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Abstract

The deformation in the asphalted surface of a car park near Wufeng (24°1 N, 120°41'E) reveals the three-dimensional behaviour of the
surface rupture of the September 21st, 1999, Taiwan earthquake. The N-S striking fault dips 30°E and is reverse, almost dip-slip. It accounts
for about one half of the total NW—SE shortening of the whole fault zone. The remaining deformation occurred inside the upthrust block, in a
damaged zone less than 3 km wide, and is dominated by N—S left-lateral shear. This distribution of co-seismic deformation highlights fault
slip partitioning along an oblique fault zone, at a depth shallower than 1.7 km.
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1. Introduction

Roberts (2000) described pull-apart stepover structures in
an asphalted road surface as ‘a geological curiosity’, and
thus drew attention to the potential of such artificial layers to
record ground deformation. Two other papers illustrated the
reconstruction of co-seismic deformation in orientation and
amplitude, based on analyses of man-made surfaces. In the
first case (Angelier and Bergerat, 2002), the surface traces
of the June 21st, 2000, earthquake (Mw = 6.4) in southern
Iceland, were analysed in a car park. Because the deforma-
tion was pure strike-slip, planar geometry was sufficient to
fully reconstruct the co-seismic deformation. In the second
case (Angelier et al., 2002), three-dimensional geometry
allowed complete determination of the deformation that
affected the elliptic run tracks of a stadium during the
September 21st, 1999, Taiwan earthquake (Mw = 7.6). It
was aimed at discussing the methods and evaluating the
uncertainties through several independent determinations
of co-seismic slip. The present paper aims at quantifying
slip partitioning along the same earthquake fault.

* Corresponding author. Fax: +33-1-44-27-50-85.
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The Chichi earthquake has been studied by seismologists
(Central Weather Bureau, 1999; Chung and Shin, 1999;
Institute of Earth Sciences, Academia Sinica, 1999; Ma et
al., 1999; Kao and Chen, 2000) and geologists (Central
Geological Survey, 1999; Angelier et al., 2001; Lee et al.,
2001). The surface rupture is nearly 100 km long. The
motion was of thrust type with left-lateral component.
This earthquake induced slip on the Chelungpu Fault (Fig.
1a). This fault is the westernmost deep thrust of the belt (the
thrust to the west only affects the Late Cenozoic sediments
beneath the Taichung piggyback basin). In the days follow-
ing the earthquake, we analysed the rupture trace in a car
park near Wufeng (latitude 24°1.225'N, longitude
120°41.305’E), located in Fig. 1b and mapped in Fig. 2.

In this paper, we show that the local co-seismic displace-
ment of the September 21st, 1999, earthquake in central-
west Taiwan can be entirely described in three dimensions
in a simple way. The determination is based on geometrical
analysis in the asphalted surface of a car park cut by the
rupture trace of the N—S-trending Chelungpu Fault. We also
determine the proportion of total motion absorbed by the
fault slip, based on the comparison between our determina-
tion on the rupture trace and the far field information
provided by geodetic analyses.
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Fig. 1. (a) Location of the site studied (open dot) in Taiwan. September 21st, 1999 earthquake with epicentre as star, rupture trace as thick black line and focal
mechanism as beachball-type stereoplot. Main thrusts of the Taiwan belt with triangles on upthrust side. (b) Aerial view of Wufeng car park. Area of Fig. 2

shown with white lines bounding parking lots.

2. Geometrical analysis of co-seismic faulting in the car
park

Two rows of the car park are mapped in Fig. 2a. They
strike N94°E and were crosscut by the N4°E-trending
fault scarp of the earthquake. The fracture zone is 3—
6 m wide in the hanging wall, and a minor rupture occurs

10—20 m east of the main fault (Fig. 2a). The narrow fault
scarp is 1.62 = 0.06 m high (Fig. 2b). The reverse nature
of co-seismic faulting is illustrated by gaps in the
sequences of painted numbers, revealing missing park
lots (Fig. 3).

The rows were analysed separately; the results were
identical within the range of uncertainties. In the N94°E
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Fig. 2. Map (a) and topographic profile (b) of the Wufeng car park (northern two rows). Fracture zones in grey, main fault with triangles on upthrust side. Note

missing park lots.
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Fig. 3. The N-S-trending rupture trace at the Wufeng car park. (a) Fault scarp, view to the east, northern wall of car park on right. (b) View to the north, fault
scarp cutting across rows 42—54 (foreground) and 68—80 (background), compare with Fig. 2. (c) View to the southwest; the width of park lots 48—49 (missing

numbers between 47 and 50) is 60% of the original width.

direction, we measured the width of the 17 park lots left
intact by faulting (Fig. 2a). The average value and stan-
dard deviation, 3.24 = 0.03 m, show that the park lots
were almost identical in width. Before the earthquake,
each row included 13 lots, so that the total width was
42.12 £0.39 m. The corresponding distance measured
after the earthquake is 39.30 = 0.01 m. The co-seismic
horizontal shortening in the N94°E direction is the differ-
ence between these values, 2.82 = 0.40 m. The contribu-
tion of the minor rupture is 0.17 m. The row-perpendicular

offset is 0.32 = 0.03 m, left-lateral, in the N4°E direction
(Fig. 2a).

Because the fault scarp trends N4°E, the relative displa-
cements perpendicular and parallel to the N94°E-trending
row directly yield the strike-slip and the horizontal trans-
verse components of fault slip. With a vertical offset of
1.62 = 0.06 m, a transverse horizontal component of slip
of 282 *040m and a left-lateral component of
0.32 = 0.03 m (Fig. 2), other values are calculated using
the Pythagorean theorem for distances and tangents for
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Fig. 4. Geometry of co-seismic fault slip, Wufeng car park. (a) Map view of E-W shortening and N—S left-lateral offset. (b) Fault attitude and components of

relative displacement.

angles. The total slip is 3.27 = 0.38 m. The dip-slip compo-
nent is similar (3.25 * 0.38 m). The left-lateral and dip-slip
components indicate the pitch of the slip vector, 84 = 1°
towards the south. The vertical and transverse horizontal
components indicate a fault dip angle of 30 = 5° towards
the east (Fig. 4). The reverse dip-slip and left-lateral compo-
nents of horizontal relative displacement reveal a clockwise
angle of 83 = 2° from the slip direction to the N4°E fault
strike, giving as the trend of the slip vector N79°W =+ 2°
(hanging wall relative to footwall). The horizontal shorten-
ing in this direction is 2.84 * 0.40 m.

3. Distribution of co-seismic displacement west and east
of the car park

Our estimate of fault slip deserves comparison with the
results of the surrounding GPS geodetic stations surveyed
before and after the Chichi earthquake (Hou et al., 2000;
Johnson et al., 2001; Yu et al., 2001). Eight stations are
located near a WNW-ESE profile centred in the Wufeng
car park (Fig. 5). Their distances to the fault are in the range
0-18 km on the footwall side, and 3—-29 km on the hanging
wall side. Their displacement vectors are similar in azimuth,
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Fig. 5. Horizontal components of fault slip and far-field deformation of Chichi earthquake, Wufeng car park region. (a) Comparison between relative
displacements on fault trace (large open arrow) and across a 3-km-wide zone including fault (solid arrow). Vector difference as dashed open arrow. GPS
displacement data from Hou et al. (2000) and Yu et al. (2001), with eight selected stations as black dots and vectors as open arrows. (b) Components of
horizontal displacement along a N118°E-trending profile (black arrows). Same stations as in (a). Footwall and hanging wall slip components in Wufeng car

park as open arrows.
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Fig. 6. Slip partitioning in the Chelungpu Fault zone. (a) Westward dip-slip thrusting prevails on rupture trace, whereas N—S distributed left-lateral shear
associated with minor E-W shortening is accommodated in hanging wall by pervasive faulting, fissuring and folding. (b) Displacement of eastern boundary of
the highly deformed zone relative to upthrust side of fault at Wufeng (this paper) and Kuangfu (Angelier et al., 2002), mainly accommodated by fracturing and
pervasive left-lateral shear. Vector construction in Fig. 5a. Chelungpu Fault as thick black line, earthquake epicentre as star. (c) Displacement at rupture trace
(hanging wall relative to footwall), same sites, with dip-slip thrusting at Wufeng and left-lateral thrusting at Kuangfu (local NW—SE fault strike not visible at

map scale). (d) Total relative displacement.

about N111°E for the footwall and N55°W for the hanging
wall. The average trend, N118°E, coincides with the
N119°E direction of maximum compression revealed by
the inversion of focal mechanisms of the Chichi earthquake
sequence (Kao and Angelier, 2001).

The displacement regularly decreases away from the
fault, on both the footwall and the hanging wall, which
highlights the amplitude of the co-seismic elastic response
(Fig. 5b). Considering the nearest footwall and hanging wall
stations around the site studied, and adding their vectors, the
horizontal hanging wall displacement relative to footwall is
4.60 m in the N56°W direction, that is, 3.81 m towards the
west and 2.57 m towards the north (Fig. 5a).

4. Discussion and conclusions

Our data collected in the car park near Wufeng indicate
that the N-S earthquake fault dips 30°E (a typical dip
angle for a reverse fault) and is almost pure dip-slip.
This dip angle at the surface is scarcely steeper than, and
generally consistent with, the 25° dip angle determined at
the 5—12 km focal depth of the Chichi earthquake (Chung
and Shin, 1999; Kao and Chen, 2000). Farther north, at
Kuangfu, the same fault dips 40—45°E and locally strikes
NW-SE (Angelier et al., 2002). The Kuangfu site is
located in a sharp bend of the fault, whereas at Wufeng
the rupture trace exhibits the usual N-—S strike of the
Chelungpu Fault. We infer that the geometrical reconstruc-
tion done in the Wufeng car park better illustrates the
regional attitude of the earthquake fault (Fig. 4b). This

site should thus be regarded as typical, in the absence of
major perturbation that would have affected the fault
attitude near the surface.

Whereas the displacement of the hanging wall relative to
footwall is 4.60 m in the N56°W direction based on the data
from the nearest GPS stations, it is 2.84 m in the N79°W
direction in the car park, that is, 2.79 m towards the west and
0.54 m towards the north (Fig. 5a). Not only is this amount
larger, but the azimuths differ by 23°. The vector difference
between the two determinations is 1.02 m towards the west
and 2.03 m towards the north, that is, 2.27 m in the N27°W
direction (Fig. 5a). Considering the N4°E strike of the fault,
these values imply an additional transverse shortening of
1.16 m and an additional left-lateral motion of 1.96 m,
with respect to our local result (2.82 and 0.34 m, respec-
tively). Because the footwall station is close to the fault,
these differences reflect deformation in the upthrust unit
(Fig. 6a). Based on the position of the hanging wall station,
this deformation must occur within a distance of 3 km east
of the rupture trace. These GPS data also suggest that the
contribution of footwall motion to shortening in the car park
is less than 40%.

The horizontal component of co-seismic slip in the car
park (2.84 m, N79°W) represents 2.62 m of relative displa-
cement in the N56°W direction and thus only accounts for
57% of the motion that occurred across both the fault and
the deformed hanging wall (Fig. 5a). Faulting, pervasive
fissuring and folding inside this edge zone, which suffered
widespread damage during the earthquake, absorbed the
remaining 43%. The deformation of the hanging wall thus
represents only 29% of the total fault-perpendicular
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shortening, but as much as 85% of the total fault-parallel
left-lateral shear. This implies that the contraction in the car
park accounts for 71 and 15% of these components, respec-
tively. This comparison shows that whereas dip-slip thrust-
ing prevailed across the rupture trace, left-lateral strike-slip
in the N-S direction dominated east of it, on the hanging
wall side of the fault (Fig. 6a).

Farther north, the Kuangfu site revealed a distribution of
co-seismic displacement and deformation that resembles
that of the Wufeng car park, despite major differences in
the local strike of the fault, NW—SE instead of N-S, and its
dip angle, 45° instead of 30° (Angelier et al., 2002). With
respect to the upthrust side of the fault, northward displace-
ment prevails in both cases in the hanging wall edge zone
(Fig. 6b), indicating pervasive left-lateral shear in an elon-
gated domain less than 3—7 km wide. Displacement towards
the west prevails across the rupture trace itself (Fig. 6c),
indicating dip-slip thrusting at Wufeng and left-lateral
thrusting at Kuangfu. The sum of these two vectors is a
displacement towards the NW across the whole fault zone
(Fig. 6d). That similar displacement vectors occur despite
contrasting fault attitudes highlights widespread partition-
ing at shallow depths. The displacement on the fault trace
thus reveals belt-perpendicular thrusting (Fig. 6¢) rather
than belt-parallel left-lateral shear (Fig. 6b), within the
frame of oblique NW-SE contraction across the whole
thrust zone (Fig. 6d).

The behaviour of the Chelungpu Fault during the Chichi
earthquake thus provides a typical example of fault slip
partitioning. At Wufeng, the highly deformed edge zone
of the hanging wall, where strike-slip deformation
prevails, is less than 3 km wide. With the fault dip angle
of 30° determined in the car park, the maximum thickness
of this deformation zone is certainly less than 1.7 km.
Farther east, at larger depths, oblique slip occurs on a
single fault.
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