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ABSTRACT

We conducted an electric resistivity survey in the Tsaotun area to in-
vestigate the subsurface structures of the complex deformation and rup-
ture of Chelungpu fault system induced by the 1999 Chi- Chi earthquake.
Four electric resistivityimage profiles with pole-pole array across fault zones
and topographic lineation were conducted in this survey. The sounding data
were interpreted by the 2-D inversion method.

The results show that the electric resistivity structures interpreted from
the resistivity sounding data fit well with ruptures and outcrops appeared
on the ground surface. We also evaluated the resistivity ranges for differ-
ent formations, the top layer thickness and the width of the fault zones.

Resistivity-layer discontinuities found on the profiles correlate to the
fault zones of the Chelungpu fault and the back thrust. The boundary be-
tween the Toukoshan Formation and the Chinshui Shale is the characteris-
tic contact of the Chelungpu fault. It is a reverse fault including several
fracture zones in the Tsaotun area. Some ruptures developed in weaker
layers of the Chinshui Shale have been active since the deposition of the
Quaternary terrace gravel bed. The main fracture zones have a width of 6~
40 m and dip eastward at an angle of 80°- 30° that decrease with depth. The
fault diverged into V-shape fractures or more branches near the ground
surface in some regions. Not all the fractures of the Chelungpu fault system
moved during the Chi-Chi earthquake, but they were active previously.

(Key words: Electric resistivity, Chelungpu fault, Tsaotun)

1. INTRODUCTION

The Tsaotun area is about 16 ki northwest of Chi-chi, the epicenter of a large earthquake
occurred on September 21, 1999 in central Taiwan (Fig.1). The earthquake accompanied ex-
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tensive surface ruptures of about 100 km long in central Taiwan. The major ruptures appeared
along the Chelungpu fault trending N-S between Fongyuan in the north and Chushan in the
south, and a new branch trending NEE started from Fongyuan to Cholan at the north tip of the
Chelungpu fault system(Lee et al. 1999; Cheng 2000).

The Chelungpu fault is a thrust fault as indicated by the older Pliocene formations, the
Chinshui Shale and the Cholan Formation on the hanging wall while the younger Quaternary
formations, the Toukoshan Formation and the Alluvium on the footwall (Lin 1957; Meng
1963; Chang et al. 1998; Lin et al. 2000). The fault plane was suggested to be east dipping at
an angle between 15° and 40°, indicated by gravity and seismic studies (Pan 1967; Chang
1971).

Before the 1999 Chi-Chi earthquake, only a few outcrops of the Chelungpu fault were
found and most part of the faultline could not be traced due to weathering, collapsing, and
debris coverage. During the 1999 Chi-Chi earthquake, the Chelungpu fault was reactivated
with the hanging wall lifted about I-4 meters above the footwall (Chang et al. 1999; Lee et al.
1999). The surface ruptures showed that the fault is a more complex system than previous
model suggested, especially in the Tsaotun area where we can see 2-3 large fault scarps with a
few fractures accompanying a fold and a back thrust (Fig. 1). Although there are plenty of
outcrops the fault system, few subsurface swuctures were known. This study reconstructs the
subsurface structure of the fault system in the Tsaotun area via electric resistivity imaging.

2. METHOD

This study applied electic resistivity image profiling (RIP) technique with the pole-pole
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Fig. 1. Surface ruptures along the Chelungpu fault and the back thrust during the
1999 Chi-Chi earthquake, and the locations of the geoelectric profiles A-
A', B-B', C-C, and D-D’, in the Tsaotun area.
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electrode array because it has a high data density for high resolution interpretation. The pole-
pole array is a four-electrode configuration with one current electrode and one potential
electrode, called the sounding elecwodes, are set on the surface of the profile to be investigated,
while the other two electrodes including one current electrode and one potential electrode,
called the remote electrodes, are fixed at distant places. The remote electrodes are not only far
from the profile but also far from each other (Fig. 2a). In the field, a number of electrodes were
arranged on the surface of the profile with equal intervals to enable automatic changing of the
sounding electrodes (Fig. 2b)(Cheng 2000).
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Fig. 2. Electrode configuration of the pole-pole array used in RIP. (a) The sound-
ing electrodes C, and P, are arranged on.the surface of the profile to be
investigated. They have a electrode-spacing varying from { to NZ The
remote electrodes C.and P, are fixed at distant places from the profile.
(b) A number of electrodes are arranged on the surface of the profile to
enable the automatic changing of the sounding electrodes.
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The RIP data set is usually displayed as apparent resistivity pseudosection, as each appar-
ent resistivity is plotted at the mid-point of the sounding electrodes, which serves as the abscissa,
while the sounding electrode-spacing serves as the ordinate (pseudodepth). Theoretically, the
depth of the investigation is proportional to the electrode-spacing. Hence, the apparent
resistivities for shorter electrode-spacings are responses of shallow strata, those of the larger
electrode-spacings are responses of deeper strata. An apparent resistivity pseudosection looks
like an image of bulk resistivity distribution of the formations. The apparent resistivity is not
the true resistivity at the place, but rather an equivalent resistivity of the formations in the
electrode geometry. The true resistivity of the strata can be obtained with proper interpretation.

The RIP data were interpreted by the 2-D inversion method since a fault can be regarded
as a 2-D structure. The forward part of the 2-D inversion program used in this study is based
on the finite element method ,and the inverse part is based on the least-squares optimization
technique (deGroot-Hedlin and Constable, 1990; Loke and Barker 1996; Tong and Yang 1990).

3. RESULTS AND DISCUSSIONS

Four RIP data sets of A-A’, B-B, C-C, and D-D ' profiles were obtained in the Tsaotun
area (Fig. 1).

3.1 Profile A-A’

Profile A-A'is located on the northern side of the Ailiaohsi stream, northeast of Tsaotun
(Fig. 1). The N55°E trending Profile A-A’ consists of 32 sounding electrodes with total length
of 186 m distributing on a partly flat and partly sloping ground surface (Fig. 1), This profile
crosses a N25°-40°W trending thrust fault zone between 80 m and 108 m from the western end
(point A, Fig. 1). The hanging wall outcrops beside the Ailiaohsi stream indicated that the
strata contain top soil (1 m), gravel bed (10 m), and shale in descending order.

Figure 3 shows the measured apparent resistivity pseudosection and the interpretative
results of Profile A-A’. The root mean square relative (RMS) error between the measured and
calculated apparent resistivities is very small (2.5%, Fig. 3) implying these interpretative re-
sults are good .According to Fig. 3 the formations can be divided into two blocks from the
middle as the western block contains a higher resistivity of 240-2600 €2-m, and the eastern
block contains a lower resistivity of 9-240 €2-m except the top layer. The western block can
be further divided into two parts, i.e., the upper part has a resistivity of 600-2600 €2-m (layer
G in Fig. 3), and the lower part has a resistivity of 240-600 Q-m (layer G, in Fig. 3). The top
layer of the eastern block has a resistivity of 600-1600 €2-m (layer G in Fig. 3), and the botton
layer has a low resistivity of 9-35 -m (layer S in Fig. 3). A transition zone with resistivity of
35-240 Q2-m exists between the western block and the eastern basal layer (layer T in Fig. 3).
Although their resistivities are equivalent for top layers of eastern and western blocks, the top
layer of the eastern block is about 12 m thick, but the upper part of the western block is about
40 m thick.

Resistivity measurements on outcrops indicate that the terrace gravel bed has a resistivity
of 500-2500 €2-m, 70-300 €2-m for the Toukoshan Formation and 8-35 £2-m for the Chinshui
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Fig. 3. Measured apparent resistivity pseudosection and the interpretative re-
sults of Profile A-A'. Top: the measured apparent resistivity
pseudosection; middle: the calculated apparent resistivity pseudosection;
and bottom: the interpretative model derived from the measured data. F,
and F, are resistivity-layer discontinuities, they are the fault zones of the
Chelungpu fault. The resistivity-layers and their correlated formations
are G: terrace gravel bed, G : Toukoshan F., T: mixture of gravel, mud,
and shale, S: Chinshui Shale.

shale. Comparing the strata appeared in the fault zone outcrop beside the Ailiaohsi stream with
different resistivity-layers, we correlate the high resistivity top layer to the terrace gravel bed,
the transition zone to a mixture of gravel and mud, and the the low resistivity basal layer of the
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eastern block to the Chinshui Shale. As for the western block, the high resistivity upper part
and the moderate resistivity lower part are correlated to the terrace gravel bed and the Toukoshan
Formation, respectively.

Two discontinuities labeled as F and F, on resistivity layers are found in Profile A-A’
(Fig. 3). The discontinuity F is characterized by a V-shape relative low resistivity zone (320-
480 €-m) within the high resistivity top layer (600-1600 €2-m) between 78 m and 110 m
from point A, where is the front of the terrace slope. The high resistivity top layer is about 40
m and 12 m thick on the western and the eastern sides of F, respectively. The western branch
of the V-shape discontinuity dips eastwardly at an angle of about 70°. Oppositely, the castern
branch dips westwardly at an angle of about 60°. The locations of these branches correspond
to a major rupture of 2 m in throw and a large fracture formed during the 1999 Chi-Chi
earthquake, suggesting that F, is a fault zone induced by the Chi-Chi earthquake and earlier
events. The base of the high resistivity top layer on the eastern side of F, is about 30 m higher
than that on the western side. This indicates that F| is a thrust fault resulted from several
thrusting events since the top layer was deposited. The top layer also exhibits an elevation
difference of about 10 m on the surface across the fault zone implying that the fault has been
active recently. The V-shape discontinuity F, is followed by a sequence of distortion on
isoresistivity contours in the transition zone, which extend to the low resistivity basal layer to
the east at an angle of about 60°-30° further indicated that F is a thrust fault.

The discontinuity F, is about 60 m west of F and 30 m from point A. It has a step-like
resistivity structure on the base of the high resistivity top layer. The base of the top layer on the
eastern side of F, is about 15 m higher than that on the western side, but there is no elevation
difference between both sides on the ground. It implies that the discontinuity F,is a fault
formed by previous activities but was not active during the Chi-Chi earthquake. The disconti-
nuity F, dips eastwardly at an angle of about 70° at the depth of 40 m and plunges into the base
of the low resistivity basal layer on the east. It indicates that the deep portion of F, is the
boundary between the Toukoshan Formation on the footwall (west) and the Chinshui Shale on
the hanging wall (east).

3.2 Profile B-B’

The N85°E trending Profile B-B' is 93 m in length distributing across a step-like surface
on the southern side of the Ailiaohsi stream, east of Tsaotun town (Fig. 1). It consists of 32
sounding electrodes with 3 m of intervals. It cuts perpendicularly through a fault scarp of 2.5
m in height 12-15 m from the westemn end of the profile (point B, Fig. 1). Before the 1999 Chi-
Chi earthquake, the fault scarp was hardly recognized as its short apparent length of about 20
m and small vertical displacement of 2 m.

Figure 4 illustrates the measured apparent resistivity pseudosection and the interpretative
results. The apparent resistivities are about 300-1000 € -m mostly on the top of the
pseudosection and decrease downward rapidly to less than 20 €)-m below the pseudodepth of
21 m (Fig. 4). It implies that the earth consists of a thin top layer of high resistivity and a basal
layer of low resistivity. Fig. 4 shows that the interpretative results have a moderate RMS error
(5.9%) indicating a good fitness between the observed and calculated data. The interpretative
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Fig. 4. Measured apparent resistivity pseudosection and the interpretative re-
sults of Profile B-B". Top: the measured apparent resistivity pseudosection;
middle: the calculated apparent resistivity pseudosection; and bottom:
the interpretative model derived from the measured data. The high resis-
tivity eastdipping zone, F, is the fault zone of the Chelungpu fault. The
resistivity-layers and their correlated formations are G: terrace gravel
bed, S: Chinshui Shale, T: mixture of soil, gravel and shale.
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results (Fig. 4) indicate that the formation can be divided into two layers of the top layer and
the basal layer by different resistivity. The top layer (layer G in Fig. 4) has a resistivity of 600-
2600 €-m and is about 3-7 m thick. Its thinnest part coincides with the fault zone located
between 15 m and 24 m from point B. The basal layer (iayer S in Fig. 4) consists of a eastdipping
zone (F,, Fig. 4) with resistivity of 22-65 €2-m and a background formation with resistivity of
8-22 Q-m. The eastdipping zone, F,,is about 10-25 m wide embedded in the background
formation and is connected with the fault zone on the ground surface suggesting that F,is a
subsurface fault zone. The top of the basal layer on the eastern side of F, is about 23 m higher
than that on the western side. It implies that F, had moved several times before the 1999 Chi-
Chi earthquake. The fault zone dips eastwardly at an angle of about 80°-60° and decreases
with depth from the ground surface to a depth of 40 m. The strata between depths of 4 m and
20 m at the western end of the profile have a resistivity of 35-1000 Q -m showing a contrast to

the basal layer which has a resistivity of 8-22 €2-m. These strata are thought to be a mixture of
soil, gravel and shale which collapsed from the hanging wall.

3.3 Profile C-C

The N83°E trending Profile C-C'is 252 m long and crosses the south extension line of a
N-S trending topographic lineation 500 m to the north at about i km northeast of Tsaotun town
(Fig. 1). It consists of 64 sounding electrodes with 4 m of intervals on a leveled surface. The
measuring was conducted on July 26,1999, about 2 months prior to the 1999 Chi-Chi earthquake,
for the detectation of the Chelungpu fault.

Figure 5 shows the measured data and the interpretative results. A moderate RMS error of
6.1%(Fig. 5) according to the interpretative results indicated a good fitness between the ob-
served and calculated data. Like previous profiles, we divided the earth into two layers of the
top layer and the basal layer based on different resistivity. The top layer has a resistivity of
500-1000 Q-m (layer G in Fig. 5) and can be recognized as the Quaternary terrace gravel bed.
The basal layer has a resistivity of 12-60 €2-m mainly (layer S in Fig. 5), and can be correlated
to the Pliocene Chinshui Shale. The unconformable contact of these two formations appeared
on the cliff and river bed of the Ailiaohsi stream south of the profile. Figure 5 shows that the
top layer has a thickness of about 10-15 m, and no obvious vertical offset on its base except a
notch arround 64 m from the western end of the profile. The strata are undisturbed except a
small fracture-like high resistivity structure. This indicates no obvious vertical displacements
occurred there. We suggests that there is no fault beneath the profile, and the topographic
lineation existing to the north of profile is not a fault structure. This was further confirmed by
absence of fault zone and distinguishable deformation during Chi-Chi earthquake.

3.4 Profile D-D’

Profile D-D'is situated at about 3 km east of Tsaotun town. It consists of 64 sounding
electrodes with 10 m of intervals spreading along N73°E direction (Fig. 1). The profile is 630
m long and crosses a N10°W trending scarp of about 4.2 m of height at 150-160 m from the
western end of the profile (point D, Fig. 1). The 1999 Chi-Chi earthquake induced an addi-
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Fig. 5. Measured apparent resistivity pseudosection and the interpretative re-
sults of Profile C-C'. Top: the measured apparent resistivity pseudosection;
middle: the calculated apparent resistivity pseudosection; and bottom:
the interpretative model derived from the measured data. No vertical off-
set present in the profile before the 1999 Chi-Chi earthquake. The resis-
tivity-layers and their correlated formations are G: terrace gravel bed, S:

Chinshut Shale.

tional height of about 0.2 m on the preexisting scarp (4 m) and several fractures between 160
m and 480 m from point D indicating it is a fault scarp.

The measured data and the interpretative results are shown in Fig. 6. The measured appar-
ent resistivity pseudosection shows that the apparent resistivities are about 80-150 €2-m at the
top of the pseudosection and decrease with pseudodepth to about 10-20 Q-m at the bottom. It
implies that the earth has a higher resistivity in the shallow part than the deeper portion. It also
exhibits a lateral variation beneath the location of 140-160 m from point D implying a resistiv-
ity-layer discontinuity exists around there. Figure 6 shows that the interpretative results have a
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Fig. 6. Measured apparent resistivity pseudosection and the interpretative re-
sults of Profile D-D’. Top: the measured apparent resistivity
pseudosection; middle: the calculated apparent resistivity pseudosection;
and bottom: the interpretative model derived from the measured data.
The high angle westward dipping resistivity zone, F, is a back thrust of
the Chelungpu fault. The resistivity-layers and their correlated forma-
tions are G: terrace gravel bed, S : Cholan F.

RMS error of 12.1%. This slightly higher error is due to contaminated data caused by nearby
high-tension power lines. The fitness is not as good as the other profiles, but the interpretative
results are acceptable because the main characteristics of the measured data are present on it.
The interpretative results (Fig. 6) indicate that the formations can be divided into two layers,
i.e., the top layer has a resistivity of 100-250 -m (layer G in Fig. 6) and the basal layer has
a resistivity of 10-50 2-m (layer S, in Fig. 6). The former and the latter can be correlated to
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the Quaternary gravel bed and the sandstone of the Cholan Formation, respectively. They
appear on the river bed and cliff near the profile.

The interpretative resuits illustrate the presence of a resistivity-layer discontinuity, F, ,
between 130 m and 180 m from the western end of the profile as the strata have a resistivity of
50-500 Q-m (Fig. 6). It further separates the top layer into two parts of different thickness,
i.e., the eastern part is about 40 m thick and the western part is about 10 m thick. The location
of F, coinsides with the fault scarp partially formed during the 1999 Chi-Chi earthquake indi-
cating that the resistivity-layer discontinuity is the subsurface fault zone. Figure 6 shows that
the base of the top layer on the western side of F, is about 30 m higher than that on the eastern
side implying that the western block has been lifted about 30 m relative to the eastern block
post deposition of the terrace gravel bed. Figure 6 also shows that F, dips westwardly at an
angle of about 80° indicating that it is a reverse fault.

4. CONCLUSIONS

Several conclusions can be drawn from the electric study.

(1) The strata around the Chelungpu fault can be divided into three units: the top layer, the
eastern basal layer, and the western basal layer, with resistivity. The top layer has a resistiv-
ity of 600-2600 € -m and a thickness of 10-16 m on the east and 30-60 m west of the
Chelungpu fault. The eastern and the western basal layers have resistivities of 8-35 €2-m
and 80-240 Q-m, respectively.These resistivity units can be correlated to the Quaternary
terrace gravel bed covered with soil, the Chinshui Shale, and the Toukoshan Formation,
respectively.

(2) The electric resistivity structures interpreted from the RIP data fit well with the fractures
and outcroping strata. The resistivity-layer discontinuities found in the RIP profiles corre-
lated to fault zones formed during the 1999 Chi-Chi earthquake and former events as the
subsurface structures of faults.

(3) The Chelungpu fault is a reverse fault including several fracture zones in the Tsaotun area.
Ruptures not only developed in weak layers of the Chinshui Shale but also along the charac-
teristic boundary between the Toukoshan Formation on the footwall and the Chinshui Shale
on the hanging wall. The main fracture zones have a width of 6-40 m, dip eastward at an
angle of 80°- 30° that decreases with depth. At some places, the fault zone diverged into V-
shape fractures or more branches near the ground surface.

(4) Not all the fault zones of the Chelungpu fault moved during the 1999 Chi-Chi earthquake.
The fault zone F, found in Profile A-A'is a characteristic boundary of the Chelungpu fauit
with no significant rupture on the surface nor the subsurface during the 1999 Chi-Chi
earthquake.

(5) The scarp about 3 km east of Tsaotun town is a fault scarp of the back thrust of the Chelungpu
fault. The back thrust dips westwardly at an angle of about 80° in the shallow part with the
Quaternary terrace gravel bed and the Pleiocene Cholan Formation on both sides of the fault
plane. The terrace gravel bed has aresistivity of 100-250 €2-m and is 20-50 m thick on the
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east, but is 10-13 m thick west of the fault plane. The Cholan Formation in the Tsaotun area
has a resistivity of 10-50 Q-m.

{6) The N-S trending topographic lineation 1.5 km northeast of the Tsaotun town may not be a
fault because no resistivity structures of fault is present beneath its south extension profile.

Further more, neither surface rupture nor distinguishable deformation was observed after
the Chi-Chi earthquake.
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