector s = (sg, S¢). While tuning the covariance factor o, for
the extra V x Vv = 0 constraints and the regularization parameters « , and a4 (chapter 2)
we primarily focus on obtaining solutions (I and II for inversions I and II, respectively) that
are comparably resolved. Furthermore, to certify that the solutions I and II accommodate
about the same percentage of relative motion we also attempt to keep the data misfit values
x? for both solutions of the same order.

While performing inversions I and II separate computation of x 2 for the data and the
extra constraints shows that both data parts have a 2 of 1.0, which for the latter was
obtained using a standard deviation of o = 3.4 - 107%m yr) ! for inversions I and
ol = 1.1-1071%m yr)~! for inversions II. The fact that ! is larger than o/ can be
explained by the piece-wise continuous formulation of inverse problem II. The parameter-
ization of fault zones creates a block-like structure across which the velocity gradient can
vary discontinuously: the solution fits the extra equations within several sub-regions, instead
of within the whole model area. Both resulting solutions still contain roughness possibly
related to solution components pertaining to small eigenvalues. Regularization with ampli-
tude damping on boundary nodes and second derivative damping on all nodes is imposed by
constraining a, I p = 0 and ayD p = 0, respectively, where p contains the components
of Vv (chapter 2). Mild amplitude damping reduces the large variances along the model
boundaries somewhat. Additional second derivative damping reduces the roughness of so-
lutions I and II at small spatial scales. Compared to inverse problem II inverse problem I
is less well conditioned and needs stronger second derivative regularization to control the
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Figure 3.6: Model error and resolution of solution I with o, = 3.4-107*°(m yr)™*, a, = 1.0 - 107
and ag = 1.5 - 10; Contouring of (A) v/Ci; and (B) R;; pertaining to the vgg component; (C) and
(D) see subscript for (A) and (B), respectively, pertaining to the vg4 components.

model variance. The damping slightly impairs the spatial resolution, but still leads to an
acceptable data misfit with x? = 1.18 for solution I and x? = 1.13 for solution II (table
3.2). The part of solution II belonging to fault slip is not subject to any form of damping.
We accept the combinations of average resolution, model error and data fit listed in table
3.2 for further analysis of solutions I and II.

Figures 3.6 and 3.7 show results for model standard deviations 1/C;; and diagonal com-
ponents of the resolution matrix R ;; for the vgg and the vgs components of solutions I and
II, respectively. In general, for both solutions the areas of relatively large standard deviation
and relatively low resolution are located at the boundaries of the model. Furthermore, some
individual nodes are less well resolved. Relatively large model errors on both components
of solution II also occur along some faults; the North Anatolian fault branches, the fault at
the central Aegean Sea and on the faults associated with the plate boundary between the
Adriatic Sea and Eurasia. For both solutions, the model standard deviation of v y¢ is better
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Figure 3.7: Model error and resolution of solution I with o, = 1.1-107*°(m yr)™*, o, = 1.0- 107
and oy = 1.5 - 10%; See the caption of figure 3.6 (the resolution and model errors for the fault slip
solution are listed in table 3.3).

determined than of vy, especially along the northern and northeastern model boundary.
This difference can be explained by the distribution of stations. For example, there are no
stations along the northernmost part of the model boundary, which means that this part is
sampled by predominantly horizontal integral paths between stations located at the north-
eastern and northwestern corners of the model area. Model error and model resolution of
solution II are better determined compared to solution I. This results from the parameter-
ization of fault slip, which not only enables the accommodation of relative velocities by
fault motion but also requires extra model nodes along fault traces. The fault slip model
parameters are well resolved (R;; all between 0.9 and 1.0) and the fault slip model errors
are relatively small (all not larger than 2 mm/yr, table 3.3).
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Figure 3.8: Fault slip rate vectors of solution II; the arrows denote the fault-parallel and fault-
perpendicular components of the slip vector. Key for the colors: black arrows = sinistral strike-slip,
white = dextral strike-slip, light-grey = thrusting, dark-grey = normal faulting. (A) Slip solution for
the Katouna fault, the Gulf of Corinth and the Gulf of Evvia. The fault segmentation around the Gulf
of Arta accommodates normal slip on the northern fault segment, sinistral slip on the eastern segment,
sinistral slip with a relatively large thrust component on the southeastern segment, dextral slip with a
relatively small thrust component on the southwestern segment. The NW-SE trending segment of the
Katouna fault accommodates sinistral slip with relatively small normal and thrust components. The
E-W trending segment of the Katouna fault accommodates sinistral slip with a relatively large normal
component. (B) Northern part of model area (the slip solution for the faults at the southern part of the
model are very small). Dashed lines indicate model boundaries.

3.6 Solution
3.6.1 Fault slip rate

Comparison of solutions I and II and discussion of the differences between the two is not
straightforward because of the fundamentally different mechanisms applied to accommo-
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AEP KF GCn GCs NAF
L 5.17-8.3" | 2.77-6.7" | 4.87-34" | 1.3"-7.4™ | 4.27-2.8™
oL 0.4-0.5 2.0-0.8 0.6-0.4 0.5-0.6 0.4-1.2
[ 2392979 | 8.49-12.77 | 4.35-1.59 | 0.39-3.87 | 1.99-12.3¢
o 0.4-0.5 0.9-1.8 0.5-0.2 0.4-0.6 0.4-0.7

Table 3.3: Fault slip rates of solution II. Key: L, ||: fault-perpendicular, fault-parallel slip component
fault (in mm/yr); o1, o): fault-perpendicular, fault-parallel model error; 4 dextral; ® sinistral; "
reverse; " normal; AEP, Adriatic-Eurasia plate boundary; KF, Kephalonia and Lefkada fault segments;
GChn, Gulf of Corinth (northern strand); GCs, Gulf of Corinth (southern strand); NAF, North Anatolian
fault. The range of slip rates per fault denotes the maximum and minimum slip rates at this fault. If one
fault accommodates both dextral and sinistral or both reverse and normal slip on different segments,
then the maximum rate per slip orientation is given.

date relative velocities. Therefore, we describe the slip part of solution II first. In sections
3.6.2 and 3.6.3 we compare the velocity gradient fields of solution I and II and investigate
the influence of inclusion of fault segmentation with respect to a model based on a continu-
ous velocity gradient field.

We find that especially the parameterized fault zones on the mainland of Greece, the
Gulf of Corinth, the Ionian region and in the northern Aegean Sea accommodate strong
slip rates (table 3.3) compared to the parameterized faults south of the area shown in fig-
ure 3.8 that accommodate slip rates of the order of 0-1 mm/yr. We find strong thrusting at
the northern segment of the plate boundary between Eurasia and the Adriatic Sea. Along
the Lefkada segment towards the Kephalonia segment this slip gradually changes into pre-
dominant strike-slip. The fault zone parallel to the plate-boundary accommodates dextral
strike-slip with a thrust component. The Gulf of Arta is subject to mainly sinistral strike-
slip. The Katouna fault and the northern strands of the Gulf of Patras and the western Gulf
of Corinth behave as sinistral, normal faults. Northeast of the Gulf of Corinth and on the
southern strands of the Gulfs of Patras and Corinth we find dextral normal slip. The fault-
perpendicular components of slip rate on the faults bounding the Gulf of Evvia at both sides
are very small, the fault-parallel components are sinistral and of the order of a few mm/yr.
The NW-SE trending fault structure just east of the coast of Greece and of the island of
Evvia accommodates extension of a few mm/yr. The North Anatolian fault and the two
southernly located subbranches accommodate dextral strike-slip. On the main branch this
rate increases to a maximum of about 13 mm/yr from west to east, with components of
thrust and extension on the western and eastern segments, respectively.

3.6.2 Strain rate

The strain rate tensor is the symmetric part of Vv. Figures 3.9 and 3.10 display the principle
strain rates of solutions I and II, respectively. Although with different amplitudes, solution
I and II have in common several distinct strain rate patterns: The southern regions of Mace-
donia, Bulgaria and Albania, at the northern model boundary, shows relatively weak strain
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Figure 3.9: Principal strain rates and uncertainties computed on the nodes of a regular grid for
solution I. This inversion is performed without parameterization of fault slip. However the fault seg-
mentation of inversion II is indicated to facilitate comparison with the strain rate results of inversion
II (figure 3.10). The open squares represent the station positions.

rates. Southwest of this area, a belt of relatively strong NE-SW oriented contraction domi-
nates the coastline of Albania and northwestern Greece (between 20.5 °E, 40°N and 21°E,
39°N). A transition zone can be traced from southern Albania/northwestern Greece and the
region east of Corfu (21.5°E, 39.5°N) towards the region south of the island of Kephalonia
(21°E, 38°N), separating the dominant the contraction from a more complex strain pattern
at northern and central Greece and the western Peloponessos. A narrow E-W running zone
of, on average, N-S extension is found between southern Albania/northwestern Greece and
the North Aegean Trough at latitude 39.5 °N. The orientation of the extension changes from
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Figure 3.10: Principal strain rates and uncertainties computed on the nodes of a regular grid for
solution II. The open circles represent the station positions.

NNW-SSE at northwestern Greece (22°E), where the strain rate field also contains a consid-
erable contractional component, to NNE-SSW at the North Aegean trough (23.5 °E), where
strain rates indicate pure, uniaxial extension. In the northeastern Aegean Sea the almost
pure extension of the North Aegean trough changes to shear strain rates at the region where
the western termination of the North Anatolian fault zone plays a major role (between longi-
tudes 24°E and 25°E). South of the North Aegean trough at the Gulf of Evvia and around the
northern part of the island of Evvia shear strain of similar orientation are found. Extension
at the islands of Lesbos and Chios and western Turkey has a NNE-SSW orientation. Central
Greece clearly separates the N-S oriented, relatively strong extensional regime associated
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with the Gulf of Corinth (between latitudes 38 °N and 38.5°N) from the E-W trending zone
of N-S extension at northwestern and northern Greece at latitude 39.5 °. The region east of
the Gulf of Arta exhibits E-W oriented contraction. The strain rate field of the Peloponessos
shows large variation on relatively small spatial scales. Southeast of Kephalonia and at the
northwestern Peloponessos E-W to NE-SW directed contraction prevails. The southwestern
Peloponessos exhibits shear strain rates, while the central Peloponessos extends in NE-SW
direction. In general, the Aegean Sea south of latitude 38 °© accommodates relatively weak
strain rates. Exceptions are the areas under extension southwest of Crete and between Crete
and Rhodes. Although, in general, the resolution along the model boundaries areas is rel-
atively low, these particular areas are well resolved in both solutions (figures 3.6C, D and
3.7C, D).

The main differences between solution I and II are found at the areas, where faults
accommodate strong slip rates in solution II (i.e., the northern Aegean Sea, the mainland
of Greece, the Gulf of Corinth and the Ionian region). In general, compared to solution I
the inclusion of faults in solution II reduces the magnitude of Vv. Besides decrease of the
average magnitude, the spatial distribution of Vv of solution II is different from solution I,
which can be observed from local changes in orientation of the principle strain rates.

In solution I contraction is distributed over the Adriatic Sea and the Albanian coast.
The western part of the Greek mainland (between latitudes 38.5 °N and 39°N) shows E-W
contraction. The region west of the Kephalonia fault zone is characterized by shear strain
rates and east of the fault by NW-SE extension. In solution II part of the contraction between
the Adriatic Sea and Albania present in solution I is accommodated as slip on the plate
boundary and on the fault parallel to the boundary (that runs from 20.5 °E, 40.5°N to 21°E,
39°N). Contraction is concentrated in the Albanian coastal area, whereas shear strain rates
with a WNW-ESE oriented extensional component prevail east of the boundary-parallel
fault along the zone between 21 °E, 40°N and 21.5°E, 39.5°N. In solution II the magnitude
of the extension at latitudes 39.5°N is larger than in solution I and the orientation more
uniformly N-S oriented. The strong E-W oriented thrust component on the fault southeast
of the Gulf of Arta (21°E, 39°N, figure 3.8A) accommodates part of the E-W oriented
contraction of the strain rate field of solution I. This results in solution II, together with
strong sinistral slip on the faults that surround the Gulf of Arta, in pure NNW-SSE oriented
extension in the Gulf of Arta and considerably weaker contraction at central Greece (around
22°E, 38.5°N). Accommodation of dextral thrust motion on the Kephalonia fault is found in
combination with pure NE-SW oriented contraction west of the fault and relatively uniform
shear strain rates east of the fault. Compared to solution I the shear strain rates in solution
II at the southwestern Peloponessos (around 22.5°E, 36.5°N) are somewhat stronger.

In solution I a uniform shear strain rate regime is found along the Katouna fault zone (at
latitude 38.5°N, between longitudes 21°E and 22°E; from the connection with the southern
tip of the Gulf of Arta to the Gulf of Patras) and north (38.3 °N) and south (38°N) of the
Gulf of Patras. In solution II the accommodation of strike-slip motion on the Katouna fault
structure almost completely replaces the shear strain rates in this region in solution I. Simi-
larly, the normal fault component of the slip on the E-W trending segments of the Katouna
fault structure accommodates most of the N-S extension between the western Peloponessos
and western central Greece found in solution I (between latitudes 38 °N and 38.5°N). The
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concentration of discrete fault motion on the north and south coasts of the Gulf of Corinth
and Patras reduces the rates of N-S extension across the western part of the Gulf (between
22°E and 22.5°E) and at the northern Peloponessos and increases the rates of N-S extension
at the eastern part of the Gulf (between 22.5°E and 23°E) and of E-W oriented contraction
along the south coast with respect to solution I.

In solution I the transition of extension in the North Aegean trough to shear strain rates
at the region of the North Anatolian fault zone is diffuse. The Dardanelles show relatively
strong NE-SW oriented extension. In solution II the western termination of the North Ana-
tolian fault zone separates extension from shear strain rates. Extension at the Dardanelles
(around 25.5°E, 39.5°N) is reduced compared to solution I due to a combination of dextral
and normal slip on the easternmost segment of the parameterized part of the North Anatolian
fault.

3.6.3 Rotation rate

The rotation rate tensor is obtained from the anti-symmetric part of Vv. Figures 3.11A
and B show the rotation rates in units of degrees/Myr for solution I and II, respectively.
Again, the overall patterns are similar for both solutions: The southern regions of Albania,
Bulgaria and Macedonia show relatively low rotation rates. We find a strong phase of coun-
terclockwise rotation rates at the continental collision zone at northwestern Greece. The
rotation rates at central Greece have a clockwise orientation. Relatively strong clockwise
rotation rates are found in northern Evvia and the Parnassos region. In between the north
and south coasts of the Gulfs of Patras and Corinth we find relatively moderate clockwise
rotation rates of the order of a few degrees/Myr. Strong clockwise rotation rates domi-
nate the central Ionian islands (Lefkas and Zakynthos) and the western Peloponessos. This
clockwise rotation rate regime weakens towards the eastern and southeastern Peloponessos.
Southwestern Turkey, Rhodes and Crete accommodate counterclockwise rotation rates of
the order of a few degrees/Myr.

The main differences between the rotation rate fields of solution I and II can be found
along the traces of the North Anatolian and Kephalonia faults and at the Adriatic Sea. In
solution I the regions around the North Anatolian fault zone and North Aegean trough can
be identified by a zone of clockwise rotation rates. Dextral slip on the North Anatolian
fault almost completely replaces these rotation rates in solution II. In solution I the zone
of strong clockwise rotation rates in the northwestern Peloponessos continues in northward
direction until Corfu, while this zone in solution II is restricted to the western Peloponessos
and the Ionian region bounded by the Kephalonia fault zone. In solution II the regimes of
counterclockwise rotation rates at the Albanian coastal area and of clockwise rotation rates
in Parnassos and Evvia are somewhat stronger than in solution I.

Figure 3.11: Figure on next page: Contoured geodetic rotation rates of (A) solution I and (B) solution
II, scaled to degrees per Myr. The numbers refer to local averages of relatively strong rotation rates
with 1-o errors between brackets. The fault segmentation of inversion II is indicated in (A) to facilitate
comparison with (B).
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Figure 3.11: See caption on previous page
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Figure 3.12: Two model estimates m; at the North Anatolian fault zone, resulting from multiplica-
tion of resolution kernel R (solution II) with ae;: m; = R - (ae;) for vgg with a = 10_7/yr at node
¢ (indicated by open circles in (A) and (B)). Contouring denotes (A), (B) vgg; (C), (D) vg4; and (E),
(F) sg. For (E) and (F) the horizontal axis indicates the number of the slip parameters, [1,..,6] refer
to slip parameters accommodated on segments indicated by corresponding numbers in (A) and (B). In
(A) and (B) the values of m at node ¢ exceed the contour limits and approach a.

3.6.4 Trade-off between Vv and s

To investigate the extent to which components of slip rate and the velocity gradient field
are resolved we inspect the columns of the resolution matrix R. The i-th column of R
represents how a certain amplitude ¢ assigned to parameter ¢ (with unit vector e ;) is smeared
over the solution, hence m; = R - (ae;). This is investigated for selected model parameters
associated with the North Anatolian fault system and the Gulf of Corinth. Figure 3.12 shows
two model estimates mm; for the velocity gradient component vgg with a = 10~ "yr—! of
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Figure 3.13: Two model estimates mn; at the Gulf of Corinth. See the caption of figure 3.12.

two neighboring nodes that are located directly at the south-side of a fault segment of the
North Anatolian fault.

For both model estimates we find that the solution for vy at the selected node weakly
depends on the vgg (figure 3.12A, B) and vg¢ (figure 3.12C, D) components of surrounding
nodes and on sy (figure 3.12E, F) on nearby fault segments. Note that, except for the
amplitudes at the selected nodes, the values attained by m ; elsewhere in the model are by a
factor of almost 100 smaller than the input amplitude a. We conclude that trade-off between
s and Vv on these segments of the North Anatolian fault are not very strong. Similar
results are found for one model estimate on a node that spans the triangulation delineating
the bounds on the northern coast of the Gulf of Corinth (figure 3.13A, C, E). For a node
on the same fault segmentation located more to the east the results are somewhat different
(figure 3.13B, D, F). Although the values attained by m ; are still not very large compared to
the input amplitude of a, the dependence of v gy at the selected node on the vgy (3.13B) and
vgg (3.13D) components of surrounding nodes and on s ¢ (3.13F) on nearby fault segments
is stronger with respect to the former results (note the different contour limits in 3.13B, D
and F). For all estimated models 7172; shown here the values of v 44, v49 and s4 contain only
Zeros.
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Figure 3.14: Black arrows indicate the predicted velocity field computed on a regular grid with
solution I. The white vectors indicate the velocity data. The data and predictions are plotted with
respect to a location at the Gulf of Arta, indicated by the white dot around 21°E, 39°N. The fault
segmentation of inversion II is indicated here to facilitate comparison with figure 3.15.

3.7 Velocity field

Figures 3.14 and 3.15 display the velocity fields predicted by solution I and II, respectively,
on a spatial regular grid. For this representation we perform a forward computation of the
solution to determine the velocity vector at the nodes of the grid with respect to a reference
point (at which the velocity is then zero). In general, the Aegean velocity field consists
of three main regimes; the Aegean Sea and the Peloponessos, the Adriatic Sea and central
and northern Greece (figure 3.3). These regimes can best be distinguished if the velocity is
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Figure 3.15: See caption of figure 3.14 for solution II.

represented with respect to the area around the Kephalonia fault zone and the Gulf of Arta,
where the transition zones between the regimes meet. The velocity field of the Aegean Sea
and the Peloponessos has a southwestward direction, increases towards the southwest and
deviates towards the west across the Peloponessos, consistent with results of Le Pichon et al.
[1995]. The velocity field of the small part of the Adriatic Sea has a NNE direction with
respect to the Gulf of Arta. Collision is represented by the sudden transition from NNE to
WNW directed velocities across the plate-boundary from west to east. The velocity field of
central Greece has an westward direction with respect to the Gulf of Arta.

The main differences between the velocity fields predicted by solutions I and II occur

at the northern model boundary and around the parameterized faults. The weak velocity
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KFZ(s) GC(e) NAEF(s) NAT(e) WA(e) SAS(e)
west east
lo | 20.3-20.8 | 22.3-23.3 | 21.8-22.3 | 23.0-26.0 | 22.3-23.5 |26.3-28.0 |26.3-28.0
la | 38.1-39.2 | 38.0-38.4 | 38.0-38.5 | 39.0-40.5 | 39.4-40.3 |38.0-39.5 |35.3-37.3
1 77+14 103+9 88+9 94416 85£19 1619 27+14
2 133+14 1627 137£8 17318 239421 91423 119418
3 150 120 180 150 70-85 90

Table 3.4: Average strain rates of solution I. Key: KFZ, Kephalonia Fault zone; GC, Gulf of Corinth;
R, Rhodes; NAF, North Anatolian Fault; NAT, North Aegean Trough; WA, Western Anatolia; SAS,
Southeast Agean Sea; s, strike-slip; e, extension. 1 magnitudes of the prevailing strain rate regime
in the area of interest by averaging the strain rates over a rectangular local grid (lon and lat denote
grid corners); 2 maximum principal strain rates (in 10 °/yr); 3 maximum principal strain rates of the
solution of [Kahle et al., 2000].

field at the southern regions of Albania, Macedonia and Bulgaria and northeastern Greece of
solution I has ENE to E directions, whereas solution II predicts larger velocities at N to NNE
directions with respect to the Gulf of Arta. Difference due to the fault slip is best observed
along the trace of the North Anatolian fault zone. The magnitude and orientation of the
velocity field predicted by solution I south of the main branch of the North Anatolian fault
gradually change while following the velocity field across the fault, whereas this transition
in solution II occurs more abruptly. Similar discontinuous transitions in the velocity field
predicted by solution II can be observed at the Kephalonia fault zone and the Katouna fault
zone.

3.8 Analysis of the solutions and comparison with related
work

The results for the deformation rate field of solution I are compared with several other
regional and local geodetic studies of the Aegean deformation field, all translating velocity
data into a velocity gradient field. Solution II is not incorporated in this comparison, because
these geodetic studies do not incorporate fault motion.

3.8.1 Comparison of Vv with related work

In arecent study, Kahle et al. [2000] apply the collocation method [Kahle et al., 1995; Straub
et al., 1997] to a GPS velocity set that samples the Aegean and Anatolian microplates and
also contains several sites at Africa and Arabia [Cocard et al., 1999; McClusky et al., 2000].
On average, this data set is sparser than the data set from which solutions I and II are
derived (figure 3.16). Table 3.4 lists the maximum magnitudes of the principal strain rates
per area of Kahle et al. [2000](3) and of solution I (2). A first striking difference between
both solutions is that at those areas where our data density is higher (Gulf of Corinth, North
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Figure 3.16: Comparison between the principle strain rates of solution I (open arrows with white
error ellipses) and the principle strain rates of the solution of Kahle et al. [2000] (filled arrows, black
indicating contraction and white extension, with open error ellipses), plotted at the coordinates of the
Aegean GPS sites of the data used by Kahle et al. [2000]. Dashed lines indicate the model boundaries.

Aegean trough) our strain rates are higher as well. Maximum magnitudes more or less agree
in those areas where the data coverage is of comparable density (Kephalonia fault, North
Anatolian fault). This observation is consistent with observations by Kahle et al. [2000] who
find highest strain rates at those areas along the North Anatolian Fault zone where the data
density is highest. To characterize a regional strain rate regime we also list the magnitudes
of strain rate averaged over a larger area that surrounds the particular fault zones (table
3.4(1)).

In figure 3.16 principle strain rates and uncertainties of solution I and of the Kahle et al.
[2000] solution are shown together, both plotted at the station locations of the data set of
Kabhle et al. [2000]. The uncertainties of the strain rate solution of Kahle et al. [2000] are of
the order of 20 to 30-10 ~%/yr in Greece. In figure 3.16 we have plotted a uniform uncertainty
of 25 - 10~?/yr for their principal axes. North of Corfu our contraction is stronger than and
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makes an angle with the principal axes of Kahle et al. [2000] (figure 3.16C). In general,
orientations of principle strain rates along the coast of the Greek mainland show agreement.
However, contraction of solution I is considerably stronger than contraction found by Kahle
et al. [2000]. Orientation and magnitude of shear strain rates along the Kephalonia fault
are consistent and agree within the margin of error. Directly south of the Kephalonia Fault
zone the solution of Kahle et al. [2000] shows strong, ENE-WSW oriented contraction,
where the contraction of solution I is weaker and has a more E-W to WNW-ESE direction.
The NE-SW extension southwest of Crete present in solution I (figure 3.9) is not found by
Kahle et al. [2000]. Principle strain rates of both solutions show further agreement in the
region between Crete and Rhodes and at central Greece. Close agreement is found at the
region of the North Anatolian fault, where differences are within the margin of error (figure
3.16A, table 3.4). Disagreement is found for the rates of extension in northern Greece and
at Lesbos, Chios and western Turkey, being stronger in solution I. An explanation for the
higher rates in northern Greece could be the higher density of our data set in this region.
The inclusion of data on the Anatolian micro-plate of the set of Kahle et al. [2000] probably
impose better constraints on northwestern Turkey and the islands of Lesbos and Chios.
Differences in density of the data sets may also form the explanation for the, in general,
inconsistent results at the Peloponessos (figure 3.16B); the SING set contains many stations
around the Gulf of Corinth, where the data set of Kahle et al. [2000] contains none, that are
of considerable influence on the strain rates of the Peloponessos.

In the geodetic study of Clarke et al. [1998] uniform strain and rotation rates are com-
puted at points of a regular grid in central Greece using data from neighboring sites. For
central Greece and the Peloponessos Davies et al. [1997] compute uniform strain and ro-
tation rates within triangles spanned by the station positions. Clarke et al. [1997a] obtain
strain estimates across the Gulf of Corinth by measuring along individual baselines between
pairs of stations at opposite sides of the Gulfs of Patras and Corinth. Similar to the results of
Clarke et al. [1997a, 1998] and Davies et al. [1997] our solution I accommodates stronger
rates of extension across the western than across the eastern part of the Gulf of Corinth.
However, even the maximum rate of extension in solution I is much smaller than the re-
sults of Clarke et al. [1998], who find extensional strain rates of 150 & 20 - 10 ~%/yr and
1120 £ 50 - 10~%/yr for the eastern and western sides, respectively. These rates are com-
puted from data from the Central Greece and Aigion Postseismic networks that form part
of the original, complete SING data set (table 3.1, figure 3.3). We have filtered strong con-
tractional and extensional signals by considering only part of the data (appendix C). Clarke
etal. [1997a] assume that the postseismic displacements are small compared with coseismic
displacements. Although this assumption is probably true, it does not automatically mean
that postseismic deformation is small compared with the interseismic deformation field. The
N-S extension of the Parnassos region, the Evvia island and the Gulf of Evvia are consistent
with observations of Clarke et al. [1998]. Davies et al. [1997] does not find a uniform strain
rate pattern in this region. Our results accord with the N-S extension and E-W contraction
at the western part of central Greece, the transition in the northern Peloponessos from N-S
extension at the Gulf to E-W extension at the central Peloponessos and the relatively low
strain rates at the western Peloponessos and at the Aegean Sea east of the Peloponessos.
Davies et al. [1997] find different results at the western Peloponessos, Parnassos and north-
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ern Greece. Le Pichon et al. [1995] and Davies et al. [1997] have not detected significant
N-S extension at northern Greece, possibly because the northernmost station in their data
sets is located around 22.4° longitude, 39.8° latitude, which is within the E-W trending
zone of N-S direction extension of solution I (and II). Extension of this magnitude and at
this latitude is also not present in the solution of Kahle et al. [2000], which may be due to
their sparse data coverage of central Greece.

The rotation rate field of solution I is consistent with the rotation rates computed by
Clarke et al. [1998]. Rotation rates have clockwise orientations with relatively large magni-
tudes of the order of 10 degrees/Myr southwest of the Gulf of Patras changing in eastward
direction south of the Gulf of Corinth to counterclockwise orientation with small magni-
tudes. Within the Gulf rotation is of negligible rate. The Parnassos region and Evvia ac-
commodate relatively strong clockwise rotation rates.

We conclude that the main, qualitative deformation characteristics of solution I (i.e., N-
S extension of the Gulf of Corinth and the North Aegean trough, dextral shearing along the
Kephalonia fault and North Anatolian fault zones, E-W contraction of northwestern Greece
and relatively low deformation of the Aegean Sea south of 38 °N) have been found by earlier
studies based on GPS data. It is difficult to say to what extent the discrepancies in results
are caused by differences in methodology used by the different approaches. Most of the
differences concerning magnitude and orientation of the strain rate fields can be explained
by differences in distribution of the sites, origin and time of measurement of the data and
possible postseismic influence incorporated in the data.

3.8.2 The significance of the slip solution

In chapter 2 we inferred that a basic trade-off may exist between fault slip and the veloc-
ity gradient field. The main cause for this trade-off is the lack of physical constraints that
couple fault motion to continuous deformation in a pure kinematic inversion of the veloc-
ity data. The trade-off is best resolved in case relative motion observations exist close to
the fault zones. If this is not the case then fault slip may also reflect relative crustal block
rotations (geological fault slip), while the fault itself can be locked. An example of this
is the North Anatolian fault. Baselines between stations intersecting the North Anatolian
fault measure the far-field velocity, because the SING data do not densely sample the region
close to fault. Average slip rates on the main branch and the southernly located subbranch
of the North Anatolian fault of 11+2 mm/yr and 2+1 mm/yr, respectively, agree with ge-
ological estimates of Armijo et al. [1999], who also found that long-term kinematics of
the North Anatolian fault appear to be similar to the present-day kinematics deduced from
space geodesy. However, whether the fault is locked or accommodates slip motion will not
become evident from application of our method to this data set.

An example of a densely sampled fault is the Kephalonia fault, accommodating smaller
slip rates in our solution than predicted by geological observations of Louvari et al. [1999],
who measure a dextral slip rate of 20-30 mm/yr with a thrust motion on the Lefkada and
Kephalonia fault segments. The presence of strong dextral shear strain rates surrounding the
near-field of the fault may suggest that the fault is locked. Evidence for present-day activity
along the, densely sampled, Gulf of Arta and the Katouna fault zone, supporting the fault
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motion found in our solution, comes from a tomographic study of the upper crustal layer
revealing a low-velocity zone [Haslinger et al., 1999]. Sinistral slip has also been derived
by Le Pichon et al. [1995].

Convergence associated with the collision at northwestern Greece is not concentrated as
slip on the plate boundary, but also appears as broadly distributed, contractional strain rate.
The fault zone parallel to the plate-boundary accommodates predominant dextral strike-slip
with a thrust component, consistent with geological observations [Mantovani et al., 1992].
The transcurrent deformation can not solely be accommodated by the simple parameteriza-
tion of only one boundary-parallel fault and also appears as distributed shear strain rate.

From geological observations Armijo et al. [1996] estimate a normal slip rate across
the Gulf of Corinth of 1143 mm/yr in the west and 62 mm/yr in the east (Xylokastro
fault segment), accommodated on the southern strand of the Gulf. From GPS Clarke et al.
[1997a] compute rates of 13 and 6 mm/yr across the western and eastern part of the Gulf,
respectively, and Le Pichon et al. [1995] compute 15 mm/yr across the Gulf of Patras.
The normal component of the slip rate in solution II at the western part of the Gulf of
Corinth is almost equally divided between the north and south coasts. Because the data
set contains only one velocity observation within the Gulf, the partitioning of slip over the
northern and southern strands of the Gulf of Corinth and Patras is mainly determined by
baselines between stations that cross the Gulf in an E-W direction. Nevertheless, resolution
kernels of the slip component and dependence of Vv on s (figure 3.13) show that separate
contributions of slip on each strand are relatively well determined (although better in the
west than in the east). Summed pairs of slip rates at the same longitudes accommodated
at the northern and southern segments result in normal slip rates of 12 to 13 mm/yr at the
western and 3 to 6 mm/yr at the eastern Gulf, accounting for geodetic predictions for motion
across the Gulf.

Summarized, we find that the orientations of the slip vectors of solution II are in good
agreement with geological observations and geodetic derivations. Trade-off between esti-
mates for the velocity gradient field and slip motion require a careful interpretation of the
magnitudes of the slip solution.

3.8.3 Comparison with earthquakes and stress indicators

In this section we compare solutions I and II with earthquake and stress data to examine to
what extent our representation of the deformation field based on geodetic data obtained at
the Earth’s surface reflect deeper crustal deformation patterns. We compare the orientations

Figure 3.17: Figure on next page: (A) Shallow (depth < 15 km) and strong (M > 5) earthquakes for
426 BC to 2000: Principal (P and T) axes of the two-dimensional (lateral) moment tensors deduced
from the fault plane solution parameters published by [Ekstrom and England, 1989; Ambraseys and
Jackson, 1990; Taymaz et al., 1991; Jackson et al., 1992; Papazachos and Kiratzi, 1996; Papazachos
et al., 1999, and references therein] and from the Harvard centroid moment tensor (CMT) solutions
(1995-2000). Dashed lines indicate the model boundaries, straight lines indicate the fault parameteri-
zation of inversion II. (B) Detail of (A).
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Figure 3.18: From Meijer and Wortel [1997]: compiled from geologic studies of Angelier et al.
[1982] and Mercier et al. [1987] of the kinematics of faults that have been active from the middle
Pleistocene until now. Double arrow: principal axis of tension, short line: principal axis of compres-
sion. Also shown is the Hellenic trench system (black lines) connecting with the NW Greece/Adriatic
Sea collision zone.

of the slip rates of solution II (figure 3.8) and the derived strain rate fields of solutions
I and II (figures 3.9 and 3.10) with P- and T-axes of a set of about 225 strong (Mo >
9) and shallow (< 15 km) earthquakes (figure 3.17), of which 12 occurred before 1800
[Papazachos et al., 1999, and references therein] and around 20 between 1800 and 1900
[Ambraseys and Jackson, 1990; Papazachos et al., 1999]. Because our solution is based
on the lateral components of the velocity field, figure 3.17 shows the principal axes of the
lateral components of the seismic moment tensor. Furthermore, we compare the properties
of solutions I and II with an average stress field, compiled by Meijer and Wortel [1997]
from geologic studies of Angelier et al. [1982] and Mercier et al. [1987] of the kinematics
of faults that have been active from the middle Pleistocene until now (figure 3.18).

Due to seismic quiescence, maybe indicative for a seismic gap, the orientation of prin-
ciple strain rates around the island of Corfu (20.5°E, 39.5°N) cannot be compared with
earthquakes. However, one stress indicator on Corfu and P-axes north (20.5 °E, 40.5°N)
and southwest (21 °E, 39.5°N) of Corfu show ENE-WSW and NE-SW orientations, respec-
tively, consistent with the average orientation of contraction along the Albanian coastal area
in solutions I and II and with the thrust slip found on the plate boundary and the fault on the
Albanian coast. East of this zone of contraction (at longitude 21 °E, between latitudes 40°N
and 41.5°N) T-axes have a distinct WNW-ESE orientation east of the fault. Location and
orientation agree with the component of extension in solution II. The NNW-SSE extension
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in northwestern Greece in solutions I and II encompasses the small cluster of NNW-SSE
oriented T-axes, associated with the Grevena earthquake.

Strike-slip earthquakes, although with scattered moment tensor orientations, clearly de-
lineate the Kephalonia fault zone (figure 3.17B), consistent with shear strain rates east of
the fault (21°E, 38.5°N) and the dextral component of the slip of solution II. Solution I only
shows shear strain rates west of the Kephalonia fault (20.5°E, 38.5°N). Although earth-
quakes with pure thrusting mechanisms are absent, stress data on the island of Kephalonia
indicate NE-SW compression, which may suggest thrust fault motion as we find in solution
II. Strain rates west of the Peloponessos (21 °E, 37.5°N) of solution I and II accommodate
very weak and no, respectively, N-S extension, with directions in agreement with earthquake
moment tensors. Continuing in southward direction, the sudden change in orientation of the
P-axes from E-W to NNE-SSW (21.5°E, 37.3°N) is detected by solutions I and II. While the
patterns of strain rate, stress and P-and T-axes of earthquakes represent completely different
types of deformation for the central Peloponessos, all suggest that the region between the
Peloponessos and Crete is under ENE-WSW extension. The strain rates around Crete do
not reflect any shortening associated with the frequent occurrence of compressional earth-
quakes below the Hellenic trench. This possibly reflects a difference between near surface
deformation and deformation at larger depth. The orientations of the extensional pattern
show some agreement with the stress indicators on western Crete.

The strong sinistral slip and shear strain rates found on the Katouna fault zone in so-
lutions I and II are not confirmed by earthquake activity, nor is there any indication from
seismicity and stress data that contraction plays a role in western central Greece (around
21.5°E, 38.5°N). The Gulfs of Corinth and Patras are characterized by extreme seismic ac-
tivity of mainly (N-S) extensional earthquakes and by stress data with N-S tensional axes.
Solution I reflects these observations by strong extension, solution II by extension and strong
normal slip rates. No seismic or geological evidence exists for the thrusting at the eastern
side of the north coast of the Gulf of Corinth and the strong strike-slip fault motion accom-
modated on the north and south coasts in solution II, but this thrusting agrees with relative
block rotations as will be discussed in section 3.9.

Both solution I and II follow the average strain regime for the western Hellenic arc and
the Peloponessos proposed by Mueller and Kahle [1993] and also found by other neotec-
tonic studies based on microseismicity [Hatzfeld et al., 1990] or geodetic data [Davies et al.,
1997]: The transition of predominantly N-S directed extension around the Gulf of Corinth
into E-W extension of the Peloponessos takes place in the northern Peloponessos. A zone
of extension connects the south coast of the Gulf of Corinth across the Peloponessos with
western Crete (explained by backarc spreading in the Aegean Sea by Mueller and Kahle
[1993]). Tension changes into compression at Kephalonia and the western Peloponessos
due to the collision between the Adriatic Sea and the Aegean region. The small transi-
tion zone between both regimes runs from northern Greece across the Gulf of Patras to the
southwestern Peloponessos.

In general, the orientation of the principal extension axes of solutions I and II at the
northern Aegean Sea follow the orientation of the tensional stress and T-axes field, which
gradually changes from NNW-SSE in central and northern Greece (22 °E, 40°N) towards
NNE-SSW in the eastern Aegean Sea (26°E, 40°N)), at the islands Lesbos and Chios (26°E,
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39°N) and western Turkey (27°E, 38°N). The strike-slip events delineate the regions of
dextral slip associated with the branches of the North Anatolian fault as we find it in the slip
component of solution II. The orientation of T-axes of normal faulting events characterizing
the North Aegean trough (23.5°E, 39.5°N) agrees with the pure extension of both solutions.
Earthquakes between the North Aegean trough and the Gulf of Corinth show N-S extension,
where both solutions I and II only contain N-S extension at the Parnassos region (23 °E,
38.5°N). The shear strain rates in solution I and II found at Evvia and the Gulf of Evvia
(23.5°E, 38.5°N) are not confirmed by strike-slip mechanisms.

Only a few large earthquakes have been generated in the interior of the Aegean Sea,
which is reflected in our solutions by a relatively weak strain rate field. However, we find
no agreement between principle strain rates and P-axes or stress indicators. In the south-
eastern Aegean Sea orientation of T-axes northwest of Rhodes are slightly different, but the
orientation of the stress indicator on Rhodes agrees with the NW-SE orientation of extension
of solution I and II at this region.

Style and orientation of the widespread earthquake activity along two parallel, E-W
trending seismicity belts at the Gulf of Corinth and between central Greece mainland and
the Gulf of Evvia show N-S extension. This region has been proposed to represent a pull-
apart system [Armijo et al., 1996; Ambraseys and Jackson, 1990; Taymaz et al., 1991, e.g.,].
The epicenter of the Grevena earthquake (the NNW-SSE oriented T-axis at about longitude
22°, latitude 407, figure 3.17) is located north of this zone. Prior to the Grevena earthquake
northern Greece was regarded as an aseismic, rigid block based on the low instrumental
seismicity during the last few decades to 100 years [Papazachos et al., 1989]. However,
recent investigations of its seismic history, triggered by the unexpected appearance of the
strong Grevena earthquake sequence, present evidence for large earthquakes that took place
hundreds of years ago, suggesting recurrence periods of around 200 years [Stiros, 1998].
Our strain rate solutions (figures 3.9 and 3.10), the computed velocity fields (figure 3.14
and 3.15) and the Grevena earthquake sequence suggest that the zone of N-S extension
is located or distributed more to the north than was formerly assumed. This was already
noted by Kabhle et al. [2000] from a joint consideration of the central and northern Greek
neotectonic and seismotectonic patterns. The kinematic models of Taymaz et al. [1991] and
Jackson et al. [1992] do not extension at this region either, because these models are based
on earthquake data. The resulting strain rate field from inversion of the original data set
(section C.1, figure C.2A) also contains the zone of extension at northern Greece, although
of narrower width and lower magnitude. Future space geodetic studies at this area and
north of it are necessary to provide more accurate boundary constraints on the wide-spread
extension and pull-apart mechanisms in central and northern Greece.

In summary we infer both agreement and disagreement with principle directions of
earthquake moment tensors. In part this may reflect errors in both our model and in the
moment tensor estimates. But, we cannot exclude that disagreement may reflect a differ-
ence between the near surface and deeper crustal deformation. One cause can be that if
near surface deformation is (isotropically) elastic the principle axes of strain rate will align
with those of the near surface stress field. In particular, since the Earth’s surface is stress
free this requires that one principle axis is always perpendicular to the surface. At larger
depth there is no such requirement and principle axes may rotate forced by deeper crustal
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dynamics. This consideration would suggest that combining geodetic data with moment
tensor solutions is not straightforward.

3.8.4 Rotation rates: comparison with paleomagnetism

The rotation rates of solution I and II, based on geodetic data, are representative for the
period of observation (e.g., approximately 100 years), while paleomagnetic data are repre-
sentative for the past million years. Furthermore, our computed rates refer to rotation about
a vertical axis of a small rigid equidimensional element, while paleomagnetic rotations may
represent rotations of considerable crustal blocks [McKenzie and Jackson, 1983]. To de-
termine the extent to which the present-day pattern may be representative for the past few
million years and reflects larger-scale crustal block rotation we compare the rotation rates
of solution I and II with young paleomagnetic observations obtained in the Aegean region.

From paleomagnetic observations Kissel and Laj [1988] proposed a Neogene evolu-
tion for the Aegean arc, starting from an E-W trending configuration. During the middle
Miocene, the western (NW Greece) and eastern (SW Turkey) Aegean Arc started a clock-
wise and counterclockwise rotation, respectively. A second phase of rotation was thought to
have occurred only in the western Aegean arc (Ionian islands) during the last 5 Myr. How-
ever, from paleomagnetic data Duermeijer et al. [2000] found evidence for a young (< 0.8
Myr) and rapid clockwise rotation phase in the western Aegean arc and a young (presum-
ably < 2 Myr) counterclockwise rotation phase in the eastern arc, of which the latter has
been proposed earlier by Le Pichon and Angelier [1979]. Paleomagnetic and neotectonic
observations suggest that the region inside the Aegean arc consists of two major blocks
with an opposite sense of rotation. The islands Naxos and Milos exhibit counterclockwise,
Mykonos and Tinos clockwise rotations [Kondopoulo and Pavlides, 1990; Avigad et al.,
1998; Walcott and White, 1998], the latter being consistent with areas to the northwest on
the Greek mainland [Kissel et al., 1986]. This implies that the boundary between the two
rotation phases lies north of Naxos, and probably also north of Kythira [Duermeijer et al.,
2000].

Solutions I and II show large parts of the Aegean rotating in the same manner of which
the orientation is consistent with the paleomagnetic observations obtained by Duermeijer
et al. [2000], which suggests that the rotation rates represent longer-term, larger-scale crustal
block rotation. The dominant features of our rotation rate solution (i.e. the presence of two
regions with an opposite rotational orientation and strong extension at central Greece) agree
with the results from a geodetic study of Le Pichon et al. [1995]. According to their results
the area north of the Gulf of Corinth and western Peloponessos are subject to a clockwise
rotation and the area south of the Gulf of Corinth and the Aegean Sea to a counterclockwise
rotation. In the rotation rate fields of solutions I and II the boundary between clockwise
and counterclockwise rotation rates is located somewhat different, since we find the whole
Peloponessos participating in the clockwise rotation phase. Le Pichon et al. [1995] pro-
pose the North Anatolian fault as the northern boundary of the counterclockwise rotation
phase of the Aegean Sea. This is consistent with the results of solution II, in which the
clockwise rotation rates around the North Anatolian fault of solution I are replaced by dex-
tral slip motion. The continuation of the boundary between the regions of clockwise and
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Figure 3.19: Three kinematic models of the present-day surface deformation of the Aegean de-
scribed in the text. The grey line indicates the Hellenic arc. The cartoons represent the models of
(A) McKenzie [1972, 1978]; (B) Taymaz et al. [1991] and Jackson et al. [1992]; (C) Le Pichon et al.
[1995].

counterclockwise rotation rates agrees very well with paleomagnetic studies [Kondopoulo
and Pavlides, 1990; Avigad et al., 1998; Walcott and White, 1998; Duermeijer et al., 2000]:
Tinos and Mykonos are part of the clockwise rotation phase of Greece, while Naxos, Milos,
Kythira and the southern tip of the Peloponessos exhibit counterclockwise rotation together
with the predominant part of the Aegean Sea.

3.9 A detailed view on crustal deformation of the Aegean
region

The agreement in orientation between the slip vectors of solution II and geological obser-
vations and the consistency found between rotation rate results and paleomagnetic obser-
vations suggests that the deformation field of solution II reflects larger-scale crustal block
motion. We use this solution to propose a model of the kinematics of the (present-day) de-
formation of the brittle upper-layer of the Aegean crust and compare it with other kinematic
models of the Aegean. For an overview of the kinematic models of Aegean tectonics we
refer to Jackson [1994]. In general, three basic kinematic concepts can be extracted from
the literature:

1. The model proposed by McKenzie [1972, 1978] is based on the distribution of focal
mechanisms and consists of three interacting micro-blocks (figure 3.19). Assuming
that the colliding continental blocks at northwestern Greece and the Hellenic trench
must accommodate the SW-directed motion of Anatolia, NE-SW oriented dextral
strike slip across the island of Evvia, the Parnassos region and the central Gulf of
Corinth, connecting to the Kephalonia fault zone separates the southwestward moving
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southern Aegean from northwestern Greece. N-S directed extension on EW-trending
graben structures at western Turkey characterizes the boundary between the south-
ern Aegean and northeastern Aegean fixed to Anatolia. This model is supported by
the kinematic interpretation based on GPS velocities presented by McClusky et al.
[2000].

2. Taymaz et al. [1991] use the wide-spread intraplate seismicity to develop a floating-
block continuum model (i.e. the ‘broken slat model’). In this model NE-oriented
dextral strike-slip faults at the eastern Aegean Sea, associated with the western ter-
mination of the North Anatolian fault, end against NW-SE and E-W trending normal
faults in central and northern Greece. This would explain the simultaneous processes
of dextral slip in the east and N-S oriented extension in the west across the Gulf of
Corinth and central Greece. The velocity model of Jackson et al. [1992], also based
on the information from earthquakes, agrees with the model of Taymaz et al. [1991]
and predicts clockwise rotation rates throughout the central Aegean and counterclock-
wise rotation rate at the eastern Aegean and western Turkey. Further, the absence of
seismicity in the Aegean Sea suggests that this region moves to the southwest as a
rigid unit at present.

3. According to the model of Le Pichon et al. [1995] the area north of the Gulf of Corinth
and the western Peloponessos are subject to a clockwise, the area south of the Gulf
of Corinth and the Aegean Sea, part of Anatolia, to a counterclockwise rotation, thus
producing a N-S extending Gulf of Corinth, that represents the boundary between
both regions. This zone of extension initiates as a narrow zone extension at the North
Aegean trough and widens towards the western Aegean.

Recent studies on the present-day crustal deformation of the Aegean region based on
paleomagnetic and geodetic data indicate that especially the relative rotations of individual
blocks play an important role [Le Pichon et al., 1995; Duermeijer et al., 2000]. The relation
between rotating blocks and fault slip are visualized, in a highly simplified representation,
in figure 3.20. In cartoon 3.20A two individual blocks with a relative counterclockwise
rotation are separated by a fault zone. If a data set would densely sample the velocity field
related to the motion depicted in figure 3.20A application of our method will characterize
both blocks and the fault zone in between by counterclockwise rotation rates and dextral
slip, respectively. If the relative motion of the blocks can not be completely accommodated
by slip, due to for example locking of the fault or data acquired within the fault zone,
this results in distributed deformation, which will show up in our solution as clockwise
rotation rates and NW-SE directed extensional and NE-SW directed contractional strain
rates concentrated around the fault zone. Cartoon 3.20B displays the same deformation
parameters for two blocks rotating with a clockwise orientation.

Naturally, in practice, interpretation based on these highly schematic relations strongly
depends on data density and the location of incorporated faults. Furthermore, the rotation
of an independently moving block will rarely be completely rigid and probably be subject
to strongly varying deformation phases on small spatial scales. Nevertheless, we assume
that we have parameterized the main faults (and thus delineated the main crustal blocks)
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Figure 3.20: Relative block rotations: (A) Block I and II both rotate with a counterclockwise ori-
entation. Dextral slip, clockwise rotation rates and shear strain rates characterize the fault zone. (B)
The same deformation parameters as shown in (A) for two blocks, rotating clockwise. In this case
the fault zone is characterized by sinistral slip rates, counterclockwise rotation rates and shear strain
rates; (C) One block with a counterclockwise rotation rate is intersected by a fault. The fault zone is
characterized by sinistral slip rates; (D) One block with a clockwise rotation rate is intersected by a
fault. The fault zone is characterized by dextral slip rates. See the text for further information.

and that our solution therefore reveals whether blocks move independently and if so, what
the orientation of their relative motion on average is.

The main results for strain, rotation and slip rates of solution II are summarized in figure
3.21 and discussed per region. In the remainder of this section reference to figures 3.8 (slip
rates of solution II), 3.10 (strain rates) and 3.11B (rotation rates) is done by only using the
figure numbers.

North Anatolian fault and North Aegean trough

The models of Taymaz et al. [1991]; McKenzie [1972] and Le Pichon et al. [1995] agree
upon a dextral North Anatolian fault and an extending North Aegean trough, also found
in our results (3.8 and 3.10). The deformation pattern found around the North Anatolian
fault zone can be represented by cartoon 3.20A. Dextral slip motion on the North Anatolian
fault separates two counterclockwise rotating regions of northeast Greece and the northeast
Aegean Sea (3.11B). In solution I the region around the North Anatolian fault is wider than
in solution II and characterized by clockwise rotation and shear strain rates, as depicted in
cartoon 3.20A in the zone between the two rotating blocks. The region south of the main
trace of the North Anatolian fault is subject to distributed continuous deformation in the
form of strong shear strain rates (3.10). To what extent this deformation is accommodated
by the many, not parameterized, subbranches of the North Anatolian fault is not clear. Pro-
jection of the orientation of the principle strain rates onto the average NE-SW orientation of
the strikes of these small faults suggests dextral slip.

In contrast to Taymaz et al. [1991], both McKenzie [1972] and Le Pichon et al. [1995]
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Figure 3.21: Straight grey lines represent parameterized faults or plate boundaries. Straight black
lines indicate deformation zone on which common agreement exists. Dashed lines represent deforma-
tion zones inferred from solution II. The symbols in the figure, explained in the legend, indicate the
main features of solution II in a highly schematic manner. Abbreviations CW and CCW in the legend
denote clockwise and counterclockwise, respectively. The size of the symbol refers to the size of the
region for which it represents the deformation mechanism.

propose a continuation of the North Anatolian fault zone in southwestward direction towards
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the Gulf of Corinth in the form of a continuation of strike-slip and widening of the boundary
zone from the North Aegean trough, respectively. We find clockwise rotation rates at the
island of Evvia and the Parnassos region (3.11B), separated by sinistral slip along the coast
of the Gulf of Evvia (3.8). This pattern suggests a connection of the North Anatolian fault
to the Gulf of Corinth occurring by clockwise rotation rates of small blocks and sinistral
slip on the faults bounding the Gulf of Evvia. This type of deformation can be viewed
as the deformation within a fault zone between blocks that perform a counterclockwise
rotation with respect to each other, as indicated by figure 3.20A. It is interesting to note
here, that the interpretation of the deformation field largely depends on the scale at which we
consider the results; clockwise rotation rates at Evvia and the Parnassos region, separated by
sinistral slip, can also be viewed as the representation of cartoon 3.20B. The E-W trending
zone of N-S extension at northwestern and northern Greece (3.10), connecting the North
Aegean trough to the transcurrent, dextral fault system east of the collision zone between
the Adriatic Sea and the Aegean region, has been discussed in section 3.8.3.

Connection of the Kephalonia fault zone with the transcurrent fault system at the Alba-
nian coast and projection of the uniform shear strain rates, with NW-SE oriented extension
and NE-SW oriented contraction, onto this imaginary fault, would result in dextral fault
motion that transfers the northern Greek extension to the Kephalonia fault zone. The com-
bination of clockwise rotation and dextral slip around the Kephalonia fault zone implies that
this region does not consist of different crustal blocks, but constitutes one block, the dextral
slip of the Kephalonia fault a manifestation of clockwise rotation (like clockwise rotation
rates in solution I indicate the dextral slip regime of the North Anatolian fault zone).

Gulf of Corinth and Gulf of Patras

The deformation pattern around the Gulfs of Corinth and Patras (the Gulf hereafter) is com-
plex. Consistent with results of Le Pichon et al. [1995] and discussed in section 3.8.2,
our solution shows an increase of widening in the form of normal slip motion across the
Gulf from east to west. We find dextral slip on the northeastern segment and all south-
ern segments of the Gulf (3.8) and clockwise rotation rates north of, within and southwest
of the Gulf (3.11B). Following the relations between rotation and slip proposed in figure
3.20 this suggests that the Parnassos region, the eastern part of the Gulf and the northern
and northwestern Peloponessos are part of the same clockwise rotation regime. The strong
sinistral strike-slip motion along the northwestern coast of the Gulf continuing along the
Katouna fault zone into the Gulf of Arta (3.8) in combination with clockwise rotation rates
at central Greece (3.11B) implies that central Greece represents an individual subregion.
The existence of these differently behaving, neighboring regions requires two transitional
boundaries; the first between the eastern and western part of the northern Gulf coast and
the second between the northwestern part and the rest of the Gulf. In figure 3.21 we have
interpreted both transitions as part of the same continuation of the northwestern boundary
of the widened deformation zone associated with the North Anatolian fault. The derived
deformation zone connects the North Anatolian fault across the Gulf with the Kephalonia
fault zone. The location of its trace agrees with the location of the boundary zone across
the Aegean proposed by McKenzie [1972, 1978] (figure 3.19A). Several studies based on
different types of observations also suggest different deformation mechanisms at the eastern
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and western part of the Gulf. GPS data show that N-S oriented extension across the east is
considerably weaker than across the west [Briole et al., 1996; Davies et al., 1997; Clarke
et al., 1997a, 1998]. Evidence for shallow, high conductivity is found only in the western
part of the Gulf [Pham et al., 2000]. Fault plane solutions suggest a low-dip angle (<30 °)
fault for the west, in which the steeper faults that reach the surface at the south-side of the
Gulf root [Rigo et al., 1996], and on average 45 © dipping nodal planes at the east [Rietbrock
et al., 1996; Bernard et al., 1997]. A teleseismic tomography study of Tiberi et al. [2000]
images a NW-SE trending, narrow zone of thinned crust under Parnassos and Attica. This
zone is overlapped by the northeastern part of the Gulf. Because the Gulf trends in a more
E-W direction, a maximum lateral offset of about 20 km between the thinned crust and the
Gulf is reached at the western part of the Gulf. Tiberi et al. [2000] suggest that a low-angle
normal fault would explain why extension takes place within the Gulf, while the thinned
crust is located more to the north. This rift geometry would suggest a gradual transition
from extension on a common graben structure in the east to extension due to a low-angle
normal fault in the west. Furthermore, the implicit westward propagation of the Gulf, in our
model resulting from the dextral slip along its southern coast and the sinistral slip along the
boundary crossing the Gulf, has also been observed or inferred by others [Le Pichon et al.,
1995; Armijo et al., 1996; Clarke et al., 1998; Tiberi et al., 2000]. Whether our results are
influenced by the low data density at the western side of the Gulf is difficult to say; future
GPS campaigns will most likely provide further constraints on this.

Peloponessos

Le Pichon et al. [1995] argue that extension between the Aegean Sea, being part of the
Anatolian microplate, and northern Greece, due to the opposite rotations of these regions,
is distributed along the coastal plains of the mainland of Greece and the Peloponessos. Our
results agree with their conclusions that extension east of the Gulf of Patras must be concen-
trated within the Gulf of Corinth and extension west and north of Patras is accommodated
as extension at the pull-apart basin of the Gulf of Arta and as sinistral slip on the N-S
trending segment of the Katouna fault system. However, they derive N-S directed extension
within northwestern Peloponessos, where we find a distribution of deformation that can be
explained by two blocks rotating in a clockwise manner (central Greece and the Ionian-
western Peloponessos region) separated by a sinistral strike-slip fault (the Katouna fault) as
shown in figure 3.20B.

3.10 Conclusions

We have analyzed a preliminary version of the SING geodetic velocity data set, which
densely samples the Aegean area [Clarke et al., 1999; Cruddace et al., 1999]. We reduce
the data set by removing the velocities that have been computed from only two station
occupations and those that may have been influenced by two large seismic events, the 1995
Grevena and Aigion earthquakes that took place at the end of the time interval of station
occupation. We assume that for the reduced data set remaining seismic motions are averaged
out over the time interval between the first and last measurements at these sites.
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We perform two series of inversions to derive the crustal deformation field from the data.
In the first we invert for the lateral velocity gradient field (Vv) only (I) and in the second
for the lateral velocity gradient field and horizontal fault motion (s) simultaneously (II).
In inversion II the main fault zones and plate-boundaries are incorporated. Per inversion
procedure a solution (I and II for inversion procedures I and II, respectively) is selected
with reasonably well covariance, data fit and resolution properties. The main differences
between solution I and II are found at the areas, where faults accommodate strong slip rates
in solution II (i.e., the northern Aegean Sea, the mainland of Greece, the Gulf of Corinth
and the Ionian region). Besides decrease of the average magnitude, the spatial distribution
of Vv of solution II is different from solution I, which can be observed from local changes
in orientation of the principle strain rates.

In general, the properties of solution I are in good agreement with results from earlier
geodetic studies solving for the lateral velocity gradient field on regional and local scale
[Davies et al., 1997; Clarke et al., 1997a, 1998; Kahle et al., 2000; Le Pichon et al., 1995].
Most of the differences between our results and results from these studies can be explained
by differences in density, origin and time of measurement of the data and possible postseis-
mic influence incorporated in the data. From comparison of solutions I and II with P- and
T-axes of shallow earthquakes and with stress data we find both patterns of agreement and
disagreement. Possible causes for these discrepancies are errors in our model, errors in the
moment tensor estimates or differences between the near surface and deeper crustal defor-
mation, the latter suggesting that combining geodetic data with moment tensor solutions is
not straightforward. The orientations of the slip vectors of solution II are generally in good
agreement with geological observations and geodetic derivations. The consistency found
between rotation rate results and young (=~ 1Myr) paleomagnetic observations suggests that
our deformation field reflects larger-scale crustal block rotation.

We present a new, detailed view on the present-day kinematics of the Aegean crustal de-
formation field assuming that solution II identifies possible large scale upper-crustal block
motion. Consistent with results of Le Pichon et al. [1995] the clockwise rotation of cen-
tral and western Greece and the counterclockwise rotation of the Aegean Sea, represented
by individual zones of counterclockwise rotation rates, are separated by the dextral North
Anatolian fault zone in the east. In westward direction the deformation zone associated
with the North Anatolian fault continues as N-S extension into the North Aegean trough
and crosses northern Greece. In southwestward direction the deformation associated with
the North Anatolian fault is transferred by clockwise rotation of small blocks to the Gulf
of Corinth. The location of the inferred fault zone associated with the North Anatolian
fault and its continuation into the Gulf of Corinth agree with the boundary zone between
the Aegean and the Anatolian micro-plates, proposed by McKenzie [1972, 1978]. In the
Gulf of Corinth and the Gulf of Patras N-S oriented extension and E-W oriented dextral slip
motion dominate the deformation field. Active tectonics in the Ionian region result from a
strong dextral shear strain regime at the Kephalonia fault zone caused by the relative motion
between the Aegean and the Adriatic Sea to the north and the fast southwestward moving
Aegean microblock.
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Chapter 4

Crustal deformation of Southeast
Asia

4.1 Introduction

The kinematics of Southeast Asia are determined by the convergence of the Eurasian, Indo-
Australian, Philippine Sea and Caroline plates (figure 4.2B). Global plate motion models
[e.g., DeMets et al., 1990, 1994] describe the rigid motion of plates, but can not be applied
to derive the deformation field within the plates and boundary zones. Since the begin-
ning of the 90’s complementary information on the velocity field has been provided for by
space geodetic measurement campaigns, held in different parts of Southeast Asia. An ever
increasing collection of (mainly) GPS data sets consists of regional studies [e.g., Wilson
et al., 1998; Kato et al., 1998b; PCGIAP Working Group 1, 1998; Bock et al., 2001; Michel
et al., 2001] and more local studies sampling the velocity field within plate-boundary zones
(e.g., Java [Tregoning et al., 1994]; New Guinea [Puntodewo et al., 1994; Tregoning et al.,
1998]; Sumatra [Prawirodirdjo et al., 1996, 2000; Genrich et al., 2000]; Taiwan [Yu et al.,
1999]; Sulawesi [Walpersdorf et al., 1998; Simons et al., 1999; Stevens et al., 1999]; and
the Banda region [Genrich et al., 1996]).

In this study we apply our inverse method, discussed in chapter 2, to an integrated
data set, consisting of several regional and local GPS data sets obtained in Southeast Asia.
Our main objective is to determine the spatial variation in the surface deformation field by
inverting the data into (1) discrete slip motion on major fault zones in the plate boundary
regions and (2) the velocity gradient field in the crustal blocks and plate interiors.

4.2 Tectonic setting
Southeast Asia is considered as the area that is bounded in the west by Laos, Thailand and

the Malaysian peninsula, in the south by the Indonesian archipelago (Sumatra, Java, Sumba,
Timor), in the east by Irian Jaya (Indonesia) and the Philippines and in the north by Taiwan
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Figure 4.1: Southeast Asia, with lines indicating the plate boundaries and main faulting structures;
Key: Plates: IP, Indian; AP, Australian; PSP, Philippine Sea; EAP, Eurasian. Trenches: ST, Sumatra;
JT, Java; NGT, New Guinea, NST, North Sulawesi; PT, Philippine; SaT, Sangihe; HT, Halmahera;
SuT, Sulu; CT, Cotabato; NT, Negros; MT, Manila. Troughs: TT, Timor; SeT, Seram; AT, Aru. Fault
zones: SF, Semangko; BF, Batee; MeF, Mentawai; MF, Matano; PaF, Palu; YF, Yapen; RF, Ransiki;
SoF, Sorong; TAF, Tarera-Aiduna; PF, Philippine; LVF, Longitudinal Valley. Backarc thrusts: FT,
Flores; WT, Wetar. NCS, North Celebes Sea; SS, Sunda Strait; BBa, Banda backarc; HTB, Highlands
Thrust Belt; PMB, Philippine Mobile Belt.

and Vietnam (figure 4.1).

Interaction between local, relatively rigid blocks and broad zones of distributed defor-
mation characterizes the regional tectonics of Southeast Asia. Although Southeast Asia is
formally considered to be part of the Eurasian continent, evidence for deformation within

Figure 4.2: Figures on next page: Tectonics of SEA. (A) Contours denote age of oceanic lithosphere
(unknown in the area without contouring). Dots denote earthquakes from the Harvard CMT catalogue;
from light-grey to darker denotes shallow (60 km) to deep (700 km) events. Key: IP, Indian plate;
AP, Australian plate; CP, Caroline plate; PSP, Philippine Sea plate; EAP, Eurasian plate; SCS South
China Sea. (B) Arrows denote the NUVEL-1a plate velocities relative to a stable Eurasia [DeMets
et al., 1994]; dark-grey: Indian plate, grey: Australian plate, white: Pacific/Caroline plate, light-grey:
Philippine Sea plate. Focal mechanisms of shallow earthquakes (to a depth of 30 km).
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the Asian plate suggests independent motion of Sundaland, i.e. the stable interior of South-
east Asia [e.g., Cardwell and Isacks, 1978; Tapponnier et al., 1986]. Recently, three inde-
pendent studies based on GPS measurements and focal mechanisms found a small north to
northeast motion of Sundaland relative to Eurasia [Tregoning et al., 1994; Simons et al.,
1999; Kreemer et al., 2000].

Along the Sunda arc-trench system, extending from the Eastern Himalayan Syntaxis to
Sumba, the Indo-Australian plate moves with a rate of about 70-75 mm/yr in average N25 °E
direction relative to Eurasia [DeMets et al., 1990] (figure 4.2B). At Sumatra relatively young
(= 50 Myr) oceanic lithosphere (figure 4.2A) subducts in a direction obliquely to the trench.
The seismic history of the Sunda Arc during the last 300 years reveals 2 large (M, >
8) interplate earthquakes with thrust mechanisms at Sumatra, suggesting that a significant
percentage of motion perpendicular to the plate boundary occurs seismically [Newcomb
and McCann, 1987]. The Java trench remained relatively calm, probably as a result of the
old age (of ~ 150 Myr) of the subducting oceanic lithosphere [Hamilton, 1979] (figure
4.2A) and the sub-perpendicular direction of plate convergence (figure 4.2B). The Banda
arc connects to the Sunda arc in the west at Sumba and extends along the Timor, Aru and
Seram troughs in a horseshoe-shape to the east and north. Along the southern Banda arc
continental lithosphere of Australia reached the trough about 3 Myr ago and initiated the
accretion of the forearc to the subducting plate [Hamilton, 1979]. The seismic history of the
Timor forearc does not reveal major thrust earthquakes. The occurrence of large (M , > 7)
earthquakes in the backarc [McCaffrey, 1988] supports the view that continental collision
probably caused transfer of deformation from the forearc to the Flores and Wetar backarc
thrusts as a result of Quaternary uplift and crustal thickening of the forearc [e.g., Audley-
Charles, 1975; Silver et al., 1983b, 1986].

Oblique shortening between the Pacific (Caroline) and Australia plates at an azimuth
of 248° and rate of 110 mm/yr [DeMets et al., 1990] is accommodated in the Irian Jaya
province of Indonesia (western part of New Guinea). Geological structure and the motion
of the northern part of the Bird’s Head suggest that at present the Sorong-Yapen-Ransiki
fault zone constitutes the main boundary between Australia and the Pacific [Hamilton, 1979;
Abers and McCaffrey, 1988; McCaffrey and Abers, 1991]. The Palu-Koro and Matano faults
at Sulawesi form the boundary between Sundaland to the west and the zone of convergence
between Australia and the Pacific to the east. E-W shortening in this collisional setting is
accommodated by clockwise rotation of the Sulawesi block along the Palu-Koro-Matano
fault system [Hamilton, 1979; Silver et al., 1983a; Surmont et al., 1994].

The motion of the Philippine Sea plate is not well constrained due to lack of spreading
boundaries [e.g. Ranken et al., 1984; DeMets et al., 1990]. However, recently obtained GPS
measurements [Kato et al., 1998b; Yu et al., 1999] agree with plate motion models [Seno
etal., 1993; DeMets et al., 1994]. Along the western boundary of the Philippine Mobile Belt
eastward subduction of marginal basins (South China Sea, Sulu Sea and Celebes Sea) at the
Manila, Negros and Cotabato trenches continues very slowly due to collision of the Palawan
continental block [Rangin, 1989; Barrier et al., 1991]. After the initiation of this collision (8
to 9 Ma) subduction changed from west to east of the Philippines. Here, oceanic material of
the Philippine Sea plate subducts northwestward at the Luzon trough and Philippine trench.
South of 3°N and north of 15°N evidence for an active Philippine trench disappears [Nichols
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et al., 1990]]. At the Molucca Sea plate convergence is taken up by the doubly subducting
Molucca plate; eastward beneath Halmahera (part of the Philippine Sea plate) and westward
beneath the Sangihe trench (an Eurasian margin) [Quebral et al., 1996; Lallemand et al.,
1998; Rangin et al., 1999]. Northward translation along the Philippine fault and subduction
along the Manila trench of the North Luzon arc resulted in collision with the Eurasian
continental margin at Taiwan [Suppe, 1981; Lee and Lawver, 1994]. Near Taiwan, the
Philippine Sea plate moves toward Eurasia at a rate of 86 mm/yr with an azimuth of 307 °
[Seno et al., 1993; DeMets et al., 1994].

4.3 Data

Four GPS data sets with epochs ranging between 1989 and 1997 provide most of the hori-
zontal velocities for our application (figure 4.3): (1) The GPS data set of Matheussen [2000]
completely covering the Southeast Asian region, (2) the GPS data set of Bock et al. [2001]
sampling the Indonesian island arc, (3) the GPS data set of Yu et al. [1999] sampling Taiwan
and Luzon and (4) five velocity measurements of the GPS data set of Kato et al. [1998b]
(WING-data set) located at the Philippine Sea Plate, Taiwan and Southeast China. We as-
sume that the velocity field has remained stationary during the overall period of observation.

4.3.1 Main data set

We define the data set of Matheussen [2000] as the main data set in the inversion, since it
covers the whole model area and can serve as a reference, with respect to which the other
data sets are defined. The GPS data set of Matheussen [2000] contains the GEODYSSEA
data, the Sulawesi data and the APRGP data. The GEODYSSEA data set covers the whole
region of Southeast Asia and consists of about 40 sites. Incorporated are the GEODYSSEA
data that have been obtained during 2 campaigns in 1994 and 1996 [Simons et al., 1999;
Wilson et al., 1998] and the Indonesian sites only of the GEODYSSEA 1998 campaign
[Michel et al., 2001]. The Sulawesi data set consists of about 45 stations and has been
obtained during campaigns in 1997 and 1998 [Simons et al., 1999]. The APRGP data [PC-
GIAP Working Group 1, 1998] have been obtained during campaigns in 1997 and 1998
and cover a broad area; besides Southeast Asia, also Australia, Japan and Iran. Matheussen
[2000] analyzed the raw data with the GAMIT [King and Bock, 1999] and GLOBK [Her-
ring, 1999] software packages. By applying the fiducial network approach, based on about
fifty sites of the International GPS service for Geodynamics (IGS) network [Beutler et al.,
1994], the different data sets were combined within the International Terrestrial Reference
Frame (ITRF97) [Sillard et al., 1998; Boucher et al., 1999]. For our inversion we use about
20 vectors of the Sulawesi data set by excluding the data that densely sample the Palu-Koro
fault transect (figure 4.4C). We only use the southeast Asian part of the APRGP set, which is
densest at Malaysia, Thailand, Vietnam and Laos, but also contains sites at Java, Sumatra,
Sulawesi, the Philippines and Irian Jaya. The final subset of the Matheussen [2000] data
in the inversion consists of 59 velocities, with an average formal standard deviation of 1.0
mm/yr.



82 Crustal deformation of Southeast Asia

20N

10N

10S

20S

100E 110E 120E 130E 140E
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Figure 4.3: The GPS velocity data sets, used in this study, are plotted in the coordinate systems
in which they originally were defined. The four velocity vectors with shaded ellipses are the extra
Australia vectors discussed in section 4.3.3.

4.3.2 Other data sets

The Indonesia GPS data set of Bock et al. [2001] results from GPS geodetic surveys in 1989-
1994 [Puntodewo et al., 1994; Tregoning et al., 1994; Genrich et al., 1996; Prawirodirdjo
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Figure 4.4: Details of figure 4.3; (A) (on previous page) Taiwan and the northern Philippines (Luzon);
(B) (on previous page) Sumatra; (C) the Banda region, Sulawesi, Halmahera and Irian Jaya. The color
code of the vectors and ellipses corresponds to the color code used in figure 4.3.

et al., 1996; Stevens et al., 1999; McCaffrey et al., 2000]. The data comprise over 150 sites.
More than half of these velocities is located in Sumatra (figure 4.4B) along both sides of
both the Mentawai and the Semangko fault, covering a large part of the Sumatra fore- and
backarc (figure 4.4B). This part of the data set is described by Prawirodirdjo et al. [2000]
and Genrich et al. [2000]. The remaining part of the data covers all major islands of Indone-
sia (figures 4.3 and 4.4C). We exclude the GPS data that are part of local arrays and densely
sample transects over the Semangko fault zone [Genrich et al., 2000], which finally leaves us
with 68 velocities of the original set. In general, the data processing is similar as described
for the Matheussen [2000] data; the daily solutions for each survey year were estimated by
application of the programs GAMIT [King and Bock, 1999] and GLOBK [Herring, 1999],
merged in a single Kalman filter solution and combined within the International Terrestrial
Reference Frame (ITRF96) [Boucher et al., 1999]. The formal standard deviations on the
velocity measurements are on average 2 mm/yr for the north and 5 mm/yr for the east com-
ponent, based on a white noise stochastic model for site coordinates [Zhang et al., 1997].
However, it has been suggested that GPS position estimates are significantly influenced by
colored noise [Bock et al., 1997; Zhang et al., 1997], which would result in formal errors
that are 2 to 4 times larger [Genrich et al., 2000].
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Source | lo la w (°/Ma)
DeMets et al. [1994] | -112.4°E 50.6°N 0.23
Larsonetal. [1997] | -102.8°E4+4.1 56.3°N+4.3 0.26%0.02
Sillard et al. [1998] -120.5°E+2.8  48.6°N+3.2 0.21+0.01
This study -101.9°E£2.3  55.8°N#£1.5 0.2440.01

Table 4.1: Eurasia-ITRF Euler poles. Key: lo, longitude; la, latitude; w, rotation rate.

To better constrain the Philippine Sea Plate we add 5 vectors of the Western Pacific
Integrated Network of GPS (WING) data set [Kato et al., 1998b], a continuous GPS tracking
network. The velocities were estimated during the time-interval 1995-1997 and defined
with respect to Eurasia fixed in the ITRF96 reference frame (figure 4.4A). The definition
of stable Eurasia is based on a study of Heki [1996] who used VLBI data to compute the
residual motion of sites near plate boundaries. Heki [1996] estimated the motion of Tsukuba
at Japan under the assumption that VLBI sites on the Eurasian cratons represent the motion
of the rigid plate. As Tsukuba is also incorporated in the WING data, Kato et al. [1998b]
assign it the estimate of Heki [1996] and define the rest of the velocities with respect to this
site. Although they only fix Tsukuba site, they find consistency between their GPS velocity
and the VLBI velocity of Heki [1996] at Shanghai. The data have an average standard
deviation of 3.6 mm/yr.

We include 37 velocity measurements of the Taiwan GPS data set of Yu et al. [1999],
defined with respect to stable Eurasia (in ITRF96) (figure 4.4A). Fifteen newly established
stations at Taiwan and Luzon were occupied three times during 1996-1998. The full data
set also contains velocities from continuous GPS sites at Taiwan and of the WING network.
The data are defined in a similar manner as described by Kato et al. [1998b] for the WING
data, only now Shanghai represents the reference station and is the difference between the
Tsukuba velocity of this data set and the estimate of Heki [1996] insignificant. The data
have an average standard deviation of 1.9 mm/yr.

To define the velocities of the data sets of Kato et al. [1998b] and Yu et al. [1999] with
respect to the main data set we compute the Euler pole for the Eurasian plate from 6 stations
on stable Eurasia from the data set of Matheussen [2000], most of which are located in
Europe. Comparison with other studies shows good agreement between our pole and the
resulting pole of Larson et al. [1997] (see table 4.1). We rotate the Eurasia fixed data with
respect to the ITRF97 data and find in general a good match between the velocity vectors of
different data sets at the same sites (figure 4.5).

Although we transformed the Eurasia fixed data with respect to the main set, we still
leave two residual rigid rotation vectors to be determined in the inversion (section 2.2), one
for the set of Bock et al. [2001] and one for the combined data sets of Kato et al. [1998b] and
Yu et al. [1999]. Since the boundaries of our model encompass only 5 velocity vectors of
the WING data set [Kato et al., 1998b], we can not determine an individual residual rotation
vector for this set. Relative rotations between the networks might still be present due to
differences in network geometry, number of data or formal error distribution. Naturally,
these factors not only produce uniform rotations of one network with respect to another, but



86 Crustal deformation of Southeast Asia

20N
10N
0
108

50 mm/yr

==—=> Velocities transfered with EUR-ITRF9

===> Velocities in ITRF97 (Matheu:
208 =P Velocities with respect to Eyfasig fixed i 4

(Kato et al.,1998
100E 110E 120E 130E 140E

20N
10N

120E 130E

Figure 4.5: Rotation of the data of Kato et al. [1998b] and Yu et al. [1999]. Key for arrows: white,
data of Matheussen [2000] and Bock et al. [2001]; black, data of Kato et al. [1998b] and Yu et al.
[1999] in a Eurasia fixed reference frame; grey, data of Kato et al. [1998b] and Yu et al. [1999] after
multiplication with the Eurasia-ITRF Euler pole (table 4.1) for (A) the whole model area, (B) Taiwan
and the Philippines (detail of (A)).
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Source lo la w (°/Ma)
Argus and Gordon [1991] | 33.2°E 33.8°N 0.68
DeMets et al. [1994] 33.2°E 33.8°N 0.65
Larson et al. [1997] 40.7°E+2.8 31.4°N#+1.7 0.61+0.01
Sillard et al. [1998] 38.8°E£1.4 32.0°N+0.5 0.61+0.01
This study 37.5°E+0.3 32.9°N4+0.1 0.60+0.01

Table 4.2: Australia-ITRF Euler poles. Key: lo, longitude; la, latitude; w, rotation rate.

most likely also induce internal, non-uniform deformation. However, the latter can only be
dealt with by combining the field data and processing them simultaneously. In this study
we assume that relative differences between networks can be modeled by uniform rotations
with respect to the main set.

Figure 4.4A shows that differences exist between velocity vectors measured at the same
site of the data of Kato et al. [1998b] and of Yu et al. [1999]. This could be due to the
different time-intervals during which the sites of both networks have been occupied but,
since both data sets are defined with respect to only one station, may also be caused by the
inconsistent definition of the networks with respect to Eurasia fixed. For these data sets
a difference in a velocity measurement at the same site automatically becomes part of the
misfit after the inversion. Our treatment of the underestimation of formal errors in GPS
velocities is similar to what is described in Kreemer et al. [2000]. They multiply published
standard errors by a factor of 2 and use a factor of 10 for the IGS station in Singapore.
However, instead of a factor of 2 we use a factor of 3, as suggested by Genrich et al. [2000].

4.3.3 Extra Australia constraints

To provide better constraints along the southern boundary of our model area, we add four
velocity vectors at the Australian plate. We do not add extra data at the Philippine Sea plate,
because the motion of this plate is uncertain [Ranken et al., 1984; DeMets et al., 1990] and
our main data set does not sample this area densely enough to constitute a proper reference
with respect to which extra Philippine Sea plate data can be defined. We determine the
Euler pole from the 12 velocity vectors on the Australian plate in the data set of Matheussen
[2000] (figure 4.6) at 32.9°N, 37.5°E with a rate of 0.60°/Myr. Again, this pole agrees
with the Australia-ITRF pole of [Larson et al., 1997] for the Australian plate (see table
4.2). With our pole we calculate four extra velocity vectors along the Sunda and Banda
arcs (indicated in figure 4.3 by shaded ellipses). We do not calculate a velocity vector
west of 105° longitude, because of the transition to a different deformation regime south
of the Sumatra trench [e.g., Cloetingh and Wortel, 1986; Coblentz et al., 1998]. The added
rigid plate velocity vectors keep a minimal distance of 400 km from the plate boundaries,
except for the vector at Christmas Island near the Java trench. Recent GPS measurements
[Tregoning et al., 1994] reveal a relative velocity across the Java trench that matches the
NUVEL-1a vector within 1 cm/yr [McCaffrey, 1996], suggesting that the motion is close to
the rigid plate motion. In total the data set for inversion consists of 173 motion vectors.
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Figure 4.6: The velocity data used in this study. Arrows indicate: white, data sets of Matheussen
[2000]; Bock et al. [2001]; Yu et al. [1999]; Kato et al. [1998b]; black, data at Australian plate of
Matheussen [2000] used for the computation of the Australia-ITRF97 Euler pole (table 4.2); light-
grey, velocities computed with Euler pole determined by Australia data; dark-grey, four velocities that
are added to the data set used for the inversion as extra constraints on the southern model boundary.

4.4 Model parameterization and inversion

The data are inverted for two different representations of the Southeast-Asian crustal defor-
mation field; the first in terms of continuous deformation only (inversion I), the second in
terms of continuous deformation and fault motion (inversion II). Continuous deformation
is parameterized in terms of linear variation of the velocity gradient field over spherical tri-
angles. We apply the Delaunay triangulation method of Shewchuk [1996], which is based
on the Delaunay refinement algorithm for quality triangular mesh generation of Ruppert
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Figure 4.7: Parameterization of the model area. Thick lines indicate fault segmentation. Key: AT,
Aru trough; BF, Batee fault; CT, Cotabato trench; FT, Flores thrust; HT, Halmahera trench; JT, Java
trench; LVF, Longitudinal Valley fault; MeF, Mentawai fault; MF, Matano fault; MT, Manila trench;
NGT, New Guinea trench; NST, North Sulawesi trench; NT, Negros trench; PaF, Palu-Koro fault; PF,
Philippine fault; PT, Philippine trench; RRF, Red River fault, SaT Sangihe trench; SeT, Seram trough;
SF, Semangko fault; ST, Sumatra trench; SuT, Sulu trench; SYR, Sorong-Yapen-Ransiki fault; TAF,
Tarera-Aiduna fault; TT, Timor trough; WT, Wetar trench. White dots indicate the site positions. Note
that in our choice for the triangle nodes we are not restricted to the locations of the observation sites.

[1985]. We use the same triangular grid for inversions I and II (figure 4.7). For inversion
II on the fault traces duplicate model nodes are used to allow decoupling of the velocity
gradient field across the fault.

The limited density of the data set and our aim to model the regional deformation field
only restrict the estimation of the velocity gradient and fault slip to sizeable areas and fault
segments, respectively. In general, the local density of the stations is used as a guide for lo-
cal densification of model nodes for the triangulation. The main active faults of the regional
study of Lee and Lawver [1995] constitute the basis for fault selection. We choose to rep-
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i | T, | T, | K o ‘ Qg ‘ Qg X2 | ‘ Fe, ‘ &l
10~ 10 7 6 10~° mm
] | oty | o) EiliE

I | 163|305 | - 33 5.0 3.0 2.4 10.80 5.8 -

II | 211 | 305 | 64 0.2 5.0 1.0 |14 (088 | 5.3 1.4

Table 4.3: Some quantities characterizing results for the inversion for Vv only (inversion I) and for
joint estimates of Vv and s (inversion II). Key: ¢, inversion; 7;,, number of model nodes; T}, number
of triangles; K, number of fault segments; o, ; standard deviation of V x Vv = 0 data constraints;

T = % Zf\il R;;; the average model resolution, with R;; the resolution matrix and M the number

of model parameters; oy, = le Z?i“l v/Cii, the average standard deviation for the components

of Vv, with M. = 4T, the number of components of Vv; cffn = Mif Zf\ifl v Ci;, the average
standard deviation for the components of s, with M; = 2K the number of slip components.

resent complex fault systems in wide deformation zones by one single fault. For instance,
one fault segment with the coordinates of the main fault branch represents distributed fault
systems for the Semangko fault zone and Philippine fault zone. Some stations are located
between the subbranches of the actual fault zone and their motion may be influenced by
slip on the subbranches. Deformation at these stations and other deformation due to the
omission of smaller faults are in the inversion converted into estimates of the local velocity
gradient field.

Information from local studies is used to define the location of the fault traces more
precisely. The Semangko fault in Sumatra, the almost 2000-km long fault structure that
connects the Sunda Strait in the southeast to the Andaman Sea in the northwest, and the
Mentawai fault off the coast of Sumatra are implemented according to Bellier and Sébrier
[1995] and Diament et al. [1992], respectively. The GPS study of Puntodewo et al. [1994] is
used to define the E-W trending Sorong, Yapen and Ransiki faults (as one sequence of seg-
ments). Parameterization of the Philippines consists of three elongated, N-S trending fault
structures [Barrier et al., 1991]. West of the Philippines the Manila and Cotabato trenches
are connected by the Negros trench. We connect the Philippine fault to the Sangihe trench
[Quebral et al., 1996]. The southern tips of the Sangihe and Halmahera trench segments end
in the segment that prolongs the Sorong fault in the west and represents the E-W trending
fault zone north and south of the Sula Islands. We parameterize the North Sulawesi trench
and the Palu-Koro-Matano fault system in Sulawesi according to Silver et al. [1983a] and
the Longitudinal Valley fault in Taiwan according to Yu et al. [1999].

For details of our inversion procedure we refer to chapter 2. In the first series of inver-
sions (I) we solve for the lateral components of Vv only. We represent Vv in spherical
coordinates in a symbolic notation by

Vo = | 00 Vs 7
Vop Voo

where 6 denotes longitude and ¢ latitude. For each component we estimate the linear vari-
ation within triangles. In the second series (inversions II) we also solve for the horizontal
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Figure 4.8: Model error and resolution of solution I with o, = 3.3 - 107 myr)™" a, =5.0- 107
and ag = 3.0 - 10; Contouring of (A) v/Ci; and (B) R;; pertaining to the vgg component; (C) and
(D) see subscript for (A) and (B), respectively, pertaining to the vg4 components.

slip vector s = (sg,s4). While tuning the variance factor o, for the extra V x Vv = 0
constraints and the regularization parameters «, and g we primarily focus on obtaining
solutions that are well resolved in combination with acceptable model errors and a small
data misfit (x? ~ 1.0.)

While performing inversions I and II, without application of any form of regularization,
separate computation of y? for the data and the V x Vv = 0 constraints shows that both
data parts have a x? of 1.0, which for the latter was obtained using a standard deviation of
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Figure 4.9: Model error and resolution of solution IT with o, = 0.2-10"*(myr)™!, ag = 5.0- 107
and ag = 1.0 - 10%; See the caption of figure 4.8.

or = 3.3-1071%m yr)~! for inversion I and o, = 0.2 - 107'%(m yr)~! for inversion II.
Both resulting solutions still contain roughness possibly related to solution components per-
taining to small eigenvalues. Regularization with amplitude damping and second derivative
damping on all nodes is imposed by constraining o ,Ip = 0 and agDp = 0, respectively,
with p the model vector with the components of Vv. Mild amplitude damping already
reduces the larger variances. Additional second derivative damping reduces the roughness
of solutions I and II at small spatial scales. Compared to inverse problem II inverse prob-
lem I requires stronger second derivative regularization to control the model variance. The
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Data Solution lo la w (°/Ma)
Bock et al. [2001] I 121.3°E£0.1  26.3°S£1.0 0.21£0.01
11 119.4°E4+0.2 24.8°S£1.0 0.21+0.01
Kato et al. [1998b]& I 57.0°W=£0.1 18.9°S+0.2 0.224+0.01
Yuet al. [1999] II 58.7°W=+0.1 22.4°S4+0.1 0.20%+0.01

Table 4.4: Residual rotation vectors of the extra data sets with respect to the main set of Matheussen
[2000] for solutions I and II. Key: lo, longitude; la, latitude; w, rotation rate.

damping slightly impairs the spatial resolution, but still leads to an acceptable data misfit
with x? = 2.4 for solution I and x2 = 1.5 for solution II (table 4.4). The part of solution IT
belonging to fault slip is not subject to any form of damping.

Figures 4.8 and 4.9 show results for model standard deviations /C; and diagonal com-
ponents of the resolution matrix R ;; (see chapter 2) for the vgg and the vgs components of
solutions I and II, respectively. In general, for both solutions the areas of relatively large
standard deviation and relatively low resolution are mainly located at the boundaries of the
model. Model error and model resolution of solution II are better compared to solution I.
This results from the parameterization of fault slip, which not only enables the a larger de-
gree of freedom to fit relative velocities by fault motion but also requires extra model nodes
along fault traces. However, both vy and vy, components of solution II at some individual
nodes along the Philippine trench and along the Flores and Wetar backarc thrusts are less
well resolved. The resolution of the fault slip model parameters is acceptable (table E.2).
The standard deviations for the fault slip solution reach a maximum at the western extension
of the Semangko fault of 5 and 12 mm/yr in longitude and latitude direction, respectively.
For the remaining part of the slip solution model errors range between 1 and 3 mm/yr and
are listed in table E.2 per fault segment.

The misfit vectors shown in figure 4.10 result from subtracting the velocity data from the
velocities predicted by solutions I and II, respectively, at the sites of observation. Relatively
large misfits at Sumatra and Taiwan are mainly due to the high data density compared to the
size of the triangles (figures 4.10B and D).

Local misfit vectors exceeding the data error ellipses demonstrate that our parameteri-
zation is occasionally too coarse for modeling local detail. We set out for modeling regional
scale variation in Vv and s. The consequence of this somewhat conservative approach is a
data misfit which is slightly larger than x? = 1.

The results of solution I and II for the residual rotation vectors between different velocity
data sets, given as Euler poles in table 4.4, are slightly different. In solution I the rotation
vector found for the data set of Bock et al. [2001] produces residual velocities between 7
mm/yr at Christmas Island and 14 mm/yr at the westernmost site on Sumatra. The rotation
vector found for the data of Kato et al. [1998b]; Yu et al. [1999] produces residual velocities
between 2 mm/yr at and 4 mm/yr at Taiwan and Luzon, 5 mm/yr at Palawan, 6 mm/yr at
the Philippine Sea plate with a maximum of 16 mm/yr at Cocos island. For solution II these
rates differ on average less than a mm/yr with a maximum of 1 mm/yr at Cocos Island. The
remaining velocities of solution II (i. e. the velocities that determine the deformation field)
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Figure 4.10: Misfits between data and velocity vectors predicted by solution 1 for (A) the whole
model area and (B) Sumatra. Figures (C) and (D) show the misfits predicted by solution II. The ellipses
indicate the 3o-errors of the data. The straight lines in (C) and (D) indicate the fault segmentation of
solution II.

are listed in table D.1.

4.5 Solutions

4.5.1 Fault motion

Comparison of solutions I and II and discussion of the differences between the two is not
straightforward because of the fundamentally different mechanisms applied to accommo-
date relative velocities. Therefore, we describe the slip part of solution II before we discuss
the solutions for the velocity gradient field of solution I and II to investigate the influence
of inclusion of fault segmentation. The fault slip solution is shown in figure 4.11. The
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Figure 4.11: Fault slip rate vectors of solution II; the arrows denote the fault-parallel and fault-
perpendicular components of the slip vector.

quantitative fault slip rates are listed in table E.2.

At Sumatra part of the arc-perpendicular component of plate motion is accommodated
as thrusting on the plate interface of the Sunda arc and on the northern segments of the
Mentawai fault. Part of the arc-parallel component of relative plate motion is taken up
on the plate boundary, along the Semangko and Batee faults in the form of dextral slip
motion and along the Mentawai fault as sinistral slip motion. The Java trench accommodates
shortening with relatively small dextral and sinistral components. The thrust component
decreases in eastward direction on the Timor and Aru troughs. Along the Banda arc part
of the oblique component of relative plate motion appears as sinistral shearing on the plate
interface. Shortening is also manifested at the Flores and Wetar backarc segments.

Irian Jaya is dominated by strike-slip regimes. Sinistral motion on the New Guinea
trench, Sorong-Yapen-Ransiki fault zone, Seram trough and Tarera-Aiduna fault zone ac-
commodates a large amount of relative motion between the Philippine Sea plate and Aus-
tralia. Relatively small components of thrust motion are found on the New Guinea trench
and on the Yapen-Ransiki segments. We find small normal slip contributions on the Sorong
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segment and the Seram trough. The Palu-Koro-Matano fault system in Sulawesi behaves as
a purely sinistral fault. Thrusting on the North Sulawesi trench decreases from west to east.

The part of relative plate motion between the Philippine Sea plate and Eurasia that is
accommodated as discrete motion at the Molucca Sea is distributed between the Halmahera
and Sangihe trench. Thrusting at the Philippine trench remains relatively uniform from
south to north, while thrust motion at the Cotabato-Negros-Manila trench system gradually
increases from south to north. Part of the oblique component of relative plate motion is taken
up by the Philippine fault system and at the Cotabato-Negros-Manila trench system. This
sinistral and contractional fault motion regime continues northward into Taiwan, where it is
transferred onto the Longitudinal Valley fault and the plate interface between the Philippine
Sea plate and Eurasia. The Ryukyu trench is characterized by dextral thrust motion.

4.5.2 Strain and rotation rates

The symmetric part of Vv represents the strain rate tensor, the anti-symmetric part repre-
sents the rotation rate tensor. In figures 4.12 and 4.13 we plot the principal axes of the strain
rate tensor of solution I and II, respectively. Figures 4.14A and B show the rotation rates of
solution I and II, respectively.

In solution I the Sunda arc appears as a broad zone of strong contraction especially
around the trench south of Java. Strong contraction continues to the northwest along the
Sumatra trench and affects some parts of the Sumatran fore- and backarc region. The Suma-
tra region is subject to a clockwise rotation rate regime. The continuation of the zone of
contraction to the east is characterized by a gradual shift from the forearc at the Java trench
to the backarc Banda basin east and north of Timor. The western Timor forearc, the northern
part of the Banda arc curvature, western Sulawesi and western Irian Jaya rotate in a coun-
terclockwise direction. In Sulawesi we find a predominantly extensional regime and a zone
of clockwise rotation rates north and northeast of the North Sulawesi trench. The strong
shortening in E-W direction just south of the Philippines, present in the velocity data (figure
4.4A), appears as contraction concentrated at the Halmahera and Sangihe trench system.
West of Luzon the Manila trench is represented by contraction. The Philippine Sea plate
shows significant internal deformation. Besides contraction and clockwise rotation of its
northern part, a counterclockwise rotation rate regime dominates the southern part.

Differences between solution I and II can immediately be recognized from comparing
4.12 with 4.13 and 4.14A with 4.14B. The accommodation of discrete fault motion in solu-
tion II considerably decreases the magnitude of the strain and rotation rates with respect to
solution I. Strain and rotation rates of solution I show a relatively strong velocity gradient
field at the interiors of the plates, whereas the main deformation features in solution II are
located in the plate boundary zones.

The relation between fault motion and strain rates follows from comparison between
figures 4.12 and 4.13. A large part of the contraction south of the Sumatra and Java trenches
in solution I is taken up by discrete thrust motion on the Sunda arc in solution II. Relatively
strong contraction at the Celebes and Molucca Seas, the southern Philippines and west of the
Negros and Manila trenches in solution I has diminished in solution II due to the accommo-
dation of thrust motion on the parameterized fault and plate boundary zones. Furthermore,
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Figure 4.12: Principal strain rates of solution I computed on a regular grid. The open squares
represent the station positions.

strike-slip on the Palu-Koro fault in Sulawesi, the Philippine fault and the Sorong-Yapen-
Ransiki fault in solution II considerably reduce the shear strain rates found at these regions
in solution L.

The relation between fault motion and rotation rates becomes apparent from comparing
figures 4.14A and B. The accommodation of dextral slip on the Semangko fault reduces
the magnitude of the clockwise rotation phase in Sumatra in solution I (figure 4.14B). The
relatively strong counterclockwise rotation rate regimes at Irian Jaya and along the Palu-
Koro fault system in solution I have disappeared in solution II due to the sinistral fault
motion accommodated by the fault systems in these regions. The counterclockwise rotation
rates at the southern part of the Philippine Sea plate in solution I are minimized in solution II,



98 Crustal deformation of Southeast Asia

#
™ %=
20N o e \
o e # ¥ X
K4 ¥ - t RXK
X + WA, + o B
10N fy x t +F g
: - = K¢
# * A K A - *s-t——n—//ﬁf
wl v KK A ~ - /
+ % SFd i
0 i KN
- q&(o%
- § % ,
% % ' /
108 =% f P vy F
==+ § gt T fok >
2rxlf s+ x kA ixxu=EF ;
Tl s v s} v wsgmfE )
2E-7/year § 5 5 v 85
20S — Contraction .
———> Extension
100E 110E 120E 130E 140E

Figure 4.13: Principal strain rates of solution II computed on a regular grid. The open squares
represent the station positions.

because of plate rotation by the sinistral motion along the New Guinea trench, the Sorong-
Yapen-Ransiki and Philippine fault systems.

Solution I does not provide information about the partitioning of relative plate motion
between discrete fault motion, strain and rotation rates at the plate boundaries. Rotation rate
regimes in a continuous Vv field are either indicative for strike-slip motion in broad fault
zones or for rotations of (micro-)blocks. Furthermore, whether contraction and extension in
solution I are localized on faults or plate boundaries or distributed over larger-scale regions
does not become evident. This relates directly to the spatial sparseness (except for some
regions) of the data set. Inversion for Vv and s, on the other hand, enables the accommo-
dation of localized motion on faults or plate boundaries and offers insight in the distribution
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Figure 4.14: Rotation rates of solution (A) I and (B) II, scaled to degrees per Myr.

of deformation in terms of slip, (micro-)block rotation and strain rates. Whether this fault
motion has taken place during the time interval of the measurements, will not become evi-
dent. In general, distinguishing fault locking from fault slip is difficult, because the velocity
data set is spatially sparse and most observations are obtained in the far-field of fault zones.
Solution I would be closest to a deformation field in which all faults are locked whereas in
solution II faults are free to slip. In particular, fault slip in solution II can result from relative
crustal block motion projected on faults as slip (which may not have occurred in actuality
because of fault locking). In the remainder of this chapter we will concentrate on solution
1L

4.5.3 Trade-off between Vv and s

To investigate the extent to which components of slip rate and the velocity gradient field
are independently resolved in solution II we inspect the columns of the resolution matrix
R. The i-th column of R indicates how a certain amplitude a assigned to parameter ¢ (with
unit vector e;) is smeared over the solution m;, hence m; = R - ae;. This is investigated
for selected model parameters associated with the Flores backarc thrust, where we find
relatively low model resolution (figures 4.9C and D). Figures 4.15A, C and E show model
estimate mn; for the velocity gradient component vy with amplitude a = 10~ "/yr at a node
located directly at the north-side of the Flores thrust.

Figures 4.15B, D and F show m; for the velocity gradient component v yg with ampli-
tude @ = 10~7 m/yr at a node along the Philippine trench in the Philippine Sea plate, which
is weakly resolved according to figures 4.9C and D. Note the difference in contour and y-
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Figure 4.15: Two model estimates 7m; at the Flores and Wetar back arc thrust zone (A, C, E) and at
the Philippine Sea Plate (B, D, F) resulting from multiplication of the resolution kernel R of solution
II with ae;: m; = R - ae;, with @ = 10~ /yr on node 4, indicated by the open circle in (A) and (B).
The contouring denotes (A) and (B) vge; (C) and (D) vg4; and (E) and (F) se. In figure (A) the value
of m at the location of node ¢ exceeds the limits imposed by the plots and approaches the value of a.
For (E) and (F) the horizontal axis indicates the number of the slip parameters. The numbers in (E)
and (F) refer to slip parameters associated with fault segments indicated by corresponding numbers in
(A) and (B).
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Figure 4.16: The black arrows indicate the velocity field predicted by solution II on a regular grid,
with respect to a station (white dot at approximately 108°E, 17°N) in Sundaland. The white arrows
indicate the velocity data used in the inversions.

axis limits between A, C, E and B, D, F. For this vpg component we find a strong trade-off
between vgy and vyy components on the Philippine Sea plate and sy components on the
Philippine trench, the Philippine fault and the New Guinea trench. Similar results are found
for the two, weakly resolved nodes located more to the north along the Philippine trench on
the Philippine Sea plate (figure 4.9C).
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4.5.4 Velocity field

Figure 4.16 represents the velocity field predicted with respect to a station in Sundaland.
For this representation we perform a forward computation of the solution to determine the
velocity vector on the nodes of the grid with respect to a reference station (where the velocity
is zero). We find that relatively small velocities delineate Sundaland including the southern
part of Sulawesi. The velocity field across the Sunda arc at Java shows an abrupt transition
from predominantly north directed velocities to relatively small WSW directed velocities,
whereas the forearc of Sumatra, between the Sumatra trench and the Semangko fault still
accommodates a considerable N-S component. The magnitude of the velocity field north
of the Semangko fault is of the order of the velocities in Sundaland. At the transition from
the Sunda to the Banda arc, at the island of Sumba (~120°E), the character of the plate
boundary between Sundaland and Australia changes. The N-S component of the velocity
field at the forearc increases from Sumba to the eastern Banda Sea, where its magnitude is
of the order of the northern Australia velocity field. The predominant amount of relative
plate motion between Australia and Sundaland at the longitude of Timor (~125 °E) is now
mainly accommodated by the Wetar backarc thrust fault. Across the Tarera-Aiduna fault
system and the Seram trough in Irian Jaya the westward component of the velocity field
increases from south to north, reflecting accommodation of the predominantly E-W directed
motion of the Philippine Sea plate with respect to Sundaland. The velocity field of Sulawesi
shows an increase of NNW directed motion from south to north, until it reaches a maximum
just south of the North Sulawesi trench.

The velocity field of the Philippine Sea plate shows large spatial variations, which we
attribute to the poor data constraints on its internal deformation. We note that, although
the spatial resolution for the interior of the Philippine Sea plate is relatively good (figures
4.9C and D), one should realize that this results from the relatively large triangles used
here. Hence, solution and predicted velocity field can only be trusted, if the actual velocity
gradient field of the real crust would vary linearly over the triangles adopted in our param-
eterization. A parameterization with smaller triangles would readily lead to severe lack of
resolution in the interior of the Philippine Sea plate, because of lack of data, and allow for
an alternative flow pattern.

The E-W shortening between the Philippine Sea plate and Sundaland at the Molucca
Sea is almost completely accommodated at the relatively narrow Halmahera and Sangihe
trench systems. Across the islands of Mindanao and Visayas the predominant amount of
E-W shortening is accommodated east of and within the Philippine Mobile Belt, whereas at
Luzon its E-W component is absorbed west of the Philippines at the Manila trench system.
The transition between the velocity fields of the Philippine Sea and Eurasian plates at the
Taiwan region is spread out over a large area south of the Ryukyu trench.

4.6 Discussion of the solution per region
In the next sections we discuss the results for the Southeast Asian deformation field of so-

lution II per region. Table E.1 gives an quantitative overview of estimates for strain and
rotation rates and motion accommodated by faults and plate boundaries found in the litera-
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Figure 4.17: Principal strain rates with error ellipses of solution II computed on a regular grid at
Sumatra. White arrows indicate extension, black arrows indicate contraction. The open squares rep-
resent the station positions.

ture on Southeast Asia. Slip rates of solution II are listed in table E.2. Although for some
regions we compare our results with results of studies based on the same GPS data as are
incorporated in our data set, the difference in methodology applied makes a comparison
worthwile.

4.6.1 Western Sunda arc

West of Thailand we find E-W extension, which is consistent with the direction and the
presumed present-day activity of the opening of the Andaman Sea [e.g., Curray et al., 1979;
Guzmdn-Speziale and Ni, 1996].

The recent release of a dense Sumatra GPS data set [Genrich et al., 2000; Prawirodirdjo
et al., 2000] has led to a series of detailed studies of the deformation field of Sumatra be-
tween 3°S and 3°N [Genrich et al., 2000; McCaffrey et al., 2000; Sieh and Natawidjaja,



104 Crustal deformation of Southeast Asia

2000]. The results of these studies and the inclusion of the Bock et al. [2001] data set,
in which a reduced version of the Sumatra data set is incorporated, in this study enables
to compare the Sumatra deformation field resulting from the application of our inversion
method in somewhat more detail.

McCaffrey et al. [2000] use a finite element model to produce a continuous Vv field of
the Sumatran fore- and backarc. They find that the arc-normal component of relative plate
motion between Australia and Eurasia is distributed over the forearc between the trench and
the Semangko fault in the form of arc-normal contraction. In our solution a large component
of shortening is accommodated on the plate interface. Thrust slip motion on the northern
segments of the Mentawai fault, not incorporated in the study of McCaffrey et al. [2000],
concentrates arc-normal contraction to the region around the trench and between the trench
and the northern part of the Mentawai fault (between 3 °S and 3°N; figure 4.17). The small
variation around 0.5°S in the orientation of the principal axes in the forearc will be dis-
cussed later in this section. The southern part of the Mentawai fault does not accommodate
thrust slip motion, resulting in arc-normal contraction between the southern segments of
the Mentawai and the Semangko faults. The different distribution of strain at this part of
Sumatra may be due to the sparser data density with respect to northern Sumatra (figure
4.4B). Furthermore, we also find a significant component of arc-normal contraction in the
backarc east of the Semangko fault, in contradiction with the results of Genrich et al. [2000]
and McCaffrey et al. [2000], who predict very small deformation rates for this region. This
discrepancy may be explained by the more regional approach of this study, in which the
Sumatra deformation field is constrained by data throughout the whole Southeast Asian
region.

Geological, seismic and geodetic data suggest that dextral strike-slip on the Semangko
fault accommodates a considerable percentage of the arc-parallel component of relative
plate motion between Australia and Eurasia [e.g., Fitch, 1972; Jarrard, 1986; McCaffrey,
1991; Bellier and Sébrier, 1995]. Estimates of its slip based on GPS measurements and
interplate earthquake slip vectors differ from estimates based on geology. An elastic dis-
location model of the Semangko fault [Genrich et al., 2000] (with a locking depth of 15
km) and a kinematic analysis of interplate earthquake slip vectors [McCaffrey et al., 2000]
estimate relatively uniform slip rates of the order of 25 mm/yr between 1 °S and 3°N. Geo-
logical observations reveal a slip rate increasing from 6 mm/yr just west of the Sunda Strait,
~11 mm/yr at 1°S to ~25 mm/yr at northern Sumatra [Sieh et al., 1991, 1994; Bellier and
Sébrier, 1995]. The discrepancy between geodetic and geological estimates is explained by
the different time-intervals for which the data are representative; an increase of slip along
the southern segments of the Semangko fault system must then have taken place within the
last few Myr [Sieh and Natawidjaja, 2000]. As the orientations of earthquake slip vectors
are not exactly normal to the Sumatra trench, displacement along the thrust plate interface
and within the forearc must take up part of the arc-parallel component [Fitch, 1972; Jarrard,
1986]. McCaffrey et al. [2000] infer that the slip rate on the Semangko fault is ~2/3 of the
full trench-parallel component of relative plate motion and assign the missing arc-parallel
shear to extension of the forearc region. Both arc-parallel extension in the forearc and the
geological estimate of a varying strike-slip component on the Semangko fault have been
associated with the northward increasing obliquity of convergence. Increase of obliquity in
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combination with coupling between the forearc and the subducting slab forces the forearc to
stretch in a direction parallel to the margin and increases the forearc motion relative to the
subducting plate [McCaffrey, 1992, 1996]. On the other hand, the recent discovery of the
Mentawai fault at the outer-arc ridge off Sumatra [Diament et al., 1992] provides an entirely
rigid alternative to the extension of the Sumatran forearc. If this fault is moving in a dextral
sense, the Sumatra sliver plate can be seen as decomposed of several strips [Diament et al.,
1992; Bellier and Sébrier, 1995; Malod and Kemal, 1996]. However, it remains question-
able whether the Mentawai fault plays a major role in accommodating dextral slip, since a
variety of surface deformation data reveal recent subduction-driven contraction at the outer
margin of the forearc [Samuel and Harbury, 1996; Genrich et al., 2000]. This observation is
also found in our solution.

The arc-parallel component of relative plate motion is accommodated by several types
of deformation in solution II. The slip rate of 10+1 mm/yr on the Batee fault agrees with
estimates of Bellier and Sébrier [1995] and Malod and Kemal [1996]. We find an increase
of the slip rate accommodated by the Semangko fault system of 61 mm/yr on southern
segments (5°S) via 1043 mm/yr on central segments (1°S - 1°N) to 20+5 mm/yr on the
northern segment (3°N). The rates are consistent with geological estimates [Sieh et al.,
1991, 1994; Bellier and Sébrier, 1995], however lower than the geodetic estimates for slip
at depth based on elastic dislocation modeling. An explanation for the latter disagreement
could be the high data density closely around the Semangko fault (the distance between
fault trace and nearest stations is of the order of a few km), which in our solution reduces
the trade-off between fault slip and the velocity gradient to represent the actual, present-
day deformation field at the Earth’s surface. Indicative for a (partly) locked fault is the
shear strain rate regime near the fault trace north of 0.5 °S, which can associated with elastic
loading effects. The absence of extension along the central segments of the Semangko fault
(between 3°S and 0.5°S), also found by McCaffrey et al. [2000]; Genrich et al. [2000] and
Sieh and Natawidjaja [2000], shows that the fault takes up a large part of the arc-parallel
component here.

In contradiction with the derivation of McCaffrey et al. [2000] we find that only an av-
erage of 25% of arc-parallel relative plate motion is accommodated by the Semangko fault
system. The remaining part of arc-parallel plate motion is accommodated by dextral slip
motion on the plate interface and extension in the forearc. The dextral slip motion on the
plate interface increases from 741 to 25+2 mm/yr from south to north. These rates are
within the margins imposed by predictions of arc-parallel slip on the plate interface based
on deflection angles of earthquake slip vectors and estimates of the arc-parallel component
of relative plate motion [McCaffrey, 1996; McCaffrey et al., 2000]. North of 3 °S the pre-
dominant amount of arc-parallel extension occurs in the forearc sliver plate, as predicted by
Bellier and Sébrier [1995]. South of 3°S arc-parallel extension is accommodated east of the
Mentawai fault on the Sumatran mainland. Finally, we find a clockwise rotation rate of a
few degrees/Myr of the Sumatran fore- and backarc (figure 4.14D). Clockwise rotation of
the Sumatra region has also been proposed by Bellier and Sébrier [1995] as a mechanism
for the accommodation of arc-parallel relative plate motion.

Strain rates across the Sumatra trench west of the Mentawai fault between 3°S and
0.5°S do not show a change in orientation; extension and contraction have arc-parallel and
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arc-normal orientations, respectively. North of 0.5°S the orientations of contraction and
extension in the forearc show a small angular change to NNE-SSW and WNW-ESE, re-
spectively. This difference between the northern and southern parts of the Sumatra trench is
also found by Prawirodirdjo et al. [1996], who explain this observation by almost complete
coupling of the forearc to the subducting plate south of 0.5 °S and half as much to the north.

The deformation field of solution II shows arc-normal contraction at the Java trench
and thrust motion of ~45 mm/yr. The sinistral slip component of a maximum of 9 mm/yr
accommodated on the Java trench is within the estimate of McCaffrey [1996], based on
deflection angles of earthquake slip vectors. The Java forearc does not show significant arc-
parallel extension, which suggests that the arc-parallel component of relative plate motion
is entirely taken up by the plate interface.

4.6.2 Eastern Sunda arc and Banda arc

We find that the predominant amount of relative plate motion is accommodated north of the
Timor trough, at the Timor forearc and the Flores and Wetar backarc thrusts. Deformation
of the Timor backarc is relatively weak. Although the slip motion accommodated at the
Banda arc south of Timor is reduced considerably with respect to the western segments
of the Banda arc (figure 4.11), our solution suggests that there is still shortening occurring
between Australia and the Timor forearc. This contradicts the conclusion of Audley-Charles
[1986] and Snyder et al. [1996], based on seismic reflection profiles, of Kreemer et al.
[2000], based on a combination of GPS and earthquake moment tensors (see section 4.7),
and of geological studies by Johnston and Bowin [1981] and Charlton [1986], that the Timor
forearc has become part of the Australia plate. However, it confirms the conclusion of
Karig et al. [1987], also based on seismic reflection profiles, that accretion of Timor island
arc terrain to the northern margin of the Australia plate has not yet been entirely completed.
Our average rate of ~10 mm/yr of shortening is only slightly higher than the careful limit of
<10 mm/yr posed by Genrich et al. [1996] based on GPS. Internal deformation of the Timor
forearc is also represented by sinistral slip motion on the western margin of the Banda arc
and shear strain rates (although relatively poorly resolved, figures 4.9C and D). These types
of deformation together with counterclockwise rotation rates found at Sumba and Timor
(figure 4.14D) were also recognized from earthquake slip vectors [McCaffrey, 1988] and
GPS [Genrich et al., 1996] and may be indicative for the interacting sinistral NE oriented
strike-slip faults in the Timor forearc described by Breen et al. [1989].

The counterclockwise rotation rates, found in the eastern Banda Sea, could indicate
block-like motion of this region. Although the orientation of rotation agrees with young
paleomagnetic data of Haile [1978] on Seram, we have to be careful using this result as a
verification of our solution, since it is based on one site only and may be a very local rotation
(Robert Hall, 2001, personal communication).

4.6.3 Irian Jaya

According to Abers and McCaffrey [1988] and McCaffrey and Abers [1991] the Sorong-
Yapen-Ransiki and the Tarera-Aiduna fault systems almost completely accommodate the
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arc-parallel component of Australia-Pacific relative motion of a total of about 100 mm/yr in
the form of sinistral slip divided over both systems at a ratio of 80 and 20 mm/yr, respec-
tively. These are averaged, long-term slip rates. We find sinistral slip at rates of 53 mm/yr on
the Sorong- Yapen-Ransiki fault zone and 10 mm/yr on the Tarera-Aiduna fault system. The
relatively strong shear strain rates in the New Guinea Highlands account for the remaining
part of the arc-parallel relative plate motion [Abers and McCaffrey, 1988]. In our solution
the Seram trough, parameterized as the westward continuation of the Tarera-Aiduna fault
zone, takes up part of the relative plate motion as sinistral slip at a rate of 36 mm/yr.

We find thrust motion of the order of 12 mm/yr on the eastern segment of the New
Guinea trench and almost no arc-perpendicular motion on the western segment. These slip
results agree with the conclusion of Ekstrém and England [1989] and Milsom et al. [1992],
that the western side of the New Guinea trench is inactive, and with the conclusion of
Hamilton [1979] and Puntodewo et al. [1994], that at the eastern side of the New Guinea
trench subduction is taking place in southward direction. However, resolution of the v g4
component (figure 4.9) shows that the N-S component of deformation at the New Guinea
trench and at northern Irian Jaya is relatively poorly determined. Similarly, the resolution
of slip motion on the New Guinea trench is relatively poor. This provides an explanation
for the extension between the trench and the Sorong-Yapen-Ransiki fault, which then may
be considered as a compensation for the thrust motion on the New Guinea trench.

We find a clockwise rotation rate regime around the Sorong-Yapen-Ransiki fault system
in northern Irian Jaya, where paleomagnetic observations along the Sorong-Yapen-Ransiki
fault system do not agree on one uniform rotation pattern [Ali and Hall, 1995].

4.6.4 Sulawesi

At the east relative to the west of the North Sulawesi trench a smaller amount of thrust
motion is accommodated, because of the clockwise rotation of the north arm of Sulawesi
[Silver et al., 1983a; Surmont et al., 1994]. Accordingly, at the North Sulawesi trench we
find clockwise rotation rates in northern Sulawesi (figure 4.14B) and pure thrust motion on
the North Sulawesi trench with magnitudes of 13 mm/yr in the east and 38 mm/yr in the
west. These rates closely agree with estimates of Stevens et al. [1999]. The maximum rate
lies between the predictions of average long-term shortening across the trench system of
30 and 50 mm/yr of Jarrard [1986] and Silver et al. [1983a], respectively. We find purely
sinistral slip on the Palu-Koro and Matano faults, consistent with geologic and geodetic
observations [Silver et al., 1983a; Walpersdorf et al., 1998; Stevens et al., 1999]. Rates range
between 8 on the Matano and 38 mm/yr on the Palu-Koro fault. Like the Semangko fault,
the Palu-Koro fault is densely sampled by stations (with on average only a few km distance
between fault trace and nearest stations). However, unlike the results for the Semangko fault,
slip rates for the Palu-Koro fault in solution II closely agree with predictions based on elastic
dislocation models [Stevens et al., 1999; Walpersdorf et al., 1998]. This may be explained
by the difference in locking depths inferred for both faults, i.e. 15 km for the Semangko
fault [Genrich et al., 2000] and 4.5 km [Stevens et al., 1999] or 12 km [Walpersdorf et al.,
1998] for the Palu-Koro fault. In elastic dislocation models the width of the zone, that is
influenced by elastic loading effects induced by slip at depth, determines the magnitude of



108 Crustal deformation of Southeast Asia

= 2E-7/year

2N

28

48

6S

118E 120E 122E 124E  126E 118E 120E 122E 124E 126E

Figure 4.18: Principal strain rates with error ellipses computed on a regular grid at Sulawesi of (A)
solution II and (B) the solution resulting from inversion of the data set without the Tomini station (in-
dicated by a black square in (A)). White arrows indicate extension, black arrows indicate contraction.
The open squares represent the other station positions.
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Figure 4.19: The difference between the velocity gradient field of solution II and the solution result-
ing from inversion of the data set without the Tomini station (A Vv); (A) effective strain rates, (B)
rotation rates. The components of AV v outside the area shown in (A) and (B) are insignificant.
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Figure 4.20: Rotation rates at Sulawesi of (A) solution II (this plot is a detail of figure 4.14B) and
(B) the solution resulting from inversion of the data set without the Tomini station (figure 4.18A).

the locking depth [Savage and Burford, 1973]. If the locking depth is found to be relatively
shallow, as for the Palu-Koro fault, estimates from elastic dislocation models will probably
be close to estimates from our method. Relatively weak shear strain rates along the Palu-
Koro fault (figure 4.18) confirm that most sinistral motion is accommodated on the fault.

Additionally, the strain rate field shows relatively strong N-S extension. This is caused
by fitting the north directed, relatively large velocity at the Tomini station just south of the
North Sulawesi trench (figure 4.4C, indicated by a black square in figure 4.18A and a |
in table D.1). This velocity vector is probably still contaminated by co- and postseismic
motion due to the M ,,=7.9, January 1, 1996 and M ,,=7.0, July 22, 1996 earthquakes that
occurred in the western part of the north arm of Sulawesi [Walpersdorf et al., 1998].

If we remove the Tomini station from the velocity set and perform a joint inversion un-
der the same conditions (in terms of regularization) as chosen for solution II the strong N-S
oriented extension in Sulawesi disappears almost completely (figure 4.18B). The difference
between the velocity gradient fields of solution II and the solution without the Tomini sta-
tion is characterized by extensional strain rates that are strongest south of the north arm of
Sulawesi (figure 4.19A) and counterclockwise rotation rates along the Palu-Koro fault (fig-
ure 4.19B). The rotation rate field in Sulawesi of the solution without the Tomini station has
a pure clockwise orientation and an on average smaller magnitude compared to solution II
(figure 4.20). In general, the slip rates on the Sulawesi faults decrease due to the removal of
the Tomini station (table E.2).
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Figure 4.21: Principal strain rates of solution II computed on a regular grid at the Philippines. White
arrows indicate extension, black arrows indicate contraction. Open squares represent the station posi-
tions.

4.6.5 Philippines and Taiwan

Sinistral slip on the Philippine fault system and arc-parallel extension of the forearc con-
sume the trench parallel component of plate convergence between the Philippine Sea plate
and Sundaland [e.g., Fitch, 1972; Barrier et al., 1991; Duquesnoy et al., 1994; McCaffrey,
1996]. Our slip rate solution predicts pure sinistral slip rates of, on average, 20 to 25 mm/yr
on the Philippine fault, which agrees with results from different studies: Duquesnoy et al.
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[1994] induce 26410 mm/yr on the central segments of the Philippine fault (around 13 °N)
from geodetic observations (trilateration and GPS). From GPS data Yu et al. [1999] predicts
2447 mm/yr for the northern and central segments. From a kinematic modeling study Bar-
rier et al. [1991] predicts 19 mm/yr on central and 25 mm/yr on southern segments of the
fault. Lee and Lawver [1994] derive a sinistral translation along the Philippine fault up to
about 21 mm/yr, assuming that the Philippine Sea plate performs a rigid rotation and that the
arc-parallel component is accommodated solely on the Philippine fault. Besides as sinistral
slip on the Philippine fault arc-parallel plate motion in our solution is accommodated in the
form of a (spatially varying) shear strain rate regime across the Philippines and as relatively
strong sinistral slip on the Cotabato-Negros-Manila trench system. Since neither geologic,
geodetic nor seismic studies provide evidence for a strike-slip component on this trench
system, this may be due to trade-off between Vv and s in the Philippine region. Patterns of
an extending fore- and back arc can be recognized, but do not reveal a uniform arc-parallel
orientation, as proposed by McCaffrey [1996].

To which extent the shortening between the Philippine Sea plate and the Eurasian plate
is partitioned over the trench systems east and west of the Philippines is not agreed upon
[Rangin, 1989; Nichols et al., 1990; Barrier et al., 1991; Quebral et al., 1996; Lallemand
et al., 1998; Rangin et al., 1999]. Our solution shows that east of the Philippines a rel-
atively small part of the convergence between the Philippine Sea plate and the Eurasian
plate is accommodated at the Philippine trench, where the Philippine Sea plate subducts
in a northwest direction. West of the Philippines a larger part of the convergence is taken
up by the eastward subducting Negros and Cotabato trenches. The Manila trench accom-
modates a large part of the shortening, which agrees with the (GPS) study of Rangin et al.
[1999]. South of Mindanao the strike-slip dominated regime changes to convergence across
the Sangihe trench [Quebral et al., 1996; Lallemand et al., 1998]. Our maximum thrust rates
of 34 and 21 mm/yr for the Sangihe and Halmahera trenches, respectively, are only slightly
lower than the estimates of 40 and 30 mm/yr of Lallemand et al. [1998]. Possibly, in solu-
tion II the remaining part of convergence between the Philippine Sea plate and Sundaland
is accommodated in the form of contractional strain rates at the Molucca Sea.

The orientation of the sinistral, thrust slip vectors of solution II on the Longitudinal Val-
ley fault in Taiwan agrees with geologic, seismic and geodetic observations, [e.g., Barrier
and Angelier, 1986; Yu et al., 1990; Hu et al., 1997]. The thrust component ranges between
a few and 27 mm/yr, slightly higher than results of Yu et al. [1990] who predict rates be-
tween 10 and 23 mm/yr, based on trilateration and leveling data. The sinistral component,
ranging between 5 and 7 mm/yr, is considerably lower than the rates of 23 to 30 mm/yr
of Yu et al. [1990] and more in agreement with Barrier and Angelier [1986], who find a
minor sinistral component. The high shear strain rates found at Taiwan (figure 4.21) proba-
bly partly represent shearing on the major, non-parameterized shear zones on the island of
Taiwan, running parallel to and west of the Longitudinal Valley fault [Hu et al., 1997].

4.7 Seismicity and GPS

We compare orientations of principal strain rates, derived from solution II (figure 4.13) with
the principal axes of the strain rate field of a study by Kreemer et al. [2000], in which
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Figure 4.22: From Kreemer et al. [2000]: Principal axes of the strain rate field obtained from fit-
ting GPS velocities. Open arrows indicate extensional strain rates, and solid arrows correspond to
compressional strain rates. Directional information of the principal strain rates (£10° uncertainty) is
inferred from the seismic strain rate tensor field associated with events for which My < 1 x 10%°N
m.

GPS data and focal mechanisms of earthquakes are combined within one model of the de-
formation field of the Philippines and Indonesia (figure 4.22). Their GPS data are taken
from several individual studies by Puntodewo et al. [1994]; Genrich et al. [1996]; Kato
et al. [1998b]; Tregoning et al. [1998]; Simons et al. [1999]; Stevens et al. [1999]; Yu et al.
[1999]. The data of Genrich et al. [1996]; Puntodewo et al. [1994]; Stevens et al. [1999] are
incorporated in the data set of Bock et al. [2001], used in this study. The data of Simons
et al. [1999] are incorporated in the data set of Matheussen [2000].

The orientation of contraction along the Sunda arc west of the island of Sumba and the
almost pure thrust motion accommodated on the plate interface of solution II agree with
the strain rates of Kreemer et al. [2000]. The change in orientation and localization of con-
traction from NNE-SSW in the Java forearc to NNW-SSE in the Timor and Banda backarc
regions is present in both solutions. However, our solution also contains a significant arc-
parallel component of extension within the Timor forearc. The shear strain rates of the
solution of Kreemer et al. [2000] reveal a uniform strike-slip regime in Irian Jaya with an
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additional NE-SW oriented contractional component north of the New Guinea trench, evi-
dence for strain partitioning due to the oblique relative plate motion between the Australia
and Philippine Sea plates. These features are consistent with the relatively strong sinistral
slip component on the Sorong- Yapen-Ransiki and Tarera-Aiduna fault systems and the con-
traction north of the New Guinea trench in solution II. However, solution II also contains
an additional on average arc-parallel extensional component in Irian Jaya, predominantly
WNW-ESE oriented extension south of the Tarera-Aiduna fault system and a change in
orientation of contraction from NNE-SSW in eastern to NNW-SSE in western Irian Jaya.
Kreemer et al. [2000] find contraction across the North Sulawesi trench, consistent with the
thrust fault motion of solution II. Their shear strain rates in Sulawesi agree with the sinis-
tral slip component on the Palu-Koro-Matano fault system, but do not show the relatively
strong N-S extension, present in our solution. Although their GPS data set contains the rel-
atively large velocity at northern Sulawesi (section 4.6.4), the smoothing procedure applied
prevents the solution from fitting it. The contraction along the Halmahera and Philippine
trench system and along the Sangihe, Cotabato, Negros and Manila trench system in the
solution of Kreemer et al. [2000] is present as discrete thrust motion on these segments
and as contraction west of the Manila trench in solution II. Likewise, we find significantly
higher convergence rates west of the Philippine trench than east of it. Shear strain rates in
the Philippines show an increase from Mindanao to Visayas and a decrease from Visayas
towards the Manila trench in the solution of Kreemer et al. [2000]. This information comes
from GPS data, since magnitudes of strike-slip earthquakes in the Philippines are too weak
to significantly contribute to the strain rate field. Strike-slip rates accommodated by the
Philippine fault and the Manila trench in our solution are probably associated with these
shear strain rates and reveal a similar pattern of subsequent northward increase and de-
crease. The component of sinistral slip found on the Cotabato and Negros trench systems is
only weakly present in the solution of Kreemer et al. [2000].

The model of Kreemer et al. [2000] results from a relatively smooth interpolation of GPS
vectors, using the method described in Haines [1982]; Holt and Haines [1993]. This interpo-
lation is further constrained by incorporating local strain rate representations of earthquake
moment tensors in the analysis, but does not explicitly include fault motion. Our approach
is purely based on surface data and allows, through its parameterization, for more spa-
tial variability in the strain rate fields. We consider the differences in data types used and
methodological approach as the cause for the discrepancies noted.

4.8 Final discussion and general conclusions

The tectonics of Southeast Asia are determined by a complex pattern of interacting plates
and micro-plates, separated by fault systems or zones of widely distributed deformation.
GPS observations can provide information about the style of the present-day deformation
and the distribution of relative plate motion at the plate boundary zones. In this chapter
we apply the inversion method, presented and tested in chapter 2, to a combination of GPS
data sets obtained in Southeast Asia between 1989 and 1998 and discuss the quantitative
and qualitative aspects of the results. The data density is highest at some parts of the plate
boundary zones (i.e., Sumatra, Sulawesi, the northern Philippines) and lowest at the interiors
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of Sundaland, the Australian, Philippine Sea and Caroline plates.

We perform two series of inversions to derive the crustal deformation field. In the first
we invert for the lateral velocity gradient field (Vv) only (I) and in the second for the lateral
velocity gradient field and horizontal fault motion (s) simultaneously (II). In inversion II the
main fault zones and plate-boundaries are incorporated. Per inversion procedure a solution
(I and II for inversion procedures I and II, respectively) is selected with acceptable co-
variance, data fit and resolution properties. The accommodation of discrete fault motion in
solution IT considerably decreases the magnitude of the strain and rotation rates with respect
to solution I. Strain and rotation rates of solution I are relatively strong at the plate interiors,
whereas the main deformation features in solution II are located in the plate boundary zones.
Strike-slip fault motion in solution II replaces or reduces rotation rate regimes in solution
I. Thrust, normal and strike-slip motion in solution II replace or reduce wider distributed
contractional, extensional and shear strain rate regimes, respectively. Inversion for Vv and
s enables the accommodation of localized motion on faults or plate boundaries and offers
insight in the distribution of relative plate motion in plate boundary zones in terms of slip,
(micro-)block rotation and strain rates.

Comparison of the components of solution II with other studies based on geologic, seis-
mic, paleomagnetic and geodetic data shows a mixed pattern of both agreement and dis-
agreement. In general, the qualitative aspects of the strain, rotation and fault slip rate com-
ponents of solution II agree with existing observations and derivations. Orientations of fault
slip vectors reflect orientations of long-term fault motion as they are derived from geologic
and geodetic observations and plate tectonics. Further, the solution reflects main features as
rigid plate motion, continental collision and rotation of crustal blocks and the partitioning of
relative plate motion in plate boundary zones. The plate motion components perpendicular
to the boundary are partitioned in thrust fault motion and contraction of fore-and backarcs.
The oblique components are partitioned in strike-slip fault motion, shear strain rates and
arc-parallel extension of the forearc.

Quantitative aspects of the results are more difficult to interpret. In general, we find that
slip rates of solution II do not exceed fault slip rates estimated from geological observations
or plate tectonic models. This suggests that possible remnant deformation is accommodated
in our solution as strain or rotation rates, waiting to be released by earthquakes or as creep
on faults.

We compare the strain rate field of solution II with the resulting strain rate field of the
study of Kreemer et al. [2000] based on GPS and seismic moment tensors. We find agree-
ment in main styles of deformation, i.e. distribution of contraction within the plate bound-
aries of converging plates and shear-strain rate regimes along major strike-slip fault zones.
Due to the parameterization of faults in solution II convergence across plate boundary zones
is reflected by a combination of thrust motion on faults or plate boundaries and contraction
in fore-and backarc regions, shearing along faults by a combination of strike-slip motion on
faults and shear strain rate regimes around the fault. Basically different results in our study
are arc-parallel extension of forearc regions in plate-boundary zones that are dominated by
shortening between two plates and a more spatially variable strain rate field.
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Appendix A

Fault motion and fault
parameterization

Consider an arbitrary integration path L ;; crossing a fault in an arbitrarily deforming medium.
We parameterize L;; with the arc-length parameter [ and take I = 0 at the intersection of
L;; with the fault. The integration 2.3 is split into three parts:

Av(t) = fLi,V'u(r,t)-dr

= Vo - Dd+ [T Ra 4 [ vy L

(A1)

where € is a small arc distance. The second term on the right hand side reduces to v(+¢€) +
v(—e) which is the difference in velocity across the fault over an interval 2¢. If the fault is
locked and € — 0 this term vanishes because of the continuity of v. To simulate a slip rate
on the fault we let v depend on € and generate a sequence of velocity functions v . (I) which
converges to v when € — 0. Since the fault is slipping the velocity profiles v . converge to a
step function at the fault with v(—¢) — v(0~) and v(+€) — v(0™). Substituting v for v
in equation A.1 and letting € — 0 then v . (+€) + v.(—€) = v(0") — v(0~) which reduces
the second term on the right hand side to non-vanishing fault slip rate while integration in
the first term ends at the fault at [ = 0~ and in the last term integration starts at [ = 0.
This leads to the addition of path integration and faults slip terms which, after defining sign
conventions, leads to equation 2.5.

The sign of the fault slip term depends on the direction of integration. To develop a con-
sistent way of adding fault slip terms we first define the parameterization of fault geometry
and relative sense of fault motion. Fault geometry is parameterized on the Earth surface as
straight (or great circle) fault segments connected by support points 7, k = 1,2, .. (figure
Ala,b). LetTy = (rgs+1—7k)/|r, . — 7| denote the tangential unit vector of a segment,
then the unit normal N, on the segment is taken at 90 degrees counterclockwise from 71" .
The upward pointing unit vector is denoted by B ;. We label the two crustal blocks sepa-
rated by a fault segment as block 1 and block 2 where IN ; always points into block 1. Let
As; and As? represent the absolute 3-D block displacement of block 1 and 2, respectively.
We define the relative fault slip as: As;, = Ast — As? which gives the relative displace-
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block 2

Figure A.1: Tllustration of the parameterization of 3-D fault slip; a) Two crustal blocks that have
experienced a 3-D relative displacement and the triad of unit vectors T", IN, B used for the definition
of fault segments, b) Map view of a fault between ‘block 1’ and ‘block 2’ at fault segment k£ and
horizontal unit vectors indicated. Denoted are the absolute (horizontal) block displacements As,lc,
and As}, and the relative displacement Asy, ¢) Integration path L;; crossing two fault segments &
and n with relative and absolute fault displacements indicated. See text for further explanation.

ment of block 1 with respect to block 2. This definition is completely determined by 7" 4, and
changes sign if T'j, is reversed in direction. However, the sense of relative displacement is
preserved independent of the direction of T . Let As}, AsY and AsP denote the projec-
tions of Asy, on the three unit vectors. Right lateral displacement is given by As,{ > 0, left
lateral displacement by As?" < 0, normal faulting by As® > 0, and thrusting by AsY < 0.
Note that Asy, also fixes the fault dip.

Figure A.lc illustrates fault slip rate contributions averaged over time interval At to
an integration path L;; crossing fault segments k and n. For simplicity pure translational
motion is assumed and rigid blocks, hence Vv = 0. Absolute motions give: At Av;; =
As} — Ast, which can be rewritten as At Av;; = (Asl, — As?) — (Ash — As?). Noting
that As? = As? we get Av;; = (—Asy, + As,,)/At. The + and — sign result from
the definition of relative fault slip and the direction of stepping over a fault segment. When
going from site 4 to j segment k is crossed from a ”’1-block™ to a ’2-block™ hence the change
in relative motion is —Asy. In general these signs are given by o, = sign(INy, - 1;;) where
l;; is the local tangent to L;; in the direction of integration. In case block 2 is not rigid
and/or rotating about some axis a relative motion As? — As? may exist across block 2.
This gives Av;; = (—Asg + As,,)/At + (As? — As?)/At. The last term, however, is
accounted for by equation 2.3. Only the jump in velocity across a fault matters for pure fault
contributions to Av;; which we derived at the start of this appendix. When a path crosses
K faults the total slip contribution to relative motion generalizes to equation 2.4.



Appendix B

Parameterization of Vv

The parameterization of Vv is restricted to specifying its spatial behavior for each single
triangle 7' by shape functions. Let L™ denote the path segment in 7' of an integration path
L (where we dropped the subscript ¢j to save on notation). Then equation 2.3 can be written
as:

Av = Z(A’U)T = Z L Vo(r)-dr (B.1)

T

Now we need only concentrate on the contribution to Awv from one triangle 7' . The vertices
of T'7 correspond to model nodes with position vectors 7], m = 1,2, 3. At each vertex m
we have 9 model parameters assembled in Vu(r],). We denote the kl-component (row
index k) of Vv (r],) by p;;”, hence in cartesian geometry p;* = (Ovy/0z;)(r],). For
each component of Vv (r) the spatial variation in triangle 7' " is determined by:

it = Z PR G (T (B.2)

where g7 (r) are known functions that interpolate between the unknown model parame-
ters py;*. Substituting this parameterization in the path integral for T'" gives for the k-th
component of (Av)7:

(Av)f = fLT[VU(r) ~dr]y, = Zm 1 El PG
(B.3)

with G = [ g7, (r(A)) ST g )ax

where r7(A) = r1(A\)g; + r2(A)gs + r3(A)gs, (M1 < A < A2) parameterizes L™ with arc
length A\. The g, are unit axis-vectors in the coordinate frame adopted. Except for cartesian
geometry, the g; may depend on the arc-length A. Substituting B.3 in B.1 gives:

3 3
(Av)e =D > Y piGim (B.4)

7T m=1[=1
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In the summation over 7, the coefficients G| are zero for all triangles I'" not intersected
by path L. Equation B.4 can be simplified by noting that certain combinations of 7 and m
relate to the same node number n because one node is usually at the vertex of more than
one triangle. Therefore, the summation over 7 and m can be replaced by a summation over
model nodes n yielding

N 3
=> Y pyHP with H = > G (B.5)
n=1[=1

for’tm”=n

In order to arrive at a set of linear equations incorporating all relative motion data we
assemble all model parameters into one linear vector p of length 9N with p; = pf;,
j=1+3(k—1)+9(n—1). Label the set of M relative motion vectors as A, v, v =
1,2,.., M and assemble these into one data vector d of length 3M with d; = (A, v)g,
i =k + 3(v — 1). Equation B.5 becomes for all data:

IN
di =Y Vijpj i=1,..,M with V;; = H" or d=Vp (B.6)
j=1

Next, we present some computation details with respect to applications in cartesian and
spherical geometry. In flat geometry, for a given integration path L, we first calculate all
intersection points with triangle edges and adopt straight line connections 7 " (\) between
intersection points. We use linear interpolation functions g7 (r) as for instance given by
[Cook et al., 1989, p. 153]. The integration of B.3 for each triangle can be performed
analytically leading to the coefficients G]™.

In spherical (r,0 (;5) coordinates the velocity field is denoted by v(r,0,¢) = v, 7 +
09 + U¢,¢ where 7, 9 ¢ are unit vectors along the coordinates directions. A study region is
triangulated with spherlcal triangles with edges along great circles. Intersections of L with
triangle edges are computed and we adopt great circle segments 7(\) between intersection
points given by 7(\) = afcos (A\/a)71 + sin(A/a)#3], where a is the Earth radius, and 7
and 74 are two radial unit vectors in the great circle plane and at right angles to each other.

For a representation of the velocity gradient field in spherical coordinates it is economic
to change notation: with x;, (I = 1, 2, 3) we denote the coordinates r, 6, and ¢, respectively,
and similarly rename the corresponding unit vectors to e ;. Then, the physical component kl
of Vv is in spherical coordinates:

1 ov

[Vv(r)]kl hl (7‘, 0) 8_1'[ )

e B.7)

where the scale factors are h;(r,0) = 1,7, rsinf forl = 1,2, 3, respectively. Equation B.7
can be derived as follows. The tensor coordinate transformation from cartesian to spherical
coordinates for one spherical component kl is: Vv ; = ey - Vv - ; where Vv on the right
hand side is the cartesian tensor. This expression equals e, - (Vv; - e, Vs - €, Vs - €))7
which after taking the gradient in spherical coordinates, i.e. Vv; = ) (1/h;)0v;/0x e;,
and re-arranging terms leads to the generic form B.7. We want to interpolate the physical
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components of the velocity gradient field in triangles therefore we identify p 7;* in B.2 en-
tirely with Vv (r7,) of equation B.7. The only thing left is to define interpolation functions
g,,- We have adopted (weakly nonlinear) interpolation functions defined by

arc(r,r])

ac(ry, B B8

gm(r) = [1 -
where arc(r, 7],) is the arc distance between = and r7,. The point R, is located at the
triangle side facing node 77, at the intersection with the great circle arc spanned by 77, and
T.
We remark that all numbers 3 and 9 in this appendix change to 2 and 4, respectively, if
we would consider a two-dimensional problem.
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Appendix C

Modeling postseismic deformation

C.1 Influence of data exclusion

In an attempt to assess the effect of postseismic deformation we define a subset of all stations
that were occupied in the period after the Aigion and Grevena earthquakes and have likely
experienced postseismic motion (hereafter ‘postseismic subset’). To certify that this subset
encompasses all stations affected we assume that every station that experienced coseismic
deformation also moved by postseismic motion. It becomes part of the postseismic subset
if its coseismic velocity is larger than the formal error of its measurement. To identify these
stations we calculate the coseismic deformation by modeling the ground motion caused by
uniform slip on a rectangular dislocation in an elastic half space [Okada, 1985]. The source
parameters of the earthquakes, used in this calculation and listed in table C.1, are inverted
from a combination of seismic (local, regional and teleseismic records of the mainshock
and of aftershocks), GPS and InSAR data [Bernard et al., 1997] and from GPS data [Clarke
et al., 1997b], which were also used to correct the SING data for coseismic displacements.
The postseismic subset consists of 59 stations and the 175-vector set minus this postseismic
subset is shown in figure 3.4.

We compare solutions that result from application of the inverse method to four subsets

lon lat y/ strike | dip | rake My length | dpyin | dimaz

‘ [km] [-10°°Nm] ‘ [km] ‘ [km] | [km]

G | 21.63 | 40.02 | 11 252° | 41° | -87° 16.3 27.1 2.8 13.5
A ‘ 22.12 ‘ 38.21 ‘ 10 ‘ 277° | 33° | -77° 34 ‘ 15 ‘ 4.5 ‘ 9.7

Table C.1: Source parameters of the M;=6.6, May 13, 1995 Kozani-Grevena [Clarke et al., 1997b]
(G) and the M;=6.2, June 15, 1995 Aigion (Gulf of Corinth) [Bernard et al., 1997] (A) earthquakes.
dmin and dq. denote the depth of the upper and deeper edge of the fault, respectively.
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Figure C.1: Parameterization of the (A) model area, (B) Gulf of Corinth. The black dots represent
the sites of observation.

of the SING data set to investigate the influence of the presence of stations that may have
been influenced by postseismic deformation (section 3.4). The data sets are: (d1) the data
set of 175 vectors, displayed in figure 3.3; (d2) the d1-set without the possibly influenced
stations in the Aigion region; (d3) the d1-set without the possibly influenced stations in the
Grevena area and (d4) the data set of 116 vectors (i.e. without the postseismic subset).

The inversions of the four data sets are targeted at fitting both the velocity data and the
V x Vv = 0 constraints by solving for a continuous velocity gradient field. In this analysis
faults are ignored. We compare the solutions by determining the residual deformation fields
of inversions of the d2-, d3- and d4- sets with respect to the ‘reference solution’, which is
the deformation field computed from the d1-set. Consequently, parameterization is adjusted
for inversion of the d1-set and then also applied to the d2-, d3- and d4-sets. In general,
the local density of the stations is used as a guide for local densification of model nodes
which determines the triangulation of the Aegean region. Due to the high station density
and observed large velocity variations in the d1-set at the Corinth and Grevena epicentral
areas the triangulation of these areas is made considerably denser than elsewhere (figure
C.1). The solution is weakly regularized, but the focus remains primarily on data fit (ex-
pressed by the usual y?-measure). Table C.1 lists the results of the accepted solution per
data set. Significant differences in resolution and model error between the solutions only
occur around the two epicenters. The data fit is especially sensitive to the velocity data at
the Aigion epicenter.

Figure C.2 depicts the residual effective strain (&.;; = 1+v/€€, with € the strain rate
tensor) and rotation rate field that result from subtracting the solution for the d1-set from
the solution for the d4-set. Outside the areas surrounding the two epicenters the solutions
are practically equal, suggesting absence of far-field effects associated with motion in the
epicentral region. The maximum principal extension rates occur at the epicenters of both
earthquakes and coincide with T-axes derived from the focal mechanism solutions (figure
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i | number | x% | 7 ¢, i | number | x? | 7 ¢,
of data [1078] of data [1078]

yr yr

dl 175 3.6 | 0.96 1.0 d3 143 43 10.95 1.2

d2 146 1.2 | 0.96 1.1 d4 116 1.3 {0.95 1.2

Table C.2: Results of inversions of four different subsets of the SING data set. See the caption of
table 3.2 for an explanation of the symbols.

3.17).

A x2-value of 3.6 indicates that a large part of the d1-set can still not be fit. The maxi-
mum of the misfit vectors after inversion of the complete data set is about 25 mm/yr (figure
C.3B). The maximum difference between observed velocities at the Aigion region and ve-
locities predicted by the model which was computed from the d4-set is about 30 mm/yr
(figure C.3A). These residuals indicate strong, extra extension restricted to a narrow zone
within the Gulf, which is not modeled by the solution shown in figures C.2A and B.

C.2 Visco-elastic response

The observations of a complex pattern of strong postseismic signals right after the Aigion
earthquake [Koukouvelas and Doutsos, 1996] suggest that the residual deformation field
at the Gulf of Corinth (figure C.3A) may be, at least partly, the result from postseismic
deformation. The Aigion earthquake was a pure normal faulting event and occurred on the
north-dipping E-W oriented Aigion fault segment, which is part of the segmented faulting
system at the south coast of the Gulf of Corinth. Average afterslip rates varied between 0.48
mm/day along the central part of the ruptured fault segment, adding up to a maximum of
3 cm afterslip throw, and 0.16 mm/yr at the eastern part during the first 10 weeks after the
earthquake. Simultaneously, the foot-wall block showed uplift and the hanging-wall warp-
like subsidence (folding). The western end of the fault segment showed general subsidence
of the whole area during the first weeks after the earthquake, followed by uplift of the whole
area without afterslip.

The presence of a regional-scale, highly conductive layer, 5 to 10 km thick, below about
10 to 15 km [Pham et al., 2000, section 3.4] may produce substantial transient surface de-
formation in a relatively short period of time after a large earthquake. To study the general
character of postseismic deformation we use the VISCO1D model of Pollitz et al. [2000]
which allows a first order estimate of the elastic motions at the Earth’s surface. VISCO1D
describes the response of a spherically stratified elastic- visco-elastic medium to the stresses
generated by an earthquake occurring in one of the elastic layers in terms of a spherical
harmonic expansion of spheroidal and toroidal motion components. We compute the visco-
elastic response averaged over the first year immediately after the event, because the ‘post-
seismic’ measurements at the Gulf of Corinth took place during three campaigns within
the first year after the earthquake (table 3.1). Besides to the magnitude of the earthquake,
the strength of the postseismic deformation computed by the VISCO1D model is especially
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Figure C.2: (A) Effective strain rate and (B) rotation rate field of the solution for inversion of the d1-
set; (C) residual effective strain rate and (D) residual rotation rate field after subtracting the solution
for the d4-set (with the same parameterization and regularization as the solution for the d4-set) from
the solution for the d1-set.

sensitive to the viscosity, thickness and depth of the seismogenic layer. For these input pa-
rameters we take realistic values leading to the most conservative estimate of visco-elastic
relaxation. The stratification of crust and lithosphere are modeled according to the magneto-
telluric observations of Pham et al. [2000]

The upper crust of the spherically stratified half space model is an elastic layer of 13 km
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Figure C.3: (A) Residual velocity vectors at the sites that were excluded from the d1-set at the area
of the Aigion epicenter after subtraction of the velocity vector that is predicted by the solution for the
d4-set; (B) misfit vectors after inversion of the d1-set.

with average values for density (), bulk modulus (%) and shear modulus (/i) of 3.0 g/cm 3,
7.0-101° Pa and 3.8-10'° Pa, respectively. The ductile layer (5 =3.4 g/cm?, & =9.5-101°
Pa, ji =5.3-10'° Pa), with a viscosity of 1.0-10'8 Pa s and thickness of 4 km, is followed
by elastic material (5 =4.0 g/cm?, & =15-101° Pa, i =7.0-10'° Pa), throughout the rest
of the half space. Although Pham et al. [2000] propose the upper limit of the mantle to be
positioned at a depth of 30 km, we do not include it in the half space model that leads to
the results shown in figure C.4, because its contribution to the surface motions during the
first year after an earthquake is insignificant. For the source parameters of the earthquake
we take the fault plane solution that was also used to compute the coseismic motions due to
the Aigion earthquake [Bernard et al., 1997, table C.1, section 3.4]. The resulting effective
strain rates and principal axes are shown in figures C.4B and D, next to the effective strain
rates (figure C.4A) and principal axes (figure C.4C) of the residual deformation field after
subtracting the solution for the reduced data set from the solution for the complete data set.

A brief comparison of inversion results (figure C.4A, C) with predicted surface motion
due to visco-elastic relaxation (figure C.4B, D) shows a general agreement in character of
both solutions: (1) N-S directed contraction north and south of the Gulf of Corinth, followed
towards the epicenter by (2) a zone of weaker extension, (3) a thin zone of strong contraction
(although the contours of the contractional zone are somewhat irregular in our solution) and
(4) strong N-S directed extension confined to a narrow zone within the Gulf. The main
differences are (1) an orientation mismatch in the general pattern (compare figure C.4A
and B), (2) an amplitude mismatch in the vicinity of the earthquake (compare figure C.4C
and D) and (3) absence of local compression in the event region, which are predicted by
the visco-elastic modeling, but not found in the inversion results. These differences can be
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Figure C.4: (A) Detail of figure C.2C: Residual effective strain rate field at the Gulf of Corinth, (B)
effective strain rate field averaged over one year due to visco-elastic relaxation (for model description,
see text), (C) principal axes of residual strain rate field, belonging to (A), (D) principal axes of visco-
elastic strain rate field belonging to (B).

caused by an orientation error in the fault plane solution, lateral heterogeneity in rheological
properties of the crust (which has been proposed to exist [Pham et al., 2000]) and a wrong
depth profile of rheological properties used for the visco-elastic modeling.



Appendix D

Velocity data for Southeast Asia

Table D.1: The complete velocity data set of solution II (section 4.4), after
subtracting the residual rotation vectors resulting from the inversion. The num-
ber between brackets indicates the 3-o error of the velocity component. Key:
vg, longitudinal; v4, latitudinal component of velocity vector; * Tomini velocity

vector.
# position velocity (’Z—T) # position velocity (’Z—T)
CE) CN) | v v CEl N | ve v
Main data [Matheussen, 2000]

1| 140.7 -25 19(4) 46(1) 2 1139.0 40 353) 51(1)
311313 258 | -30(6) 22(2) 4 | 131.1 -12.8 35(3) 56(1)
511281 -38 17(33) 18(1) 6 | 127.8 260 42(6) -40(2)
7| 1273 09| -48(12) 12(1) 8 | 1260 -20 9@3) 16(1)
91257 -80 45(2) 40(1) 10 | 125.6 9.6 | -10(7) 15(2)
11| 1255 70 | -19(2) -6 (1) 12 | 125.1 1.3 26(4) -11(1)
131243 135 | -16(2) 36(1) 14 (1243  -99 43(2) 37(1)
15 | 1242 242 48 (3) -57(1) 16 | 1228 -54 | 30(13) 44)
17 | 1228 -1.0 50) 173 18 | 1227  -4.2 | 24(10) 72)
19 | 1227 109 25(3) 2(1) 20 | 122.1 6.9 21(2) -13(D)
21 | 121.8  -8.6 34(2) 24(1) 22 | 1215 249 39(2) -20(D)
23 | 1215  -4.6 30 (2) -2(1) 24 11214 -10 2@ 13(@)
25 | 1209 2.6 18 (2) -3(1) 26 | 1209 -1.9 | 10(10) 9(2)
27t | 120.9 0.5 2(12) 54D 28 | 1206 184 | -43(2) 9(1)
29 | 1204  -35 24 (3) -6 (1) 30 | 1203 -14 9(4) 7(1)
31| 120.1  -0.7 16(5) 25(1) 32 11199 -09 17 (7) 72)
33 1 1197  -40 30 (3) -6 (1) 34 11196  -09 22 (5) -6 (1)
3511196 -5.1 28 (2) -6 (1) 36 | 1195  -14 16(4) -11(1)
37 | 1189 10.0 36 (2) -16(1) 38 | 118.0 4.2 24(2) -18(D)
39 | 117.1  -20.9 40(1) 541 40 | 116.8  -1.3 25(09) -12(2)
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Table D.1: continued

. . mm . . mm
# position velocity ( 7) # position velocity ( T

(°E) (°N) Vg Vo CE) CN) \0 Vo
41 | 115.0 4.9 31(6) -10(2) 42 | 1148 -3.8 28 (2) -10(1)
43 | 1147  -8.1 29(2) -13(1) 44 11102 -7.6 30 (3) -9 (1)
45 | 108.9 0.9 32(3) -11(D) 46 | 1083 159 33(2) -10(1)
47 | 107.3 209 37(2) -11(1) 48 | 106.8 -6.4 27(1) -10(1)
49 | 106.2 -1.9 28 (2) -9 (1) 50 | 103.7 1.3 29 (2) -6 (1)
51 | 103.1 5.3 34 (2) -6 (1) 52 | 102.8 249 303) -19(1)
53 | 102.3 -3.8 26 (2) 14 (1) 54 | 101.0 13.0 35(2) -5(1)
55 98.6 3.5 36 (2) 2(1) 56 | 98.3 7.7 34 (2) -2(D)
57| 97.8 0.6 31 (2) 28(1) 58 96.8 -12.1 4 (1) 47(Q)
59 | 1329 -12.6 42(4) 56(11)
Sumatra data [Bock et al., 2001]
60 | 994 0.2 | 24(12) 13 (6) 61 99.8 02 | 34(12) -11(6)
62 | 1404 -85 | 28(18) 64 (9) 63 | 106.8 -6.5 34(19) -11(6)
64 | 1148 -34 | 18(Q21) -15(6) 65 | 129.8 -4.5 | 30(15) 34(6)
66 | 136.1 -1.2 | -58 (15) 39 (6) 67 | 118.7 -8.5 | 19(12) 7 (6)
68 | 99.8 1.4 | 38(12) -1 (6) 69 | 100.8 1.7 | 33(12) 0 (6)
70 | 105.6 -6.5 | 26(21) -9 (6) 71 | 1046  -59 | 19(30) 8(9)
72| 968 -12.1 | 58(24) 41(9) 73 98.5 -0.3 | 35(12) 26(6)
74 | 98.8 0.1 | 21(12) 18 (6) 75 97.8 06 | 24(12) 26(6)
76 | 97.7 1.2 | 36(12) 20(6) 77 | 974 1.5 | 37(15) 33(6)
78 | 97.6 24 | 32(15) 6 (6) 79 | 138.1 94 |-83(33) -2(18)
80 | 131.1 -12.8 38 (9) 65 (6) 81 99.6 2.5 | 30(12) -5 (6)
82 | 1152  -8.8 | 28(12) -15(6) 83 | 125.5 -8.5 41 (9) 55(6)
84 | 98.7 2.5 | 37(12) 6 (6) 85 | 101.2 1.2 3509) -16(6)
86 | 132.3 29| -2909) 45(6) 87 | 98.5 2.1 | 27(15) 19 (6)
88 | 100.7 -0.7 | 39(12) -5 (6) 89 | 133.7 -3.6 | -33(9) 53(6)
9 | 1246  -8.1 | 37(12) 33 (6) 91 | 109.4 0.8 | 28(24) -23(6)
92 | 1224 4.1 | 27(12) 4(6) 93 | 102.3 -3.8 | 23(15) 8 (6)
94 | 123.7 -10.1 | 22(12) 53 (6) 95 | 122.8 -1.0 | -6(12) 11 (6)
96 | 124.9 1.5 8(12) -11(6) 97 | 134.1 -0.9 | -61(39) 43(12)
98 | 989 -09 | 50(33) 17(5) 99 | 1276 -13 |-56(15) 24(6)
100 | 1004  -0.9 29 (9) 17(6) || 101 | 111.7 27 | 2621)  -11(9)
102 | 100.4 0.8 | 27(12) 5(6) || 103 | 100.8 0.2 | 35(15) 8 (6)
104 | 100.1 03 | 36(12) 12 (6) || 105 98.9 1.9 | 33(12) 12 (6)
106 | 101.4 0.6 | 35(12) -5(6) || 107 | 120.5 -8.5 2(18) -9 (6)
108 | 131.3 -7.9 36 (9) 48(6) || 109 | 140.5 -2.6 9(15) 56(6)
110 | 99.2 1.5 | 36(12) 10(6) || 111 98.6 2.1 | 28(15) 16 (6)
112 | 99.1 0.6 | 26(12) 16 (6) || 113 99.1 2.1 | 37(12) -8 (6)
114 | 131.3 -0.9 | -61 (12) 38(6) || 115 | 1127  -7.1 | 35(@21) -20(6)
116 | 117.6 33 | 18(18) -19(6) || 117 | 1369 -4.5 30(9) 66 (6)
118 | 119.5 -5.0 28 (9) -4(6) || 119 | 100.7 0.0 | 23(33) -9 (9)
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Table D.1: continued

# position velocity (’Z—T) # position velocity ( ”;’Tn
(CE)  CN) \] \2) (°E)  CN) \ \2)
120 | 120.3  -9.6 | 42(15) 13(6) || 121 | 1389 4.1 | 30(12) 61 (6)
122 | 1264  -79 | 33(12) 57(6) || 123 | 1057 -104 54(9) 42(6)
124 1 1362  -19 | -1(15) 38(6) || 125 | 97.2 22 | 17(18)  32(6)
126 | 96.6 22| 2321) 26(9) || 127 | 1104 -7.7 | 31(18) -13(6)
Taiwan and Philippines data [Yu et al., 1999]
128 | 134.5 73 1-76(13) 1(14) || 129 | 121.0 14.6 | -16(5) -7(4)
130 | 121.5  25.0 42(4) -15@3) || 131 | 1242 244 54(6) -55@4)
132 | 136.1 204 | -28(32) 16(25) || 133 | 1199 26.2 36(3) -144
134 | 121.6 252 393) -15(4) || 135 | 121.6 250 37.(2) -22(4)
136 | 121.5  25.0 403) -16(4) || 137 | 121.2 249 33(33) -14(4)
138 | 121.0  24.8 33(3) 9@) || 139 | 1184 245 37(3) -14(4)
140 | 1242 244 403) -53(4) || 141 | 1215 237 16 (3) 04
142 | 119.6  23.7 36(3) -14(4) || 143 | 1203 236 31(2) -6 (4)
144 1 120.5 23.6 28(33) -12(4) || 145 | 120.2 230 213) -15(4)
146 | 121.1  23.0 6(3) -2(4) || 147 | 1206 226 | -15(3) -144)
148 | 120.8 21.9 6(3) -6 (4) || 149 | 116.7  20.7 413) -134)
150 | 1189 10.1 30099 -5(10) || 151 | 121.5 233 73 324)
152 | 1212 228 | -13(3) 25(4) || 153 |121.6 220 | -28(3) 29(4)
154 | 1220 204 | -43(7) 27(8) || 155 | 1206 185 | -49(7) 13(8)
156 | 1219 182 | -47(7) 33(8) || 157 |121.8 17.7 | -55@8) 24(9)
158 | 1205 17.6 | -39(8) 10(9) || 159 | 1215 16.6 | -40(7) 31(8)
160 | 120.6 164 | -32(7) 5@ || 161 [120.1 161 | -25(9) 0(11)
162 | 121.1 158 | -36(6) 25(7) || 163 |121.1 15.6 | -38(8) 8(9)
164 | 120.5 154 | -22(8) 2(10)
WING data [Kato et al., 1998b]
165 | 120.2 149 | -20(7) 4(8) || 166 | 121.2 14.6 258  8(10)
167 | 121.0 14.6 | -24(3) -4(4) || 168 | 1243  13.6 -11(8  36(9)
169 | 96.8 -12.1 36(7) 49(22)
Extra Australia data

170 | 105.7 -10.4 | 34(5) 53(15) || 171 | 110.0 -17.0 | 30(15) 52(15)
172 1 1250 -16.0 | 27(15) 45(15) || 173 | 135.0 -10.0 | 30(15) 39(15)
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Appendix E

Quantitative deformation data of
Southeast Asia

E.1 Literature

Table E.1: Slip, strain and rotation rate data and estimates of the crustal defor-

mation in Southeast Asia: ™ slip denotes the arc-parallel component of relative

plate motion derived from the angles of earthquake slip vectors, the strain rate

denotes the arc-parallel strain rate (i.e., the slip divided by the length of the fore-

arc). ! based on the NUVEL-1A Euler pole for Eurasia - Australia of DeMets

et al. [1994], 2 based on the pole of Larson et al. [1997]. Abbreviations: D, type

of data referenced; d, dextral; s, sinistral; t, thrust; n, normal; G, geology; g,

GPS; Q, earthquakes; P, plate tectonics; p, paleomagnetism. Positive, negative

strain rates are arc-parallel extension, arc-normal contraction, respectively. Rota-

tions come from young paleomagnetic data (Plio-pleistocene); positive, negative

denote clockwise, counterclockwise rotation rates, respectively.
location slip strain rotation  reference D

(mm/yr) (10~8/yr)  (°/Myr)

Sumatra
SF 5°S 6d+4 Bellier and Sébrier [1995] G
SF 1°S 17d+6 Bellier and Sébrier [1995] G
SF 1°S 11d Sieh et al. [1991, 1994] G
SF 1°S 23d+3 Genrich et al. [2000] g
SF 2°N 23d+2 Bellier and Sébrier [1995] G
SF 2°N 27d Sieh et al. [1991, 1994] G
SF 3°N 26d+2 Genrich et al. [2000] g
MeF <19d Bellier and Sébrier [1995] G
MeF inactive Sieh and Natawidjaja [2000] G
MeF <5d Genrich et al. [2000] G
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Quantitative deformation data of Southeast Asia

Table E.1: continued

location slip strain rotation  reference D
(mm/yr) (10=8/yr)  (°/Myr)
BF 4°N 12d+5 Bellier and Sébrier [1995] G
BF 4°N 11d+2 Malod and Kemal [1996] G
BF 4°N 5d+2 Genrich et al. [2000] g
forearc™ 23d+15 1.7£0.4 McCaffrey [1996] Q.p
forearc* 24d+41 McCaffrey et al. [2000] QP
forearc* 26d+32 McCaffrey et al. [2000] QP
forearc 8+5 Genrich et al. [2000] g
Java
forearc™ 17s+10 0.0+0.4 [McCaffrey, 1996] QP
Timor
forearc -6.3,3.0 [Genrich et al., 1996] g
Irian Jaya
SYF 80s [McCaffrey and Abers, 1991] Q,P
SYF -2.6£0.7 [Ali and Hall, 1995] p
SYF 1.7+£0.3  [Ali and Hall, 1995] P
Seram 7-14 [Haile, 1978] P
TAF 5-25s, 1-9t [Abers and McCaffrey, 1988] Q
TAF 20s [McCaffrey and Abers, 1991] Q,P
Sulawesi
North Arm 4.0£0.5 [Surmont et al., 1994] P
NST west 41t [Stevens et al., 1999] g
NST east 10t [Stevens et al., 1999] g
NST 50t [Silver et al., 1983a] G
NST 30t [Jarrard, 1986] G
PaF 38s+8, 8t [Stevens et al., 1999] g
PaF 34s, 4t [Walpersdorf et al., 1998] g
MF 33s, 15n [Stevens et al., 1999] g
Philippines
PF 11°N: 26s+10 [Duquesnoy et al., 1994] g
PF 20-25s [Barrier et al., 1991] G
PF 17-31s [Yuetal., 1999] g
PF 21s [Lee and Lawver, 1994] p
PT 10°N: 30t [Lallemand et al., 1998] G,P
PT 5°N: <30t [Lallemand et al., 1998] G,P
SaT 40t [Lallemand et al., 1998] G,P
HT 30t [Lallemand et al., 1998] G,P
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Table E.1: continued
location slip strain rotation  reference D
(mm/yr) (10=8/yr)  (°/Myr)
forearc™ 50s+14 1.9+1.5 [McCaffrey, 1996] Q.p
Taiwan
LVF north 23512 [Yu et al., 1990] g
LVF north 10t+1 [Yu et al., 1990] g
LVF south 30s+3 [Yu et al., 1990] g
LVF south 23t+3 [Yu et al., 1990] g
E.2 Inversion results
F Slip rate (”;—:,”) & F Slip rate ( %) T
1 | I 1 | I
Sunda arc Banda arc
ST 33t(4)-42t(2) | 74(3)-254%(6) 8 || TT 44(1)-164(2) 104(2)-175(1) | .8
SF 28(1)-13%(12) | 6%(1)-20%(5) 1. || FT 8%(1)-15%(1) 14(1)-3%(1) 9
MeF | 17(1)-1452) | 4%(1)-65(1) 7| WT 164(1)-178(1) | 25(1)-65(1) 9
BF 11™(1) 104(1) 7 || AT 161(2)-20£(2) | 1%(1)-10%(2) .6
JT 43t(3)-465(3) | 5%(2)-9°(2) 9 || SeT 1:(1)-1141) 13%(1)-365(1) | 1.
Irian Jaya Taiwan
SYR | 54(1)-10™(1) | 23%(1)-53%(2) | .8 || MT 31%(1)-58%(1) | 10%(1)-25%(1) | .8
TAF | 6i(1) 10%(1) .6 || RT 365(1)-58%(1) | 225(1)-49%(1) | .9
NGT | 3{(2)-12%(1) 55(1)-115(1) 5 || LVF 13(1)-274(1) 75(1)-5%(1) .6
Molucca Sea Sulawesi
SaT | 4%(1)-34%(1) 134(1)-225(1) | .9 || PaF 3t(1)-4™(1) 8%(1)-38%(1) 7
HT 21%(1) 44(1) 1. || paFt | 2t(1)-5™(1) 89(1)-225(1) 7
NST 13%(1)-38%(1) | 4%(1)-8%(1) 8
NSTH | 78(1)-144(1) 44(1)-64(1) 8
Philippines Philippines
NT 19%(1) 415(1) 9 || PT 28(1)-21%4(1) 24(1)-145(1) 9
PF 15(1)-11%(1) 124(1)-265%(1) | 9 | CT 81(1)-29%(1) 15%(1)-165(1) | .9
SuT | 8i(1) 35(1) 9

Table E.2: Slip rates of solution II; the model error is put between brackets. Key: F, fault; L, slip
component perpendicular to fault segment; ||, parallel to fault segment, 7, average resolution of the
slip rates on the particular fault segments. 4. dextral; °, sinistral; ™, normal; ¢, thrust; Jf, the slip rates
on the Sulawesi faults after removal of the Tomini velocity vector from the data set (table D.1). For
the key on abbreviations indicating fault segments, see figure 4.7.




Summary

An important factor in the study of lithospheric deformation is an accurate representation of
the kinematics of the Earth’s crust. This thesis presents a new inversion method, introduced
in the first part of chapter 2, to model the present-day kinematics of the deformation field
of the Earth’s surface by the use of (space) geodetic measurements of relative motion. The
aim of the method is to represent the kinematics of the crustal deformation field without
implicitly relating kinematics to the style of deformation at depth and without restrictions
about the spatial scale of the region under consideration.

The method inverts relative motions between all pairs of stations of a particular velocity
data set (in this thesis mainly GPS data), in a regularized least-squares approach, for the
velocity gradient field in crustal blocks and for fault motion on the active faults or block
boundaries. The incorporation of fault motion is motivated by the fact that the velocity
field of the Earth’s crust on short time scales, as represented by space geodetic data, is
not necessarily a continuous function of spatial coordinates. Faults accommodate slip and
represent boundaries between moving plates or blocks, whatever the deformation at depth
may be.

In the second part of chapter 2 the method is tested on a synthetic velocity field. The
synthetic velocities sample a region intersected by two, freely slipping faults and represent
a deformation field that results from the application of shear stresses assuming an elastic
rheology. Results demonstrate that the method works well in obtaining joint estimates of
the velocity gradient field and slip on active faults. The data are fit within their error bounds
for solutions that are well resolved and have acceptable covariance. Model misfit patterns
can be sufficiently minimized and basically can be understood as a combination of lack of
data and absence of a constraint on the coupling between fault position and velocity gradient
field, the latter as a direct result of the purely kinematic definition of the method.

To investigate the performance of the method in modeling continental deformation pat-
terns it is applied to a relatively dense data set, which samples the Aegean velocity field,
as a first application to the real Earth in chapter 3. Comparison between a solution for the
lateral velocity gradient field only (I) and a solution for the lateral velocity gradient field and
horizontal fault motion (IT), in which the main fault zones and plate-boundaries are incor-
porated, shows that the main differences are found at the areas, where faults accommodate
strong slip rates. Besides decrease of the average magnitude, the spatial distribution of the
velocity gradient field is different. Further exploration of the trade-off between fault motion
and the velocity gradient field shows that parameterization of large faults only renders a
continuous deformation solution that probably represents slip on non-parameterized faults
combined with distributed deformation in the crust. If only observation sites are used far
away from faults, the estimated fault slip reflects predominantly (long term) crustal block
motion, i.e. independent of fault locking. If sites are used close to faults, the actual fault mo-
tion prevails in the estimate which includes obtaining zero motion if a fault has been locked
during the observation period. Insignificant slip rates in combination with strong variations
in the velocity gradient near the fault trace suggest fault locking and/or surface creep pro-
cesses associated with fault activity at depth. Using observation sites close to faults is the
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only possibility to reduce trade-off effects.

In general, the properties of solution I agree with results from earlier geodetic studies
solving for the lateral velocity gradient field on regional and local scale. From comparison
of solutions I and II with shallow earthquake and stress data both patterns of agreement and
disagreement are found. Possible causes for these discrepancies are errors in the model,
errors in the moment tensor estimates or differences between the near surface and deeper
crustal deformation, the latter suggesting that combining geodetic data with moment tensor
solutions is not straightforward. Solution II enables to define the distribution of crustal de-
formation in terms of concentrated deformation (i.e. fault motion) confined to the main fault
zones of the Aegean region and distributed deformation of fault-bounded blocks. The good
agreement between orientations of the derived slip solution and geological observations and
geodetic derivations and the consistency found between rotation rate results and young pa-
leomagnetic observations suggest that solution II reflects larger-scale crustal block motion.
A new, detailed view on the present-day kinematics of the Aegean crustal deformation field
is presented.

To investigate the performance of the method in modeling the kinematics of crustal de-
formation of larger-scale regions where the interaction of tectonic (micro-)plates determines
the surface velocity field, the final application of the method, presented in chapter 4, is to a
combination of GPS data sets obtained in Southeast Asia. Although the data densely sample
some regions within the plate boundary zones of Southeast Asia, the overall density necessi-
tates to apply a relatively sparse parameterization for the whole model region. Comparison
of a solution for the lateral velocity gradient field only (I) with a solution for the lateral
velocity gradient field and fault motion (II) shows that the velocity gradient field of solution
I is relatively strong at the interiors of the plates, whereas the main deformation features of
solution II are located in the plate boundary zones. Inversion for the velocity gradient field
and fault motion simultaneously enables the accommodation of localized motion on faults
or plate boundaries and offers insight in the distribution of relative plate motion in plate
boundary zones in terms of slip, (micro-)block rotation and strain rates.



Samenvatting (Summary in Dutch)

Het juist weergeven van de kinematika van de aardkorst vormt een belangrijk aspect van
de studie naar de deformatie van de lithosfeer. Het eerste deel van hoofdstuk 2 van dit
proefschrift introduceert een nieuwe inversie methode die poogt het huidige kinematische
deformatie veld van het aardoppervlak te modeleren met behulp van (ruimte-)geodetische
metingen van relatieve beweging. Het doel van de methode is het weergeven van de kine-
matika van het deformatie veld van de aardkorst zonder deze impliciet te relateren aan de
deformatie die zich onder het aardoppervlak afspeelt en zonder voorwaarden te stellen aan
de afmetingen van het studie gebied.

De methode inverteert de relatieve snelheid tussen elk stationspaar van een bepaalde
data set (in dit proefschrift voornamelijk GPS snelheden) voor de snelheidsgradient in ko-
rst blokken en voor breuk slip op de grensvlakken van korst blokken door middel van een
geregulariseerde kleinste-kwadraten benadering. Het feit dat het laterale snelheidsveld van
de aardkorst op korte tijdsschaal niet noodzakelijk een continue functie van plaats is, vormt
de reden voor de opname van breuk slip in het model is: breuken vertegenwoordigen gren-
zen tussen korst blokken die beweging vertonen ten opzicht van elkaar, ongeacht de defor-
matie op grotere diepten.

Het tweede deel van hoofdstuk 2 belicht de resultaten van tests van de methode op een
synthetisch snelheidsveld. Dit synthetisch snelheidsveld bemonstert een gebied dat twee
vrij slippende breuken omvat en vormt de elastische reactie op schuifspanningen die op een
modelrand zijn aangebracht. Het deformatie veld dat resulteert van toepassing van de meth-
ode vertoont alleen kleine afwijkingen van het synthetische deformatie veld. Deze model
misfit patronen kunnen worden verklaard door gebrek aan data in combinatie met een ont-
brekende voorwaarde voor de koppeling tussen breuk slip en geometrie en de snelheidsgra-
dient. Deze ontbrekende voorwaarde is een direct resultaat is van de zuiver kinematische
definitie van de methode. Data misfit patronen van oplossingen met een goede resolutie en
acceptabele covariantie liggen binnen de marges die worden opgelegd door de standaard
deviaties van het synthetische snelheidsveld.

Hoofdstuk 3 beschrijft de eerste toepassing van de methode op de werkelijke aarde. De
gebruikte data set bemonstert het Egeisch gebied, dat gekarakteriseerd wordt door conti-
nentale deformatie. Twee oplossingen worden besproken: de oplossing voor een continu
snelheidsgradient veld (I) en de oplossing voor het snelheidsgradient veld gecombineerd
met breuk slip op de regionale breuken en plaatgrenzen (II). De grootste verschillen tussen
I en II worden aangetroffen rond die breuken die in II relatief sterke slip vertonen. Behalve
afname van de gemiddelde magnitude is daar ook de orientatie van de snelheidsgradient
afwijkend. Nadere bestudering van deze verschillen leert dat door het parameteriseren van
alleen de regionale breuken de snelheidsgradient behalve gedistribueerde korst deformatie
ook slip op niet gemodeleerde breuken vertegenwoordigt. Als een breuk alleen door veraf
gelegen stations bemonsterd wordt, dan reflecteert de resulterende breuk slip overwegend
(langere-termijn) korst blok deformatie. Als een breuk ook door dichtbij gelegen stations
bemonsterd wordt, dan domineert de hedendaagse breuk beweging in de oplossing. Dit
betekent dat er geen slip wordt gevonden als de breuk op slot zat gedurende de observatie
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periode. Niet significante slip in combinatie met relatief sterke variaties in het snelheidsgra-
dient veld vlakbij de breuk duiden op een ’gesloten’ breuk en/of op kruip processen aan het
aardoppervlak. Het gebruik van veel observatie punten om en nabij de breuken is de enige
mogelijkheid om deze ‘trade-off’ effecten te reduceren.

In het algemeen komen de eigenschappen van oplossing I overeen met resultaten van
eerdere geodetische studies waarin eveneens gezocht wordt naar de oplossing voor het lat-
erale snelheidsgradient veld op regionale en lokale schaal. De hoofdassen van het strain-
rate veld van I en II vertonen overeenkomsten en verschillen met de P- en T-assen van
de moment tensoren van ondiepe aardbevingen. Mogelijke oorzaken voor de tegenstri-
jdigheden zijn een onjuiste oplossing voor het deformatie veld, fouten in de moment tensor
schattingen of verschillen tussen de deformatie processen aan het aardoppervlak en die op
grotere diepte. De laatste mogelijkheid suggereert dat het samenvoegen van kinematische
informatie uit geodetische en moment tensor oplossingen voor het modeleren van één ko-
rst model niet vanzelfsprekend is. De orientaties van de slip vectoren van II vertonen een
goede overeenkomst met die van geologische en geodetische observaties. Deze conclusie
en de overeenkomst tussen het rotatie snelheidsveld van II en jonge paleomagnetische ob-
servaties suggereren dat II de regionale korst blok bewegingen reflecteert. Het laatste deel
van hoofdstuk 3 presenteert een nieuwe, gedetaileerde kijk op de hedendaagse kinematische
deformatie van het Egeische gebied.

In hoofdstuk 4 worden de resultaten besproken van toepassing van de methode op een
combinatie van GPS data sets die zijn verkregen in Zuidoost Azie. Hier bepaalt de interac-
tie van tektonische (micro-)platen het oppervlakte snelheids veld. Hoewel een paar eilanden
in de plaatgrens zones heel dicht bemonsterd worden, laat de gemiddelde dichtheid van de
data set alleen een relatief grove parameterisatie toe. De oplossing voor het laterale snel-
heidsgradient veld (I) vertoont relatief sterke deformatie in het midden van de tektonische
platen, buiten de plaatgrens zones, terwijl de dominante kenmerken van de oplossing voor
een combinatie van snelheidsgradient en breuk slip (II) zijn gelegen in de plaatgrens zones.
Tegelijk inverteren voor de snelheidsgradient en breuk slip maakt het mogelijk om defor-
matie te concentreren op breuken of plaatgrenzen. Dit biedt inzicht in de verdeling van
relatieve plaat beweging over plaatgrens zones in de vorm van slip, infinitesimale strain en
rotatie snelheden.
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