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ABSTRACT

SAR interfer ogramshave successfully deter mined the detailed coseismic
displacementsin the footwall block of the Chelungpu fault during the Mw
7.6 Chi-Chi earthquakein Taiwan on September 21, 1999 (local time). Based
on the 3D dislocation model of faults, we infer the preliminary rupturing
behavior - a segmented rupturing process - of the Chelungpu thrust from
recent SAR interferograms. A key argument controlling therupture of the
Chelungpu thrust may be the recognized segments with different sliding
depths of Chinshui Shale.
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1. INTRODUCTION

In recent years, Interferometric Synthetic Aperture Radar (InSAR) has been widely ap-
plied to DTM (Digital Terrain Model) generation and land-cover change detection. Radar
interferometry is atechnique for extracting surface information of the Earth by using the phase
content of the radar signal as an additional information source derived from the complex radar
data. The use of INSAR for monitoring earth deformation process has received considerable
attention, because of its great potential for mapping the movement associated with large earth-
quakes and other important geological events (e.g., Massonnet et al. 1994; Vadon and
Sigmundsson 1997; Wicks et al. 1998; Chang et al. 2002). Compared with conventional map-
ping techniques, SAR interferometry can satisfy the requirements of global coverage and so-
phisticated image analysis of INSAR implements high spatial resolution and height accuracy
simultaneoudly.
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This study attempts to undertake numerical modeling of the crustal deformation induced
by the Chi-Chi earthquake in Taiwan, via the deformation data obtained by the INSAR technique.
Theoretical deformation model simulates topometric variations at the surface and can be used
to address the underlying geological processes, for instance, the fault rupturing during aseis-
mic event or the fluid motions beneath the earth. A Mogi model, assuming that crustal defor-
mation is caused by a hydrostatic-pressure change in a spherical source, is particularly useful
in studies of crustal fluid dynamics, while dislocation model of faulting is usually used to
simulate the coseismic deformation induced by a quake. We have undertaken in this study the
preliminary 3D dislocation modeling (Thomas 1993) for INSAR deformation patterns of the
Chi-Chi earthquake.

2. SAR INTERFEROGRAMSOF THE CHI-CHI EARTHQUAKE

With the aim of detecting deformation linked to the Chi-Chi earthquake, we apply radar
interferometry, using SAR images acquired from the European Remote Sensing 2 (ERS2)
satellite of the European Space Agency (ESA). The studied areais covered by one ERS2-SAR
scene (descending orbit, track 232, frame 3123). The phase difference between two such im-
ages acquired at different times creates an interference (fringe) pattern called an interferogram
(Massonnet and Feigl 1998). The interferograms show the change in range from ground to
satellite, that is, the component of the displacement vector which points toward the satellite.
Between two fringes of the same color (a phase variation of 277 radians), there is 28 mm of
range change for ERS2. Such an interferogram records crustal deformation during the time
interval between the acquisitions of the two images.

In this study, we use the two-pass approach implemented by the GAMA® software. The
parameters of scenes that we used in our interferometric analysis are listed in Table 1. In the
resulting interferograms, the effects of topography were removed by using the Taiwanese
digital elevation model (DEM of Taiwan Forestry Bureau) with agrid interval of 40 by 40 m
and metric average elevation accuracy retrieved from 1:5,000 topographic maps. Since the
details of this technique have been described elsewhere, we restrict our discussion to interpret
the interferogram in terms of crustal deformation.

The interferogram shown in Fig. 1 reveals a smoothed semi-elliptical pattern of shorten-
ing with a progressive increase from the west coast to the east after the Chi-Chi event. The
maximum shortening in our unwrapped INSAR result is about 26 cm, which occurs around the

Table 1. Parameters of ERS2-SAR dataused in this study. Date of acquisition,
interval time, vertical baseline offset (B), paralel baselineoffset (B),
and period are shown.

Master orbit | Slave orbit |Time (day)| BL @) | B (m)

1999/10/28 | 1999/05/06 175 6 37
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central segment of the Chelungpu fault. The poor interferometric result on the hanging wall
side of the Chelungpu fault was due to two principal causes, which may have acted together.
Thefirst cause involves the dense vegetation. East of the Chelungpu fault, hills and mountains
are covered by dense forest and fruit trees, so from the C-band SAR it is difficult to detect the
possible ground displacement. The second cause is that the amount of displacement at hanging
wall istoo large in the Chi-Chi event, about 5 m in general after previousfield studies (Lee et
al. 2001). The C-band SAR alows measurement of movements in the centimeter scale; the
interferometric fringes are too complex to be distinguished when the vertical displacement is
too large. Moreover, the coherence of radar image is ailmost lost in this case, making the
detection very difficult.

Because the effect of flexural deformation decreases and vanishes from the near-fault
areato thefar fault area, the tectonic deformation in the footwall block of the Chelungpu fault,
after INSAR result, isin good agreement with that predicted by the elastic rebound theory in
the lower plate beneath a major thrust (Chang et al. 2002). It is, moreover, particularly inter-
esting that some detailed concentric fringes are present around the neighborhoods of the
Chelungpu fault in the SAR interferograms, asindicated by A, B and C in Fig. 1. Concentric
fringe patterns will be modeled in this study and their tectonic implication will be discussed
below.

3.3D DISLOCATION MODEL

To model the surface deformation induced by the Chi-Chi earthquake, as observed in the
SAR interferograms, we have used a computer program Poly3D (Thomas 1993) in this study.
Poly3D isa C language computer program that cal culates the displacements, strains and stresses
induced in an elastic whole- or half-space by planar, polygonal-shaped elements of the dis-
placement discontinuity, such as geological joints or faults. Dislocations of varying shapes
may be combined to yield complex three-dimensional surfaces well suited for modeling faults
inthe earth’ s crust. The algebraic expressions for the e agtic fields around a polygonal element
are derived by superposing the solution for an angular dislocation in an elastic half-space
(Thomas 1993). Detailed explanation of mathematical expressions and the coding algorithm
of Poly3D can be found in Thomas (1993).

Figures 2, 3 and 4 show results obtained from Poly3D of modeling the displacement and
calculated interferometric fringe patterns in the footwalls of asingle fault (Fig. 2) and three
continuous but segmented faults (Figs. 3 and 4) with different slipping depths. The model
parameters are given in Table 2. Here we emphasize the concentric fringe patterns as dis-
played in the aforementioned SAR interferograms of the Chi-Chi earthquake (Fig. 1). Asit
can be seen in Fig. 2, the concentric fringe patterns will appear only at the both ends of asingle
fault, where they correspond to the uplift and subsidence behaviors at these two ends
respectively. Consequently, when severa pairs of such concentric fringe patterns are found in
asingle event like the deformation of Chi-Chi earthquake (Fig. 1), they then may indicate an
important character of the segmented faulting process. We have modeled the deformation
pattern of the segmented faulting process. As shown in Figs. 3 and 4, along and segmented
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Fig. 1. An example of SAR interferogram with the radar image pair of (6 May 1999
- 28 October 1999) in the footwall block of the Chelungpu thrust (Chang et
al. 2002). It is noted that some detailed concentric fringes are present in the
neighborhoods of the Chelungpu fault, asindicated by A, B and C. Each
fringe corresponds to a deformation displacement of about 2.8 cm.

Fig. 2. Numerical modeling of 3D dislocation theory for the displacement (left)
and interferometric fringe (right) patternsin the footwall of asingle fault.
Note that the concentric fringes only appear at the both ends of the fault.
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Fig. 3. Numerical modeling of 3D dislocation theory for the displacement (left)
and interferometric fringe (right) patternsin the footwal | of three segmented
faultswith different depths. Note that two concentric fringe patterns (right),
corresponding to two local minima in the displacement (left), appear be-
tween 0 and 20 km along the vertical y-axis.

Fig. 4. A zoom-in picture of the displacement (left) and interferometric fringe
(right) patterns in the neighborhoods of the faultsin Fig. 3.



246 TAO, Vol. 14, No. 2, June 2003

Table 2. Fault parameters used in Poly3D.

Strike due| Dip angle | Depth of |Length/Width|Strike-slip/Dip-slip
north | (degree) the (km) (m)
(degree) bottom
(km)
Single fault in Figure 2 0 28 14.1 75/30 3/3
Segmented Segment I 0 28 14.1 25/30 1/1
faultsin | Segment II 0 28 9.4 25/20 3/3
Figures 3 & 4/ g oomentI| 0 28 47 25/10 5/5

fault with different dlipping-depth segments indeed produces more concentric fringe patterns
along the surficia fault trace.

Very recently, Lee et al. (2001) and Rubin et a. (2001) identified several segments along
the Chelungpu thrust of the 1999 Chi-Chi rupture, based on the motion discontinuitiesin the
surficial fault trace in Rubin et al. (2001) and the morphology of Chinshui Shalein Lee et al.
(2001). According to our preliminary modeling, SAR interferogram obtained in Chang et al.
(2002) isthereby in good agreement with the conclusion of the segmented structural character
of the 1999 Chi-Chi rupture (Lee et al. 2001).

4. CONCLUSION AND TASKSIN THE FUTURE

SAR interferometry has successfully revealed the detailed coseismic displacementsin the
footwall block of the Chelungpu thrust during the Chi-Chi earthquake. Based on the deforma-
tion patterns of SAR interferograms obtained in Chang et al. (2002) and the preliminary 3D
dislocation model of faultsimplemented in this study, we have suggested a segmented ruptur-
ing behavior of the Chelungpu thrust accordingly. A key argument controlling the rupturing of
the Chelungpu thrust may be the recognized fault segments with different sliding depths of
Chinshui Shale, as proposed in Lee et al. (2001), instead of the “one-fault” or “three-fault”
models proposed previously in Johnson et a. (2001).

It is noticed that we do not intend to invert completely the observed SAR interferograms
in this preliminary study, but draw an important feature regarding the Chi-Chi earthquake, the
segmented faulting process. A further inversion algorithm of 3D dislocation fault mode is still
under construction and is going to be completed in the near future. We believe that the detailed
patterns of SAR interferograms could be better inverted and the clearer faulting behavior con-
cerned with the Chelungpu thrusting could be addressed after completion of our coding work.
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