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Abstract

Stratigraphic relations recorded in boreholes drilled along the Shanchiao fault, a normal fault that bounds the western margin of
metropolitan Taipei, reveal evidence of early-mid Holocene subsidence and active extension of the Taipei Basin. Paleoseismic data sug-
gest that the maximum displacement for each subsidence event ranges from 2.3 to 4.5 m. Despite large uncertainties, the large offsets imply
earthquake magnitudes that range in size from 6.9 to 7.1. Our results suggest that large magnitude earthquakes along the Shanchiao fault

are one of the major seismic hazards in the metropolitan Taipei area.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The island of Taiwan is one of the most seismically active
regions of the world. Numerous large magnitude earth-
quakes have produced surface ruptures in the last century,
such as the M, 7.6 1999 Chi-chi earthquake. This destruc-
tive earthquake has raised public awareness of seismic haz-
ards in densely populated cities, in particular within the city
of Taipei and surrounding metropolitan areas (Fig. 1).

With an unknown historic record of damaging earth-
quakes, the Shanchiao fault, a north-south trending nor-
mal fault, presents a poorly characterized earthquake
hazard to Taipei. Similar to faults in other densely popu-
lated and urbanized basins, normal faults may pose
greater hazards than much more distant plate boundary
faults (McCalpin and Nishenko, 1996; Schwartz and Cop-
persmith, 1984). According to the archives on seismologi-
cal activity of Central Weather Bureau, a magnitude 5.5
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earthquake occurred in April 1694 and likely produced a
marine intrusion into Taipei Basin, which is the only
record that demonstrates recent co-seismic subsidence in
the Taipei area. Efforts to characterize earthquake haz-
ards in Taipei Basin are hampered by the absence of key
data, such as fault slip rates and repeat times between
earthquakes. This investigation along the Shanchiao fault
is the first to constrain the timing of Holocene earth-
quakes along the fault.

Seismologic studies in Taiwan have traditionally
focused on reverse and strike-slip faults because most of
the island is located along a convergent boundary (Fig. 1)
that absorbs nearly 85% of the total relative convergence
of 82mm/yr between the Eurasian and Philippine Sea
plates (Bos and Spakman, 2003; Yu et al., 1997). Recent
geodetic studies indicate that the Taipei area is undergo-
ing northwest—southeast extension at about 0.3-2.1 mm/
yr (Yu et al, 1999a). This investigation of eight continu-
ous borings across the Shanchiao fault is the first paleose-
ismic study in Taipei Basin to use sub-surface drill core
data to provide long-term rates of earthquake occurrence
(Fig. 2).
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Fig. 1. (a) The tectonic setting of Taiwan. Extension across the Okinawa
Trough produces extension in northern Taiwan. (b) Forty meter DEM of
Taipei Basin showing the Shanchiao fault (bold black line) and the pro-
posed northeastern extension (dashed black lines). Prominent lineation
along the western flank of the Tatun Volcano extends toward offshore
near Chinshan.

1.1. Tectonic setting

The island of Taiwan occupies the active plate bound-
ary between the Eurasian and the Philippine Sea plates
(Fig. 1). Complex plate boundary deformation results
from two subduction zones of opposite polarity, the
Ryukyu and Manila trenches. The ongoing collision
between the Luzon volcanic arc and the Chinese continen-
tal margin, beginning in the late Miocene, has created the
mountains of Taiwan (Ho, 1986; Teng, 1990). Because of
the oblique orientation of the Luzon arc relative to the
Chinese contine, shortening in Taiwan has migrated
southward (Suppe, 1984; Yu et al., 1999b). To the north
and east of Taiwan, the Philippine Sea plate is subducting
beneath the Eurasian plate (Fig. 1a). The Ryukyu volcanic
arc, extending from northeastern Taiwan to southwestern
Japan, results from this subduction. Rollback of the
Ryukyu volcanic arc and trench drives extension in the
Eurasian plate, creating a back-arc along the Okinawa
trough. Back-arc spreading extends westward into north-
eastern Taiwan, producing subsidence along the Shan-
chiao fault since 800 ka (Teng et al., 2001).

Global Positioning System (GPS) measurements show
that displacement vectors of the past decade are broadly
consistent with simultaneous collision and extension (Bos
and Spakman, 2003; Yu et al., 1997). Relative to Penghu
Island in the foreland of the Taiwanese thrust belt

(Fig. 1a), the volcanic arc southeast of Taiwan and south-
eastern Taiwan are moving northwestward at rates of
about 70 mm/yr. Rates of shortening decrease northward
and are replaced by active extension across the northern
one fifth of the island. Recent studies of the GPS velocity
field indicate substantial NW-SE extension rates of about
2-16 mm/yr in northern Taiwan (Yu et al., 1997). Exten-
sion is concentrated on the Shanchiao fault, a normal
fault that bounds the western part of Taipei Basin.

1.2. Geologic setting of Shanchiao fault zone

Taipei Basin, located in the northern tip of Taiwan, is
filled with Quaternary siliciclastic sediments that are at
least 650 m thick in the middle of the depocenter (Fig. 2).
To the east and south of the basin lie the frontal foothills
of the Taiwan thrust and fold belt. North of the basin lies
the Tatun volcanic area. The Linkou Tableland, located
to the west of the basin, consists of alluvial gravel capped
by a thick laterite soil (Lin, 1957). The surface of the
tableland is fairly flat and the average elevation is approx-
imately 220-250m above sea level. The Shanchiao fault
separates the Taipei Basin and the Linkou Tableland. The
abrupt scarp between the high tableland and the low basin
marks the surface expression of the Shanchiao fault
(Fig. 2). Although the age of the Linkou Tableland sur-
face is not well constrained, the surface is probably simi-
lar in age with the top of the Tertiary basement
underlying Taipei Basin because the onset of basin sedi-
mentation occurred right after the basement subsided
below the adjacent tableland surface.

During the past few decades, several deep boreholes
have provided data about the geometry of the basement,
sub-surface faults, and Quaternary stratigraphy of Taipei
Basin. The basin is a half-graben, subsiding mostly along
its western margin. Quaternary strata in the basin thicken
toward the west, implying continuous subsidence. The
Quaternary strata in the basin have been divided into four
stratigraphic packages, the Banchiao, Wugu, Jingmei, and
Sungshan formations (Teng et al., 1999). The Banchiao
and Wugu formations consist of interlayered sand, mud,
and minor gravel, with minor, poorly sorted, angular vol-
caniclastic deposits. Based on their lithology, fossil assem-
blages, and stratigraphic relations, the strata were
deposited in a fluvio-lacustrine setting.

The overlying Jingmei Formation consists of clast-sup-
ported gravel of late Pliocene age and is interpreted as an
alluvial fan deposit. The Sungshan Formation is the upper-
most strata in the basin and consists mainly of mud and thin
sand layers. Abundant organic mud and mollusk shells indi-
cate that the Sungshan Formation was deposited in an estua-
rine to semi-brackish lacustrine environment (Huang, 1962).

Based on thermoluminescence dating and palynology
studies of the deepest sediments of the basin, the deposition
of fluvial, estuarine, and lacustrine sediments began about
400,000 years ago (Liew et al., 1997; Wen and Peng, 1998;
Wei et al., 1998). The deepest borehole in the basin, WK-
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Fig. 2. Geologic map of the Taipei Basin showing location of drill holes.

1E, shows that the depth of the Tertiary basement is at least
679 m below the ground surface.

2. Methods

Our investigations include examining strata from eight
boreholes and characterizing the lithology, fossil abundance,
organic content, sedimentary structures and existence of
paleosols. A continuous core of the Sungshan Formation
consists of Holocene strata deposited in an estuarine to semi-
brackish lacustrine environment. Grain size and total carbon
content analyses aided in borehole correlations. Peaty mate-
rial, detrital charcoal, and mollusk shells, collected from the
boreholes, provided material for radiocarbon dating of rates
of Holocene subsidence in the basin.

Eight boreholes in the study are divided into three
datasets: (1) boreholes SCF05 and SCF06 are located in
the northern section of the Shanchiao fault; (2) boreholes
SCFO01 and SCF02 in the central part; and (3) boreholes
SCF14, SCF15, SCF16, and SCF17 are located along the
southern part of the fault (Fig. 2). Three correlation pro-
files were then established between each borehole pair
based on lithology, fossil assemblages, and radiocarbon
chronology.

3. Borehole correlations
3.1. Correlation between boreholes SCF05 and SCF06

Boreholes SCF05 and SCF06 are located at the northern
part of the fault, next to an manmade ditch (Fig. 2). Bore-
hole SCFO05 penetrates the Jingmei gravel bed at a depth of
62.1 m and Tertiary basement at 122.0 m (Fig. 3). Borehole
SCFO06 reaches the Jingmei gravel bed at a depth of 72.5m
and the top of Tertiary basement at 222.0m. Strata recov-
ered from cores in boreholes SCF05 and SCF06 were
divided into four units: (1) N1, mainly alluvial sand units;
(2) N2, dominated by clay layers; (3) N3, sand units inter-
bedded with clay layers; and (4) N4, mainly clayey units
with a minor sandy layers. Previous studies by Chen and
Liew (1990) suggest that the clayey horizons characterized
by an abundance of pollen spores, especially in the early
and middle Holocene, might reflect humid conditions dur-
ing deposition. Similar variations in paleoclimate have also
been documented in Japan and the vicinity of the South
China Sea (Chen et al., 1999; Grossman et al., 2001). These
climatic patterns in conjunction with lithology, occurrence
of paleosols, and fossil assemblages helped us to establish
the correlations.
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Fig. 3. The correlation profile of boreholes SCF05 and SCF06 with radiocarbon age controls. Grain size distribution is shown along with occurrence of
paleosols, sedimentary structures, mollusk shell and charcoal or peat samples. Red text represents distinctive correlation features. The amount of net offset
appears to be grouped into three sets, 5, 8 , and 10 m.

Table 1

Radiocarbon age of SCF14, SCF15, SCF16, and SCF17 from charcoal, wood and shell fragments

Borehole name  Sample name*  '*C ageP© Calendar age range®  Calendar age range®  Depth (m) Material Unit
(yrBP.£16) —1lo(cal.yrB.P.) — 20 (cal.yr B.P.)

SCFO01 SCFO0la 5730 £40 6449-6618 6409-6654 535 Charcoal Cl
SCF01A(W) 5697 £ 46 6410-6528 6353-6635 9.40 Charcoal and peat
CGSO01A 7590 £+ 130 8215-8475 8063-8625 16.12 Wood C2
CGS01B 7923 £+ 58 8607-8982 8591-9005 22.80 Wood C3
CGSo01C 8450 £+ 120 9327-9537 9132-9676 32.30 Wood
SCFOlc 8620 £ 60 9534-9655 9496-9726 34.99 Wood

SCF02 SCF02A(W) 5625 +49 6313-6447 6299-6497 10.40-10.50 Charcoal Cl
SCF02B(W) 7635+ 55 8386-8446 8352-8539 19.20-19.30  Wood pieces
SCF02C(W) 8018 + 54 8779-9011 8649-9029 22.55 Wood pieces C2
SCF02a 7790 £ 50 8461-8600 8424-8643 30.40 Wood pieces
SCF02D(W) 8200 £ 56 9030-9271 9012-9400 36.70 Wood pieces C3
CGS02A 8400 + 160 9147-9534 9011-9697 49.00 Peat
SCF02E(W) 9064 + 67 10189-10240 9981-10396 55.50 Wood pieces
CGS02B 34060 £ 600 N/A N/A 87.52 Peat Tertiary basement
CGS02C >50000 N/A N/A 102.20 Wood
CGS02D >47100 N/A N/A 138.18 Peat

% Samples prepared and analyzed at Beta Analytic Laboratory and Wakaito Radiocarbon Dating Laboratory. Samples analyzed at Wakaito Radiocar-
bon Dating Laboratory are labeled with (w).
® §13C value of —25%o are assumed according to Stuiver and Polach (1977).
¢ The quoted age in radiocarbon years used Libby half-life of 5568 years and followed the conversion of Stuiver and Polach (1977).
4 Calibration with CALIB4.3 (Stuiver and Reimer, 2002).

Twenty samples were processed for radiocarbon dating:
nine from borehole SCF05 and eleven from SCF06 (Table 1).
Most of the samples are detrital charcoal or wood frag-
ments, four samples are mollusk shells, two from borehole
SCFO05 and two from borehole SCF06. All radiocarbon
dates based on detrital charcoal are in stratigraphic order
except sample CGS06C, which we interpret as reworked
wood that gives an older age than the strata. Radiocarbon
ages of mollusk shells are systematically older than woody

samples due to the uncertainties in initial carbon value. We
therefore excluded sample CGSO6C and the mollusk shell
samples when compiling the chronostratigraphy.

Section N1 was deposited from about 7000 cal. yr B.P.
to the present and consists mainly of alluvial sand with
minor charcoal and mollusk shells. The total carbon con-
tent is generally low in this section. Section N2 was
deposited from 9000 to 8000 cal.yr B.P. and suggests a
hiatus of sedimentation between sections N1 and N2.
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Section N2 is composed of clay units and abundant
mollusk shells. Paleosols and peaty layers are common in
this section as well as mollusk shells (e.g., Placuna pla-
centa). The presence of Placuna placenta and the clayey
sedimentary texture indicate a semi-brackish lacustrine
environment.

Section N3 was deposited at about 9000cal.yr B.P. and
consists of three major sand units and two clayey layers
(Fig. 3). The sand units display parallel sedimentary lamina-
tion and well-rounded grain shape. Section N4 was deposited
from 15,000 to 10,000cal.yrB.P., and consists mainly of
clayey units. Section N4 penetrates Jingmei gravel at the bot-
tom of the borehole. A conspicuous peaty layer conformably
overlies the contact between the Jingmei gravel and section
N4. The conformability of the peaty layer suggests that the
top of the Jingmei gravel unit in boreholes SCF05 and
SCFO06 are similar in age. Sedimentation between sections N4
and N2 appears to be continuous, suggesting a reliable corre-
lation between the two boreholes. Based on the radiocarbon
date of the peat, the sharp transition between the gravel and
section N4 occurred at about 15,000 cal. yr B.P.

Stratigraphic correlations reveal a distinctive pattern of
net offset between boreholes SCF05 and SCF06, increasing
with depth (Fig. 3). The net offset between SCF05 and
SCF06 changes abruptly from 5 to 8m at 9000 to
9300cal.yr B.P., implying rapid subsidence. The second
abrupt offset of 2m occurred at about 11,100cal.yr B.P.,
suggesting an earlier, rapid subsidence event.

3.2. Correlation between boreholes SCFOI and SCF02

Boreholes SCF01 and SCFO02 are located along the cen-
tral part of the Shanchiao fault, the depocenter of the Tai-
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pei Basin. The present day depositional setting at boreholes
SCFO01 and SCFO02 is relatively flat lowland to semi-brack-
ish marshes. Borehole SCFO01 reaches the Jingmei gravel at
a depth of 352m and encounters Tertiary sedimentary
basement at the depth of 38.0m. SCF02 reaches Jingmei
gravel at a depth of 59.9m. Stratigraphic units from bore-
holes SCF01 and SCF02 were divided into three sections:
(1) C1, mainly alluvial sand units; (2) C2, chiefly clayey
units; and (3) C3, alternating sand and clay layers (Fig. 4).
Thirteen radiocarbon samples of detrital charcoal frag-
ments, peat, and wood were analyzed from these two bore-
holes (Table 2). All the radiocarbon dates are in
stratigraphic order except sample SCF02C(W), a woody
fragment collected from borehole SCF02 at a depth of
22.6m. The radiocarbon age of 8779-9001 cal. yr B.P. from
this sample is substantially older than the underlying strata,
suggesting the woody fragment was reworked and, there-
fore, was not included in our calculation for the timing of
subsidence.

Section C1 was deposited from 8400cal.yr B.P. to the
present and consists of alluvial sand units. Mollusk shells
occur in the bottom of this section. Underlying section C1,
section C2 was deposited at about 8000 cal. yr B.P. and con-
sists mainly of clay units with abundant paleosols. This sec-
tion has abundant detrital charcoal fragments and some
mollusk shells. The stratigraphically lower section C3 dis-
plays alternating sand and clay units and reaches Jingmei
gravel at the bottom. Charcoal and peaty materials are
abundant in the clayey layers. The strata at the bottom of
section C3 are not correlative between the two boreholes,
suggesting that the tops of Jingmei gravel of boreholes
SCFO01 and SCFO02 are probably not coeval. Section C3 was
estimated to have been deposited from ca. 10,000 to
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offset appears to be grouped into three sets, 8, 12, and 16 m.
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Table 2

Radiocarbon age of SCF01 and SCFO02 from charcoal, wood, and shell fragments

Borehole name Sample name?* 4C age®® Calendar age range! Calendar age range! Depth (m) Material Unit

(yr BP.£10) — lo (cal.yr B.P.) — 20 (cal.yr B.P.)

SCF05 SCF05a 2110 +40 2002-2146 1951-2297 3.60 Wood pieces N1
SCF05b 4280 +40 48304861 47434871 3.90-3.95 Shell
CGS05A 7720 £ 70 8411-8589 8386-8631 18.10-18.12  Wood N2
CGS05B 7940 £+ 130 8592-9010 8421-9243 23.75-23.80  Shell
SCF05¢ 7890 £ 40 8600-8926 8590-8980 28.40 Wood pieces
CGS05C 8220 £ 60 9032-9397 9014-9423 34.37-3440  Wood
CGS05D 8430+ 70 9331-9526 9165-9539 41.19-41.20  Wood N3
SCF05d 9200 £ 40 10242-10470 10236-10496 56.80 Wood pieces N4
CGSO05E 9870 £ 110 11181-11339 11116-11687 58.78-58.83 Wood

SCF06 SCF06a 320+ 40 308-461 294-486 4.35 Wood N1
SCF06b 5420 £ 40 6194-6283 6003-6293 12.50 Wood pieces
CGS06A 7640 £ 60 8386-8449 8350-8541 20.10-20.12  shell N2
SCF06A(W) 7263 £51 7980-8159 7961-8177 22.70 Wood pieces
SCF06B(W) 7682 £ 52 8407-8537 8385-8589 29.20 Wood pieces
CGS06B 8350 & 60 9279-9471 9135-9518 32.00-32.03 Shell
SCF06C(W) 8195+ 63 9029-9272 9009-9401 38.70 Wood pieces
CGS06C 8700 £ 70 9550-9886 9533-10107 40.40-4045  Wood
CGS06D 9590 £ 60 10747-11156 10691-11169 58.89-5890  Wood N4
CGS06E 10040 £+ 70 11263-11880 11234-12102 67.89-67.90  Wood
SCF06D(W) 12044 £ 79 13839-14971 13663-15341 71.00 Peat and charcoal

% Samples prepared and analyzed at Beta Analytic Laboratory and Wakaito Radiocarbon Dating Laboratory. Samples analyzed at Wakaito Radiocar-

bon Dating Laboratory are labeled with (w).

b §13C value of —25%o are assumed according to Stuiver and Polach (1977).

¢ The quoted age in radiocarbon years used Libby half-life of 5568 years and followed the conversion of Stuiver and Polach (1977).

4 Calibration with CALIB4.3 (Stuiver and Reimer, 2002).

SCF15

SCF16

SCF14

Sea level Lj:l‘ 738 m

Holocene
E Sungshan Formation

Pleistocene
Jingmei Gravel

B Tertiary Basement

ézm.as m

Fig. 5. The correlation profile of boreholes SCF15, SCF16, SCF14, and SCF17. Although the boreholes did not show displacement between Quaternary

strata, at least 80 m offset between the Tertiary basement is apparent.

8000 cal.yr B.P. The contact between Jingmei gravel and
section C3 should be older than 10,000 cal.yr B.P., due to
the hiatus of sedimentation.

The correlation profile of boreholes SCF01 and SCF02
displays a pattern of thickening similar to that docu-
mented between boreholes SCF05 and SCFO06 (Fig. 3).
The net offset between boreholes SCF01 and SCF02 is 8 m
for the period of early 8000cal.yr B.P., then abruptly

increases 11 m at 8400 to 8600 cal. yr B.P., suggesting rapid
subsidence of 3.7m. At about 9100 to 9200 cal. yr B.P., the
net offset changes from 11-12 to 16.8 m, suggesting subsi-
dence of about 4.5m. The amount of subsidence in bore-
holes SCFO1 and SCFO02 is greater than subsidence
documented in the northern boreholes and can be inter-
preted to reflect a higher rate of deposition within the
basin.
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Table 3
Radiocarbon age of SCF14, SCF15, SCF16, and SCF17 from charcoal, wood, and shell fragments
Borehole name Sample name?* 4C agebe Calendar age range! Calendar age range! Depth (m) Material

(yrB.P. £ 10) — 1o (cal.yr B.P.) — 20 (cal.yr B.P.)

SCF14 SCF14A(W) 8909 + 59 9914-10185 9778-10212 38.40 Wood piece
SCF15 SCF15A(W) 8199 + 56 9030-9271 9012-9400 40.25 Charcoal
SCF16 SCF16A(W) 9338 + 60 10429-10668 10289-10730 37.75-37.80 Peat and organic sediment
SCF16 scfl6a 9210+ 150 10218-10577 9924-11036 37.50 Charcoal
SCF17 SCF17A(W) 9517+ 62 10645-11068 10580-11155 37.25-37.30 Organic sediment
SCF17 scfl7a 8130 + 280 8603-9471 8382-9675 37.10 Wood

* Samples prepared and analyzed at Beta Analytic Laboratory and Wakaito Radiocarbon Dating Laboratory. Samples analyzed at Wakaito Radiocar-

bon Dating Laboratory are labeled with (w).

® §13C value of —25%o are assumed according to Stuiver and Polach (1977).
¢ The quoted age in radiocarbon years using Libby half-life of 5568 years and followed the conversion of Stuiver and Polach (1977).

4 Calibration with CALIB4.3 (Stuiver and Reimer, 2002).
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Section is now ready to record next normal
fault earthquake.

Fig. 6. Model of rapid subsidence along a normal fault.

3.3. Correlation of boreholes SCF14, SCF15, SCF16, and
SCFI17

Boreholes SCF15, SCF16, SCF14, and SCF17 (from

west to east) are located along the southwestern corner of

the Taipei Basin (Fig. 2). Boreholes are located at the

mountain front, near the main channel of the Tahansi
River. These four boreholes penetrate similar thickness
of the Sungshan Formation of about 40m (Fig. 5) and
substantial separation between Tertiary basements of
about 80 m. Six radiocarbon samples of charcoal, peat,
and wood were analyzed (Table 3). The separation of
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30

m Radiocarbon age ranges from
boreholes SCF01 and scf02

m Radiocarbon age ranges from
boreholes SCF05 and scf06

| Time range of possible events
in borehles SCF05 and SCF06

Time range of possible events
in borehles SCF01 and SCF02

10+

Net offset between each borehole pair (m)

S [
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1
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Radiocarbon ages, kyr B.P.

Fig. 7. Net offset and timing of two subsidence events recorded in boreholes SCF05, SCF06, SCF01, and SCF02. Horizontal axis represents radiocarbon
ages acquired from each radiocarbon samples and vertical axis represents corresponding amount of net offset in layers where the dating materials were
collected. Increase of net offset implies rapid subsidence events as marked pink at 9.0 and 11.2 kyr B.P. in SCF01-SCFO02 pair; green at 8.5 and 9.1 kyr B.P.

in SCF05-SCFO06 pair.

Tertiary basement can be interpreted to reflect a history
of subsidence prior to the Holocene. However, the loca-
tion of these boreholes lies very close to the tributary
from adjacent hills and the main channel of the Tahansi
River, which raises the possibility that lateral thickness
changes in gravels could be depositional and merely
record local fluvial deposition.

4. Discussion
4.1. Conceptual model of sedimentation across a normal fault

Differences in stratigraphic relations across normal
faults provide evidence for prehistoric earthquakes that dis-
place unconsolidated materials. For example, in a lacus-
trine setting, the hanging wall block accumulates sediment
at a faster rate than the footwall block (Fig. 6). If the slip
rate is less than the role of deposition, a new surface will
gradually aggrade across the fault scarp. Multiple faulting
events will preserve thicker strata in the hanging wall block
than corresponding strata in the footwall block. Substantial
changes in stratigraphic thickness across the fault scarp
thus record past earthquakes. Two critical assumptions are
required in this model: (1) the boreholes cannot be located
too far apart from each other in order to confidently corre-
late strata across lateral facies variation; (2) the sedimenta-
tion must be continuous. In this study, the distance between
correlated boreholes is less than 100 m and the difference of
elevation between each borehole is less than 0.3 m, which is
sufficient for our analysis. In addition, since the Sungshan
Formation was continuously deposited in an estuarine to
semi-brackish lacustrine setting, thickness changes across
the Shanchiao fault suggest subsidence due to prehistoric

earthquakes. Nevertheless, all of the boreholes suggest that
the deposition setting changed to alluvial deposition in the
mid-Holocene (ca. 7-8kyr B.P.). This thus hampered our
understanding toward of possible paleoearthquakes since
this time.

4.2. Evidence and timing of prehistoric earthquakes

Using the conceptual normal fault model, subsidence
events are easily identified by abrupt changes in strati-
graphic thickness. Stratigraphic relations in boreholes
SCF05 and SCFO06 show that the older subsidence event
occurred at about 11,100cal.yr B.P. and involved a dis-
placement of about 2m (Fig. 7). The younger subsidence
event, involving a displacement of about 3m, occurred at
about 9000 to 9300 cal. yr B.P. The total net offset over the
past 14,000 years is about 10 m. If we restore the strata by
removing the cumulative displacement of 5m, a residual net
offset of 5m remains. The 5m of offset could accommodate
at least two additional rapid subsidence events. Even

Table 4

Estimations of prehistoric earthquakes

Maximum Moment Average Surface
displacement (m) magnitude displacement (m) rupture length (m)
23 6.9 1.3 33

2.7 6.9 1.6 36

33 7 2 40

3.7 7 23 43

45 7.1 2.8 48

MD, maximum displacement (m); M, moment magnitude; AD, average
displacement (m); SRL, surface rupture length (km). The empirical rela-
tionships between these fault parameters followed Wells and Coppersmith
(1994).
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though the stratigraphic records from boreholes do not
provide direct evidence for other subsidence events, addi-
tional prehistoric subsidence cannot be eliminated.

Stratigraphic relations between boreholes SCF01 and
SCF02, located along the central part of the fault, exhibits
a similar thickening pattern (Fig.7). The net offset
increased abruptly at 9100-9300cal. yr B.P., suggesting
about 4.5m of subsidence. Stratigraphic relations from
these two boreholes also record a subsidence event of
approximately 3.7 m at 8400-8600 cal. yr B.P. The two pre-
historic subsidence events cannot fully account for the
total net offset during the past 10,000 years. About 8 m of
net offset remain after 7-8 m of displacement is removed
from the two proposed events, suggesting the likelihood
of additional subsidence events. The contact between the
Jingmei gravel and the Sungshan Formation did not rep-
resent a contemporaneous surface in borings SCF01 and
SCFO02. The amount of net offset at the bottom of the
Sungshan Formation ranges from 16.8 to 24.7 m, thus the
timing of  possible subsidence events  before
9100 cal. yr B.P. is uncertain.

Strata from boreholes SCF15, SCF16, SCF14, and
SCF17, located at the southwestern corner of the Taipei
Basin, did not show substantial offset in the past 10,000
years. Along the Shanchiao fault, strata younger than
8000 cal. yr B.P. were deposited in an alluvial setting and do
not allow detailed stratigraphic correlation between bore-
holes due to the local depositional environment, lack of
good stratigraphic markers, and age controls.

4.3. Estimates for prehistoric subsidence from empirical
relationships

Estimates of prehistoric earthquake magnitude com-
monly rely on comparisons between inferred fault displace-
ment and empirical regressions of historic fault length, co-
seismic offset, and magnitude (Wells and Coppersmith,
1994). Because patterns of historic normal fault surface
rupture are complex and discontinuous (Beanland et al.,
1990; Crone and Machette, 1984), prehistoric magnitude
estimates that rely on the length of a surface fault trace may
underestimate earthquake magnitude. For example, surface
rupture along the 1983 M7.3 Borah Peak, Idaho earth-
quake occurred on two segments of the Lost River fault,
with substantial variations in the amount of offset along
strike (Crone and Machette, 1984). Patterns of Holocene
rupture along the Shanchiao fault could be similarly com-
plex and we consider a 19-km length of the Shanchiao fault
to be the shortest likely rupture length during an earth-
quake.

From the displacements observed in the strata recovered
from the boreholes, empirical relations between moment
magnitude and historic fault rupture length help in estimat-
ing parameters of prehistoric earthquakes (Wells and Cop-
persmith, 1994). Assuming that our observed displacements
represent the maximum displacements for each event, the
likely magnitudes for prehistoric earthquakes provide
model estimates for the surface rupture length. According
to the regression equation established from historic earth-
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Fig. 8. Relations between cumulative offset and the strike along the fault. Horizontal axis represents the distance along the strike of the fault, from north to
south (right to left). Vertical axis represents the amount of cumulative offset. The pattern shows a behavior model that generates variation of slip along the
fault strike. Solid lines indicate observed data and dashed lines represent possible events that are not preserved in boreholes.
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quakes, fault displacements of over 2m imply surface rup-
ture lengths of tens of kilometers (Wells and Coppersmith,
1994); the continuous boring profiles in this study span
only part of the surface rupture length during an earth-
quake on the Shanchiao fault. The displacements inferred
from the correlation profiles along the Shanchiao fault
range from 2.3 to 4.5m and yield an estimated earthquake
magnitude ranging from 6.9 to 7.1. These magnitudes imply
a surface rupture length from 33 to 48 km (Table 4). Alter-
natively, using 3.3m as the average observed displacement
along the fault, empirical scaling relations indicate a magni-
tude of about 7.0. This implies a surface rupture length of
about 40km. Such long ruptures are substantially longer
than the known length of the Shanchiao fault.

4.4. Fault behavior and inferred slip rates

Fault behavior models assume that co-seismic displace-
ment on a fault varies with time either at a single location
or along the trace of the fault. Fault behavior models also
assume that the elapsed time between earthquakes is
related to the amount of strain released in each event. If
fault segments, asperities, barriers, and areas of localized
strain accumulation exist, they should reveal themselves in
the pattern of surface deformation (Scholz, 1990).

As discussed previously, strata from the northern
boreholes SCF05 and SCF06 recorded two subsidence
events with 3.3 and 2.3 m of displacement at about 9000—
9300 cal. yr B.P. and 11,100 cal. yr B.P., respectively. In the
central part of the fault, boreholes SCF01 and SCF02
recorded 3.7 m of subsidence at 8400-8600 cal. yr B.P. and
4.5m at 9100-9300 cal. yr B.P. If we assume that subsi-
dence occurring between 9000 and 9300 cal. yr B.P. in the
north is the same as the 9100-9300 cal. yr B.P. event in the
central area, a fault model that generates the same
amount of slip in same-length segments with persistent
slip patches along the fault might be appropriate (Fig. 8).
Here, the displacement per event is constant along strike,
but the long-term slip rate may differ considerably at any
given location along the fault. The boreholes located in
the southern area of the Shanchiao fault do not display
offset since the mid Holocene. The cumulative displace-
ment of the fault decreases from the central to the north-
ern part of Shanchiao fault, suggesting that more
moderate earthquakes might be expected along the
northern area.

Although the amount of slip per event on the Shan-
chiao fault is difficult to determine, a long-term vertical
separation rate can be estimated by using the top of Ter-
tiary basement as a horizontal stratagraphic marker and
the elapsed time from the onset of sedimentation in the
basin to the present. Assuming the top of the Linkou
Tableland in the footwall of the fault correlates with the
top of the Tertiary basement beneath the basin (Fig. 2)
and the initial deposition of Quaternary strata in the Tai-
pei Basin immediately followed subsidence of the basin,
the total offset for the past 400,000 years is approxi-

mately 900 m. This yields a long-term rate of ~2.25 mm/
yr. The geologic rate is consistent with geodetically deter-
mined rates of 0.3-2.1 mm/yr (Yu et al., 1999a). Due to
the absence of fault exposure and lack of historic seismic-
ity, the Shanchiao fault has been placed in the second cat-
egory of active faults that have ruptured within 100,000
years B.P (Lin et al., 2000).

a
b ~
37 km
A
C ~
/ 40 km
\

Fig. 9. Proposed fault strike length of the Shanchiao fault. (a) The fault is
19 km long and is restricted to Taipei Basin. (b) The fault is 37 km long
and is marked by a prominent lineation. (c) The fault is 40 km long and
extends offshore to the northeast.



S.-Y. Huang et al. | Journal of Asian Earth Sciences 31 (2007) 265-276 275

The Holocene separation rates for the Shanchiao fault
appear lower than the long-term rate. The inferred sepa-
ration rate along the northern part of the Shanchiao fault
is approximately 0.69 mm/yr for the past 15,000 years.
Along the central part of the fault, the inferred separa-
tion rate is approximately 1.8 mm/yr for the past 10,000
years. This variation in separation rate between the
northern and central areas may reflect local variations in
strain accumulation and previous slip patterns.

4.5. The extent of the Shanchiao fault

The prominent scarp between the Linkou Tableland and
the Taipei Basin marks the surface trace of the Shanchiao
fault (Fig. 1). Extending the fault trace to the north, the
fault cuts the western flank of the Tatun Volcano area and
its exact surface trace becomes ambiguous (Fig. 1).

Three rupture scenarios are presented with different fault
surface lengths (Fig. 9). Using regressions from Wells and
Coppersmith (1994), the surface rupture length of the Shan-
chiao fault is estimated to range from 33 to 48 km. This sug-
gests that the fault trace may extend further north to the
coast. Although linear features along the western flank of the
Tatun Volcano were previously reported as the trace of the
inactive reverse Chinshan fault (Lin, 1957), these subtle topo-
graphic features may represent the northern extension of the
Shanchiao fault (Fig. 1). In addition, a historic earthquake in
1867 that produced surface subsidence and a local tsunami
near the town of Chinshan (Fig. 1) might represent an earth-
quake on the northern extension of the Shanchiao fault.

5. Conclusions

Data from eight continuous boreholes along the Shan-
chiao fault reveal evidence for abrupt thickening patterns
that imply several prehistoric rapid subsidence events. Cor-
relation profiles of estuarine to lacustrine deposits from
each borehole pair across the Shanchiao fault document
prehistoric earthquakes on the northern and central sec-
tions of the fault between 8.4, 9.3, and 11ka. The earth-
quakes recorded by deposition along the northern profile
occurred about 9-9.3ka and produced 2-3m of displace-
ment. An earlier earthquake occurred at about 11ka pro-
duced similar displacements. The earthquakes recorded
along the central profile occurred at 8.4-8.6ka and pro-
duced 4-5m of displacement. Also, an earlier subsidence
event is recorded between 9.1 and 9.3ka with similar dis-
placements. Correlation profiles from the southern section
of Shanchiao fault did not show any apparent displacement
in the estuarine-lacustrine deposits across the Holocene.

The variation of displacement along strike of the fault
may reflect the segmentation of the Shanchiao fault. Based
on displacements of about 2-4m per earthquake estimated
from stratigraphic relations and empirical regressions, the
Shanchiao fault could yield a M ~7 earthquake, correspond-
ing with a surface rupture of >33 km. This rate is lower than
the geodetically determined interseismic rate of strain accu-

mulation. Although elsewhere in Taiwan, M >7 earthquakes
have occurred, our results indicate that large earthquakes
have occurred close to Taipei City. Large surface displace-
ments have the potential for disrupting lifeline systems and
producing substantial damage to modern buildings.
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