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Fault Structure Control on Fault Slip and Ground Motion during the 1999

Rupture of the Chelungpu Fault, Taiwan

by Richard Heermance,* Zoe K. Shipton,† and James P. Evans

Abstract The Chelungpu fault, Taiwan, ruptured in a Mw 7.6 earthquake on 21
September 1999, producing a 90-km-long surface rupture. Analysis of core from two
holes drilled through the fault zone, combined with geologic mapping and detailed
investigation from three outcrops, define the fault geometry and physical properties
of the Chelungpu fault in its northern and southern regions. In the northern region
the fault dips 45�–60� east, parallel to bedding in both the hanging wall and footwall,
and consists of a narrow (1–20 cm) core of dark gray, sheared clay gouge. The gouge
is located at the base of a 30- to 50-m zone of increased fracture density confined
asymmetrically to the hanging wall. Microstructural analysis of the fault gouge in-
dicates the presence of extremely narrow clay zones (50–300 lm thick) that are
interpreted as the fault rupture surfaces. Few shear indicators are observed outside
of the fault gouge, implying that slip was localized within the gouge zone. Slip
localization along a bed-parallel surface resulted in a narrow gouge zone that pro-
duced less high-frequency ground motion and larger displacements (average 8 m)
during the earthquake than in the southern region. Displacement in the southern
region averaged only 2 m, but ground shaking consisted of large amounts of high-
frequency ground motion. The fault in the southern region dips 20�–30� at the surface
and consists of a wide (20–70 m thick) zone of sheared, foliated shale with numerous
gouge zones. These data demonstrate a potential correlation between fault structure
(i.e., gouge width, geometry) and earthquake characteristics such as displacement
and ground motion (i.e., acceleration).

Introduction

The Mw 7.6, 21 September 1999 Taiwan earthquake
lasted 45 sec and ruptured along the Chelungpu fault in cen-
tral Taiwan (Fig. 1). The earthquake produced steep, high
(up to 12 m) fault scarps along an approximately 90-km-
long, north–south trace. Earthquake damage, mostly the re-
sult of strong ground motion, caused over 2400 deaths (Shin
and Teng, 2001). Ground acceleration increased from the
south to the north along strike of the Chelungpu fault. The
structure of the fault zone at different points along the fault,
and its possible link to ground motion variability, is inves-
tigated in this article.

Seismic and rupture characteristics of the 1999 earth-
quake varied along strike. The change in rupture magnitude
and ground motion along the fault trace has been well doc-
umented (Ma et al., 2000, 2001; Chen et al., 2001a; Dalguer
et al., 2001; Lin et al., 2001). Slip and displacement in-
creased toward the northern end of the rupture, while the
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greatest amounts of high-frequency ground acceleration oc-
curred in the southern region near the epicenter. Rupture
style changed from pure thrust near the epicenter (Dalguer
et al., 2001) to thrust displacement with a significant left-
lateral component at the northern end of the fault trace (Chen
et al., 2001b; Lin et al., 2001; CGS, 2002). Typical vertical
displacements (heave) of 5–7 m in the northern region
reached a maximum of 11.5 m at the Shihkang Dam on the
Tachia River (Chen et al., 2001a; Lee et al., 2001b). Hori-
zontal displacements (throw) in the northern region averaged
7–9 m and reached a maximum of 11.1 m (Chen et al.,
2001a; Lin et al., 2001). Slip vectors were oriented 320�–
330� based on surface rupture piercing points and Global
Positioning System (GPS) data, indicating oblique thrust mo-
tion (Chen et al., 2001a; Yu et al., 2001). In contrast, the
southern region had heave and throw displacements of ap-
proximately 2 m. Subsurface slip derived from inversion of
strong motion data averaged 9 m with a maximum of 15 m
in the northern region, while subsurface slip in the southern
region was approximately 1–3 m (Ma et al., 2001).

The dip of the fault also changes along strike. Dip mea-
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Figure 1. Generalized geologic map of the Che-
lungpu/Sanyi fault region, including the location of
the Chelungpu fault trace. The regional location of
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dipping thrust faults. The epicenter location is from
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surements from the fault scarp in the northern region were
50�–80� east (Lin et al., 2001), in contrast to the 30�–35� dip
measured from the scarp in the southern region (Lee et al.,
2001a). Focal mechanism solutions from the 1999 earth-
quake indicate that the fault ruptured along a 20�–30�, east-
dipping fault between 5 and 10 km depth (Kao and Chen,
2000; Wang et al., 2000; Ma et al., 2001). Therefore, the

fault can be considered a planar fault in the southern region
but must bend or have a different geometry, at least near the
surface, in the northern region.

Analysis of the fault zone was completed at three lo-
cations in the northern region and two locations in the south-
ern region (Fig. 1). Structural data from the northern region
were collected from a 450-m-long, 50�-inclined borehole to
a true vertical depth (TVD) of 345 m through the fault just
east of the city of Fengyuan (Fengyuan drill site) (Fig. 1).
These data were combined with detailed analysis from a sur-
face exposure of the fault in the Tali River, 6 km south of
the drill site near the town of Takeng. The fault was also
described at the fault scarp through the Tachia River, 5 km
north of the Fengyuan drill site in the northern region (Fig.
1). Structural data from the southern region were collected
from a vertical drillhole immediately southeast of Nantou
City, as well as from a surface exposure of the fault at the
southern terminus of the fault trace near the Tongtou Bridge
along the Chingshui River (Fig. 1). Additionally, core data
from two sites (Y. H. Lee, personal comm., 2002; Liao et
al., 2002), outcrop analysis (Lin et al., 2001), and seismic
reflection profiles (Chang, 1971; Wang et al., 2000) are re-
viewed to examine the fault structure variations from the
north to the south.

Drilling at Fengyuan and Nantou (Fig. 1) was com-
pleted from November 2000 through January 2001 as part
of the Chelungpu Fault Drilling Project, funded by the Jap-
anese Marine Science and Technology Center. Drilling into
recently ruptured faults can reveal significant insight into
their composition and structure (Ohtani et al., 2000). The
core not only provided samples of the fault zone at depth,
but also allowed a determination of fault dip to a TVD of
250 m. Determination of fault dip is otherwise difficult due
to the bed-parallel geometry of the fault, because seismic
reflection shows bedding plane reflections similar to fault-
plane reflections, making differentiation of a bed-parallel
fault from bedding difficult. Our fault identification and dip
determination through the drilled core thus provides a valu-
able data point for reconstructing the regional fault geometry
in the near surface, which would otherwise be a difficult task.

Analysis of fault-zone structure may provide answers to
the observed variation in the 1999 earthquake seismology.
It is vital to determine whether slip is localized in a narrow
zone or dispersed over a wide area. Why is the largest offset
at the northern end of the rupture and not near the epicenter?
What are the causes of the spatial variation in slip and sur-
face displacement along strike? How does the geology
within the upper few hundred meters of the surface affect
fault rupture? Several models explain how energy is dissi-
pated near the Earth’s surface during an earthquake (Wald
and Heaton, 1994; Brune and Anooshehpoor, 1998), but few
data have been collected to determine which model best ex-
plains the distribution of slip along the fault. Models of fault
dynamics (Kanamori and Heaton, 2000; Brodsky and Kan-
amori, 2001; Ma et al., 2002) rely on understanding the
thickness and roughness of fault surfaces. These models sug-
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gest that the Chelungpu fault zone may act as a pressurized,
viscous fluid. Additionally, models of the Chelungpu fault
by Oglesby and Day (2001) and Oglesby et al. (2000) sug-
gest that the near-surface fault dip affects the displacement
and ground motion at the surface. By studying the near-
surface structure of the active Chelungpu fault, we can ex-
amine fault width, dip, hanging-wall and footwall geology,
and deformation traits of the fault zone along strike. These
characteristics are then compared with observations of co-
seismic slip on the fault to determine a correlation between
fault structure and rupture properties observed during the
1999 earthquake.

Geologic Setting

The Chelungpu fault is a west-vergent thrust fault along
the boundary between the central mountains and the Tai-
chung basin in central Taiwan (Fig. 1). It makes up the mid-
dle of three, north–south–trending thrust faults that form the
active Western Foothills fold-and-thrust belt. The Che-
lungpu fault is structurally above the frontal thrust of the
fold-and-thrust belt, the Changhua fault, which is located in
the western coastal plain approximately 10 km west of the
Chelungpu fault (Figs. 1, 2a). Thus, the recent earthquake
was an out-of-sequence event within the fold-and-thrust belt
(Morley, 1988; Kao and Chen, 2000; Wang et al., 2000;
Chen et al., 2001b).

Tectonic shortening across Taiwan is driven by the Phil-
ippine Sea plate converging northwesterly with Eurasia at a
relative rate of approximately 7 cm/yr (Seno et al., 1993),
accommodating at least 150 km of shortening (Suppe, 1980).
The Chelungpu fault has accommodated an estimated 10–
15 km of this shortening during the last �1 Ma, based on
balancing of regional cross sections (Suppe, 1980; Lee et
al., 2001a). Uplift in the Western Foothills region, associated
with displacement on the Chelungpu fault, began approxi-
mately 1.25 Ma (Chen et al., 2001) and places a maximum
probable age on initiation of faulting. An approximate long-
term slip rate of 10–15 mm/yr can be calculated for the Che-
lungpu fault from these data (Lee et al., 2001a).

The northern region of the Chelungpu fault can be con-
sidered a bed-parallel thrust fault in the near surface. Near-
surface fault outcrops define a steeply dipping (45�–80�)
fault, parallel to bedding in the hanging wall and footwall,
that ruptured with oblique left-lateral thrust motion (Chen et
al., 2001a; Lin et al., 2001). The fault in the northern region
is located within the hanging wall of the Old Chelungpu fault
(Fig. 2a) along the western flank of the south-plunging Tou-
koshan syncline (Hung and Wiltschko, 1993; Lo et al., 1999;
Lee et al., 2002). Outcrops of bedrock in the footwall and
hanging wall expose 25�–70� east-dipping bedding of the
Pliocene Chinsui Shale or the Miocene Kuechulin Forma-
tion. The footwall of the Chelungpu fault has up to 70 m of
Quaternary alluvium overlying the bedrock. The alluvium
depth is constrained with shallow (�100 m) drilling through
the alluvium into Miocene–Pliocene bedrock (Y. H. Lee,

personal comm., 2002). Further west, in the footwall of the
Old Chelungpu fault, the Quaternary deposits are over 1500
m thick (Hung and Wiltschko, 1993). Therefore, the Old
Chelungpu fault has a footwall ramp geometry, whereas the
recent rupture on the active Chelungpu fault has a footwall
flat geometry (Fig. 2a). The old Chelungpu fault trace is not
preserved and is buried beneath Holocene alluvium and late
Pleistocene terrace surfaces �1 km west of the 1999 earth-
quake rupture (Fig. 1) (Ho and Chen, 2000).

The southern region of the Chelungpu fault differs from
the northern region. The Pliocene Chinsui Shale and Mio-
cene Kuechulin Formation in the hanging wall are juxta-
posed with a thick sequence of Quaternary deposits across
the fault (Fig. 2b). In this aspect the southern region is simi-
lar to the Old Chelungpu fault. Quaternary deposits in the
footwall are relatively flat lying and are estimated between
2000 and 3000 m thick in the southern region (Chang, 1971;
Lee et al., 2001a). Miocene or Pliocene bedrock do not out-
crop in the footwall, indicating the fault geometry is a foot-
wall ramp. Bedding in the hanging wall in the southern re-
gion strikes 0� and dips 20�–40� east. Outcrops and seismic
profiles in the southern region indicate the fault dips 20�–
35� (Chang, 1971; Ho and Chen, 2000; Lee et al., 2001a)
east. Focal mechanism solutions from the 1999 earthquake
indicate thrust motion that ruptured on a 15�–30�, east-
dipping fault between 5 and 10 km depth (Hung and Suppe,
2000; Kao and Chen, 2000; Wang et al., 2000; Ma et al.,
2001). The southern region therefore is a planar fault to
depth (Fig. 2b). This southern region geometry contrasts
with the northern region, where the steeply dipping (45�–
80�) fault observed at the surface (Lin et al., 2001; this work)
implies that the fault bends in the subsurface from its gentler,
15�–30� dip (Fig. 2a).

Structural Data on the Fault

Northern Region

The fault structure in the northern region was analyzed
in a 450-m-long core drilled through the fault (Fig. 3), at a
fault exposure in the Tali River near the town of Takeng and
at the fault scarp through the Tachia River (Fig. 1). Identi-
fication of the fault zone is based on a combination of gouge
at the rupture surface, fracture density in the hanging wall,
and displacement across the fault, although not all of these
factors were used to characterize the fault at every location.
For this analysis fractures are defined as any rupture, joint,
break, or fault in the core that cuts through bedrock. The
density of the fractures was determined quantitatively in the
Fengyuan drill core and qualitatively from the other sites.
Fault gouge is the zone of intense shearing and/or slip, usu-
ally associated with clay, intense foliation, and grain cata-
clasis. Gouge does not retain its original sedimentary struc-
tures and is easily distinguishable from the protolith.

The northern region of the Chelungpu fault is charac-
terized by a narrow gouge zone located at the base of a zone
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Figure 2. Cross sections (a) AA� and (b) BB� through the northern and southern
regions of the Chelungpu fault. Faults are shown as bold black lines, which are dashed
where approximated. The active rupture trace is shown in the hanging wall of the Old
Chelungpu fault (a). Cross sections have no vertical exaggeration. Drillhole locations
from Fengyuan (AA�) and Nantou City (BB�) are indicated. The subsurface geometry
of the Chelungpu fault in AA� is interpreted based geologic mapping (this study).
Subsurface geometry of the Chelungpu fault in BB� is based on seismic interpretation
(Chang, 1971). Other geologic data used to complete the cross sections are from Ho
and Chen (2000) and Lo and Wu (1999).

of increased fracture density. These properties are best ob-
served in the Fengyuan drill core, which penetrated the fault
at a depth of 250 m vertical depth. The fault dip was con-
strained at 53� east by aligning the surface trace with the
fault surface in the core (Fig. 3). The primary rupture surface
is interpreted based on the presence of fault gouge, striations,
increased fracture density above the gouge, association with
the largest fracture in the core, and location parallel to near-
surface bedding. The fault gouge consists of a 7-mm, dark
gray clay zone at the base of the largest (1.5 m wide) fracture
(Fig. 4). An interesting feature of the fault is that fracture
density increased asymmetrically 30–50 m above the fault
in the hanging wall, but dropped off abruptly in the footwall
(Fig. 5). Synthetic, smaller faults were observed above and
below the primary Chelungpu fault (ruptured 21 September
1999) but do not have significant displacement relative to
the primary fault. The Chelungpu fault is confined to bed-
ding of the Kuechulin Formation, based on biostratigraphy

(Huang et al., 2002). No age determinations have been com-
pleted on the core, so the relative ages of the siltstone and
shale across the fault are unknown, but there is nothing to
suggest that the rocks are not in normal stratigraphic se-
quence across the fault. The surface rupture shows approx-
imately 7–10 m of slip (J. C. Lee, personal comm., 2000),
with Kuechulin Formation sandstone in both the hanging
wall and footwall, consistent with a bed-parallel rupture. A
more detailed description of the core and fracture density
analysis may be found in Appendix A.

A surface outcrop of the Chelungpu fault was well ex-
posed at a temporarily excavated locality 6 km south of the
Fengyuan site near the town of Takeng in the Tali River
(Figs. 1, 6). The fault juxtaposes siltstone (Miocene Kue-
chulin Formation or Pliocene Chinsui Shale) in the hanging
wall with unconsolidated Quaternary fluvial gravel deposits
in the footwall. These gravel deposits are approximately 70
m thick (Y. H. Lee, personal comm., 2002) and overlie silt-
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Figure 3. Cross section through the Fengyuan drill site (Fig. 12). The structural log
indicates the location of fractures within the core. The largest fractures (�50 cm width)
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to the surface. The primary rupture surface of the Chelungpu fault was aligned with
the surface trace determined from structural contours. The lithologic log shows the
depth of siltstone and sandstone within the core at their appropriate dip determined
from core and outcrop data. Contact between the Chinsui Shale and Kuechulin For-
mation is inferred at 225 m core depth based on an increase in the number of siltstone
beds. The solid black line indicates the approximate formation boundary. The orien-
tation of the core is shown in the sketch on the right. The bedding angle (�90�) was
measured relative to the core axis. Because the strike of the bedding is known from
surface outcrops, and drilling was perpendicular to regional bedding strike, the bedding
measured in the core represented two possible dips at the surface. The correct dip (of
the two possible dips) is determined (shaded ellipse) in the core by correlating with
the surface outcrops. Surface geology is determined by detailed mapping around the
drill site (this study).

stone similar to that in the hanging wall. This suggests that
the fault plane is confined within the Miocene Kuechulin
Formation and/or Pliocene Chinsui Shale to very near the
surface, possibly along a bed-parallel, footwall-flat surface
similar to that seen at the Fengyuan drill site. A distinctive,
20-cm-thick, dark gray clay gouge lies at the faulted silt-
stone/conglomerate contact (Fig. 6). Within 30 m of the
gouge zone, intense fracturing of the siltstone makes bed-
ding indistinguishable. This is interpreted to be similar to
the zone of increased fracture density observed above the
fault in the Fengyuan core. Beyond this zone, fracture den-
sity decreases and bedding is apparent. At least two synthetic
faults with less than 1 m vertical displacement are apparent

in the hanging wall, similar to synthetic faults observed in
the Fengyuan core.

Microstructural and scanning electron microscopy anal-
ysis across the fault zone at the Takeng site reveals the
deformation mechanisms and fabrics associated with the
localized zone of slip. A complete description of these
analyses can be found in Appendix B. Samples from the clay
gouge at the fault contact reveal a foliated, clay-dominated
fabric (Fig. 7d) in which dark zones less than 0.1 mm thick
cut the clay fabric. Subparallel, parted surfaces are found
only in the fault gouge zone and are interpreted as slip
planes. The fractured siltstone protolith has not undergone
bulk deformation, as evidenced by undeformed foramini-
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ferid fragments centimeters from the slip surface (Fig. 7c).
Backscattered scanning electron microscopic images of the
fault surface (Fig. 8) reveal a zone 50–300 lm thick that is
composed of disrupted and brecciated clay-rich gouge,
which we interpret as the slip surface from the 1999 earth-
quake. These observations suggest that shear is localized in
very narrow (50–300 lm) zones within the fault gouge.

The Chelungpu fault was observed at the Tachia River,
5 km north of the Fengyuan drill site, where the vertical
offset on the fault created a 6-m-high waterfall through the
river (Fig. 9). The Chinsui Shale is exposed in the hanging
wall and strikes approximately 45�. The Kuechulin Forma-
tion is exposed near the fault trace in the footwall and par-
allels the hanging-wall bedding. Dips vary between 30� and
55� in the hanging wall and footwall. Bedding is very distinct
and appears to be in stratigraphic sequence across the fault.
Less than 1 m of alluvium covers the footwall bedrock in
the river channel within 50 m of the fault. One 20-cm-wide
brecciated zone was observed approximately 2 m from the
rupture surface. Lee et al. (2002) documented three synthetic
faults, parallel to bedding, in the hanging wall, but these
faults showed cumulative vertical displacement of less than
1 m, which accounts for less than 10% of the total displace-
ment during the earthquake. These are probably similar to
the synthetic faults found at Fengyuan and Takeng. The frac-
ture density in the hanging-wall and footwall bedrock is less
than one fracture per 3 cm. The primary fault surface from
the 1999 rupture was not observed as it was below the water
level, but we suggest that slip localization occurred along a
narrow fault based on the distinct scarp morphology across
the river. The remarkably little deformation observed in the
hanging wall of the fault, the intact stratigraphic sequence

from the footwall into the hanging wall, and lack of footwall
alluvium are evidence that this fault may be very young with
little cumulative historic slip along a bed-parallel surface.

At all three northern-region localities the fault zone con-
sists of a narrow (0.7–20 cm thick) gouge zone in the near
surface (�250 m depth). The gouge is widest where it rup-
tured between siltstone and conglomerate in the uppermost
70 m at the Takeng site. The fault gouge is associated with
an asymmetric zone of increased fracture density in the
hanging wall. The fault ruptured parallel to both hanging-
wall and footwall bedding.

Southern Region

Fault analysis in the southern region was completed on
a drilled core through the fault near the town of Nantou, at
the fault exposure at the Tongtou Bridge near the southern
end of the fault trace, and in the Peikou Stream (Fig. 1). The
southern region displays a much different structure from the
northern region. A vertical hole was cored through the Che-
lungpu fault a few kilometers southeast of Nantou City as
part of the Chelungpu fault drilling project (Fig. 1). The
results from this drilling are published by Huang et al.
(2002) and Tanaka et al. (2002), but qualitative analysis of
this core is presented here. This hole penetrated the fault at
approximately 180 m, indicating a fault dip of approximately
30� east, similar to the 35� dip measured in the southern
region near Wufeng (Lee et al., 2001a) (Fig. 1). The hanging
wall consists of Pliocene Chinsui Shale, while the footwall
consists of flat-lying Quaternary Toukoshan Formation con-
glomerate. The presence of a thick Quaternary package in
the footwall implies a long history of displacement and a
large cumulative slip on this fault.

The fault zone in the drill core is characterized by a 20-
m-thick section of intensely foliated shale. This includes ap-
proximately 50% (10 m) of discontinuous brecciated zones
and numerous fault gouge zones. Within 70 m of the contact,
the bedrock was intensely deformed by foliation and frac-
turing. There was less than 15 m of “undeformed” (less than
one fracture per 3 cm) Chinsui Shale in the 70 m above the
fault. The fault zone in this drill core is clearly a diffuse
zone, where shear has been distributed over a wide (�20 m)
area.

The Tongtou Bridge over the Chingshui River is near
the southern termination of the 1999 fault trace (Figs. 1, 10).
Here the fault is interpreted to dip �30� (Liu and Lee, 1998).
Two meters of strike-slip and 0.4 m of vertical displacement
occurred during the 1999 earthquake (Central Geological
Survey of Taiwan [CGS] 1999). The footwall consists of
relatively flat-lying Quaternary Toukoshan Formation. Near
the fault, bedrock in the hanging wall consists of the Mio-
cene Kuechulin Formation dipping 70�–80� southeast (Liu
and Lee, 1998). This steep dip in the hanging wall only exists
along the southernmost 5–10 km of the fault trace, from the
point where the fault bends to the southeast just south of
Chushan (Fig. 1). An �60-m-wide region of intensely foli-
ated shale with numerous (�20) gouge zones characterizes
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5-m core length. (b) Method B showing the frequency
of fractures greater than 4 cm thick within the core.
Both histograms show an increase in fracture density
at approximately 300 m core depth and an abrupt drop
in fracture density below the Chelungpu fault rupture
surface at 326 m. See Appendix A for a detailed de-
scription of the fracture analysis.

the fault in this region (Fig. 10). The gouge zones consist of
sheared, foliated clay subparallel to bedding. The fault ge-
ometry is a footwall ramp, similar to the rest of the southern
region.

Observations from other localities in the southern region
are consistent with a wide, diffuse shear zone and gently
dipping fault. Ho and Chen (2000) discussed outcrops at the
Peikou Stream, where their observations indicate the fault
zone consists of a 20-m-thick shear zone dipping 25� east.
Drilling by the Central Geologic Survey through the Che-
lungpu fault zone to �400 m depth in Chushan (Fig. 1)
indicates that the fault dips 40� and is characterized by at
least one 1-m-thick gouge zone within a wider “shear” zone
(Y. H. Lee, personal comm., 2002).

Discussion

The 1999 rupture of the Chelungpu fault in Taiwan pro-
vides an ideal opportunity to study the structure of an active
thrust fault, how this structure has evolved, and how the
structure relates to coseismic displacement during a single
earthquake event. Data collected in the northern region in-
dicate that slip on the fault is confined to a narrow (0.7–20
cm) gouge zone. The gouge widens toward the free surface,
and this could be due to the effect of change in lithology
across the fault. Where the fault juxtaposes shale with un-
conslidated sedimentary units, the fault gouge becomes
wider than where the fault is confined to a bed-parallel sur-
face. At 250 m depth, where the shale is juxtaposed with
shale, the fault is confined to a “smooth” shale bedding
plane. The bed-parallel fault geometry in the north may have
facilitated slip localization by orienting slip along existing
planes of weakness (bedding). In contrast, the southern re-
gion fault geometry contains a footwall ramp juxtaposing
Kuechulin Formation or Chinsui Shale with unconsolidated
conglomerate for at least 2000 m down-dip in the near sur-
face (Lee et al., 2001a). Slip may have been inhibited along
a “rough” zone between east-dipping Pliocene siltstone and
shale and flat-lying Quaternary Toukoshan Formation, ulti-
mately producing the wide shear zone.

Thrust faults near the surface can display either diffuse
or localized fault zones (Carver and McCalpin, 1996). Dif-
fuse fault zones normally do not produce steep fault scarps
and generally form gentle, up-warped scarp surfaces, some-
times manifested in fault-related folding. Fault-related fold-
ing was documented near Wufeng in the southern region,
where the fault is a diffuse zone (Lee et al., 2001a). The
northern region of the Chelungpu fault behaves as a local-
ized zone with a single, large-displacement surface offset
and a discrete fault plane beneath the surface, as evidenced
by the core logging and outcrop mapping.

The dip of the Chelungpu fault to 250 m TVD was de-
termined by aligning the surface trace with fault gouge in
the core. The dip of approximately 53� correlates well with
the dip measured on the fault at Takeng (48�) and bedding
in the hanging wall (average 56� � 20�) and footwall (av-
erage 53� � 4�) near the Fengyuan drill site (Appendix A).
Measurements of the scarp near the drill site indicate a near-
surface fault dip of 50�–80� (Lin et al., 2001). Additional
constraints on the fault dip are provided by data collected
from an �100-m-deep borehole (BH-2) approximately 0.5
km northwest of the Fengyuan drill site. BH-2 was drilled
by C. T. Lee from National Central University in Taiwan
and showed that the fault has a dip of approximately 60�
(Fig. 3) (C. T. Lee, personal comm., 2002). Interestingly,
focal mechanisms for the mainshock and immediate after-
shocks of the 1999 earthquake constrain the fault dip be-
tween 25� and 30� east at 5–10 km depth (Fig. 2) (Hung and
Suppe, 2000; Kao and Chen, 2000; Wang et al., 2000; Ma
et al., 2001; Shin and Teng, 2001; Lee et al., 2002). This
indicates there must be a bend in the fault in the northern
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Figure 6. Oblique photo of the Chelungpu fault in the Tali River, near Takeng. The
fault strikes 300� and dips 48� east. Pliocene or Miocene siltstone and mudstone (prob-
ably Chinsui Shale or Kuechulin Formation) is placed over Quaternary alluvial depos-
its. Sample locations are indicated. Siltstone within 20 m of the fault is intensely
fractured and determined to be the damage zone related to the primary rupture trace.
The fault gouge is 20 cm thick and is at the location of the thick black line on the
photo, which is dashed where inferred.

region. Dips measured on the Chelungpu fault in the south-
ern region correspond with the moment tensor solutions
from depth, indicating that the fault is likely planar there
(Lee et al., 2001a). These regions of changing geometry
match the regions of different rupture characteristics, indi-
cating a possible relationship between fault geometry, slip
zone composition, and fault rupture properties.

Brecciated Zone Formation

The origin of the damage zone asymmetry is uncertain.
GPS data indicate that 90% of the coseismic movement dur-
ing the earthquake occurred in the hanging wall (Lin et al.,
2001; Yu et al., 2001), implying that the footwall was nearly
fixed in an absolute reference frame on the timescale of an
individual earthquake. Brune (2001) provided evidence for
similar asymmetry of damage in thrust faults in southern
California resulting from larger ground motion in the hang-
ing wall than in the footwall. The damage zone deformation
could therefore be mainly coseismic or perhaps aftershock
related.

Alternatively, the damage zone could be an inherited
aspect of the fault zone, formed deeper in the crust where
the hanging wall was deformed as it moved from a flat to a

ramp. At a flat-ramp “corner,” there would be localized
shortening in the hanging wall. Shortening could potentially
deform the hanging-wall rocks at such corners. These zones
would be subsequently carried up by the fault in the hanging
wall over time, resulting in an asymmetric damage zone.

A third alternative is that the brecciated zones form
“passively” from fluid flow in areas of increased fracture
density. Fluid flow through fractures causes disintegration
of the host rock around the fractures. This would widen the
fractures, until the widening fracture network isolates clasts
of the protolith (Regenfuss et al., 1999). These clasts “fall”
into the fracture that is filled with a matrix composed of the
disintegrating protolith rock. This hypothesis works well for
the brecciated zones in the Chelungpu fault. Fracture density
is increased near the fault, and the muddy matrix in the zones
is compositionally indistinct from the protolith. There is
likely to have been fluid flow through the fractures of the
fault zone in the near surface, based on high pore pressure
observed in industry drillholes (Suppe, 1987) and well-
sorted sedimentary formations in the area. But there is little
evidence for shearing in the brecciated zones. These char-
acteristics would support a “passive” method of brecciated
zone formation.
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Figure 7. Cross-polarized photomicrographs from the
1999 rupture surface of the Chelungpu fault and hanging-
wall rocks from the Tali River outcrop. Sample locations are
shown in Figure 6. (a) The 1999 rupture surface, CDR-8,
with hanging-wall siltstone and footwall Holocene alluvial
deposit. The trace of the 1999 rupture is a 1- to 2-mm-thick
horizon in the center of the photo. (b) Protolith sample CDR-
11, 55 m northeast of the slip surface, shows texturally
mature Pliocene siltstone with no evidence of deformation.
(c) Hanging-wall sample CDR-5, from 20 cm above the slip
surface, within the protolith, exhibits a faint foliation (white
dashed lines) and undeformed foraminiferid fragments
(white boxes). (d) Sample CDR-2/6, 5 cm above slip surface,
within the fault gouge, with narrow faults marked by very
fine grained dark horizons (parted surfaces). (e) Foliated fab-
rics from sample CDR-8 of clay gouge adjacent to the slip
surface. Refer to the text for the description of textures.

Rupture Properties

The observations of high displacement and relatively
low frequency ground motion along the northern region of
the Chelungpu fault may be explained by fault structure.
Fault zones may exhibit variations in thickness and slip dis-
tribution along strike and down-dip (Evans, 1990; Imber et
al., 2001). Observations made from the Fengyuan core com-
bined with surface observations from Takeng suggest that
slip is localized on a narrow gouge zone to depths of at least
250 m. We suggest that extreme slip localization in the near
surface reflects the presence of a narrow slip surface at depth
and that the fault is parallel to and guided by bedding. The
presence of this very narrow (50–300 lm), clay-rich slip
surface supports fault models (Kanamori and Heaton, 2000;
Brodsky and Kanamori, 2001) in which narrow, lubricated
fault zones can have reduced coefficients of dynamic friction
during faulting. Surface displacements almost equal the dis-
placements inverted from the seismic models (Chen et al.,
2001a; Lin et al., 2001; Ma et al., 2001), implying that all
of the coseismic slip was confined to the narrow gouge zone
along the fault scarps. Narrow slip surfaces have been doc-
umented along exhumed strike-slip fault zones (Chester and
Chester, 1998), on in situ faults that slipped seismically (Gay
and Ortlepp, 1979), and in other large-displacement thrusts
(Gretener, 1972, 1977; Brock and Engelder, 1977; Price,
1988). These observations and those described in this article
indicate that the extremely narrow, “knife-edge” nature of
these faults may extend from the surface to considerable
depth. These surfaces could either form early in the growth
of a fault system and accommodate much of the subsequent
slip in a fault zone (Shipton and Cowie, 2001) or they may
be the result of slip localization after the formation of the
damaged zone (Brock and Engelder, 1977). Narrow slip
zones are also consistent with thermodynamic models of co-
seismic faulting events (Kanamori and Heaton, 2000; Brod-
sky and Kanamori, 2001). This investigation demonstrates
an association between a narrow, localized slip surface with
a large-displacement surface rupture. Slip constrained to
such narrow slip planes may have reduced high-frequency
energy radiation (�1 Hz) during a large-magnitude earth-
quake, as occurred during the 1999 event (Ma et al., 2002).

The narrow zone that we interpret as the principal slip
surface at the northern end of the fault has implications for
the energetics of faulting. Sibson (1973) and McKenzie and
Brune (1972) have shown that dry frictional slip of 1–10 m
should produce temperatures high enough to melt the fault
rocks, and yet this is rarely observed (Sibson, 1973). Rocks
in the two cores drilled through the tip region of the Che-
lungpu fault are clearly deformed, but there are remarkably
few veins of any type and no injection structures associated
with the main slip surface.

Sibson (1973) pointed out that lack of melt in faults
constrains the conditions under which the fault slips. The
temperatures can be reduced if (1) the frictional strength of
the fault is low or (b) there are pore fluids present, which
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Figure 9. Chelungpu fault scarp at the Tachia
River (Fig. 1). (a) Fault trace through the Tachia River
indicated by a white, dashed line. Teeth are on hang-
ing wall (up-thrown) side of the scarp. The total dis-
placement on the fault at this location during the
earthquake is approximately 10 m. The view is to the
northeast. (b) Close-up view approximately 2 m
above the fault surface in the hanging wall. The field
of view is approximately 3 m vertical. The bedding
of the Chinsui Shale is well preserved and dips toward
the southeast (black dashed lines).

hanging w
all

footw
all

0.1 mm

fault zone

Figure 8. Scanning electron microscope image of
the Chelungpu fault slip surface from sample CDR-
8. Intra- and intergranular fractures and a random fab-
ric characterize the fault zone, whereas rocks in the
hanging wall and footwall have a well-defined clay-
rich foliation (dashed black lines). The sense of shear
is unknown, but is probably oblique with hanging
wall to the left. The thin black zone near the center
of the image is a small gap along the interpreted slip
surface.

increase the fault’s ability to adsorb heat and decrease nor-
mal stress on the fault. Recent work on slip on thin fault
surfaces (Brodsky and Kanamori, 2001), considerations of a
thermally induced pulse of water (Andrews, 2002), slip by
a constrained wrinkle-like pulse along the fault (Andrews
and Ben-Zion, 1997), or acoustic fluidization (Melosh,
1996) all require, or the effects are enhanced by, slip being
restricted to a narrow surface in the absence of melting.
Thus, while our data are from shallow levels, they support
mechanisms in which slip is constrained to a narrow zone,
with little or no off-fault dilation to arrest rupture.

Lithology variation along strike may have also contrib-
uted to the observed large displacement and strong ground
motion variations along the Chelungpu fault. Displacement
in the northern region along a bedding plane between similar
siltstone or shale lithologies would act as a relatively low
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Chelungpu fault zone

320o

10 m
main rupture trace
of Chelungpu fault

Figure 10. Oblique view of Chelungpu fault outcrop in the Chingshui River near
the Tongtou Bridge. The Chelungpu fault is the thick dashed line beneath the Tungtou
Bridge on the left of the photo. Bold black lines indicate fault gouge zones that are
10–50 cm thick. The fault zone consists of foliated shale and many gouge zones.
Bedding is indistinguishable in the Chelungpu fault zone. Outside of the fault zone
bedding dips are shown as thin black lines. Bedding in the hanging wall of the fault
consists of the Kuechulin Formation (Liu and Lee, 1998), generally dipping steeply
southeast but folded in places. The photo was taken facing northeast.

friction surface for slip. The result may be a smooth, low-
frequency rupture with large displacement. In contrast, dis-
placement between flat-lying conglomerate and 30�-dipping
siltstone in a relatively wide gouge zone might be a relatively
high friction zone, resulting in less displacement but higher
frequency ground motion.

Factors such as fault width and ramp-flat geometry are
readily identifiable prior to rupture. Our hypothesis that a
narrow fault zone along a smooth surface (bedding plane)
will produce lower frequency ground motion but possibly
higher slip amounts than a wider fault zone along a rough
surface (i.e., conglomerate/sandstone contact) can be easily
tested with past and future earthquake rupture data. Our data
clearly show a relationship between fault width, surface dis-
placement, and ground motion on the Chelungpu fault, Tai-
wan, but data from other ruptures will either support or re-
fute this hypothesis.

Conclusions

By combining core logging, structural analysis, and
field mapping, we have identified the different structures of
the northern and southern regions of the Chelungpu fault.
The northern region of the Chelungpu fault dips �52� to at
least 250 m and has a flat-on-flat geometry. The bed-parallel
geometry has resulted in a narrow fault gouge where slip is
localized in 50- to 300-lm-thick zones. The fault zone in
the southern region consists of a 20-m-wide diffuse zone of
shearing that produced less surface displacement but more
high-frequency ground motion. High-frequency ground ac-
celerations were 50%–70% lower in the northern region than
near the epicenter, but surface displacement was 200%–

300% greater (Lin et al., 2001; Ma et al., 2001). The data
presented in this article suggest that the existence of a narrow
slip surface causes slip localization, large displacements, and
less high-frequency ground motion during an earthquake. If
our correlation is correct, then the fault width could control
the coseismic rupture characteristics during an earthquake,
specifically for thrust faults. The implication of these find-
ings is that ground-motion predictions may be accurately
determined based on in situ fault properties. The data col-
lected on the structure and rupture characteristics from the
active Chelungpu thrust fault provide insight into fault pro-
cesses that can be applied to studies from older, exhumed
thrust faults, as well as help us understand the characteristics
of active faulting and future earthquakes.
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Appendix A

Description of the Fengyuan Drill Site,
Northern Region

A 450-m-long core was drilled through the fault near
the city of Fengyuan from November 2000 through January
2001 (Fig. 1). Groundmat Construction Company from Tai-
pei, Taiwan performed the drilling using a triple tube coring
system. Core was taken directly from the core barrel and
logged using a standardized logging sheet. Logging from 0

to 350 m (268 m TVD) of the core was performed by R. H.
and Z. K. S. on the site during drilling (25 November 2000–
12 January 2001). Logging of the core from 350 to 450 m
depth (268–345 m TVD) was performed by R. H. in the
laboratory after the completion of drilling; the core was
housed at National Central University Logging recorded the
lithology, structures (depth, fracture type, width, orientation
relative to core axis, fracture density, fracture fill, and other
notes) and relevant drilling activities (driller comments on
hardness, speed of drilling, fluid circulation or loss, etc.).
Core dimensions were 1.5 m in length and 6.3 cm in diam-
eter. All logs recorded depths of structures in the core to
within 0.01 m. Depths were based on the surface of the dril-
lhole (0 m) and calibrated to the driller’s depth during drill-
ing. Core recovery was excellent with the exception of two,
5-m-long sections at 130 m and 230 m core depth, which
were lost. These sections consisted of well-sorted, fine-
grained, poor/moderately lithified sandstone that liquefied
during drilling and therefore was not recoverable. The core
was usually saturated with drilling fluids, so water content
was not recorded as an in situ observation of fault properties.

At 327.6 m core depth (250 m TVD), a 1.5-m-thick
gouge zone is encountered that corresponds to the base of
the fracture zone with the highest fracture density (Fig. 5).
Additionally, an anomalous, thin (7 mm), dark gray, plastic,
striated clay zone is present at the base of this 1.5-m-thick
brecciated zone (Fig. 4). The clay zone is located along a
naturally parted surface in the core. Slickenlines on the sur-
face indicate a 40� rake down from the south, consistent with
left-lateral movement in addition to thrusting in the region.
These dip and slickenline data agree with surface rupture
data from the area (Lin et al., 2001; CGS, 2002). The striated
parted surface is unique within the core, is associated with
the largest damage zone (30–50 m thick), and is associated
with the highest fracture density in the core. Therefore, we
interpret the rupture at 327.6 m as the primary fault surface
of the 1999 earthquake.

The primary rupture surface of the fault was confined
to bedding within the Kuechulin Formation, based on bio-
stratigraphy (Huang et al., 2002). No age determinations
have been completed on the core, so the relative ages of the
siltstone and shale across the fault are unknown, but there is
nothing to suggest that the rocks are not in normal strati-
graphic sequence across the fault. The surface rupture shows
approximately 7–10 m of slip (J. C. Lee, personal comm.,
2000), with Kuechulin Formation sandstone in both the
hanging wall and footwall, consistent with a bed-parallel
rupture.

The core was drilled at a 50� angle to the ground surface.
This meant the core depth is greater than the TVD beneath
the ground (Fig. 3), but also that the angled drillhole pro-
vided a nearly perpendicular (true thickness) transect
through the 53�-dipping fault (Fig. 3). The core was oriented
by aligning bedding in the core with surface outcrops (Figs.
3, 11). Bedding dips in the core (average: 58�) correlated
well with hanging-wall (average: 56� � 20�) and footwall
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Figure 11. Lower hemisphere stereonet determi-
nation of bedding dips within the core. Bedding in the
core ranged from 55� to 90�, measured from parallel
to the 50� west-dipping core, with an average of 71�
and a standard deviation of 7.8�. Surface outcrop dips
ranged from 39� to 76� with an average of 56� (pole
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(0� to 35�) in the 50�-dipping core. The average of
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ding in outcrop (black crosses) are plotted over the
core results. The results indicate that the bedding dips
measured in surface outcrops align with the bedding
measured in the core in only one, unique position
(black square). This indicates that the dips in the core
correspond to the surface dips of 56� east.
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Figure 12. Geologic map of the northern drill site
showing local stratigraphy. The inset sketch at the
upper left shows the location of the map on the 90-
km-long fault trace. The strike and dip of local out-
crops are shown. The rupture trace of 1999 earth-
quake is the thick black line, which is dashed where
approximated on the hillslope. Teeth are on the hang-
ing wall. Thin dashed lines indicate streams flowing
toward the west. The location of cross section CC�
(Fig. 3) is indicated.

(average: 53� � 6�) dips at the surface (Fig. 12), indicating
that bedding dips were consistent to at least 345 m vertical
depth.

The drilled core sampled mudstone and sandstone typ-
ical of the Chinsui Shale and Kuechulin Formation, respec-
tively. Both units are interpreted as shallow marine facies
(Covey, 1984). Mudstone and sandstone in the core are
damp to wet, moderately consolidated, and moderately hard
and weak. The mudstone is dark gray with intense biotur-
bation. Sandstone beds are yellow to tan, fine to medium
grained, and generally less consolidated than the mudstone.
The contact between the formations is gradational and was
interpreted at approximately 220 m core depth from a change
from massive mudstone above (Chinsui Shale) to interbed-
ded mudstone and sandstone below (Kuechulin Formation)
(Fig. 3). Huang et al. (2002) determined this same contact
using biostratigraphy markers in the core. Sandstone and
mudstone are often interbedded with less than 1-cm-thick
laminations (Fig. 13a). Cross-beds, bioturbation, coal, and
shell fragments are typical. The sandstone beds and burrows

are often calcareous, but the massive mudstone units are
generally not. Thin sections show the sedimentary and struc-
tural features of the formations within the core (Fig. 14).
The Kuechulin Formation consists of interbedded mudstone
and fine sandstone with intense bioturbation (Fig. 14a), mi-
nor cross-bedding, and some imbrication of clasts along bed-
ding planes. The sandstone and mudstone contain suban-
gular clasts (immature) that are matrix supported. This
matrix makes up 20%–30% of the rock based on qualitative
analysis of the thin sections. Compositionally, the rocks are
quartz rich with less than 5% lithic fragments.

Fractures in the core generally are filled with angular
siltstone clasts up to 4 cm in maximum diameter suspended
in light gray, clay-silt matrix (Fig. 13d). The matrix consists
of massive, clay-rich mudstone with no sedimentary struc-
tures (Fig. 14c,d). This fill is 75% fine-grained matrix with
25% silt and sand grains incorporated from the protolith. Silt
and clay within the fractures are very soft, moderately plas-
tic, and usually very wet relative to the host rock. Some
minor foliation is apparent in the matrix, but generally the
silty clay in the fractures shows random grain sorting and
alignment (Fig. 14b–d). Brecciated clasts are subangular,
show little rotation (Fig. 14b,c), are calcite cemented, and
display sharp boundaries with the fracture matrix. Clasts of
mudstone are rare in the brecciated zones, implying the sand-
stone may be stronger than the mudstone in order to exist as
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Figure 13. Typical core lithology and
structures: b, bedding (dashed lines indicate
dip in core); f, fracture; bz, brecciated zone;
some clasts are outlined. (a) Thinly laminated,
bioturbated mudstone within the Chinsui Shale
at 234 m. (b) Intense fracturing cutting beds in
the Chinsui Shale at 221.5 m. (c) Fractured
Kuechulin Formation at 283 m in core. (d) Up-
per end of 30 cm brecciated zone from 239 m
in core. The fracture contact is sharp and bed
parallel. Clasts are outlined in black, and the
dashed black line indicates a clast that is cur-
rently breaking up. (e) Core box from 301 to
305 m in the core, showing fractures, brecci-
ated zones, and undeformed shale of the Kue-
chulin Formation.

individual clasts. Clasts make up approximately 10%–50%
of the brecciated zones, and clast size scales up with fracture
width. There is very little evidence for shear within the frac-
tures, although small (�1 cm) offsets are apparent across
some fractures. Fractures vary from irregular to planar and
less than 0.001 to 1.5 m in width, and they are filled with
dark to light gray clay or silt with brecciated clasts (Fig.
13b,c). That is, smaller clasts are found in smaller width
brecciated zones. Fractures, including brecciated zones, fre-
quently occur parallel to bedding (Fig. 13d). Although the
fractures are texturally distinct from the protolith, X-ray dif-
fraction analysis (Appendix B) of the core samples indicates
that the fractures are compositionally indistinct from the
protolith.

The density of fractures varies along the linear transect
formed by the drill core. Fracture density is determined using
two different methods. Method A involves determining the
spatial percentage occupied by fractures within a 5-m section
of core. These percentages are then plotted for a 5-m bin
size for the entire core length (Fig. 5a). All fractures en-
countered in the core are used in this method. Method B
quantifies the density of all fractures greater than 4 cm width
per 5-m bin size. This fracture width is chosen arbitrarily for

our analysis to eliminate any bias that might be introduced
by including smaller fractures in the histogram. Both meth-
ods produce similar results, with the largest density of frac-
tures occurring immediately above 327 m (Fig. 5a,b), the
interpreted location of the fault rupture surface. Fracture
density begins to increase approximately 30 m above the pri-
mary rupture surface and abruptly falls off below the fault.
This asymmetry appears to be characteristic of the Chelungpu
fault in the northern region.

Other areas of increased fracture density are also ob-
served in the core. Method A shows that fracture density
increases at 150, 300, and 400 m core depth. Method B
shows abrupt increases in the density of fractures at 150,
250, 300, and 400 m depth in the core. All areas of increased
fracture density are associated with brecciated zones greater
than 0.5 m thick at their base. These zones may define
smaller, subsidiary faults to the main Chelungpu fault. From
the orientation of these structures with respect to bedding in
the core, we can say that these subsidiary faults are synthetic
to the main fault. Fracture density consistently increases
above the widest fractures (�0.5 m thick) and abruptly drops
off below these fractures, producing a similar asymmetry to
the fracture pattern around the primary rupture surface.
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Figure 14. Thin-section photomicrographs of
core samples: (a) Typical laminated mudstone and
siltstone protolith. This is from the Kuechulin For-
mation at 328 m core depth, less than 2 m into the
footwall of the primary rupture surface. There is very
little deformation in the sample. Top of photo is up.
The massive sandstone in the upper right is an un-
deformed, sand-filled burrow and is lithologically
typical of the sandstone encountered in the core.
(b) Breccia clasts in clay-rich mudstone matrix from
a 6-cm fracture (brecciated zone) at 321.4 m. There
are very few structural textures. (c) Brecciated sand-
stone clast from a 28-cm brecciated zone at 322.55 m.
Notice the lack of foliation in the surrounding clay-
rich matrix. (d) Typical matrix in a 1.5-m brecciated
zone at 326.45 m in the core, 20 cm above the primary
rupture. The matrix consists of massive clay-rich
mudstone with less than 15% silt clasts. Minor foli-
ation and no sedimentary structures are apparent.

Appendix B

Takeng Site Description: Northern Region

The fault zone was investigated in detail at a temporarily
excavated locality near the town of Takeng in the Tali River,
just north of Taichung and 6 km due south of the Fengyuan
drill site (Fig. 1). Here, the fault is oriented 320� and dips
48� east across a river channel, subparallel to bedding (strike,
due north; dip, 40�–66� east) (Fig. 6). Net displacement at
this location reached 7.3 m during the earthquake (CGS,
1999).

The excellent fault exposure at Takeng was mapped and
samples collected during December 2000. A distinctive, 20-
cm-thick, dark gray clay gouge lies at the fault (siltstone/
conglomerate) contact (Fig. 6). The gouge changes across a
sharp contact from dark gray (derived from shale) to reddish
brown (derived from conglomerate) at approximately 15 cm
into the gouge from the hanging wall (Fig. 7a). The siltstone
in the hanging wall within approximately 30 m of the gouge
is intensely fractured, and bedding is indistinguishable. This
is interpreted as the damage zone of the fault that may record

the effects of accumulated slip over much of the fault history
(Chester and Logan, 1986; Caine et al., 1996). Beyond this
zone, fracture density decreases and bedding is apparent. At
least two synthetic faults with less than 1 m vertical dis-
placement are apparent in the hanging wall. Very little de-
formation is apparent in the footwall. The subparallel ge-
ometry of the fault to the hanging-wall bedding implies that

Figure 15. X-ray diffraction results from samples
from the Takeng fault outcrop. (a) Bulk mineralogy
of all samples collected in a 100-m transect through
the hanging wall into the fault. All sample runs are
superimposed on each other. Analysis indicates the
bulk mineralogy of the samples remains the same
along a transect into the fault zone. Sample locations
are shown on Figure 10. (b) Close-up of clay miner-
alogy for samples CDR-7, located �1 m from the
fault gouge (dotted black line), and CDR-12, located
�100 m from the fault gouge (solid black line). The
glycolenated runs are shown as the dashed versions
of the dotted and solid lines, respectively. Analysis
indicates that smectite is a dominant clay mineral in
the protolith, but it is not apparent in the sample near
the fault.
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bedding planes may have acted as a guide for the rupture in
the near surface, contributing to the large offsets in the north-
ern region.

X-ray diffraction analysis of fault rocks indicates a
change in clay mineralogy between the fault-related rocks
and undeformed siltstone away from the fault gouge in the
hanging wall. The siltstone 100 m into the hanging wall from
the fault gouge contained primarily smectite, illite, amesite,
and kaolinite (Fig. 15b). Within the damage zone (�30 m
from fault gouge) and in the fault core, the dominant clay
minerals are vermiculite, illite, amesite, and kaolinite (Fig.
15b). Other than this clay variability, the rocks from the
undeformed protolith and the frature fill (matrix and siltstone
clasts) near the fault show identical bulk mineralogy (Fig.
15a). The compositional signature of decreasing smectite to-
ward the fault is consistent with other localities along the
Chelungpu fault (Liao et al., 2002) and indicates a fault gen-

esis for the clay. Similar signatures showing a decrease in
smectite toward fault zones have been observed in thrust
faults in the Canadian fold-and-thrust belt (Vrolijk and Van
der Pluijm, 1999; Van der Pluijm, 2001) and the Barbados
accretionary prism (Bekins et al., 1994; Vrolijk et al., 1991).
These studies indicate the change in clay mineralogy may
be attributable to fluid flow in the fault zone inducing a
smectite–illite conversion along the fault, and this change
may facilitate slip localization in zones of clay alteration
(Vrolijk and Van der Pluijm, 1999).

Utah State University
4505 Old Main Hill
Logan, Utah 84322-4505

Manuscript received 23 August 2001.


