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[1] Taiwan’s 1999 Mw 7.6 earthquake generated over 85 km surface rupture along the
Chelungpu thrust fault. Paleoseismic studies at the Shi-Jia site near Nantou city, reveal
folding as the predominant form of deformation. Stratigraphic relations across the
1999 fold scarp show the style and degree of deformation caused by the penultimate event
is similar to observed 1999 deformation. A boring transect across the fold scarp provides
additional evidence of an earlier earthquake. Investigations at the Shi-Jia site revealed
three prehistoric events; accelerator mass spectrometry (AMS) radiocarbon ages indicate
that the penultimate earthquake occurred between 1160 and 1440 A.D. Paleoseismic
studies north of the Shi-Jia site reveal much younger penultimate earthquakes,
suggesting a 1999-type event may not be characteristic along the Tsaotun segment of the
Chelungpu fault.
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1. Introduction

[2] The 21 September 1999, Mw 7.6 Chi-Chi, Taiwan
earthquake was one of the largest magnitude continental
reverse fault earthquakes of the 20th century. Well-exposed
surface faulting and coseismic folding accompanied the
1999 Chi-Chi earthquake. The past rupture history of the
Chelungpu fault is a key component for characterizing its
rupture processes. This study presents findings of a history
of coseismic fold growth near Nan Tou, Taiwan and com-
pares the ages of penultimate events and style of deformation
observed at the site along the central section, Tsaotun
segment of the Chelungpu fault. We discuss kinematics of
coseismic fold growth at the study site.

2. Geologic Setting

[3] Taiwan is located on the collisional boundary between
the Philippine Sea plate and the Eurasian plate (Figure 1).
The Philippine Sea plate is moving in a northwesterly
direction relative to the Eurasian plate at a rapid rate of
about 82 mm/yr [Yu et al., 1997]. Compression across the
island is accommodated by a system of strike slip and

reverse faults (Figure 2). Prior to 1999, the largest reverse
fault ruptures on the island occurred in 1935 along the
northern part of the Shihtan fault, and in 1951 along the
Longitudinal Valley fault [Bonilla, 1975]. Significant his-
torical earthquakes on other oblique strike-slip faults
occurred in 1906 and 1941 (the M 7.1 Chiayi earth-
quakes), and 1946 Hsinhua (M 6.3 earthquake) [Bonilla,
1975; Ma et al., 1999].
[4] The 1999 Chi-Chi earthquake generated over 85 km of

surficial offsets (Figure 2) and caused the loss of over
2300 lives and over 14 billion dollars in damage [Shin et
al., 2000; Lee et al., 2002]. The rupture nucleated at a depth
of about 8 to10 km near the southern terminus of the
Chelungpu fault (CLPF) and propagated upward and north-
ward [Ma et al., 2000; Yue et al., 2005]. This earthquake
complexly ruptured the Chelungpu fault along four fault
segments; Cholan, Shikang, Tsaotun, and Chushan, listed
from north to south (Figure 2) [Chen et al., 2001]. Rupture
on the Shikang, Tsaotun, and Chushan segments occurred
on a north striking, west verging reverse fault that places
Pliocene marine fine-grained mudstone and shale (Chinshui
shale formation) over late Pleistocene to Holocene gravel
and sand [Lee et al., 2002]. This is the westernmost active
thrust fault that daylights with continuous surface expres-
sion on the island. West of the CLPF is the frontal fault of
the Taiwan range, the concealed Chang-Hua fault that forms
the Paukashan anticline.
[5] Coseismic reverse slip on the southern Chushan and

central Tsaotun fault segments was commonly greater than
1.5 m [Chen et al., 2001]; vertical and horizontal offsets on
the Shikang and Cholan segments were much larger, aver-
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aging 5–6 m with values as high as 10 m of vertical offset
on the Shikang segment (Figure 2) [Chen et al., 2001].

3. Shi-Jia Site

[6] The Shi-Jia site is on the southern portion of the
Tsaotun segment of the CLPF, near Nantou city (Figure 2).
We excavated a single trench across the 1999 surface
rupture where the CLPF crosses a small alluvial fan near
the base of the Western Foothills (Figure 3). Here, the 1999
rupture follows the frontal expression of Western Foothills
[Chen et al., 2001]. The amount of vertical slip along this
segment of the fault ranged from 0.5 to 3.0 m. At the Shi-Jia
site a total of 1.6 ± 0.1 m of measured vertical displacement
was accommodated entirely by folding, the fault rupture did
not propagate to the surface. Aerial photographs, taken in
1976, show preexisting fault scarps that closely match the
1999 fault rupture and suggest a prior history of faulting.
[7] Alluvial fan aggradation occurs across the trench site

by debris flows and fluvial overbank and channel facies from
ephemeral streams. Sediment supply in the alluvial fan is
derived from the adjacent foothills which contain Chinshui
shale and well-sorted Pliocene quartz sandstone. The alluvial
fan is bounded on the west by the larger meandering Mao Lo
Shi river (Figure 3).
[8] The west vergent CLPF has displaced, east side up,

several terraces and three alluvial surfaces that we identify

based on field mapping and interpretation of aerial and
orthophotos. These surfaces are, from the highest to the
lowest elevation, Qt1, Qal1, Qal2, and Qal3, respectively
(Figure 3). For the purposes of this study we have only
mapped the youngest terrace observed, Qt1, the presence of
terraces in the area are evidence of a long history of uplift.
The Qt1 surface is 120 m above sea level, highly dissected
and discontinuous (Figure 3). Three alluvial surfaces were
identified, Qal1, Qal2, and Qal3. The Qal1 surface is
bounded to the west by a linear fault scarp and to the east
by the mountain front (Figure 3). Profiles across the site
show an inflection in topography, interpreted as an older
linear fault scarp, at the western edge of Qal1 (Figure 4).
The 1999 earthquake uplifted the Qal2 surface, raising it
vertically 1.6 ± 0.1 m on the hanging wall. Two profiles
across the Shi-Jia site show vertical separation from the 1999
event between the footwall and the hanging wall in the Qal2
surface (Figure 4). Further studies of the terraces in the area

Figure 1. Bathymetry of the Taiwan region, showing the
western termination of the Ryukyu trench east of Taiwan
and the northern termination of the active Manila trench in
the western Taiwan fold-and-thrust belt. Modified from
Suppe [1984, 1987] with permission. Plate vector direction
and rate between Philippine Sea and Eurasian Plate from Yu
et al. [1997].

Figure 2. (a) Map of the 1999 surface rupture and major
neighboring faults. Locations of three paleoseismic study
sites are shown on the Tsaotun segment; Shi-Jia site (this
study), Pineapple and Wufeng sites. (b) Field observations
of vertical offsets. From Rubin et al. [2001].
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are needed to develop a better understanding of the relation-
ship between the ages of the fluvial terraces and long-term
uplift by the CLPF.
[9] The Shi-Jia site was identified as an ideal paleoseis-

mic study site because the ground surface was not modified
after 1999, and the betel nut (Areca catechu palm) orchard
on the site was abandoned soon after the earthquake. The
site was a good distance from a local tributary to the Mao
Lo Shi river which ensured a fine grain sediment source

and far enough that there would be minimal channel
deposits cutting stratigraphy. The Shi-Jia trench was exca-
vated across and perpendicular to the 1999 scarp and
oriented N80�E. The excavation totaled 51 m length and
5 m depth. Trench walls were mapped on a 1 � 0.5 m grid
using high-resolution photographs at a scale of 1:10. The
trench and alluvial surfaces were surveyed using a total
station (Figure 4).
[10] A transect of four boreholes was drilled across the

1999 fold scarp to delineate older stratigraphic units,
measure total vertical displacement of units at depth across
the fold scarp, better define the fold geometry beneath the
site and to locate the fault plane. Two boreholes were
located on the backlimb of the fold and two on the forelimb,
and extended to a depth of 50 m (Figure 5).

4. Results

4.1. Stratigraphic Relations

[11] The Shi-Jia trench exposed a sequence of overbank
fine-grained sediment with incipient to strong soil develop-
ment. These soils provide evidence of landscape stability.
Stratigraphic units were distinguished by color, lithology,
degree of soil development, and bioturbation. We group
strata exposed in boreholes and trenches into twenty strati-
graphic packages. These packages are numbered from old-
est to youngest with unit 1 consisting of bedrock Chinshui
shale and unit 5, Pleistocene to Holocene cobbles encoun-
tered in boreholes. Stratigraphic units 7 to 80 are packages
of interbedded overbank and fluvial deposits. Units 90
through 170 consist of overbank fine silt. Detailed unit
descriptions are shown in Table 1.
[12] The stratigraphic succession exposed in the boreholes

and excavation was floored by Pleistocene to Holocene
alluvial cobble gravels, labeled unit 5. Pliocene marine
Chinshui shale, unit 1, is observed stratigraphically higher
than unit 5, in the northeast end of the trench (backlimb).
Sandy silt with fine laminations, unit 7, unconformably caps
unit 5, alluvial gravels. This sandy silt unit marks the
transition to fine grained alluvial deposits from a new
sediment source, uplifted Chinshui shale mountain front.
Overall, upward coarsening stratigraphic succession of
trench sediments reflect movement of ephemeral streams
across the alluvial surface, or a change in the fluvial system.
4.1.1. Borehole Sediments
[13] The oldest strata identified at the site, unit 1, is dull

light gray, very weakly cohesive, Pliocene Chinshui shale.
Boreholes C1 and C2, located east of the scarp, encountered
the top if Chinshui shale at depths of 11.0 and 9.7 m,
respectively. In both boreholes, the Pliocene shale overlies
late Quaternary cobble gravels, unit 5. These cobble gravels
are probably late Pleistocene to Holocene in age, based on
correlative strata exposed on the hanging wall of the CLPF
[Chen et al., 2001]. Chinshui shale is not exposed in
boreholes C3 and C4, west of the fold scarp. In borehole C4,
the top of the cobble gravel, unit 5, was encountered at a
depth of about 8 m and continued to the maximum depth
explored, about 50 m. Overlying the cobble gravels is dark
gray slightly sandy silt, borehole unit 7 (Table 1). It is
normally graded, with very fine planar clay laminations
interbedded in the upper 0.1 m of the sequence. Conform-

Figure 3. Quaternary geologic map of the study area. The
1999 fault scarp is shown as a heavy black line west of the
mountains. The Shi-Jia trench site is shown as a small white
box crossing the mapped trace of the 1999 rupture. A
second linear scarp is mapped east of the 1999 rupture. This
scarp bounds the western edge of the Qal1 surface. The
mountain front bounds the eastern edge of the Qal1 surface.
Trench sediments are interpreted as mudflow deposits from
the mountain front and overbank deposits from the small
ephemeral stream directly north of study location, on the
Qal3 surface. Mao Lo Shi flows in a northward direction,
floodplain deposits are below 90 m elevation.
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ably overlying borehole unit 7 is trench unit 10 (shown in
borehole C1, Figure 5).
4.1.2. Trench Sediments
[14] Unit 10, at a depth of 5.5 m, is the oldest unit

exposed in the trench. Unit 10 is a massive silty clay
derived from a low-energy pond environment, possibly on
the alluvial floodplain (Table 1).

[15] Units 20, 30, and 40 are massive, very fine sand and
silt. Laminations and lenses of very fine sand suggest that
units 20 to 40 are overbank sediments deposited by a
proximal stream during a flood. The probable source of
these deposits is a small ephemeral stream located just north
of the excavation (Figure 3).
[16] Unit 50 consists of interbedded mudflow and over-

bank stream deposits. Unit 60 is fine-grained sand to silty

Figure 4. (a) Detailed topographic map and profiles of Shi-Jia site. Locations of trench, borings, and
profiles were surveyed using an electronic EDM/theodolite. The 1999 vertical separation was 1.6 ± 0.1 m;
the fold scarp strikes N10�W. (b) Profile across 1999 fold scarp through Shi-Jia field, A-A0. The ground
surface has been slightly modified since 1999. An irrigation ditch was added along the base of the fold
scarp and an existing ditch was enhanced above the 1999 scarp and along an older scarp. Geomorphic
surfaces from Figure 3 are labeled on the profiles: Qal2 and Qal1. The 1999 scarp separates Qal2 on the
hanging wall and footwall of the fault. An older scarp separates Qal1 and Qal2. (c) Profile across 1999
fold scarp, along north wall of trench, B-B0.

Figure 5. Detailed map of the north trench wall and borings across the Chelungpu fold scarp. Fault location is projected
between borings C1 and C2 and has a dip of 27 ± 2�. The uppermost gray unit, unit 190, is human modified material,
though the surface has not been modified since the 1999 rupture. Unit 190 truncates unit 150 at 2 m east of the small pop-up
structure; thickness here is similar to thickness on the lower fold limbs. Unit 150 displays constant thickness, suggesting an
overlapping relationship with unit 100. The modern ground surface displays 1.6 ± 0.1 m of vertical separation across the
fold. Vertical separation of units 90 and 100 across the fold is 3 m. The penultimate event horizon is interpreted between the
first continuous unit across the fold scarp, unit 100, and the overlying sequence of onlap sediments, beginning with unit
110. Secondary faults are shown in red, notice bedding parallel shear planes and pop-up structure. Centimeters to
millimeters of offset are observed on these structures. Paleosol horizons are distinguished within the respective units:
vertical white lines show location of soil A horizons, slanted white lines show location of B horizons. Cross-bedded and
laminar sands are shown, as mapped, in situ. No vertical exaggeration.
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clay, fining upward. The fining upward sequence represents
settling of suspended load of overbank sediments. Unit 70 is
a medium energy fluvial deposit. This unit is a well-sorted,
fine-grained cross-bedded sand, an overall fining upward
sequence.
[17] Unit 80 is a laminar silt thickening westward. We

interpret unit 80 as water lain sediments. A likely result of a
series of overbank stream flows depositing thinly bedded
sheets of silt across the alluvial surface [Friedman and
Sanders, 1978].
[18] Units 90 and 100 are sandy silt units that thicken

toward the west. The lack of bedding structure and massive
character of the sediment suggest that units 90 and 100 are
mudflow deposits, derived from the fine-grained
Chinshui shale exposed along the mountain front directly
east of the site. The upper surface of unit 100 is human
modified on the east end of the excavation (Figure 5).
[19] Units 110, 120, and 130 coarsen upward from loamy

sand to sandy loam. These units taper toward the east, in the
direction of the fold scarp (Figure 5). Beginning with unit
110 each successive wedge-shaped unit terminates farther
eastward against unit 100. These units onlap unit 100
(Figure 5).

[20] Unit 150 is massive silt with pedogenic develop-
ment. This unit is 37 cm thick along the forelimb of the fold.
The eastern portion of unit 150 is modified, as shown in
Figure 5. Because of its slow eastward tapering thickness,
we interpret unit 150 as overlapping unit 100 prior to human
modification.
[21] Unit 160 is a faintly cross-bedded very fine grained

sand. This unit is likely correlative with young stream
sediments, unit 180, found at the western end of the trench.
Unit 170 is massive light gray mottled silt, contrasting
greatly in color from other units. Very common mottles,
fine roots and pores are remnant of shallow rice plant roots,
the overall appearance suggests unit 170 is a buried rice
paddy.
[22] Unit 180 occupies a swale incised into units 100 to

150 at the western end of the trench. Sediments in unit 180
are very poorly sorted, soil rip-up clasts are also mixed
within the unit. The rip-up clasts are likely derived from the
buried soil on unit 150. Unit 180 stream deposits probably
represent a recently abandoned channel of the ephemeral
stream that is presently 30 m north of the trench (Figure 3).
Across the site, on average, the upper 50 to 70 cm of
sediment is modified by recent farming activities. We

Table 1. Unit Descriptions

Unit Sequence Descriptiona Depositional Environment

1 Pliocene Chinshui shale, dull, light gray, very weakly cohesive offshore marine
5 Quaternary cobble gravels, poorly consolidated, clast supported terrestrial deposit
7 silt, slightly sandy, dark gray, normally graded,

very fine planar clay laminations interbedded in the upper 0.1 m
low-energy pond

10 silty clay, dark bluish gray, massive, well-sorted,
with lenses of very fine silty sand; some plant bioturbation and
root casts; conformable basal contact

low-energy pond environment,
possibly on the alluvial floodplain

20, 30, 40 silt with very fine sand, greenish gray, massive, locally discontinuous
very fine silt and sand laminae in lower halves of units 20 and 40;
unit 30 contains very well sorted lenses of very fine grained sand;
Bwb soil developed on upper 3 cm of unit 40; depositional basal contacts.

overbank sediments deposited
by a proximal stream during
a flood

50 silt with clay and sand, base of unit is well-sorted, silty sand with
laminated lenses; silty clay 1–3 cm thick overlies the sands;
this silty clay coarsens upward to massive sandy silt; inverse grading;
a buried soil Ab, Bwb, BCb developed on upper half of unit;
erosional basal contact

interbedded mudflow and
overbank stream deposits

60 sand to silty clay, fine-grained sand, base of unit is silty sand, finely laminated,
well-sorted, few lenses of massive sand, bioturbation, fining upward sequence;
irregular, diffuse, wavy, discontinuous erosional basal contact

suspended load, overbank deposits

70 sand, well-sorted, fine-grained, cross-bedded, fining upward, weak
Awb soil development in upper 10 cm; conformable basal contact

stream deposits

80 silt, well-sorted, fine laminations, buried B horizon developed on upper
few centimeters; diffuse basal contact over several centimeters

overbank deposits

90, 100 sandy silt, massive, well-sorted, some root casts, paleosol development
in both units 90 and 100; unit 90 has a sharp, planar basal contact
with unit 80; sharp contact between units 90 and 100

mudflow deposits

110, 120, 130 loamy sand to sandy loam, coarsening upward sequence, pedogenic
Bb horizon is developed on the upper portion of units 110, 120,
and 130; sharp basal contacts

onlap sequence of sediments.

150 silt, massive, common bioturbation, pedogenic Ab, Bb, Cb horizons overlap sequence
160 sand, fine-grained, some cross beds, poorly sorted stream deposits
170 silt, light gray, mottled color, massive, abundant very fine pores and roots;

sharp lower contact
rice paddy

180 sand, fine- to medium-grained, very poorly sorted, extensive pockets of
well-sorted laminated and cross-bedded fine to medium grained sand;
rip up clasts of A horizon soils, angular, 1 to 2 cm diameter; sharp basal erosional contact

stream deposits

190 silt, poorly consolidated, contains plastic, rope, and broken pottery;
unconformable basal contact

modern modified sediment

aAb, buried A horizon; Bwb, buried B horizon altered by weathering; BCb, buried BC horizon; Awb, buried A horizon altered by weathering; Bb, buried
B horizon; Cb, buried C horizon.
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labeled this modern modified sediment unit 190, this unit
cuts all other units near the surface and contains some
modern debris like plastic, rope, and broken pottery.
4.1.3. Age Estimates
[23] Eleven detrital charcoal samples were collected and

analyzed from eight units to constrain ages of alluvial
sediments exposed in the trench (Figure 6). These detrital
charcoal samples indicate that all units in the trench expo-
sures are late Holocene in age (Figure 6 and Table 2).
[24] Detrital charcoal collected from the uppermost hori-

zon and middle of unit 10 yielded ages of 650–820 and
80–250 A.D., respectively. A fragment of detrital charcoal
from unit 30 yielded an age of 1000–1190 A.D. Detrital
charcoal collected near the center of unit 70 yielded an age
of 970–1160 A.D., a calibrated age that is indistinguishable

from unit 30. Samples from unit 90 yielded ages of 780–
1000 and 1010–250 A.D.
[25] Two samples from unit 100 yield calibrated ages of

1160–1310 A.D., and 1150–1290 A.D. Rapid deposition of
onlap unit 110 preserved detrital charcoal in the upper few
centimeters of unit 100. The fold axis and backlimb of unit
100 were exposed to erosion and weathering for a longer
period of time than the forelimb, where sediments onlapped
against unit 100. Because erosion has stripped away the
upper few centimeters of sediment from the fold axis and
backlimb the upper horizon of unit 100 must be strati-
graphically higher on the forelimb. Therefore we interpret
the detrital charcoal collected from the forelimb (sample
0202-1, Figure 6) which yielded an age of 1160–1320 A.D.,
as stratigraphically higher within unit 100 than the sample

Figure 6. Location of detrital charcoal samples collected from the north wall of the Shi-Jia excavation.
Sample name, calibrated age, and depth are shown here; additional values are given in Table 2.

Table 2. Radiocarbon Analyses of Detrital Charcoal Collected From Trench Exposures

Sample Codea Laboratoryb
14C Age ± 1s,

c years B.P.

Calibrated Age
Range ± 2s,
d years B.P.

Calibrated Age,
calendar years A.D. Stratigraphic Unite

Depth Below
Ground Surface, m

0809-5 80985 100 ± 60 280 to modernf 1670 to present 170 0.85
1123-5 86417 710 ± 40 710–620 1240–1330 130 1.5
0820-4 80983 700 ± 60 740–550 1210–1440 110 1.5
0202-1 86413 770 ± 50 790–640 1160–1310 100 1.55
1121-10 86412 810 ± 40 800–660 1150–1290 100 0.9
1121-31 86411 910 ± 60 940–700 1010–1250 90 2.5
1122-3 86530 1130 ± 35 1170–950 780–1000 90 2.2
1121-23 86407 995 ± 40 980–790 970–1160 70 2.5
1127-3 86399 955 ± 40 950–760 1000–1190 30 4.95
0119-4 86396 1295 ± 40 1300–1130 650–820 10 5.75
0119-15 86397 1840 ± 35 1870–1700 80–250 10 6.16
aSamples listed in stratigraphic order, shown in Figure 7.
bSamples prepared and run at Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratories by G. Seitz.
cThe quoted age is in radiocarbon years using the Libby half-life of 5568 years and following the conventions of Stuiver and Polach [1977]; uncertainty

shown is ±1s.
dCalendric ages calculated using OxCal 3.5 calibration program (C. B. Ramsey, Radiocarbon calibration program OxCal 3.5, available at http://

www.rlaha.ox.ac.uk/orau/06_ind.htm, 2000).
eUnits are labeled in Figure 5, sample locations are shown in Figure 7.
fValue younger than 1950 A.D.
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collected from the fold axis which yielded an age of 1150–
1290 A.D. (sample 1121-10).
[26] A sample from the base of unit 110 yielded an age

range of 1210–1440 A.D. Unit 110 is the oldest unit in the
onlap sequence, but yields a calibrated age indistinguishable
from unit 130. Detrital charcoal from unit 130, the youngest
member of the onlap sediment sequence analyzed yielded a
calibrated age range from 1240 to 1330 A.D. This sample
was collected below the fold scarp, stratigraphically in the
center of the unit (Figure 6). Detrital charcoal collected and
dated from unit 170 yielded calibrated calendar age between
1670 A.D. and present.

4.2. Fault Location

[27] Our trench revealed monoclinic folding of alluvial
sediments at the surface of the Shi-Jia site. A series of
boreholes across the site revealed the underlying fault,
which enabled us to constrain the location of the fault tip.
The fault was identified in extracted borehole sediments,
as bands of uncharacteristically dark and highly sheared
bedrock Chinshui shale.
[28] Material in the shear zone visibly differs from non-

sheared Chinshui shale. Nonsheared Chinshui shale has a
dull light gray color and shows pressure fluidization from
drilling and extraction. Sheared material is dark gray to
black. Shear zones in borehole C1 are 0.22, 0.05, and 0.03 m
thick, and in borehole C2 is 0.03 m thick. Deformed zones
are located in borehole C1 at a depth of 20.94–21.16 m, and
C2 at 12.2–12.23 m (Figure 5). The fault is not present in
boreholes C3 or C4. So the fault tip must be located at a
depth greater than 6 m (depth of the trench), though less
than 12.2 m, and between the boreholes C2 and C3.
Measurement of shear zones within the Chinshui shale in
boreholes C1 and C2 indicate an east dip of 27 ± 2�.

4.3. Evidence of Earthquakes

4.3.1. The 1999 Chi-Chi Earthquake, E0

[29] A west dipping, 6-m-wide monocline strikes N10�W
across the Shi-Jia site, causing clear warping of rows of fruit
and palm trees (Figures 3 and 4). In the surrounding area,
the rupture scarp is also apparent through deformed roads,
fences, and a concrete stream channel. The fold scarp
records vertical separation of 1.6 ± 0.1 m between upper
and lower fold limbs and a maximum inclination of
�11� west. Prior to 1999, the fields exhibited a gentle west
dipping slope, with no surficial evidence of a scarp (per-
sonal communications from local farmers and residents).
Deformation measurements at the at the nearby Tsaotun
trench, just north of the Mao Lo Shi, also reveal 1.5 m of

vertical separation following the 1999 event [Ota et al.,
2001], though no penultimate event was identified at this
site.
[30] Structural and stratigraphic relations in the excava-

tion suggest that folding is the predominant form of defor-
mation near the surface. The fault was not exposed within
the trench, indicating that the fault rupture tip terminated at
a depth greater than 6 m.
[31] Four small faults in the upper 3 m of trench expo-

sures are discontinuous with depth, and are the only form of
reverse-brittle failure observed in the trench wall exposures
relict of 1999 deformation. These secondary deformation
structures include a small pop-up flower structure, and a
minor thrust with a few centimeters of displacement
(Figure 5). Centimeter offsets on secondary faults show these
features did not accommodate much 1999 deformation.
Bedding parallel slip planes are exposed below unit
100 (Figure 5). These slip planes exhibit a shear fabric
and occur along the contacts between units of differing
lithologies. The amount of displacement accommodated by
these features was not measurable, though seemed to be at
the millimeter scale. Unit thickening was also measured
across the fold scarp. Unit thicknesswasmeasured perpendic-
ular to bedding on the backlimb, forelimb and through the
synclinal axis (Figure 6). We measured the greatest bedding
thickness through the synclinal axis of the fold (Table 3).
4.3.2. Penultimate Earthquake, E1

[32] Unit 100 is the youngest stratigraphic unit displaying
greater vertical separation across the fold scarp than values of
vertical separation measured at this site after 1999. Unit 100
is disturbed by farming activities on the backlimb, so we
could not measure vertical separation across the fold scarp
without extrapolating the upper horizon of the unit. The basal
contact of unit 100 with unit 90 is continuous across the fold
and has about 3 m of vertical separation between the back-
limb and forelimb, roughly 1.5 ± 0.1 m greater than dis-
placement measured from the 1999 ground surface.
[33] Units 110 to 140 onlap unit 100, and unit 150

appears to overlap the fold scarp (Figure 5). Stratigraphic
relations in trench exposures indicate displacement occurred
after deposition of unit 100 and prior to the onlap sequence
of units 110 to 150. No reverse faults are evident within or
below unit 100, which indicates folding as a predominant
form of deformation in the past.
[34] The amount of vertical separation between the

backlimb and forelimb, and style of deformation are
strikingly similar between the 1999 and penultimate events.
Structural relations in trench exposures indicate the penul-
timate earthquake, E1, occurred before deposition of the
first onlap sediments, unit 110, but after deposition of unit
100. These units yield radiocarbon ages of 1210–1440 and
1160–1310 A.D., respectively (Figure 6). We interpret the
age of the penultimate event as occurring between 1160
and 1440 A.D.
4.3.3. Evidence for an Earlier Earthquake, E2

[35] We collected a series of shallow borings C1 through
C4 (Figure 5) and excavated to a depth of 6.5 m across the
fold scarp to identify evidence of earthquakes that occurred
prior to the penultimate event. The loss of core from the
borings during drilling and lateral facies change made it
difficult to correlate sedimentary units across the fold scarp;
nevertheless, stratigraphic relations show evidence for an

Table 3. Unit Thicknesses Across Fold Scarp

Unit

Thickness Values,a cm

Backlimb Synclinal Axis Forelimb

100 –b 56.0 49.5
90 77.5 102.0 81.5
80 83.5 132.0 111.0
70 56.0 81.0 70.0

aThickness measurements were recorded on northeast limb, fold axis, and
southwest limb of fold in order to quantify the amount of unit thickening
through the fold axis related to coseismic deformation.

bNo value, upper horizon modified.
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earlier event, E2. Relations such as depositional geometry,
increasing vertical separation between the upper and lower
fold limbs, and greater dip of unit surfaces across the fold
scarp face were used to identify an event below the
penultimate event horizon. Stratigraphic units below the
penultimate event horizon show no evidence of an onlap
sequence; however, units 70 to 50 slightly thicken in the
forelimb. We interpret the thickening in these units to
represent a depositional geometry smoothing a preexisting
scarp. Vertical separation of units 70, 60, and 50 across the
trench is not much greater than 3.0 m, combined 1999 and
penultimate vertical separation. These units were deposited
after any earlier earthquakes.
[36] Evidence for event E2 comes from units 40 through 10.

Surfaces of units 10 to 40 show greater dip across the fold
scarp face than the penultimate event horizon (Figure 5).
Unfortunately units 10–40 are not exposed on the footwall
as they are below the water table. We could not directly
measure vertical separation. Unit 10 was clearly identified
within boreholes C1, C2 and C4, and exhibits 3.8 m of
vertical separation across the fold scarp. Units 20, 30, and
40 exhibit about 3.6 m of vertical separation across the
trench. Subtracting 3 m of vertical separation identified at
the penultimate event horizon yields 0.6 to 0.8 m of vertical
separation of these units across the fold scarp. This in-
creased vertical separation, and thickening of overlying
units on the forelimb is strong evidence of an earlier event;
however, further work is needed to better constrain the
event horizon, age and amount of vertical separation from
the event E2.
[37] Detrital charcoal collected from unit 10 yielded ages of

650–820 and 80–250 A.D. (Table 2). We interpret an older
event before deposition of unit 10, before 650–820 A.D.
4.3.4. Geomorphic Evidence of a Possible Earlier
Earthquake, E3

[38] The geomorphology along the mountain front sug-
gests the possibility of an earthquake that likely precedes all
three events revealed in the excavation and boreholes. This
earthquake (E3) would have occurred on a more easterly
strand of the Chelungpu fault. The Holocene alluvial
surface, Qal1 is bounded by a linear scarp to the west that
parallels the 1999 scarp in this area (Figure 3). The older
fault scarp is also similar in profile (Figures 4b and 4c),
except where modern drainages cross the surface. This scarp
separates surfaces Qal1 and Qal2 and does not behave as a
depositional feature in map view. The west edge of Qal1 is
relatively straight and does not follow the curved contours
of the Qal2 alluvial fan, nor does it follow the sinuous
contours of the mountain front (Figure 3). In the field this
scarp is continuous, and commonly the location of homes
and temples. Construction of a small temple on the Qal1
surface revealed fine grain alluvial sediments below the
surface. There are at least two explanations for the scarp
west of the Qal1 alluvial surface: (1) there was a large event
with uplift that outpaced burial by sedimentation or (2) there
were numerous events with smaller vertical displacements
occurring over a short period of time, so the rate of uplift
outpaced sedimentation. The latter predicts off lapping
depositional relations with the scarp bounding Qal1 on the
west. Additional studies in this area would help determine
the exact origin of this scarp.

4.4. Kinematics of Fault-Related Folding

[39] Trench wall exposures reveal (1) structural thicken-
ing of units 100 to 70 through the axis of the fold (Table 3),
(2) bedding parallel shear between units of differing lithol-
ogies, and (3) a pop up structure with centimeter offsets
within the upper 3 m of sediments. These structural com-
plexities have made it difficult to account for the complete
deformation field associated with each coseismic event.
[40] The trishear method of Erslev [1991] and Hardy and

Ford [1997] provides an alternative method for restoring
deformation across fault propagation folds that exhibit
changes in forelimb-bedding thickness. In fault propagation
folds, shear is initially concentrated in a fault zone. Shear
spreads upward into overlying folds and is distributed in a
triangular shape, when viewed in cross section. Trishear is
defined as distributed, strain-compatible shear in a triangu-
lar shear zone viewed in profile [Erslev, 1991]. Parameters
used in trishear modeling include (1) fault ramp orientation,
(2) amount of displacement, (3) fault propagation to slip
ratio, (4) trishear apical angle, and (5) fault tip position in
x, y coordinates [Allmendinger, 1998]. Trench wall expo-
sures and borehole data define parameters of the fault and
fold geometry and allowed us to apply Trishear 3.0 inverse
models and retrodeform pre-1999 growth strata to a nearly
planar surface (Figure 7) (R. W. Allmendinger, Trishear
Numerical Modeling Code/Program, 2000). Inverse numer-
ical modeling finds a best fit initial geometry matching a
key bed within the defined parameters. Best fit parameters
specified by the inverse model are used to run a forward
model, deforming horizontal lines. Forward model results
overlie observed fold geometry and show resulting misfit
(Figure 7c). Given the parameters, the Trishear program
estimates fault tip location beneath the surface, and propa-
gation to slip ratio on the fault.
[41] The upper horizon of unit 90 is stratigraphically the

highest continuous unit across the fold, and is the key bed
used for inverse modeling. The best fit parameters using the
trishear model place the fault tip at a depth of 6.78 ± 0.3 m
below the top of unit 90, or 7.18 ± 0.3 m below the surface
(Figure 7c). Error is calculated using the 96.4% correlation
coefficient, a 3.6% misfit. Misfit of the observed data is
very low because the fold geometry was generated from a
detailed 1.0 by 0.5 m tiled photo trench log, the dip of the
fault was fairly well constrained by the borehole transect,
and the upward termination of the fault tip is known to be
below trench exposures but above its depth in boreholes.
[42] For the Shi-Jia site, the apex of the trishear zone is

located at the tip of the fault. Trishear apical angle is 72�
(Figure 7b). The fault tip is 6.8 m beneath the modern
ground surface, about half a meter below the trench expo-
sures. The best fit fault ramp angle is 26� east dipping,
which is within error of the calculated fault dip of 27 ± 2�
from the boring transect. (Total displacement of units is 9 m
and the fault has propagated 19.8 m.) The propagation-
to-slip ratio determines how rapidly the tip of the fault
propagates upward relative to slip on the fault. The best fit
model yields a propagation to slip ratio of 2.2, which
implies that for every 2.2 m of upward propagation of the
fault tip there is 1 m of slip on the fault itself. Folding is the
predominant form of surface deformation at the Shi-Jia site;
the rate of fault propagation must be lower than the rate of
sediment accumulation.
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[43] Total horizontal displacement is calculated by sub-
tracting the present profile length from the length of the
trishear retrodeformed beds and yields a value of 4.2 ± 0.2 m
(Figure 7b).
[44] Dominguez et al. [2003] measured horizontal dis-

placement across the fault by cross-correlating SPOT
images before and after the earthquake. This study reports
approximately 3.5± 0.5mof displacement perpendicular to the
fault and 3.0 ± 0.5mof right lateral displacement in the vicinity
of the Shi-Jia site. The trishear value 4.2 ± 0.2 m of total

horizontal offset is a good model to reconcile trench observa-
tions and independently measured horizontal shortening.

5. Discussion

5.1. History of Events

[45] Our study shows that near the center of the Tsaotun
segment two great earthquakes of similar magnitude have
occurred in roughly the last 560–840 years, the 1999 event,
E0, and an older event E1 between 1160 and 1440 A.D.

Figure 7. Inverse model of the Shi-Jia coseismic fold. (a) Simplified tracing of trench units. Dashed
lines are simplified tracing along the tops of sedimentary units from the Shi-Jia trench log. The uppermost
line is the top of unit 90, the first continuous undisturbed unit across the fold. (b) Inverse numerical
model. Solid lines show the best restoration of units to a nearly planar surface; fold geometry is dashed.
Best fit model parameters are shown. At the Shi-Jia site, the apex of the trishear zone is located at the tip
of the fault. The propagation to slip ratio (P/S) determines how rapidly the tip line propagates relative to
slip on the fault [Allmendinger, 1998]. (c) Forward model using best fit parameters. Observed geometry
of units is shown as dashed lines, solid lines represent modeled unit horizons. Notice small differences
between model and original tracing through fold. The model fits the original fold geometry to 96.4%.
Modeled using parameters from best fit restoration shown above with Trishear 3.0 Numerical Modeling
(R. W. Allmendinger, Trishear Numerical Modeling Code/Program, 2000).

B03S06 STREIG ET AL.: EVIDENCE FOR PREHISTORIC FOLDING

10 of 12

B03S06



[46] Paleoseismic studies to the north of this study site
show coseismic fold deformation accompanied with brittle
deformation along a fault [Chen et al., 2004; Lee et al.,
2001]. At the Pineapple site, the penultimate event occurred
between 430 and 150 years B.P. (1520 to 1800 A.D.)
(Figure 8) [Chen et al., 2004]. At Wufeng, the penultimate
event occurred before 200 years B.P. (before 1750 A.D.)
[Lee et al., 2001].
[47] The age of penultimate event differs between these

sites (Figure 8). These paleoseismic studies indicate that
along the Tsaotun segment of the Chelungpu fault, the

timing of strain release and accumulation along strike is
variable (Figure 8). This suggests that 1999-type events,
rupturing the complete length of the Tsaotun fault segment,
may not be characteristic on this segment of the Chelungpu
fault.

5.2. Sedimentation Rates

[48] Trench wall exposures at the Shi-Jia site reveal onlap
to overlap relations on the penultimate event horizon. The
transition from onlap against the inferred ground surface of
the penultimate event to overlap of the paleoscarp is
revealed by the stratigraphic sequence. This onlap to over-
lap sequence suggests sedimentation rates at the Shi-Jia site
are higher than uplift rates [Burbank and Vergés, 1994; Suppe
et al., 1992]. Sedimentation rates in the last 1000 years B.P.
have ranged from 2 to 3 mm/yr (Figure 9), although, rates as
high as 6 mm/yr are permissible (Figure 9). Uplift rates of
1.8–3 mm/yr (rate of vertical displacement) are considerably
lower than sedimentation rates at this site. Therefore, recently,
in this area fold scarps develop equally as fast as they are
buried, obscuring geomorphic expression of prehistoric earth-
quake scarps.

6. Conclusions

[49] Excavations, borings, and geomorphic relations at
the Shi-Jia site along the Chelungpu fault reveal a history of
two or three recent surface ruptures culminating in the 1999
Chi-Chi Mw = 7.6 earthquake and an earlier history of
seismicity. Penultimate deformation in trench exposures is
strikingly similar to 1999 deformation at the Shi-Jia site.
Like the 1999 Chi-Chi earthquake, the penultimate caused
fold deformation and about 1.5 m of vertical separation. The
1999 and penultimate events display similar slip magni-
tudes. The penultimate event is bracketed between 1160 and
1440 A.D.
[50] On the northern Tsaotun segment, two paleoseismic

studies reveal much younger penultimate earthquakes [Lee
et al., 2001; Chen et al., 2004]. A 1999-type event may not

Figure 8. History of past rupturing earthquakes on the
Tsaotun segment of the Chelungpu fault. Wufeng, Pineapple
(Chen et al., submitted manuscript, 2007), and Shi-Jia
paleoseismic sites are displayed along latitude of the
Chelungpu fault. History of earthquakes at each site shown
in years before present, using the 1950 standard. Wufeng
and Pineapple sites show younger penultimate events than
seen at the Shi-Jia site.

Figure 9. Age versus depth plot of 14C samples from the Shi-Jia paleoseismic excavation. Selected
sedimentation rates are shown as gray lines.
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be characteristic on the Tsaotun segment of the
Chelungpu fault. This suggests that the amount of slip
along strike has varied over time, or, the stratigraphic record
at one or all sites is incomplete.
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