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Serial reverse and strike slip on imbricate faults:

The Coastal Range of east Taiwan
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Department of Geological Sciences, University College, London WC1E 6BT, United Kingdom

J.-C. Lin

Department of Geography, National Taiwan University, Taipei 106, Taiwan, Republic of China

ABSTRACT

Holocene marine chonologies forthr ee segments of the Coastal Range of e@atwan indi-
cate that there has been hwadly uniform uplift of about 3-5 mm/yr during the past 8000 yr Pre-
vious reports have cited local Holocene uplift rates as high as 14 mm/gnd geodetic measu-
ments indicate uplift of as much as 20 mm/yFurthermor e, the seismicecord reflects contraction
of 26-54 mm/yr whereas the Luzon volcanic ar is hele being subducted beneath Eurasia at an
average rate of 68 mm/y/We attribute the discrepancies in both uplift and contractional measue-
ments to distributed deformation between upthrust imbricate slices of an accreted sediment prism,
the vertical component being taken up by serialaverse slip on the thrusts that bound the slices
and the horizontal component being taken up by serial strike slip along the thrusts.

INTRODUCTION

The amount of long-term tectonic slip on ex-
tensional coasts can be determined by combinit
apparently incompatible uplift sequences for dif
ferent parts of individual fault segments or adje
cent fault segments {@wart andVita-Finzi,
1996).This present study extends the approach
a compressional setting in an attempt to link th
evidence of plate kinematics and estimates «
seismic moment.

We studied the shoreline that borders th
Coastal Range dfaiwan (Fig. 1), where part of
the Luzon volcanic arc has been in oblique colli
sion with the Eurasian continent for the pas
4m.y. (Hsu, 1990)Although the direction of
principal stress indicated by microseismicitf/ of
eastTaiwan is in good agreement with the
accepted tectonic pattern (e¥u,andTsai, 1982),
there is disagreement over how and at what ra
the convegence is being taken up. In contrast
clearWadati-Beniof zones are indicated by seis-
micity northeast oTaiwan, where the Philippine
Sea plate is being subducted northward along ti
Ryukyu Trench, and south dliwan, where the
southern part of the Luzon arc is being subducte
eastward (Pezzopane aedsnousky1989).

The seismic moment tensors of the eiglr
largest shallow earthquakes that occurred bt
tween 1963 and 1989, earthquakes that are cc
sidered to be consistent with those of the prece
ing 175 yr represent 26-54 mm/yr of contractior
at an azimuth of about 290° (Pezzopane ar
Wesnousky1989), compared with the 68 mm/yr
at 310° predicted by plate tectonic models (Sen
1977).As elsewhere, the shortfall has been a
tributed to an unrepresentative seismic recoruy,
errors in the estimated rates of plate cageece,
or aseismic deformation. Nevertheless, contra
to Brune (1968), seismic moment release pe
taining to major events is not necessarily a goc
measure of crustal deformatiorhis notion is
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Figure 1. Major tectonic tracts (heavy br oken lines) of Coastal
Range (after Lin, 1991). Coastal uplift data f or tracts A, B, and C
are presented in Table 1 and Figure 2. Contour s sho w uplift (in
mm/yr) between g eodetic sur veys of 1914-1921 and 1976-1979
(Chen, 1984) replotted with ARC/INFO (Lin, 1991). Inset sho ws
tectonic setting of Taiwan.
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explored by using evidence for shoreline-dispersonal commun.), which yields a transgressidrhis could stem from our failure to allow for-ap
placement during the past 8000 yr to show thait about 5000 yr B.Rf 1.3 m in the north and parent sample age produced by an oceanic reser
shortening is broadly distributed, even without..1m in the south of the Coastal Ranbjee tim-  voir effect; howeverbecause it does not arise in
taking into account the seismically active zonéng agrees well with the sea-level maximum ofurveA, a more plausible explanation is that, as
that extends at least 150 knfi thfe east coast of 2.4 m at 4700 yr B.Pin the Taiwan $rait in the Zagros Mountains of Iran if&-Finzi,
Taiwan (Pezzopane alitesnousky1989). reported by Chen and Liu (1996). Corrected eld982), tracts B and C have been tectonically qui
vations were rounded up or down to the nearesscent for the past 700-800 Vhe uplift rates
COASTAL UPLIFT 1 mto avoid artificial precision. determined by least squares are 3.1 mm/ykfor
The Coastal Range is an accretionary wedge If analyzed by least squares, the plots for B mm/yr for B, and 5 mm/yr for C; the averages
composed of island-arc volcanic rocks -surand C yield curves that do not meet the origirare 3.1, 2.5, and 4.2 mm/yespectively
mounted by a thick cover of detritus derived from
the mountains to the west (Hsu, 1956; Chi et ¢

1 :
1981; Lundbeg and Dorsey1990).The wedge is TABLE 1. 1C AND U-SERIES AGES USED FOR

CALCULATING HOLOCENE COASTAL UPLIFT

cut by a series of majoen echelon, southeast - c Calibrated S 5 25 .
verging thrusts (Ho, 1982), most of which ar g cov s ag‘eﬂate ource
from the Pleistocene in age (post-NN19, accol (m) (m) (yrB.P)
. . . 20 -
ing to Chi etal, 1981). Lin (1991) suggested tr o m o e s ) =
these thrusts define a series of distinctive-mc 15 15 3390210 a(454) s
phological units (Fig. 1), although he showed th 7.7 8 2820 + 180  a(450) 2 45 Iy
many of the dierences between them stem froi 3
ny - . Fukang (121°08'E,22°49'N) °
variations in lithology and exposure rather the ,4™ > ™" 5, 7530 + 260 b 2
tectonic historyWe propose that they are the sui ¢ c 9 2080£200 b g 107 tu]
face expression of imbricate faults within th 3 c 3 655+100 b 8 "
accretionary wedge. 33 ¢ 3 1080 70 N 5.
. . 187 ¢ 1 2950 + 60 c
Rapid Holocene uplift has been document: .
on the east coast dhiwan since Lin (1969) Sanyran(121°11'05"E, 22°49'11"W) ' A
: N ; icing 10 1 280 180 455 0 T
described a series of marine terraces rising a(455) ! 000 4000 5000 8000
more than 80 m. Num_erous studies of uplift usit g,z,ceintai (121°24'07"E, 23°07'28"N)
14C and U-series dating of corals and mollus 14 ¢ 14 5980+ 125# d 15
have been stimulated by the presence of extens 13.5 ¢ 14 5850+ 150 # d
: . 7 c 7 3040+ 195# d
reefs and terraces (see review by Lin, 1991). | 45 s 1750 £ 180 a(446)
using’“C ages on driftwood and archaeologic: 4.2 2 250% 180 a(447) "
data as well as some of tH€ ages on coral 3.5 4 2000 £ 150  a(443) % 10
reported by Liew et al. (1993) and incorporated 24 ¢ 2 152050  d 2
Table 1 here, Chen et al. (1991) concluded tf 23 ¢ 2 1400+3007  d 8
el - > 23 ¢ 2 13003007 d ®
the average uplift rate has beenrith/yr in 1 ¢ 1 1080185 d 3
the southern part of the Coastal Range a = e g 5
5-9mml/yr in the northern part. Konishi et al :z’l”hup‘;’g ”% 30'04 2’13296%‘(’) f") d 3
(1968) estimated an average rate of @w@yrat 19 . 18 4300£3507 d
Hualien (lat ~24°N) and Peng et al. (197714 ¢ 14 3435+ 120 d B
obtained a Holocene average of 5.0 +rOm/yr ij c i: gggg * i;‘g g o
for the Coastal Rangéhe mostthorough survey 14 . 14 3890: 160 d 0 8000
by Liew et al. (1993), yielded Holocene rate 55 6 1800+300¢ d 25
from 2.5-3.0 to more than 8 mm/yr for a 65 ki 5 5 2450170  a(464)
length of coast north of Chenkung. L7 e 2 129535
- . 17 ¢ 2 1700 £350¢ d
Our study pursues the question offelien- g 2 780 £ 130 a(465) 204
tial uplift further by considering tracts of coas 5 E
: evation corrected by interpolating between sea- §
between major thrusts to be analpgous O N o curves for 22°N, 121°E and 25°N, 122°E by W. § 154
mal fault se_gme_nts_ on extensional coas g peiier (July 1997, personal commun.; see Fig. 3
(Stewart andvita-Finzi, 1996), so that they are 2) rounded up or down to nearest 1.0 m; 1 m o
adequately documented by a single secti ;‘:b‘m‘eqfmf':hﬂevaggnsﬁsl}i‘ew etal. (1993) as 3 104
o . . ey are given there above . £
only if |Fs uplift record is reasongbly cpmplete t A ges determined by 1C unless Th/U (1) is S
Accordingly, whereas tract C (Fig. 1) is repre specified, on shell (species listed in Lin, 1991) 5
sented by the sequence at Shihtiping and trac unless coral (c) is specified. UCL- dates by first-
by that at Sahnseintai, traktequires data from ‘f’;ﬁi’;?c ’g‘:‘*}"d (gl‘;fmll 1]%) Ag& calibration
Shaoyehlieu, Fukang, and Sanyufihe age/ ng Stuiver & Reimer (1593), with range 0 l

height values used here (Fig. 2) are based on
lished conventiona#*C and U-series dates sup
plemented by seven first-ordéC dates on

expressed as + value using the higher of the two
error limits.

§ Source: a = this study (UCL-); b= Peng et al.
(1977); ¢ = Lin (1989); d = Liew et al. (1993)
and sources therein.

Figure 2. Age vs.

T
2000 4000
Age (cal. yr B.P.)

6000

height plots f or (A)

Shaoyehlieu, Fukang, and Sanyuan, (B) Sahn-
seintai, and (C) Shihtiping (see Fig. 1and Table
1). Elevations ha ve been corrected f or sea-le vel
chang e after W. R. Peltier (1997, personal com-
mun.). 14C ages are calibrated after Stuiver and
Reimer (1993). Graphs fitted b y least squares.

shells from fossil intertidal platforms &ble 1; 4 A ter subtraction of age-correction factor in
calibration to calendar dates follows that ¢ Liew etal. (1993) of 540 yr. In the absence of

Stuiver and Reimer1993). Sea-level correctior isot‘%zic data, ;f’r{)ectﬁ?’ for {rzc;io?mon Coutllf
. . . . ol removed, ul it 1S unlikely 0 exceed the
is basc_ed on the theoretical curve fc_)r continen’ . - sarderror.

shorelines calculated By. R. Peltier (1997,
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DISCUSSION Itis possible that additional shortening is taken  coralline limestones from southeFaiwan: Geol-

A stepped series of benches indicative of spasp by strike-slip movement not merely between 09%’ ﬁngzialaeontology of Southesia, v 5,

. . o . p.211-224.

modic uplift can be sefan at Shlhtlpmg_(lS, 6, 4.5he an§tal Range and the resTaiwan, but Lee, T-Q., 1983, Focal mechanism solutions and their
3.5, 1.5, and HigkVater; the 3.5 m level is the bestalso within the Coastal Range. Focal-plane-solu tectonic implications iffaiwan region: Institute
developed) and Shihyushan, 8 km north dions in the central and northern Coastal Range of Earth Science#\cademia Sinica, Bulletin,
Chenkung (at least five notches between about 80ee, 1983;Yeh et al., 1991) indicate reverse =~ V.3,p.37-54. _
and 43 m). Others were described by Liew et daulting with a strike-slip component. Nofeif- ~ Li€W P M., Pirazzoli, PA., Hsieh, M.L., Arnold, M.,
in the elevation of marine terraces has been Barusseau, B, Fontugne, M., and Giresse,
(1993)_, who_ conc_luded that there had been cence inthe e nofr > 1993, Holocene tectonic uplift deduced from ele-
seismic vertical displacements of a few metersbserved on opposite sides of the major thrusts  vated shorelines, eastern Coastal Rangeiof
Bonilla (1977) reported uplift of 0.6 m at Hualienwhere they cut the coast (Liew et al., 1993),  wan:Tectonophysics,.\222, p.55-68.
after the earthquake of 22 October 19Bus whereas triangulation data spanning the periddn: C- C., 1969, Holocene geology daiwan:Acta

. . . h - Geologicaraiwanica, nol3, p.83-126.
there are times when a tract of coast has a seisni®14-1979 indicate counterclockwise rotatlorlu_in’ J-C.. 1991, Neotectonic landforms of the Coastal

ity hiatus, which leads to a misleadingly low uplift(Big, 1984), consistent with sinistrethookshelf Range, easteffaiwan [Ph.D. thesis]: London,
rate, and others when the same tract wmera deformation driven by oblique congence. University of London, 380 p.
phase of rapid emgence (cfVita-Finzi, 1996).  In sum, deformation of the Coastal Rangé&in, J. F., 1989, Sudies of?34/23Th dating on the

In addition, the coast is subject to warpingmay be distributed across strike by serial faulting R;"‘S)C;’;i;ﬁz'i;eoif ﬁiﬁfg;ﬁ?ﬂ:ﬂoﬂtnﬁ%?;

whether as a consequence of localized uplift, @n reverse imbricate faults and along strike by g p. (in Chinese).

because, as suggested by Biq (1965), sinistrsgrial strike-slip displacement between imbriLju, C.C., andvu, S.B., 1989, Fast uplifting along the
displacement on the fault that bounds the Coastzte thrust sheets: a paperback version of the plate boundary iaiwan [abs.]: Eos (&ns-
Range to the west leads to transcurrent bucklingookshelf model. actions,American Geophysical Union), V0,

- - p.403.
. Although t?;retls_ts.ozn_e_ Slhg:t northwar?f\CKNOWLEDGMENTS Lundbeg, N., and Dorse)R.J., 1990, Rapiq Quater-
|n_crease inup |' rate, i {s rivial when cc_)mpare We thank the National Science Council for support, nary emegence, uplift, and denudation of the
with the errors inherent in the data and in NO Way; R peltier for the sea-level correction data. and  Coastal Range, easteFaiwan: Geologyv. 18,

matches the variability found by earlier paleosephen FCox and M. GBonilla for their comments. p.638-641.

shore studies or the geodetic evidence for focalita-Finzi thanks Ching Chang Big, Hongey ChenPeng.T--H., Li, Y.-H., andwu, F. T., 1977 Tectonic

. . . ; i ar | lift rat f theTai Island si th I
ized uplift of as much as 35 mm/yr (Liu avid, Ping-Mei Liew Kuan-Pier Lin, and Chiwang for help upliit rates o awan Island since the early

Holocene: Geological Society of China Mem-

1989). This uniformity is not caused by theand advice. oir 2, p.57-69.

swamping of the signal by the sea-level correReFERENCES CITED Pezzopane, ., andWesnouskyS.G, 1989, Lage
tion (cf.Vita-Finzi, 1996), because this is of littleBig, C. C., 1965,The easflaiwan Rift: Petroleum ea_rtth.Jakes and crustal deformation near
significance for the past 8000, wwithin which ~ Geology ofTaiwan, v4, p.93-106. _ 33'7"‘2’28-;(2’%2‘3' of Geophysical Researci94y
the bulk of the ages fall; instead, as in extension&% (t:egtorl\iilms Toar?vsae;sfp;cg)sl;f g%s;-;;)génﬁ:\,l\? Céeno,‘l’., 1977 The instantaneous rotation vector of the
settings (8wart andvita-Finzi, 1996), the uni Zealand Bulletin, .\,9,'p.19—24. Philippine Sea plate relative to the Eurasian plate:

formity is primarily the result of smoothing of theig, C.C., 1984, Present-day manner of movement of Tectonophysics,.42, p.209-226.

short-term record. the Coastal Range, eastdaiwan, as reflected Senobgmmgriéaxfg S'Dﬁig}\ dség\:ggﬁS’RD.BS?
; i by triangulation changes: Geological Society of » &AIgUS, B, K )
Our suggestion that the Coastal Range is cutby 2 1a0d 9 9 y Redetermination of the Philippine Sea Plate

. . o . China Memoir 6, p35—40. ; . -
imbricate faults generated within the accretionary ="\ a 1977 Sﬁm ary of Quaternary faulting motion [abs.]: Eos (Bnsactionshmerican Geo-

wedge conforms with Big'(1971) observation and elevation changes Faiwan: Geological physical Union), v68, p.1474.

that the one documented example of coseismic ~ Society of China Memoir 2, #3-55. Stewart, 1., and/ita-Finzi, C., 1996, Coastal uplift on

uplift on the coast, at Hualien in 1951, occurreBrune, JN., 1968, Seismic moment, seismiciand actiV(_e normal faultsthe Eliki fault, Greece: Geo
tward-diopina thrusaking thi | rate of slip along major fault zones: Journal of_ _ Physical Research Letters 28, p.1853-1856.
on an eastward-dipping thrusaking this angie Geophysical Research 87, p.4795-4812. Stuiver, M., and ReimerR J., 1993, Extende¥C data

as 45°, the observed Holocene uplift rate amound$,er, H. 1984, Crustal uplift and subsidence in base and revised Calib 3T calibration pro-

to shortening normal to the coast at 3-5 mm/yr  Taiwan:An account based upon retriangulation . 9ram: Radiocarbon, €9, p.355-363.

The corresponding rate parallel to the azimuth of  results: Central Geological Survey Special Publi¥ta-Finzi, C., 1982, Recent deformation near the
. o. . cation3, p.127-140. Straits of Hormuz: Royal Society of London Pro-

plate slip (310°; Seno et al., 1987) is 68 mm/yr henY.G. and LiuT K. 1996. Sea level ch , ceedings, seh, v. 382, p 441-457.

The uplift rate is an order of magnitude too low~" )+ 2 8NA LU, &R, , S8 'EVE' changes in

X oo the last several thousand years, Penghu Island4a-Finzi, C., 1992, First-ordéfC dating, Mark II:
only if all the deformation is concentrated at the  Tajwan Srait: Quaternary Research, %5,  Quaternary Proceedingsly p.11-17.
coast.The conclusion that uplift is distributed ~ p.254-262. Vita-Finzi, C., 1996, Pulses of ergence in the outer
across strike, partly on reverse faults, some &henW.-S., Huang, M.-Tand LiuT.-K., 1991, Neo- ?{C ndgeh Oé the.sllf”da ":‘h%" Jg%”glgﬁf Coastal
which could be blind and others low-angle tectonic significance of the Chimei fault in the esearch, opecial Issue @, p.2/9—-sol.
Coastal Range, easteffaiwan: Geological YehY.-H., Barrier E., Lin, C.-H., and\ngelier, J.,

thrusts, is in agreement with the geodetic evi- Society of China Proceedings, 134, p.43-56. 1991, $ress tensor analysis in tiiaiwan area
denceThe mechanism is akin to serial folding inchi, w.-R., Namson, J., and Suppe, J., 198fats from focal mechanisms of earthquakEactono-
the sense that movement occurs on several struc-  graphic record of plate interactions in the Coastal ~_Physics, v200, p267-280. o
tures across strike, but not synchronauslyig- Range of EasTaiwan: Geological Society of Y S'S'B'* and Chen, H.-¥1994, Global Positioning
i . China Memoir 4, p155-194. ystem measurements of crustal deformation in
ure 1, contours display the elevation changﬁO’ C.S., 1982 Tectonic evolution ofaiwan: Taipei, the Taiwan arc-continent collision zonerres-

between two geodetic surveys, one during the * Tajwan, Ministry of Economiéffairs, 100 p. trial, Atmospheric and Oceanic Sciencesb v
period 1914-1921 and the other during the periddsu, T. L., 1956, Geology of the Coastal Range,east ~_P-477-498. . )
1976-1979. Note that uplift is distributed across ~ emTaiwan: Geological Survey @iwan Bul- Yt S:B., andTsai,Y. B., 1982A study of microseis:

- B letin, no.8, p.39-63. micity and crustal deformation of the Kuangfu-
the entire Coastal Rangkhe seismic record rep- Hsu. V. 1990p Seismicity and tectonics of a Fuli area in easteffaiwan: Institute of Earth Sci

resents 26-54 mml/yr of shortening (Pezz_opa_me continent-island arc collision zone at the island encesAcademica Sinica, Bulletin, 2, p.1-18.
andWesnousky1989), but substantial aseismic of Taiwan: Journal of Geophysical Research, ) ‘

deformation is known in the Longitudinlley v. 95, p.4725-4734. Manuscript receivedugust 1, 1997

west of the Coastal Rangeu(¥nd Chen, 1994), Konishi, K., Omura,A., and Kimura,T., 1968, Revised manuscript received November 10, 1997

o 234 .23 i Manuscript accepted November 27, 1997
and may occur within the Coastal Range. U-2%Th dating of some late Quaternary P P
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