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ABSTRACT

Excellent exposur eson wave-cut platfor ms display along the
northeaster n Taiwan coast athick Oligocene succession that
suffer ed low-gr ade metamor phism. The strata show anisotropic
ductile-br ittle defor mation associated with the Late Cenozoic
Taiwan mountain building event. Paleomagnetic analyses suggest
pr obable contr action-induced r emagnetization of remanent
magnetization, taking place before rotation of the entire
succession. Three defor mation stages can be distinguished: (1)
anearly contraction stagethat resulted in thr usting, r egional tilting
of strata and subsequent folding, together with remagnetization
of remanent magnetization, (2) asecond stagedominated by block
rotation and dr ag folds accompanying progr essive dextr al shear
thrusting, with domino- and bookshelf-type strike-slip fault
systems aswell asavariety of transpressional gructuressuch as
pressure ridges, restraining over stepsand rhomb horses and
finally, (3) late tr anspression with little rotation represented by
pop-up structur es as well as penetrative pencil structur e and
fracture cleavage with a constant NNE-SSW orientation. T his
demonstratesan example of anisotr opic defor mation and r otation
tectonics during obligue conver gence at acollisional plate
boundary.

K ey words: anisotr opic defor mation, northeaster n Taiwan, remanent
magnetization, transpr ession, Hsuehshan range

INTRODUCTION

Mog sedimentary and metamorphicrocksare inhomogeneousand show variationsin
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compostion and physical properties. In many examples, thisinhomogeneity isusudly in the
form of adominant planar anisotropy, (bedding and fissility in sediments, foligtionin slates and
schigs) or planar discontinuities (uch asfault zones, dykesand veins). Depending on the
physical conditionsthat prevall a the time of deformation, brittleand ductile deformation can
occur together (Rutter, 1986). Thisisthecase inthe particular context of oblique convergence
and rotationtectonicsconsidered in thispaper.

Rock deformation may lead to the development of orientation anisotropy (Ramsay and
Huber, 1983). Thisfabric anisotropy is sometimeswel recorded in other types of physcal
anisotropy . Oneof these isthe anisotropy of remanent magnetization (RM) that can d so provide
vduableinformation on kinematics(Leeetal.,1998).

Several major modesof anisotropic def ormationmay occur simultaneoudy, asproportions,
intheprogressive deformation. However it is poorly understood. This was well demondrated
in northeastern Taiwan, whereavery thick seriesof Pdeogene clastic sediments underwent
complex deformation during the late Cenozoic Taiwan collision. Here, we describe some
characteristics of the anisotropic deformation and show how these various deformation
mechanism are recorded interms of structural history.

GEOLOGIC SETTING

Theisland of Taiwanisl ocated alongtheplate boundary betweentheEurasian and Philippine
Sea plates, and issituated at the junction of the Luzon Arc on the Philippine plate and the
Ryukyu Arc on the Eurasian plate (Fig. 1A). The Philippine Sea plate isbeing subducted
beneath the Eurasan plate dong the Ryukyu Trench, and overrides the crust of the South
ChinaSeaalong the Manila Trench. The Chinese continental margin is oriented about N60°E
whereasthe Luzonarc trends approximately N10°W, with the Philippine Sea plate moving
towards the Eurasian platein a N55°W direction (Seno, 1977; Seno et al., 1993). Thistectonic
configuration (Fg. 1A) hasresulted in oblique subduction andcollision, asdiscussed by Suppe
(1981).

TheTaiwan mountain belt has suffered asignificant clockwiserotation from central to
northern Taiwan. Tan (1977) first described the bending of the Taiwan arc; Suppe (1984)
interpreted itasthe result of flipping of subduction direction and the opening of the Okinawa
Trough.

Lue etal. (1991) and Leeetal. (1991) show that the northern Taiwan has undergonean
average dockwiserotation of approximately 20°, overaconsiderablearea Theirresultssupport
theideathat the 40°-60° change in the present-day trendsacrossthenorthern Taiwan incdudes
botha 20°-30° rotation of blocks and an initial induced curvatureof 20°-30° (Angelier etal.,
1990; Lu etal.,1995) (Hgs.1 BandC).

Geological structuresinthe L ateCenozoi ¢ success onof northern Tawan arecharacterized
by NE-trending folds and thrust faults, whichare generally deformed by strike-slip faults (Fig.
2A). Normal fault systems, whichinthemog casespostdatethe compressional structures, are
also present (Luetal., 1995). Somefoldsand thrustsare arranged oblique to theregional trend
of thebelt (20-30° counterclockwise), eecially near 121°40'E between Taipei and Ilan. This
showsan en echelon pattern that iscond stent with adextral component of strike-slip motion.
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Figure 1. (A). General tectonic map of Taiwan (upper |eft corner): Isobathsin meters, |large open arrow
showing the direction of convergence (Philippine Seaplate (PSP) rel ative to Eurasia(EP). (B). Main
tectonic units and Plio-Quaternary tectoni c deformation in the foreland thrust belt of northern
Taiwan. (Compiled from Ho,1986; Big, 1989; Lu €t al. 1995). Note the exi stence of three major
domains. (1) the eastern domain characterized by oblique-dip thrusts superimposed by major
dextral strike-dip and bulk clockwiserotation deformation; (2) the central domain characteri zed by
indentation and extensional deformation; (3) the western domain where mgj or sinistral oblique
thrusti ng superi mposed by dextral bookshelf type strike-slip and bulk anticl ockwise rotation
dominates. Mgjorthrust faults as heavy lineswith triangleson the upthrust side. HS: Hsuehshan.

The Hauehshan Range (Fig. 1B) consigs of aEoceneto Miocene passive margin marine
sequence (Ho, 1975; Ho, 1986; Huang, 1980; Tang and Yang, 1976; Teng et al., 1988)
characterized by rift andtransgressive facies successon (un, 1982; Wang, 1987; Lu etal.,
1991). Structural andyses (e.g., Tsan, 1976 Luetal., 1994; 1995; 1997;) have shown that the
northern portion of the Hsuehshan Range experienced a complex deformation history that
recordsthe sagesof contraction, transcurrentfaulting, block rotation, andextension. Inaddition,
the entire Hauehshan Range was uplifted asa pop-up structurein the Taiwan Orogeny (Clark
etal.,1993; Chuetal.,1996; Lecetal.,1997; Lu etal., 1997). It aufferedintense shortening
toward the northwest as well as substantial vertical thickening (Lu etal., 1997).
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Figure 2. (A). Geological and location map of study area, the numbers show the location of kilometer
marks on highway. (B). General structures and megascopic division of northern Taiwan (Lu, etal.,
1995). Keys:. 1. Pleistocene volcanic rocks; 2. Pl ei stocene conglomerate; 3. Western Foothills; 4.
Hsuehshan Range; 5. thrust fault, 6. normal fault, 7. strike-dipfault, 8. anticlineaxis,9. synclineaxis,

Lu et al. (1994) described a variety of meso-scalestructuresin northern Taiwan, and
interpreted themas resulting from transpression. Lee et al. (1998) illustrated the effects of
local block-rotation, and hence provided newinsightsinto therelativetiming of magnetization
and theregiond metamorphism/deformation. However, littlewasknownabout the geol ogical
and tectonic significance of these complicated folds and faults.

Inthis paper, we focus on new structural data collected in athick Oligocene sequence,
that suffered deformation and very low P/T metamorphism during the LateCenozoic (Hg. 2B).
These gratawell exposed in outcrops within wave-cut platformsand are observed over a
digance of several kilometers.

DEFORMATION STRUCTURES

Avaiety of deformation sructureshighlight thecomplexity of the multiphasedeformation
inthestudy areaand providesgrounds for elucidating the natureand evol ution of the tectonism.
We first describe the main deformation structures and then try to establish their relative
deformation $ages.

Pencil structure and spaced cleavage

Pencil structureisacommon feaure inthe argillites of the Hsuehshan Range. It represents
anintersection lineation related to a gpaced pressuresolution cleavage and abedding parallel
fissility. Therefore, theaxis of pencil structureis likely to beformed roughly perpendicular to
the axisof regional shortening direction.

Spaced deavageiswidespread in the metasandstoneunits of thestudy area. Thecleavage
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isspaced 1-2 cm and produces a phacoidal or lenticular fabric in sandgones.

One mgor characteristic of the pencil structure is the congstent trend throughout the
northeastern coast of Taiwan. This geometrical homogeneity suggeststhat the pencil structure
and spaced cleavage wereyounger than most of the other deformational structures, in the
study area.

Folds

Folds arethe mog regional structuresin northeagern Taiwan. They are separated into
three groups: (1) regional folds with wavelength from several hundred meters to several
kilometers; (2) foldsof onemeter toseveral hundred meterswavel engthassociated with strike-
dlip faults. (3) drag folds of one meter to several hundred meters sze associated with SE-
vergent thrust faults. Thefoldsof thefirst group are visibleintheregional sructural map (Fig.
2A) and their axes generally trend N60+20°. Theselarge foldscontrol the topography of the
curved mountain beltand record theregional shortening associaewith thecollison. Thefolds
of thesecond group resultfrom acombination of strike-dip faultingand thrust faultingthat gave
riseto local drag of the folding of layers adjacent to fault zones; some of thesefoldsarelarger
inwavelength, and theen-echdonfoldswith NEtrends(Fig. 2) may also haveformed during
thesecond generation. In the study area most of these folds have axesthat trend N20+20°E.
Most of thefoldsare asymmetric and verge NE. Theattitude of the folded bedding may rotated
upto 120° according to the paleomagnetic analysis(Fig. 3). The third group comprises ESE-
vergentfolds. Some of these ESE-vergent foldsin assodiationwith ESE-vergent thrustsclearly
deformed small west-vergent thrusts (Fig. 4B).
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Figure 3. (A). Structural sketches of outcrops, |ocations of paleomagnetic samples sites (indicated by
circled number)and lower hemisphere projection of bedding and pencil structuresinthestudy area:
round dot: pole of bedding plane; star: pencil structurelineation; dashed great circle: beg-fit great
circleof cylindrical fol d; square: cd culated fold axis; thenumber at upper—ightof diagram represents
the bearing and plunge of fold axis. (B). Synoptic map shows aregional dextral transpressional
deformation resulting in an oblique stretching anisotropy. Thick solid arrows: contraction, coupled
open arrows: transcurrent deformation.
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Figure4. Anisotropic deformation of study area; (A). Sketch and fault-slip analysisof aduplex structure

at138.4K, imbricaed thrustsarewel |-developedin the relativdy thick (20~50cm) layersof sandstone
unitswhile pendl structures prevail inthe argilliteunitd. (B). Sketch and projectionof bedding plane
of east vergent fold, which superposed on the structures described in Figure 5A. Note the curved
wed vergent thrug atthefold hingezone. Fault-slipanalysi sisshown by Schmidt’ slower hemisphere
projections of fault planes (solid girdles). In Figure 4A, slickenside lineations are shown as small
dotswith thin centrifugal arrows (normal slip) and centripetal arrows (reverse slip). Small circles
represent the pole of thelocal bedding. Large black arrowsindicate directions of compression.
Principal axes of pal eostressreconstructed based on fault-dip analysis: Five-, four-and three-pointed
star (maximum compressional stress s1, intermediate stress s2, and minimumstress s3 respectivey).
Open circlesindicatethe pol es of thebedding plane. Numbers a the upper right cornerof projection
diagram show the bearingand plunge of fold axis.

Thrust Faults

and

Thrustfaultsarecommon inthestudy area. Conjugate setsof thrusts, imbricated thrusts,
bedding-paralld thrustshavebeenrecognized. Thethrugfaultsformflat-ramp-flat geometries

with ramps within competent beds (Fig. 4A). It has been noticed that when the WNW-vergent
thrust faults and the ESE-vergent thrust faults occur as a conjugate sy stems, the ESE-vergent

faul

ts often cutthrough and offsetthe WNW vergent faults.
Oblique reactivation of the thrustisrevealed by thepresence of multiplesetsof striations

onfaultsurface. Crosscutting relationships often suggest that the older striations aredip-slip,
whereasthe younger striationsrecord oblique slip (A ngelier € al., 1990; Luetal., 1995).
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Strike-slip faults

Minor and meso-scd efaultswithapparent strike-slip digplacementscan easly be detected
inplan view on coastal wave-cut platforms and recognized by offsets of the bedding along
planar surfacesthat display srike-slip griations. Theamount of horizontd displacementsof the
strike-slip faults generally ranges from centimetersto decimeters(Fig. 5). Typically, thesense
of motion may be indicated by offset layers, drag foldsand, in some cases, en-echedon tension
gashes or veins. Thereare d so examples thatrecorded dextral and snistral slip onasnglefault
surface. Our results based on field observation on the strike-slip faults was supported by the
analysisof aerial photographs(scale 1:5,000) and led to thefollowing conclusons:

Figure 5. Bookshelf type strike-dip faultsand transpressive structuresin northeastern Taiwan; (A).
Sinidral bookshelftypestrike-dlip faultsat 122K. Dot linesindicatethe faulttraces, arrowsmark the
dip sense (seeFigure 3B for location); (B). Dextral pressureridge at 117.5K, dot lineindicate sthe
hinge part pf pressureridge; (C). Left lateral rhomb horse with compressivehorse tailsat 121K; D.
Dextral stiike-dip movements(indicated by small lateral drag folds) in associationwith left |ateral
retraining oversteps at 122K, black line markstraceof pencil structure.Numbersindicatethedirection
of structures.

First, grike-slip faulting occurred at regional scale as conjugate sets of strike-slip faults
(major ENE-WSW dextral and minor NNW-SSE dnistral). This group of strike-slip faults
apparently developed during regional-scale folding, with oneof the inferred stressaxes(s3)
being sub-pardlel or slightly obliquetotheregional fold axes. Their fault planes often merge
with aregional scaled thrust (Figs.1 and 2). This geometry resulted in a domino style of
deformation often associatedwith dextral shear.
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The second group of strike-dip faultsisin association with the meso-scd edrag folds (Fig.
3B, eg.the outcrops 128K, 122K and 120K) occurring asfractures dong the hinge area of the
drag folds. Orientation of these faults rangesbetween N10°E and N50°E and mostof the faults
display dextral offsets. In contrast, most of the faultson the fold limbs associated with the
bookshdf styleof deformation, havesinistral dip(Fg. 5A) and rangein orientationfrom N130°
to N160°. Transpressve structuresare also associated with thissecond group of faultsand
includepressureridges(Fg.5B), push-upsand rhombhorses (Fig. 5C) associated withregraining
bands and restraining oversteps (Fig. 5D) (terms after Biddle and Christie-Blick, 1985). This
range of structuressuggests that regional deformation is diffusdy accommodated by ductile,
brittle-ductile to brittle strike-slip shear zones, lateral thrusts, and backthrusts (Figs. 1B and
3B).

Thethird group of strike-slip faultsare more brittle in character and occursassociated
withveinsandjoints.V einsrelated to grike-slip movementscommonly form en-echel onpattemns
along or near grike-slip faults. Along several shear zones, sets of en-échdonveins generdly
indicate asense of motion consistent with other observations. For example, at the outcrop
130K (Figure 6, seealso location in Figure 2B), two sets of dextral en-échelon quartz veins
strike about 080°E and 060°E (a and b in Figure 6 A(C)) and three sets of bedding thrust
striationstrend 150°E, 130°E and 105°Eon average(1,2, and 3 respectively in Figure 6A(C)).
Theveins that trend 080°E were cut and displaced by the minor thrusts, whereas the quartz
veinstha griking 060°E cut through thethrustsurfaces Theseredationshipsindicate that most
thrustsformed first (Fig. 6A(A)), with slip vectors trending about 105-110°E (in the present-
day configuration). L ater, thethrust planesunderwent oblique thrustreactivation andthedextral
veinsstriking 060°E developed (Fig. 6A(B)). Note that this succession may reveal regional
changesthroughtimein the direction of compression, but can also be interpreted in termsof
rotation withinaconstant stressfield. A likely possbility isthat block rotation occurred after the
development of thefirst set; while block rotation continued (about 20° of dockwise rotation),
new thruging took placeepisodicdly, resultingin successvereactivations. The latest stagein
the deformation processisrepresented by theyoungest set of dextral en echdonveins, which
croscutthe previousbrittle structures. Note a so that at the same outcrop some setsof sinistral
en-echelonfractures are curved, and only one pressuresolution cleavage is observed. The
above sequence of deformation may indicate that thereis aprogressive clockwise rotation
tectonics. During the rotational process, the orientation of the maximum horizonta stress
remained the sasmewhilethe 105°E striationswasrotated to 130°E and finally 150°E, the 060°E
quartz veinsbeing rotated to 080°Edirection.

INSSIGHTSFROM ANISOTROPY OF REMANENT MAGNETIZATION (RM)

Pdeomagneticreaults (Leeetal., 1998) indicatethat thedirections of thenaturd remanent
magnetization (NRM) are close to the strike of thefolded strata (Tab. 1). This correlation
suggests that NRM may result, at least in part, from the compression associated with the
regional deformation. Fourteen siteswerechosen, where slightly metamorphosed sedimentary
strata that underwent multiple deformation events characterized by drag folds and densely
spaced faults, for the present paleomagnetic study (Fig. 3). We perform NRM measurement
to check whether there was rotation of NRM during therotational deformation.
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o Figure 6. (A) Crosscutting relationships
/ {<) between thrust, and quartz veinsin
association with dextral movement
during block rotation. (A) Deve-
lopment of bedding thrust with
strigtion. (B) First setof quartzveins
(a) in association with dextral
movement, indicaed by en echelon
segments. (C) Present state de-
velopment of the second set of
quartz veins(b) and progressive
deformation.

Atleast eightsamplesper sitewere examined using 2G Enterprise cry ogenic magnetometer
(model 755 SRM) inamagnetically shielded room. The specimenswere gepwisdy thermally
demagnetized from room temperature up to about 510°C. Thermal demagnetization was
conducted with aSchongedt TSD-1 thermal demagnetizer. Theambient magneticfiddin the
cooling chamber of TSD-1 wasbe ow 2-nT. Low field magnetic susceptibility of the specimens
was measured repeatedly after each heating step to monitor whether therewascompositional
change of themagnetic mineralsduring demagnetization.

Theresults of NRM gudies show that the paleo-inclinations are negative at all sites(lg
and Isin Table 1), suggesting that the characteristic paleomagnetic polarity were acquired
during magnetictime zoneof reversedpolarity. The paleo-dedinationsmeasured, however, are
very scattered (Dg and Dsin Table 1). To better analyze these NRM orientations, we also
examined the results in the pre-folding reference coordinates. For this purpose, a bedding
correction wasmadeby tilting the bedding plane back to horizontd . Unfortunately, noreliable
fold test could bemadeinthestudy area because all of thelarge foldsaredisrupted or do not
exhibittwo seeply dipping flanks However, it isimportant to notethat, because most large
foldsare cylindrical with horizontal axes (Fig. 3), itisreasonableto assumethat S mple backtilting
correction effectively restoresthepre-folding position. After makingthetilt corrections(Ds
and IsinTable 1), the paleo-dedinationsstill show random distribution. Neverthel essthe grike
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-corrected paeo-dedinations werewithin acceptableaccuracy and reasonable congstency in
adirection oblique of about 30+10° clockwise (F sin Table 1) to the bedding strikein the
studied sites. Although thisdirection (negative inclination with north seeking declinaion)is
quite unusud at northern hemisphere, there are several possibilitiesfor it. Lee etal. (1998)
proposedthat NRMsmightberemagnetizedinavery early sageandformed remanentanisotropy
under tectonic compression. This supposesthat NRM was acquired during the same time
period, and predated much of the deformation. Results from sites 3, 4, 9 (Tab. 1) show higher
vauesof F s, F g, q than atthe other Stes, due probably to relatively densdy distributed strike-
slip movement in thesesites (Hg. 3).

TheDec* values correspond to dedinationsdeduced by rotating thebedding strikesat
each site (column 3, Table 1) in order to be parallel to the regional trend of the mountain belt
(N10°E), assumingthat vertical axiscorrected declination pointed (Oligocene) north. Applying
rotationsthat put the srikesof sratigraphic bedding along N10°E direction, one observesthat
mogt corrected paleomagnetic directionspoint in average direction of N48°E (see Table 1).

Table 1. Paleonagnetic resultsof the shear zone of Hsuehshan Range at north-eastern coast of Taiwan.
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Previoustectonic studies (e.g. Angelier et al., 1990; Lu etal., 1995) demondrated the
main characterigicsof the major compressonrelaed to the Late Cenozoic Taiwan collision.
These resultsreved that acompression direction trend isabout N130°E. Our corrected NRM
axes, however, are approximately sub-perpendicular tothistrend. Thisfact isimportant because
it suggeststhat the devel opment of NRM predated the late stage def ormation and disruption of
thefolds.

The corrected paleomagnetic orientations do not record normal and reversed polarity
epochsof depositiond age, Oligocene, of succession. Thisobservationsuggeststhat litleremains
of the primary component of NRM acquired during the deposition of the formations. It is
therefore proposed that magnetization occurred during aregiond low -grade metamorphic
event that probably affected the entire sudy area during the early stagesof deformation.

INSSGHTSFROM EXPERIMENTAL MODELS

Recent 3-D sandbox models (Lu and Malavieille, 1994; Lu etal., 1998) indicated that
obliqueindentation androtation models account well for thekinematicsandtectonic paternin
the Taiwan thrust wedge (see Figure 1B).

The effect of collision withacornerindenter liesin the development of an asymmetrical
thrust wedge structure in diff erent tectonic domains (Fig. 1C). In northern Taiwan the
deformationisrelaively complex and involvesboth extension and normal faulting as pointed
outby Luetal. (1995). In the study area, however, partitioning only involvesthrusting and
strike-slip faulting. Experimental modding suggests that faultsor shearzonesarerotated around
the indentation point by transcurrent faulting processes Hgure 8 showstheinferred evolution
of the northern segment of the Taiwan belt. As inferred from the results of experimental
modéding, thenorthern segmentof theTawan betisbelieved to have suffered first contractional
deformation (with fold-thrust shortening and oblique thrust-sheet stacking, Figure 7A), then
obliquethrusting and finally dextrd transcurrent faulting at the latest gage(Figs. 7B and C).
Figure8D indicates the successivelocaions of theindenter at dage A, B, and C. At thethird
stage, transpressional deformation accommodated the shortening and vertical thickening of
thrustfaults.

DISCUSSION AND CONCLUS ON

A firstaspect of thestructure that deserves explanationisthe complexity of the fracture
patternsinthestudy area According to the paleomagnetic measurements (Tab. 1), thestrata
in the study arealocdly suffer rotations up to 160°. Although the system of rotated blocks
cannot be reliably restored, the existence of theserotations provides asimpleexplanation for
the complexity in brittle deformation. During the rotation of blocks, new fracture systems
developed when the previousonescould no longer accommodate slip within the new stress
fidd. Forinstance, Figure8A showsa compilation diagram illustrating en-echelon structures
characteristic of dextral transcurrentzonesevolving during simpleshear (after Hancock, 1985).
After a30° clockwise block rotation (Fig. 8B) a new set of en-echelon structuresdevelopsif
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therotation occursabruptly and affectsthe previous structures Note thatanew foliation (f)
overprintsthe old sinistrd X-shear fracture, and that new extension cracks (€) overprintold
dextral R-shears (Fig. 8B). If thefinite rotation becomes larger then 30°, some strike-slip
structures may even movein opposite sense (changefrom dextrd tosinistral or vice versa).
Thisisthe general case of brittle and brittle-ductile structuresin the gudy area, (e.g. Fgure 6).
Most sinistral shear fracturesare sub-parallel to the pencil structurerelated to pressure solution
cleavage, whereasthedextral fractures and extenson cracksaresubparallel.
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Figure7. Results of sandbox experiment (A). Contractional deformationwith fold-thrug shortening and
oblique thrust-sheet stacking, (B). Oblique thrusting and dextral transcurrent faulting. (C).
Transpressional stretching accommodated the closing ofthe thrust spacing and thedevel opment of
purestrike-dip faults (D). Sandbox model (modified fromLuandMalavieille 1994).(E).Interpretative
sketch shows the extrusion of the material and the change of structureattitude during the oblique
collison and indentation tectonics.

Itis surprising to seethat the formation of the pencil structuresand fracture cleavages
appearsto pogdatethoseof other Sructures, because they aregenerally condderedasoccurring
atan early stage of deformation. However, there is no doubt that | eft regarding theyoung age
of these structures because of their penetrative and uniform orientation regardless of the
complexity and variableorientation of theearlier Sructures. To reconcilethisobservation, we
proposethat during therotational deformationthe orientation of ductile sructures(e.g. cleavage)
wereprogress vely reoriented continuously so thatthey remained perpendicularto themaximum
horizontd stress. In contrast, the brittlestructures(e.g. faults and veins) were not reoriented
and thusrecord multipledeformation events.
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Figure8. (A). Compilation diagramillugratingen echel on structures characteristicin dextral transcumrent
zonesunder simple shear (after, Hancock, 1985). Rand R1, Riedel andconjugated Riedel shears, P, X
and Y, P-, X-and Y- shears; e, extension joint, fissure or vein; f, fold axis, cleavage or other foligtion.
(B). After a 30° cl ockwi se bl ock rotation anew set of en echelon structures superposed on the
previous structures. Note that new foliation (f) isoverprint on the old sinistral-shear fracture, new
extension crack (e) isoverprint on the old dextral R-shear.

Assummarized in Table 2, thedeformation process in the study area showsa sequence
which ismuch distinct from what expected for ageneral deformation of rigid succession.
Instead we point out that most sructures developed intheframe of progressiveindentationin
northeastern Taiwan (Hg. 7). Notethat in Table 2 theremagnetization may correspondto the
initid sageof pressure solution.

Table 2. Structure evolution of northeastern coast of Taiwan.

Olis-Mimcene - Pleislocens Foce

[. Thrust faults & folds K v
2. Remanent magnetic anisonopy i

3. Trarscurrent, hlock rotation S

4. Rack folding & hack thrusting A R —— 7
3. pressure sofution clcavase ? -7

tpereil strocture and spaced olcavage)
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The 50° dockwiserotation observed around the indented backstop in asandbox model
(Luand Mdavieille, 1994) suggeststhat extruson or escape tectonismmay have occurredin
association with ductile shear on the right side of the indenter (Fig. 7E). Thisductile shear
regime may have rotated and transferred the rock fabrics fromtrending approximatdy NE-SW
to E-Wtrendsin thecaseof northern Tawan. According to Angdier et al (1990) and Luetal
(1995) the curvaturein the Hsuehshan Rangecan bethe result of partidly (about 30°) aninitial
change of the structural trend without block rotation and partidly block rotation. However,
NRM data then pointed to present north, show aN10°E trend. Thisimpliesthat theoriginal
trend of stratain the studied areamay have been NE-SW. This conclusion agree wd | with that
suggested by the paleomagnetic data. This can elucidate why we need aback rotation to
replace NRM axessub-perpendicularto thecompressional direction.

Transpresson isa consequence of oblique plate convergence (Dewey etal., 1998). Within
aconvergent plateboundary zone, compressional strainsare generally accumulated inthe
displacement zonesthat boundunits of less-deformed material on severd scales. In this paper,
transpression is defined asstrike-slip deformation that deviaesfrom smpleshear because of a
component of shortening nearly orthogonal to the deformation zone. Figure9 schematicaly
illustratesthe three mainstages of trangpresson, which indude (1) early contraction and volume
loss (2) obliquetranscurrent deformationwith significantrotation producing oblique stretching
deformation and dominant dextral shear zones; and (3) alate dageof compresson in associaion
with pop-up structure development and backthrusting. Assummarized below, it issuggested
that such ascenario of multigage deformation accounts well for the structural development
and tectonicevolution innortheastern Taiwan.

Based on structural and tectonic analyses, pdeomagnetic gudies, and physical modds,
we propose three stages of deformation for northern Taiwan.

(1) During the first stage, contraction prevailed inresponseto collision and indentation
(FHgs.8A and10A). Thepredominant structurd development involvedthrusting, regiondtilting
of strata, and folding. Thisearly deformation probably occurred prior to complete lithification
and asaresult NRM fabrics generally overprint these structures.

(2) During the second period, general shear (Hanmer and Passchier, 1991) became
predominant becausefronta contraction could not be eadly accommodated (Fgs. 8B and 9B).
Thus, inthe eastern wing of the Hsuehshan bdt dextral shear predominated, becauselateral
escape was possible and resulted in deveopment of strike-slip shear-zones and drag folds
accompanying progressveobliquethruging. A variety of domino-ty peand book shel f-ty pestrike-
dlip structuresdeveoped at thisstage, aswell as numerous transpressond structuressuch as
pressureridges, retraining overgeps and rhomb horses It isthereforeinferred that most of the
clockwiserotation, as revealed by paleomagneticstudies, took place in thisstage.

(3) Thelastperiod principally involvedtranspress onal deformationwith vertical extension
(Figs. 8C and 9C). It resulted in backthruds, in associaionwith pop-up structures at various
scades(including that of thewhole Hsuehshan Range). The penetrative pencil structuresand
spaced cleavagesalso developed at thisstage.

Insummary, thedeformation of the Tertiary succession atthe northemtip of the Hsuehshan
Range, invalves three gagesof deformationsthat all belong to thesamemajor collison rd ated
event. Based on comparison between the results of the paleomagnetic and tectonic analy ses,
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the formation of remanent magnetization occurred before the second folding stageand at the
same timeor soon after the firstfolding stage. An interesting agpect of thedeformationisthat
ductile structures deformed and migrated continuously in the rotation tectonics and hence
remained perpendicular tothemaximumhorizontal stress, resultinginas nglenearly homogeneous
structural pattern. In contrast, the brittle structuresdeved oped episodically into several stages
asafunction of increasing deformation, resultingina more complex structural patem.
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Figure9. Threestages of strain models
correspond to the transpressional
tectonics. (M odified from Dewey,
et al.1998). (A): contraction; (B):
dextral shear and block rotation;
(C): transpression with vertical
extension. Smilarcharacterigicsof
kinematics of anisotropic de-
formation areclearly shownin the
study area (see text). a: oblique
convergentangle.
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