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ABSTRACT

In the past decades, the arc-continent collision in Taiwan was commonly interpreted as a relatively continuous
process with an invariant plate convergence vector for at least the last 6-5 Ma. This steady convergence,
including the rate and the obliquity, between the subducting continental margin and the plate boundary suggest
a propagating collision with a space-time equivalence along the developing orogen. More recently, detailed low-
temperature geochronologic and plate reconstructions suggest that the plate convergence changed from highly
oblique to nearly orthogonal in the last 2 to 1 Ma. This early phase of oblique convergence, driven primarily by
the northward motion of the Philippine Sea Plate wrt the Eurasian Plate, implies a significant ‘fossil’ component
of left-lateral, strike-slip motion along the presumably north-trending plate boundary. A synthesis of available
data compiled in this study suggests that previously uncharacterized zones of strike-slip deformation exist in the
Tailuko Belt, and here we document: 1) the distribution of horizontal shear, 2) the kinematics of deformation, 3)
the age of deformation, and 4) regional consistency between geologic studies and plate reconstructions. Hori-
zontal shear may also be recorded at shallow structural levels in southern Taiwan by brittle faults and block
rotations. Integration of these new data with previously published kinematic data across strike also suggests plate
convergence was partitioned with strike-slip motion in the retrowedge (i.e., the Tailuko Belt) and shortening in
the prowedge (i.e., the Slate Belt).

1. Introduction

convergent boundary (Mesalles et al., 2014; Wu et al., 2016; Zhang
et al., 2020; Lee et al., 2015; Hsu et al., 2016). For example, Hsu et al.

The island of Taiwan is located at a compressive tectonic boundary
between the Eurasian and the Philippine Sea Plates (PSP). The relatively
steady-state orogenic process, with about a 7-8 cm/year convergence
rate in the NW-SE direction, has been long discussed and provided
preliminary ideas for the rock distribution and deformation structures of
Taiwan Island in the earlier years (Suppe, 1984; Teng, 1996). More
recent plate reconstruction and structural and geochronological studies,
however, suggest a relatively complex tectonic history for the
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(2016) and Mesalles et al. (2014) document accelerations in exhumation
cooling at 3 and 2 Ma, respectively, which may relate to a change in
plate convergence. Wu et al. (2016) also reviewed available paleo-
magnetic and plate motion data from the PSP and proposed that the
convergent vector in the area of Taiwan rotated as much as 50° coun-
terclockwise in the last 2.0 to 1.0 Ma. Although previous plate models (e.
g., Hall et al., 1995) argued for an earlier, ~5 Ma, change in motion, Wu
et al. included geologic and geochronologic data from southwest Japan
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(see e.g., Sibuet et al., 1987; Nakamura et al., 1987; Itoh et al., 1998)
that the authors interpreted as evidence of a change in motion of the PSP
during 2.0 to 1.0 Ma. More recent geologic and geochronologic data
from southwest Japan appear to support the recent change in motion
proposed by Wu et al. In particular, geological and geophysical studies
of the Median Tectonic Line document a change from thrusting to right-
lateral strike-slip faulting at about 0.8 Ma (Mizuno et al., 1999; Sato
et al., 2015) and in the forearc seaward of the Median Tectonic Line,
Gulick et al. (2010) and Sacks et al. (2013) document a transition from
shortening to extension perpendicular to the plate boundary at the time
< 1.0 Ma. Although these authors propose that this change reflects
subduction zone dynamics, a change in plate kinematics is also possible.
In fact, in the eastern part of the forearc, Yamaji (2000) mapped a
similar change in fault kinematics and attributed the change to a
counterclockwise rotation of the relative motion of the PSP at ~1 Ma.
Taken together, these additional observations and the plate recon-
struction by Wu et al. (2016) suggest a significant and relatively recent
change motion of the PSP relative to Eurasia possibly as young as 1 Ma.

Recent geochronologic and geologic data from Taiwan are consistent
with a change in plate motion. Low-temperature geochronologic data
from along the length of the Taiwan orogen show “simultaneous”
cooling (Mesalles et al., 2014; Lee et al., 2015) since 3 to 2 Ma and
possibly as recently as 0.8 Ma (Hsu et al., 2016), which is inconsistent
with a propagating collision but supports the 2.0 to 1.0 Ma change in
motion proposed by Wu et al. (2016). Geologic studies in the Coastal
Range and geophysical studies of the sediments offshore northeastern
Taiwan also argue for the initiation of substantial east-west shortening
and an increase in erosion of the Backbone Range (i.e., the eastern part
of the Central Range) at about 0.8 Ma (Lai et al., 2021; Hsieh et al.,
2020). The new plate reconstructions (Wu et al., 2016) therefore suggest
highly oblique convergence prior to 2.0 to 1.0 Ma, negating the notion of
consistent convergent direction for the Taiwan orogen, and suggesting a
significantly different tectonic setting for the orogen.

Previous structural studies in the metamorphic core also suggest
significant along-strike material transport at the shallow/middle crust
level; although these studies were limited in scope (Faure et al., 1991;
Pulver et al., 2002; Clark et al., 1992; Conand et al., 2020) and/or
yielded inconsistent senses-of-shear (Faure et al., 1991; Pulver et al.,
2002; Mondro et al., 2017; Conand et al., 2020). Here, we build on these
early, relatively limited studies with an integrated structural study of a
suite of exposures from the most regionally extensive unit in the meta-
morphic core in the Taiwan orogen, the Tailuko Belt (Fig. 1). Specif-
ically, we report new geologic data from Shoufeng and Wanligiao Rivers
that cross the central part of the Tailuko Belt. These relatively more
detailed studies are also complemented with reconnaissance expeditions
from 6 additional rivers at different latitudes. These new data suggest a
paradigm shift is needed to understand the deformation history of the
Taiwan orogen, one that includes significant strike-slip motion at the
shallow/middle crust level, and associated ductile deformation pre-
ceding the current northwest direction of shortening.

2. Geologic background

Metamorphosed sedimentary rocks mixed with minor but wide-
spread igneous bodies (usually lenticular) makeup over half of the island
of Taiwan and crop out between the fold and thrust belt in the west and
the colliding arc (Coastal Range) in the east. These metamorphic rocks
form two tectonostratigraphic units: a metamorphic core represented by
the Tailuko and Yuli Belts and a low-grade metamorphosed sedimentary
cover sequence that includes an Eocene to Miocene Slate Belt (Fig. 1).
The boundaries between the different cover rocks are interpreted to be
gradational. In contrast, an unconformity is interpreted to separate the
Cenozoic cover sediments from the Paleo-Mesozoic Tailuko Belt of the
metamorphic core. Structurally, all of the metamorphic rocks strike
north-northeast except on the both ends of the belt: 1) along a narrow
section in southeast Taiwan and 2) in the northern extent of the island
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where the NW-indentation of the Luzon arc and the opening of the
Okinawa Trough have rotated the units clockwise up to 70-80°, forming
an orogenic orocline.

2.1. Sedimentary cover sequences

The sedimentary cover can be divided into two, gradational suites
that generally differ in age, composition, metamorphic grade, and
structural style. The more extensive suite, primarily slates, and meta-
sandstone crops out in the Hsuehshan Range, along the high peaks and
western flank of the Backbone Range and as a slice or sliver of rocks in
southeast Taiwan that in map view wrap eastward around the southern
extent of the Tailuko and Yuli Belts. This more extensive suite ranges in
age from Eocene to Miocene and comprises shallow-water shales and
basin-fill sandstones with minor interlayers of conglomerate, volcanic
rocks (e.g., greenstone, tuffs), and limestone/marble. The suite is
interpreted to represent a passive margin sequence formed on southeast
Chinese subsiding continental margin. The metamorphic grade of this
suite ranges from prehnite — pumpellyite to lower greenschist, and
structural deformation styles range from broad, open folds with a steeply
dipping axial planar cleavage to isoclinal folds with a dominate, pene-
trative axial planar cleavage that dips moderately, east-southeast;
crenulation cleavages locally developed near the contact with the Tai-
luko Belt. Because the cleavage is typically well-developed, this suite of
metamorphosed cover is locally referred to as the Slate Belt (Yen, 1967;
Ho, 1986; Chen and Wang, 1994, 1995), and crops out in both the
Hsiiehshan and Backbone Ranges.

Although metamorphic grades and structural fabrics are similar,
each range is generally characterized by a different kinematics history of
strain. For example, in the Hsuehshan Range and western flank of
Backbone Range, stretching lineations are down-dip, trending east-
southeast; however, strain fringes in the Hsiiehshan Range record co-
axial strain whereas fringes in the western flank of the Backbone
Range record a top-to-the west-northwest sense of shear (Clark et al.,
1992; Clark and Fisher, 1995). Tillman and Byrne (1995) interpreted the
different deformation histories to be generally contemporaneous with
the slate belt: 1) the Hsiiehshan Range forming as a popup structure and
2) the western flank Backbone Range representing a regional-scale, top-
to-the northwest shear zone. More recently, Ar/Ar dating of synkine-
matic muscovite and corrensite show deformation associated with
cleavage development in the Hsiiehshan Range occurred from ~6 to 2
Ma (Chen et al., 2016). Following Tillman and Byrne (1995), we inter-
pret this to be the age of cleavage development in both ranges. This
interpretation is consistent with the age of the youngest sediments in the
belt (Middle Miocene) and with exhumation cooling ages of reset
detrital zircon grains that range from ~5 to ~1.5 Ma (Hsu et al., 2016).
Finally, near the contact with the Tailuko Belt, which dips east and the
stratigraphy seemingly is overturned, whereas stretching lineations
plunge moderately south, and strain fringes record a left-lateral, thrust
sense of shear (Clark et al., 1992; Pulver et al., 2002). That is, a
component of left-lateral shear is recorded in the easternmost Slate Belt
near the contact with the Tailuko Belt.

In southeast Taiwan, where the Slate Belt wraps around the Tailuko
and Yuli Belts, the deformation history appears to be more complex (Lu
et al., 2001; Chang et al., 2003). In this area, structural fabrics strike
east-west to northeast or northwest, strata are strongly folded to be both
upright and overturned, and strain fringes associated with an intrigu-
ingly low-dipping cleavage record northeast-trending stretching (Con-
and et al., 2020; Fisher et al., 2002; Mondro et al., 2017). This change in
strike, in part, motivated Chang et al. (2003) and Chang et al. (2009) to
propose that this area of the slate belt had experienced significant post-
cleavage CCW block rotation about a sub-vertical axis, although the
associated driving mechanism was unclear.

The second suite of cover rocks crops out almost exclusively in
southern Taiwan, primarily on the Hengchun Peninsula. The suite of
cover rocks is composed mainly of Miocene sandstone and shale
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Fig. 1. Geologic map, modified from
Central Geologic Survey (2000), and
structural data from shear zones in the
Tailuko Belt. Stereonets show dominant
fabric and associated lineation (inter-
preted as S2 and L2, respectively)
collected or compiled (see text) from
areas in red boxes (mostly river or
beach transects). Three areas in the
north have rotated clockwise due to the
opening of the Okinawa Trough
(Suppe, 1984). Interpreted block rota-
tions in southern Taiwan are consistent
with left-lateral shear interpreted from
ductile fabrics, double red arrows. (For
interpretation of the references to
colour in this figure legend, the reader
is referred to the web version of this
article.)
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sequences that often display many of the characteristics of turbidity
current deposits, including graded bedding, sand-filled channel deposits
and channel conglomerates (Pelletier and Stephan, 1986; Sung, 1991).
The suite is interpreted to represent a relatively deep-water sequence,
deposited on either the Chinese passive margin or on oceanic crust of the
South China Sea, that was accreted in the early stages of the collision
(Chang et al., 2003; Chang et al., 2009). This suite of sediments is only
mildly metamorphosed and displays disjunctive cleavage, and less
commonly, a penetrative cleavage (Chen and Wang, 1995; Sung, 1991;
Chang et al., 2003; Conand et al., 2020). Regional-scale folds trend
north-south to east-west (Chang et al., 2009). Paleomagnetic data from 4
sites in the latest Miocene to Pleistocene sequences suggest CCW tec-
tonic rotation about a sub-vertical axis of up to 90° (Fig. 1; Chang et al.,
2003).

Mondro et al. (2017) completed a detailed strain study of the
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dominant cleavage in the sedimentary cover exposed in southeastern
Taiwan (i.e., slate belt east of the metamorphic core) and proposed an
early history of down-dip stretching followed by strike-parallel
stretching. The associated “composite” foliation forms a broad
northeast-trending antiform (Fig. 5, Mondro et al., 2017) which is
similar to low-dipping S3 foliation recognized in the Tailuko Belt
(Stanley et al., 1981; Clark et al., 1992) and to the fabrics along the
central cross-island highway (CXIH) that we have re-interpreted as S3
(see below and Pulver et al., 2002). The “composite” stretching direction
also trends northeast consistent with the re-interpreted S3 along the
CXIH (Fig. 3, Pulver et al., 2002).

2.2. Tailuko Belt

The Tailuko Belt consists of highly deformed interlayers of

Fig. 2. Field photos and photomicrographs of structures in the high-strain shear zones. Viewing direction is shown in the lower left. A) Mesoscopic tight folds of
marble layers indicate strong shearing. B) Mylonitic quartz mica schist with asymmetric lenses of quartz indicating sinistral shear. C) Isoclinal fold in chlorite schist
with axial planar cleavage. Inset shows asymmetric strain shadows around pyrite. Asymmetric pyrite shadows with folds indicate top-to-SW, sinistral shear sense. D)
Sigma structure defines the sense of shear as sinistral by its stair-stepping wings and inclined fractures. E) S-C foliation within dark and discontinuous C planes and
curved Z planes, indicating a top-to-SW, or sinistral, sense of shear. F) Asymmetric pressure shadow showing a sinistral sense of shear. G) Bulging recrystallization is
characterized by bulges and small recrystallized grains, showing low-temperature migration recrystallization microstructures. H) The sub-grain boundary rotation
recognized by polygonized texture, grain/subgrain sizes and relatively straight grain boundaries along with shear bands suggesting higher relatively temperatures.
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psammitic and green, gray, and black pelitic schists (Fig. 2b and c),
relatively thick units of marble (Fig. 2a), rare serpentinite/amphibolite
(lenticular blocks), and several large bodies of orthogneiss. Although
primary sedimentary structures cannot be recognized in the highly
metamorphosed Tailuko belt (Fuh, 1962, 1963; Yui and Jeng, 1990; Lu
and Hsu, 1992; Tsutsumi et al., 2011), limited number of fossils from the
marble and pelitic schist units suggest a late Paleozoic age and Jurassic
age of deposition, respectively (Yen et al., 1951; Yen, 1953; Chen, 1989).
The different kinds of metamorphosed sedimentary rocks are inferred to
have been sourced from Eurasian basement and to represent cover
sediments of a Paleozoic to possibly Early Mesozoic passive margin
(Yen, 1960; Ho, 1986; Huang et al., 1997; Chen et al., 2016). The large
bodies of orthogneisses crop out mainly in the northern part of the
Tailuko belt and local exposures of the contact with the country rocks
show a clear metamorphic aureole and chilled margins evidencing an
intrusive origin. U/Pb zircon ages of the orthogneisses indicate a ~ 200
Ma (early Jurassic) age for an isolated body in the south (Yui et al.,
2009) and ~ 88-90 Ma (middle to late Cretaceous) and ~ 200 Ma (early
Jurassic) ages for 6-8 large bodies in the north (Lan et al., 2008, 2009;
Yui et al., 2009, 2012). The orthogneiss and green pelitic schists are
interpreted to be part of a Cretaceous accretionary/subduction system
(Wang Lee et al., 1982; Yui et al., 2009, 2012; Chen et al., 2016), which
is unconformably overlain by Cenozoic passive margin sediments (i.e.,
the sedimentary rocks that crop out east and west of the metamorphic
core).

The Tailuko Belt generally registers middle to upper greenschist
facies as the peak metamorphism (e.g., ~325-425°C/~3-4 kbar) (Ernst,
1983a, 1983b; Ernst and Harnish, 1983; Warneke and Ernst, 1984; Yui
et al., 1996; Yui, 2005). However, higher temperatures and pressures
have been documented in the orthogneisses and associate aureoles (e.g.,
up to ~650°C/~8 kbar) (Hwang et al., 2001) and in a few samples from
pelitic schists, based on Raman spectroscopy of carbonaceous material
(RSCM) (e.g., ~500°C; Beyssac et al., 2007). Combining these available
PT data with illite crystallinity (Chen and Wang, 1994; Tsao et al.,
1992), and RSCM data sets, it shows generally increasing temperatures
from the Slate Belt in the west to the core of the Tailuko Belt in the east,
suggesting an inverted metamorphic gradient, and consistent with a
mapped overturned syncline, possibly coupled with a few thrust sheets,
in the Slate Belt. These data also suggest generally uniform middle to
upper greenschist metamorphic conditions in the Tailuko Belt with the
few exceptions mapped by Beyssac et al. (2007). Along the southern
transect, where the Slate Belt wraps around the southern extent of the
Tailuko Belt, the peak metamorphic temperature decreases toward the
east, characterized by the maximum temperature dropping steeply from
~475°C in the Tailuko Belt to ~350°C in the Slate Belt.

Early studies of the deformation history of the Tailuko Belt focused
on the beautifully exposed outcrop-scale folds and fabrics along two
main mountain roads: Highway 8, referred to as the central cross-island
highway (CXIH), and Highway 20, referred to as the southern cross-
island highway (SXIH). Many of these studies suggested multiple fold
and multiple fabric-forming events and often emphasized fold geome-
tries and related fold asymmetry to kinematics without the benefit of
additional kinematic indicators (e.g., Stanley et al., 1981; Lu and Wang
Lee, 1986). One exception is the work by Lu and Wang Lee (1986), who
mapped a series of decametric to metric scale sheath folds in the schists
and marbles of the Tailuko Belt. Their structural analysis showed that
the folds formed during the second stage of deformation and were
associated with a penetrative cleavage, S2, partially by the alignment of
grains of biotite and muscovite. This fabric dips steeply southeast and
northwest and represents the dominant fabric at most outcrops. Lu and
Wang Lee (1986) also argued for progressive horizontal shear parallel to
the well-developed lineation, L2, rather than superposed deformation.
The work of Lu and Wang Lee (1986), however, did not include a sense
of shear for the progressive horizontal shear.

However, more recent structural studies have included detailed ki-
nematic analysis of the ductile deformation of slates, schists, marble and
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gneisses along both highways. These studies show a progressive change
from west-northwest thrusting in the eastern Slate Belt (e.g., Fisher
et al., 2002; Faure et al., 1991) to oblique, left-lateral thrusting near the
transition to the Tailuko Belt (Clark et al., 1992; Pulver et al., 2002) to
dominantly left-lateral strike-slip shearing in the Tailuko (Pulver et al.,
2002; Faure et al., 1991). However, Faure et al. (1991) argued that the
rocks containing the left-lateral kinematics had been folded and over-
turned during D2 and D3 and that the original lineation had a northwest
trend. The deformation fabrics associated with overturning were not
described in detail, and the rotations required for this interpretation
appear to be significantly larger than the change in dip across the belt.
D3 was also interpreted to be related to back-thrusting (i.e., thrusting to
the southeast), following Stanley et al. (1981), although independent
evidence for late-stage back-thrusting was not provided. Pulver et al.
(2002), working along the CXIH, revealed the transition from down-dip
to along-strike stretching as part of D1. Although their L1 and L2 fabrics
are parallel and, as we will show below, the kinematics of D2 throughout
the Tailuko Belt are also of a significant left-lateral component. As a
result, we conclude that both D1 and D2 in the Tailuko Belt exhibited
significant components of left-lateral deformation. In the context of
these more recent studies, we interpret the sheath folds documented by
Lu and Wang Lee (1986) as resulting from left-lateral strike-slip shear
during D2.

Exposures along the SXIH also appear to preserve the transition from
thrusting to strike-slip deformation. Near the contact between the Slate
and western Tailuko Belts along SXIH, Clark et al. (1992) show S2 cross-
cutting S1 at a low angle and describe an L2 stretching lineation that
plunges moderately northeast. Limited asymmetric pressure fringes
around pyrite framboids suggest left-lateral shear (Clark et al., 1992). In
the Tailuko Belt east of the transition zone, L2 is sub-horizontal to
northeast plunging and associated with left-lateral, strike-slip defor-
mation (Faure et al., 1991; Clark, 1994). As we argue below, we inter-
pret this transition to reflect regional-scale strain partitioning during
oblique convergence.

Lu and Wang Lee (1986) also recognized a third penetrative fabric,
albeit locally, S3, in the rocks exposed in Tailuko Gorge along the CXIH.
Although this fabric set was not studied in detail, Lu and Wang Lee
(1986) suggested that it was equivalent to S3 recognized by Stanley et al.
(1981) along the SXIH. In this area, S3 dips gently northeast and Stanley
et al. (1981) suggested that it formed during southeast-directed
thrusting (i.e., back-thrusting in the retro-wedge), although kinematic
evidence of thrusting during S3 was not presented. Pulver et al. (2002)
also documented a gently northeast-dipping fabric along eastern sec-
tions of the CXIH (their Domain I) that is similar to S3 along the SXIH.
Pulver et al. (2002), however, considered the fabric to be part of their
earliest deformation and labelled it S1. We visited outcrops in the area of
Pulver’s low-dipping S1 and observed a gently northeast-dipping folia-
tion cutting steeply dipping S2. Although these results are preliminary,
and not directly relevant here, we consider the low-dipping foliation and
associated lineation in Pulver et al. (2002) Domain I to be S3 and L3,
respectively.

North of the CXIH, along the coastline near the village of Suao, Yeh
et al. (2016) and Yeh (1998, unpublished MS thesis) mapped two
penetrative foliations and associated stretching lineations similar to the
S2 and S3 fabrics recognized along the CXIH and SXIH. In the Suao area,
however, the fabrics have been rotated approximately 60° CW about a
sub-vertical axis, probably by opening of the Okinawa Trough during the
last 1 Ma (Angelier et al., 1986; Rau et al., 2008). After removing this
rotation, the older foliation recognized by Yeh (1998) strikes northeast
and the associated stretching lineation plunges gently SW. Yeh et al.
(2016) interpreted the associate kinematics as indicating LL shear,
consistent with S2 kinematics in the Tailuko Gorge area. The younger
foliation recognized by Yeh et al. (2016) strikes E-W and when unrotated
dips gently northeast similar to S3.

Between the CXIH and Suao, along the lower reaches of the Hoping
River, Jiao (1991, unpublished MS thesis) mapped two structural
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domains in the Tailuko Belt. Both domains are characterized by a
moderately north to northwest dipping foliation, that is locally mylo-
nitic, and a sub-horizontal stretching lineation. The domains are
differentiated, however, by the dip directions of the foliation; an eastern
domain is characterized by a foliation that generally dips north whereas
a western domain is characterized a foliation that generally dips
northwest. Jiao proposed that the different domains represented
different deformational events with the western domain preserving D1
structures and the eastern domain preserving D2 structures. Primarily
following Stanley et al. (1981)Jiao, 1991 interpreted these two events as
representing accretion and back-thrusting, respectively. Alternatively,
considering that the Hoping watershed marks the core of the orogenic
orocline in the northern Backbone Range (Fig. 1), the two domains may
preserve a single deformation with the western and eastern domains
representing the western and eastern limbs of the orocline. This inter-
pretation is supported by the fact that when the eastern domain is
rotated CCW to remove the oroclinal bending, there is good alignment of
both the foliations and lineations across the two domains.

Determining the sense of shear associated with S2 in the Hoping area
has been challenging and inconsistencies and different interpretations
exist (Jiao, 1991). In both domains recognized by Jiao (1991), however,
the stretching lineation consistently has a gentle plunge and the angle
between the lineation and the strike of the foliation (i.e., the rake) is
small (~ < 30°). The small rake angles argue for strike-slip faulting in
both domains unless there have been significant block rotations about
non-vertical axes. Although we have argued for rotations about a sub-
vertical axis, this type of rotation would not change the magnitude of
either the dip of the foliations or plunge of the lineations. We, therefore,
propose that the S2 and L2 fabrics are the result of strike-slip faulting
and that the eastern domain was rotated CW relative to the western
domain during oroclinal bending. We also examined outcrops of the
gneissic units along the Hoping River and the Guguzi Coastline and
identified various sense of shear indicators (e.g., asymmetric pyrite
pressure shadows, elongated clasts, and S-C fabrics) with the majority
indicating a left-lateral sense of shear.

Finally, the dominant fabric in the eastern two-thirds of the Tailuko
Belt along the orogen (recognized here and in previous studies as S2)
generally dips west to northwest whereas the dominant cleavage in the
western one-third of the Tailuko Belt (S2) and the Slate Belt, recognized
as S1 and locally as S2, generally dips east to southeast. This change in
dip across the orogen is often described as part of north-northeast
striking cleavage fan (Clark and Fisher, 1995; Tillman and Byrne,
1995; Fisher et al., 2007), although the fan is formed by two different
cleavages. Many authors have interpreted the change in dip as evidence
for back-folding or thrusting in which the dominant fabric is either tilted
(e.g., Faure et al., 1991), flipped (Zhang et al., 2020), or folded (Stanley
et al., 1981; Lu and Wang Lee, 1986; Faure et al., 1991) during east-
directed flow (Page and Suppe, 1981; Clark et al., 1992; Clark and
Fisher, 1995; Fisher et al., 2007). Stanley et al. (1981) also proposed that
S3 along the SXIH formed during this stage of back folding. Fisher et al.
(2007) interpreted the cleavage fan as reflecting the advection of rocks
through a change in regional stress states, induced by the regional-scale
geometry of a two-sided wedge. As far as we are aware, however kine-
matic indicators specifically associated with either back-folding or
thrusting have not been presented. Some authors have suggested,
alternatively, that the dominant cleavage in the Tailuko was tilted east
as the core of the Backbone Range was exhumed, perhaps very recently
(Crespi et al., 1996). This interpretation is supported by leveling data
across the range which shows a dome shape with decreasing rates of
uplift on both flanks of the range (Ching et al., 2011). A third alternative
is that eastward tilting of S2 may have occurred during vertical short-
ening related to exhumation as suggested by the late-stage development
and low dip of S3. Thus, the origin of the west dip of the dominant fabric
in the eastern two-thirds of the Tailuko Belt is debated. Our main
concern here, however, is that the dominant fabric in the Tailuko Belt,
S2, initially formed with a relatively steep, and probably vertical, dip.

Tectonophysics 833 (2022) 229332

Estimates of the age of metamorphism and particularly the age of
deformation structures has been difficult to constrain in part because
appropriate mineral compositions for dating are rare. Also, many of the
rocks appear to record multiple sets of deformation fabrics and meta-
morphic events (Wang and Yang, 1979) making it difficult to differen-
tiate pre- and post-collision/exhumation heating/cooling processes in a
quantitative way. Lo and Onstott (1995) carefully characterized the
phyllosilicates used for dating in the orthogneisses and showed that a
significant fraction was systematically recrystallized and/or replaced by
chlorite. They also interpreted second generation rims of phengite and
actinolite on hornblendes as Cenozoic age and applied “°Ar/3°Ar ages of
~6.4 Ma and ~ 7.8 Ma, respectively, for their growth. Also, Wang et al.
(1998) proposed that mylonitization of the orthogneiss (interpreted by
Jiao (1991) to be S2) occurred 3-4.1 Ma based on the *“°Ar/3°Ar ages of
relatively small biotite grains that grew during deformation below their
closure temperatures for argon (323-373°C, Wang et al., 1998). The
deformation temperatures during mylonitization were interpreted to be
~300° based on the dominance of brittle deformation in feldspar grains
while quartz was typically equigranular, suggesting complete recrys-
tallization. These young ages are consistent with “°K/*CAr ages of clay
fractions of white mica separated from sediments in the Tailuko Belt that
range from ~8 Ma to <1 Ma (Tsao, 1996), with completely reset fission
track and (U-Th)/He ages of zircon in the orthogneiss (Beyssac et al.,
2007) and with reset fission track and (U-Th)/He ages of detrital apatites
and zircons (Willett et al., 2003). They are also consistent with
“OAr/%Ar ages of 1.6 Ma (Chen et al., 2017b) of pseudotachylite filled
veins and faults that cross-cut the fabrics dated by Wang et al. (1998) in
the Hoping area.

2.3. Yuli Belt

The Yuli belt consists primarily of two tectonostratigraphic units: 1)
a lower grade quartz-mica schist and 2) a generally higher grade
“spotted” albite-quartz-mica pelitic schist that typically contains of a
variety of metamorphosed blocks of mafic and ultramafic rocks (Yen,
1963). The blocks and their surrounding pelitic schist have experienced
blueschist facies (i.e., “high pressure”) metamorphism at least locally.
The belt overall, however, is characterized by amphibolite to upper
greenschist facies metamorphism with peak temperatures and pressures
of about 400-550°C and 7-17 kbar, respectively (Liou et al., 1975; Liou,
1981; Chiang, 2003; Beyssac et al., 2008; Baziotis et al., 2017; Tsai et al.,
2013; Keyser et al., 2016). Early geochronologic studies of the belt
focused on *°K/*°Ar, “°Ar/*°Ar, and 8’Rb/%°Sr geochronologic dating of
the metamorphosed mafic rocks and suggested that the belt was mainly
metamorphosed during the late Cenozoic (Jahn and Liou, 1977; Jahn
et al., 1981; Lo and Yui, 1996; Yui and Lo, 1989), although it was often
suspected to have originated from a Mesozoic mélange, the same age as
the Tailuko Belt.

More recent dating, however, has shown rather convincingly that the
unit was deposited in the Middle Miocene or later, and that high-
pressure metamorphism occurred in the latest Miocene, followed by
relatively rapid exhumation in Plio-Pleistocene. For example, U/Pb
dating of magmatic zircons from the mafic igneous rocks at different
localities show consistent middle Miocene ages (15.4 +0.4 Ma to 16.0
40.2 Ma, Chen et al., 2017a; Tsai et al., 2013) and U/Pb dates of detrital
zircons separated from the matrix show distributions consistent with
deposition ages ranging from the Cretaceous to Mio-Pliocene (Chen
et al.,, 2016; Chen et al., 2017a). In addition, high-resolution Lu-Hf
garnet-whole-rock age of a garnet-amphibole schist records crystal
growth at 5.1 £1.7 Ma (Sandmann et al., 2015) and U/Pb dates of zircon
rims that are interpreted to record nephrite-forming metasomatism
around a serpentinite body at Fengtien suggest growth at 3.3 +0.7 Ma
(Yui et al., 2014). Taken together, these new dates support the inter-
pretation that the belt is a tectonic melange that formed along the
Southeast Asia margin, probably contemporaneously with the opening
of the South China Sea in the latest Cenozoic, just prior to, and possibly
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during the collision.

In contrast, much less research has focused on the structural history
of the Yuli Belt as the unit is generally poorly exposed and the limited
exposures suggested multiple, complex deformational events. Following
one of the most detailed previous studies (Lin et al., 1984) along the
Qingshui River in the central part of the Yuli Belt, we can recognize three
penetrative fabrics: 1) S1, which is typically parallel to and often ob-
scures lithologic layering, or depositional bedding (S0); 2) S2, which
often dips steep to moderate angles and parallels the axial surfaces of
tight to isoclinal folds of S1/S0; and 3) S3, which typically dips north at a
shallow angle and forms parallel to the axial surfaces of inclined or
recumbent folds of S2. Lin et al. (1984) also proposed that S1 generally
formed during prograde metamorphism whereas S2, and possibly S3,
formed during cooling. Although syn-kinematic strain fringes, rotated
porphyroblasts and spiral inclusion trails were recognized (Wang and
Yang, 1979; Lin et al., 1984, Lin, 1986; Keyser et al., 2016), no sys-
tematic study of kinematics associated with the various foliations was
presented. A relatively late-forming, shallow-dipping fabric was also
documented in mapping of the Yuli Belt in the Guangfu area (Vi et al.,
2012) and may be equivalent to the S3 fabric in the Chingshui River
area. Interestingly, mapping of structural fabrics along several river
sections in the adjacent Tailuko Belt (e.g., the Guangfu area, Vi et al.,
2012; the SXIH, Stanley et al., 1981; along the sea cliffs south of Suao,
Yeh et al., 2016) and in the eastern sections of the slate (e.g., SXIH, Clark
et al.,, 1992), and suggest that S3 is more regionally extensive than
previously appreciated. The possible correlation of the earlier fabrics (i.
e., pre-S3) in the Yuli Belt with S1 and S2 fabrics in the Tailuko and Slate
Belts remains unknown and certainly deserves to be investigated.

2.4. The contact between the Tailuko and Yuli Belts — The “Shoufeng
Fault”

Documenting the character, geometry, and kinematics of the
boundary between the Tailuko and Yuli Belts has been hampered by
limited exposures of the Yuli Belt and by the general overlap in
composition and metamorphic grade of the two units. Although our
primary focus is to understand better the deformation history of the
Tailuko Belt along the Shoufeng and Wanliqiao Rivers with a particular
emphasis on the zones of apparent high strain, the complementary
regional-scale, and along-strike observations, can provide additional
insights on the contact between the two belts. For example, the contact
has traditionally been considered to be a relatively wide structural shear
zone (Yen, 1963; Yi et al., 2012; Yui et al., 2012; Chen et al., 2017a),
although only recently has a relatively wide zone of deformation been
recognized (Yi et al., 2012). Yi et al. (2012) mapped the boundary as a
zone of deformation, up to 2 km wide, the “Daguan Schist” extending
from the Wanligiao River to the approximate latitude of Ruisui village in
the Longitudinal Valley (Fig. 1). The zone appears to record a high de-
gree of strain and includes zones of mylonitization. Although kinematic
data were not provided in Vi et al. (2012), we tend to interpret the zone
recorded significant left-lateral strike-slip ductile shearing, based on our
own field observations and those from Ho (2007, unpublished MS
thesis).

For the high strain zones along the Shoufeng and Wanliqiao Rivers
and along rivers and highways that we examined during several at-
tempts of reconnaissance fieldwork, the high strain zones generally
occur in gray or black schists that crop out east of the easternmost thick
marble unit. Because occurrence of extensive outcrops of marble being
attributed to the Tailuko Belt, one interpretation is that the shear zones
mark the contact between the two units, as Yi et al. (2012) suggested.
This generalization appears to break down along the CXIH, however,
because left-lateral deformation and associated high strain, marked in
part by the occurrence of sheath folds, occurs both east and west of the
main marble unit. Clark et al. (1992) also suggested that left-lateral
ductile deformation observed along the SXIH transitions from down-
dip stretching in the Slate Belt to along-strike stretching in the Tailuko
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Belt west of the main marble units. We propose, therefore, that left-
lateral shear is a characteristic feature of the Tailuko Belt and that the
contact with the Yuli Belt also is a left-lateral zone of deformation. More
detailed mapping of the Yuli Belt, which is characterized in part by the
occurrence of Late Miocene and younger detrital zircons (Chen et al.,
2017a), will test this hypothesis and provide critical insights into the
history of both belts.

3. Structural fabrics and paleotemperature data from the
Tailuko Belt

3.1. Structures along the Shoufeng and Wanligiao Rivers

The Shoufeng and Wanligiao Rivers in the central part of the eastern
slope of the Backbone Range provide good and rather continuous ex-
posures through over eastern half of the Tailuko Belt, yielding oppor-
tunities for correlating lithologic units and structural patterns in 2-D and
even 3-D views (Fig. 3). We, in particular the first author, completed
several mapping and sampling expeditions along both rivers over a
collective period of about 15 weeks, from 2007 to 2015, and 2018 to
2019 (Fig. 3) (e.g., Ho, 2015; Lee et al., 2019). Meso- and microscopic
observations show that the most penetrative fabric S2, which can be
regionally traced throughout the field areas, cuts SO/S1 (often crenu-
lated or folded at different degrees) and developed shear structures. SO/
S1 are only preserved residually in the microlithon domain of S2 and/or
in the hinge zone of D2 folds. Based mainly on these expeditions, Ho and
Lo (2015) mapped a re-folded, regional-scale fold near the headwaters
of the Shoufeng River; and documented the progressive development of
three penetrative fabrics, S1, S2 and S3. They also proposed that the fold
represented a type-1 and type-3 interference pattern (Fig. 3). We com-
plemented these studies with several field expeditions in 2018 and 2019
and focus here on characterizing: 1) the penetrative fabric that domi-
nates many of the outcrops along both rivers, S2, and 2) the high strain
zones that appear to be associated with S2 (Fig. 2a and b).

The outcrops along both rivers consist of inter-layered marble,
greenschist, and black schist, typical of the Tailuko Belt and expose both
meso-scale folds and zones of relatively high penetrative shear strain
(Fig. 2c and d). The dominant lithologic layering, which represents the
superposition of S2 on S1 and/or S2 on SO, dips steeply to moderately
west-northwest; that is, the teconostratigraphy generally forms a
northwest-dipping homocline. Local reversals in the apparent stratig-
raphy also suggest outcrop- to regional-scale isoclinal folds, although
these are relatively rare. Parts of the mapped sections interpreted as
zones of relatively high shear strain are characterized by a much greater
disruption of the local stratigraphy and a more penetrative foliation
relative to outcrops outside of shear zones. The zones also often display
lenses or stringers of quartz vein and marble in a highly foliated green-
or gray schist, suggesting relatively high strain. Multiple zones of
apparent high strain are exposed along both the Shoufeng and Wanligiao
Rivers (Fig. 3) and one or two of the zones may correlate between the
watersheds (Fig. 3). Detailed structural analyses, presented below,
suggest that the high strain zones are part of D2 deformation event.

Many of the outcrops along both rivers also display a low-dipping
foliation that crosscuts S2 (even at localities where S2 becomes a
shallow-dipping plane) and is identified as S3 (Ho and Lo, 2015).
Although not studied in detail, S3 appears to form a broad, antiformal
structure that plunges gently north to northeast. Normal faults, exten-
sional quartz-filled veins, and recumbent folding of S2 with S3 forming
an axial planar cleavage suggest a possible transition to sub-vertical
shortening and NE extension at the shallow crust levels.

Foliation, lineation and kinematic data associated with S2 were
collected along both rivers where ever possible, yielding approximately
600 structural measurements. Approximately 400 oriented slabs of rock
samples ranging from 1 kg to 5 kg were also collected for more detailed
laboratory analyses. The stretching lineation L2 on the dominant folia-
tion S2, was identified in the field by a variety of features, including
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Fig. 3. Detailed geologic maps and profiles with structural data and sample locations in the (a) Shoufeng and (b) Wanliqiao River areas. Stereonets show dominant
fabric and associated lineation (interpreted as S2 and L2, respectively) in zones of apparent high shear zones and wall rocks. Note tighter clustering of lineations in
high strain zones and slight deflection of fabric strikes (highlighted by lens-shaped patterns within the zones of high strain. See index map in Fig. 1 for the location of

the sites. Unit Yl represents Yuli Belt; all other units are Tailuko Belt.

flattened and elongated quartz clasts (Fig. 2d), S-C fabrics (Fig. 2e),
pressure fringes (Fig. 2f), and clusters of elongate phyllosilicates. The
stretching lineation, L2, is inferred to represent X of the long axis of the
strain ellipsoid associated with development of S2 fabrics, where X > Y
> Z; note that S2 is inferred to represent the X-Y plane. In cases where it
was not possible to recognize or identify L2 in the field, oriented samples
were cut parallel to S2, which typically exposed L2. Field and laboratory
measurements of S2 and L2 were then tabulated and plotted on stereo-
nets. All oriented samples were also cut parallel to the stretching line-
ation and perpendicular to S2; that is, parallel to the X-Z plane. These
slabbed surfaces and thin-sections were used to characterize S2 and L2,

to measure the orientations and aspect ratios of quartz and feldspar
grains, and to document the kinematics (sense of shear) associated with
S2.

3.2. Structural fabric data

Along both Shoufeng and Wanliqiao Rivers, S2 dips generally WNW
and L2 and plunges gently NE, although the both data sets show
dispersion. The wide dispersion appears to decrease significantly in the
areas of inferred high strain. For example, outside the zones considered
to represent high strain the trend of L2 ranges from 280° to 80°, whereas
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in the high strain zones L2 ranges from 030° to 060° (Fig. 3). The poles to
S2 show a similar tightening within the zones of inferred high strain.

The aspect ratios of siliceous phases (primarily quartz and feldspar)
inside and outside the zones of apparent high strain also show systematic
changes. The ratios were measured using black-and-white photographs
of thin-sections and slabs parallel to the X-Z plane (Stipp et al., 2002).
Ratios were calculated using the SURFOR method (Panozzo, 1987)
where the number of grain boundary intercepts are plotted radially
resulting in a sinusoidal curve. A total about 800 pictures were taken
from oriented slabs in order to analysis aspect ratios. Image processing
were then enhanced by Adobe Photoshop and calculated on grain
boundaries with Image-Pro Plus. The difference between the trough and
crest represents the fabric aspect ratio and the coordinates are taken as
the orientations of the long and short axes of the fabric ellipse. Inter-
estingly, samples collected from the zones of inferred higher strain are
significantly higher with an average ratio of 1.95 +0.30 (see Appendix
A) than samples from outside the zone which yield an average ratio of
1.59 +£0.15 (Fig. 4, see Appendix A). These results are consistent with
field-based interpretation that the zones represent areas of relatively
high strain.

Observations of thin-sections, slabbed surfaces and outcrops parallel
to the X-Z plane were all used to document the kinematics, or sense of
shear, associated with S2. Kinematic indicators in the zones of relatively
high strain are particularly well-developed, including asymmetric folds,
strain fringes around pyrite ore magnetite, S-C structures, imbricated
layering, R and R’ shears, sigmoidal core-and-mantle structures and
insolvable residues associated with pressure solution. In cases where the
asymmetry could be determined, 80-90% indicated a left-lateral sense
of shear. This result is consistent with kinematic analyses outside the
high strain zones farther north within the Tailuko Belt in the Hoping
River and Tailuko Gorge areas (e.g., Jiao, 1991; Pulver et al., 2002) and
with quartz/chlorite shadows around pyrite framboids in the Slate Belt
near the Tailuko Belt along the SXIH (Clark and Fisher, 1995). Conand

Fig. 4. Aspect ratios (geometric long/short axes) of grains measured in XZ
sections (see text) and structural fabric data and from zones of inferred high
strain (pink) and wall rocks (blue) along the Shoufeng and Wanrung River
areas. Means and standard deviations are also shown. Stereonets show trend
and plunge of stretching lineations in and outside of zones of high strain. The
zones of inferred higher strain have higher aspect ratios and tighter clustering
of lineations, consistent with higher shear strain in these zones. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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et al. (2020) have also recently documented significant left-lateral
deformation in part of the southern Backbone Range. The results pre-
sented here are consistent with those from Conand et al. (2020),
although we propose that the left-lateral ductile D2 deformation is
concentrated in the metamorphic core, especially in the eastern half of
the Tailuko Belt, and that it is no longer active. In contrast, Conand et al.
propose that the style of deformation changed from concentrated strike-
slip to more distributed deformation associated with transtension, a
deformation event probably later than D2 event in the metamorphic
core.

3.3. Illite crystallinity and paleotemperature

Approximately 91 samples of fine-grained phyllite were also
collected in the areas of the Shoufeng and Wanligiao Rivers for illite
crystallinity (IC) analysis. The locations of the samples are widespread
across the Tailuko Belt (Fig. 3), including the zones of apparent high
strain. To measure accurate IC values, uniform sample preparation is
necessary, and we followed procedures developed by Kisch (1990). The
samples were washed and dried, then disaggregated with a jaw crusher
and sieved (<100 mesh). About 20 g of the sieved clay minerals were
stirred into 250 ml deionized water, and additional disaggregation was
achieved with an ultrasonicator for 30 min. To remove the influence
from detrital muscovite, 2-pm clay size fractions were separated by
gravity, settling for ~3.5 h. The supernatant was dripped on a small
glass section and dried in a low temperature (< 50°C) oven. Once dry,
the mounts were scanned from 5° to 15° 20, with scan rate at 1° 20/min
by CuKa scintag X-ray powder diffractometer at National Cheng Kung
University. A calibration curve was established by scanning the standard
specimens from Tsao (1996) and Kisch (1990). IC values were deter-
mined automatically, measured as FWHM of the illite (001) peak by
Jade software (Jade Software Corp., Jacksonville, FL, USA).

The IC values from the two field areas (i.e., Shoufeng and Wanligiao
Rivers) range from 0.15 to 0.34 A°20, with a mean of 0.23 +0.04 (n =
91) and are consistent with previous studies of illite crystallinity else-
where in the Tailuko Belt. However, the spread in IC values is noticeably
higher. For example, a regional-scale study by Tsao et al. (1992),
following similar sample and processing techniques, yielded relatively
uniform values ranging from 0.19 to 0.23 and a mean of 0.21 +0.01. To
better understand the wide range in IC values, we separated the samples
into two groups: 1) samples from the field-identified shear zones (SZ, see
Appendix B) and 2) samples classified as wall rock (WR, see Appendix
B). The resulting histograms show distinct groups with lower IC values
characterizing the samples from the shear zones (Fig. 5).

Illite crystallinity values are commonly used as a geothermometer
(Kubler, 1968), although weathering, circulating fluids, and deforma-
tion can modify IC values, masking or altering initial temperatures. With
these caveats, we correlated the IC values with temperature based on the
work of Verdel et al. (2011) and Merriman and Frey (1999). This cor-
relation suggests that the Tailuko Belt in the Shoufeng and Wanliqiao
areas experienced paleotemperatures up to 400°C. In addition, higher
paleotemperatures (50°C higher on average) are more common in zones
characterized by relatively high shear strain (Fig. 5). We interpret these
slightly higher paleotemperatures to reflect heating by hot fluids during
or after the zones formed or by frictional heating related to slip during
deformation.

The maximum paleotemperatures from the Shoufeng/Wanligiao
area are generally consistent with previous studies of IC values along the
CXIH and SXIH (Tsao, 1996) and with a regional-scale study of IC that
Chen and Wang (1995) used to construct the metamorphic facies map of
Taiwan (Chen and Wang, 1994). The maximum temperatures inferred
from the IC data for all three studies are noticeably lower than the
maximum temperatures interpreted from RSCM along these two high-
ways. For example, RSCM data from the central part of the CXIH, near
the village of Tienshiang, indicate maximum temperatures close to
500°C. One possibility is that these higher temperatures also reflect
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Fig. 5. Histograms and normal distribution of illite crystallinity values with
means and standard deviations from the zones of inferred high strain (pink) and
wall rocks (blue). Paleotemperature bar is compiled from Merriman and Frey
(1999) and Verdel et al. (2011) and suggests higher paleotemperatures in the
zones of inferred high strain relative to the wall rocks; for example, ~400°C in
zones of high strain versus less than 300°C in wall rocks. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

strain heating or the migration of fluids during or after deformation.
Alternatively, because the RSCM-based maximum temperatures are
consistently higher, even at lower metamorphic grades, the different
techniques may be measuring maximum temperatures at different times,
from events in the source areas to burial metamorphism to recrystalli-
zation during deformation. At present, we are not able to differentiate
these different possibilities.

4. Field studies of the Tailuko Belt at different latitudes

To understand the possible regional significance of the left-lateral
deformation and the high-strain zones recognized along the Shoufeng
and Wanligiao Rivers, we examined outcrops in four additional areas at
the different latitudes along strike in the eastern Backbone Range: 1) the
lower reaches of the Hoping River and along the Guguzi Cliffs; 2) the
CXIH; and 3) the SXIH, including the nearby Dalun and Xinwulu Rivers;
and 4) the Taimali River. In all four areas S2 and L2 were identified in
outcrops and/or oriented samples, and the sense of shear was docu-
mented where possible.

4.1. The lower reaches of the Hoping River and along the Guguzi Cliff

We examined outcrops along Hoping River and Guguzi Cliffs, coastal
cliffs a few km south of the mouth of the Hoping River, that expose
orthogneiss with a variably developed mylonitic fabric. In both areas the
fabric dips moderately north and displays a well-developed stretching
lineation that plunges gently west-southwest (see also Korren et al.,
2017). The fabric and lineation are interpreted to be S2 and L2,
respectively (Jiao, 1991, discussed above). The outcrops along the
Hoping River also expose well-studied examples of pseudotachylite-
filled faults and veins that cross-cut the mylonitic fabric (Korren et al.,
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2017). In both areas, we collected as many kinematic indicators as
possible on the X-Z plane of strain for D2. About 80% of the features
yielded a left-lateral sense of shear (Fig. 1).

4.2. Outcrops along the central cross-island highway

Penetrative S2 and L2 are well-developed in the Liwu River along the
CXIH where Lu and Wang Lee (1986) identified F2 sheath folds and
Pulver et al. (2002) documented the transition from down-dip to strike-
parallel shear. We examined multiple rock surfaces parallel to the
inferred XZ planes associated with S2 and our kinematic indicators
showing a left-lateral sense of shear consistent with Pulver et al. (2002)
and Faure et al. (1991). The areas of left-lateral ductile shear extend
from 1 to 2 km west of Loshao, through the area around Tienshiang to
near the Buluwan Village. That is, rather than distinct zones of
concentrated deformation, left-lateral ductile deformation appears to be
characteristic feature of the entire Tailuko Belt in this area. Interest-
ingly, left-lateral ductile deformation is recorded on both limbs of the
“cleavage fan” just west of Loshao that in this area is defined changes in
dip of S2, arguing that tilting or folding of S2 occurred after rocks were
deformed by D2/S2 (Pulver et al., 2002; Faure et al., 1991).

We also examined outcrops in domain I (i.e., the eastern part of the
Tailuko Belt) of Pulver et al. (2002) and recognized a gently north
dipping penetrative foliation S3 that cross-cuts a steeply plunging, iso-
clinal D2 fold. On the limbs of this fold, the low-dipping foliation S3 is
axial planar to generally cylindrical folds with gently plunging axes. In
the hinge area, however, the intersection of the gently dipping cleavage
S3 with the steeply plunging D2 folds produces a dome-and-basin
interference pattern. This is the main reason why we interpret the
low-dipping foliation as S3, and, although not relevant here, propose
that Pulver et al. (2002) misidentified S1 in this area.

4.3. Outcrops along the south cross-island highway

Stanley et al. (1981) first reported the history of metamorphic fabrics
and the development of ductile shear zones along the SXIH and Xinwulu
River, although kinematic indicators were not recognized at that time.
In our complementary fieldwork, we were able to revisit outcrops of
Stanley’s “imbricate thrust zone” that separates the Yuli and Tailuko
Belts (stop 4, Fig. 1 and map in Fig. 3, Stanley et al., 1981). The zone
displays a northwest, moderately dipping S2 in green and black schists
as well as structural features suggestive of high strain (e.g., stringers and
lenses of quartz, R and R’ shears, outcrop-scale imbricate horses, and a
relatively well-developed foliation). We also identified a sub-horizontal
stretching lineation, L2, associated with S2. The outcrop surfaces par-
allel to L2 and perpendicular to S2 display numerous asymmetric
structures, for example, the strain fringes, S-C fabrics, and R and R’
shears. About four fifths of our observations from the zone indicate a
left-lateral sense of shear. We also expanded our reconnaissance field
observations along-strike by incorporating observations from the Dalun
River, which drains north and feeds into the Xinwulu River (see also
Fig. 3, Stanley et al., 1981). These exposures provided additional sense
of shear indicators (e.g., asymmetric pyrite pressure shadows and
sigmoidal en échelon quartz veins) showing consistent left-lateral shear.

4.4. Structures along the Tamali River

This southernmost transect along the Tamali River comprises Eocene
to Miocene cover rocks of the Pilushan, Lushan and Chaochou Forma-
tions that have been correlated with units in the Slate Belt to the
northwest. The lithologies and sedimentary features suggest different
depositional environments for at least some of the sequences. For
example, some of the units suggest deposition by turbidity currents and
may have been deposited in relatively deep water compared to the
continental shelf deposits in the Slate Belt. In any case, mapping along
the Taimali River shows three tectonostratigraphic units separated by
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relatively large (meters to tens of meters) zones of high deformation. The
tectonostratigraphic units are characterized by different fabric geome-
tries and intensities. The western and central units display a slaty-like
cleavage that dips moderately although the dip directions are
different; in the western unit, the cleavage dips east-southeast whereas
in the central unit the cleavage dips southwest. The cleavage in the
eastern unit is more schistose and dips gently, forming a gentle, north-
trending dome.

The two deformation zones separating the three tectonostratigraphic
units are intensely deformed by brittle structures with both strike-slip
and normal faults. A paleostress analysis shows that both zones record
an early phase of left-lateral strike-slip faulting along generally steep,
north-striking surfaces, overprinted by normal faulting along new or
reactivated slip surfaces that are also generally north striking.

Importantly, these newly recognized zones of deformation project
northward to the eastern and western boundaries of the Tailuko Belt
(Mesalles, 2014). We, therefore, propose that the zones of brittle, strike-
slip deformation correlate with the ductile strike-slip shear in the Tai-
luko belt but represent deformation at higher structural levels where
ambient temperatures are expected to be lower. The occurrence of more
schistose rocks east of the eastern shear zone suggests a correlation with
the Yuli Belt and is consistent with the hypothesis that strike-slip
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deformation occurred in both the metamorphic basement and the
overlying sedimentary cover.

5. Discussion and conclusions

New field and structural data presented here, integrated with com-
plementary data along strike at the different latitudes in the meta-
morphic core, particularly the Paleo-Mesozoic Tailuko Belt, suggest a
consistent pattern of left-lateral strike-slip deformation along the entire
length of the orogen. This regional-scale deformation was accommo-
dated by 1) ductile deformation and mylonitization at mid-crustal levels
and 2) brittle deformation and CCW block rotations at upper-crustal
levels. This regional deformation appears to have occurred in the lat-
est Pliocene (~ 4.1 to 3 Ma) based on “OAr/3°Ar ages of mylonitic shear
zones (Wang et al., 1998).

A generally similar deformation history was previously recognized
by several researchers, such as Clark (1994), Clark et al. (1992), Pulver
etal. (2002), and Mondro et al. (2017), although Pulver et al. (2002) and
Mondro et al. (2017) argued for a component of lateral extrusion and
Clark (1994) and Clark et al. (1992) presented limited kinematic data
from the Tailuko Belt. Conand et al. (2020), Mouthereau et al. (2019)
and Malavieille et al. (2019) presented evidence of orogen-scale strain

Fig. 6. 3-D tectonic model showing strain partitioning during highly oblique plate convergence (large red arrow). Oblique convergence is partitioned into a generally
down-dip component, evidenced by down-dip stretching in the Slate Belt (yellow ellipse on SB) and an along-strike component, evidenced by along-strike stretching
in the Tailuko Belt (yellow ellipse on TB). The moderately plunging yellow ellipse between SB and TB presents the transition in lineation plunge between the two
belts (see text). Sheath folds are also depicted schematically on TB. The inset shows the relation between ductile shear in the Tailuko Belt and block rotations
observed in southern Taiwan. Left-lateral shear is interpreted to be recorded by ductile fabrics in the Tailuko Belt and by block rotations at shallower structural levels.
This deformation is also interpreted be contemporaneous with development of the Slate Belt. See index map in Fig. 1 for the general view direction of the 3-D model.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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partitioning in the Taiwan orogen; however, their interpretations inte-
grated past and present kinematic data. Here, we argue for a distinct
phase of strain partitioning that ended younger than 3 Ma, whereas
strike-slip deformation was limited to the Tailuko Belt and structurally
shallower sedimentary units to the south (e.g., the sedimentary cover
rocks and Slate Belt, of southern Taiwan).

At an island-wide scale, left-lateral strike-slip deformation occurred
in the metamorphic core of the orogen is nearly contemporaneous with
deformation in the Slate Belt west of the metamorphic core, although the
kinematics are substantially different. For example, the Slate Belt in-
corporates sediments of Middle to Late Miocene age and syn-kinematic
veins of muscovite and corrensite yield ages range from 6 to 2.5 Ma
(Chen et al., 2016). Importantly, this age range includes the “°Ar/3°Ar
ages of the mylonization in the Tailuko Belt (3-4.1 Ma, Wang et al.,
1998) and is compatible with the age of the pseudotachylite veins that
cut the mylonites (Chen et al., 2017b). The kinematics of the deforma-
tion in the western Slate Belt, however, indicate top-to-the west-north-
west thrusting and imbrication with limited evidence of strike-slip
deformation. To reconcile the overlap in ages of deformation and the
differences in kinematics, we propose that during the late Pliocene,
highly oblique plate convergence was partitioned into orogen-parallel
and orogen-perpendicular components (Fig. 6).

Oblique plate convergence and partitioning in the early Taiwan
orogen are consistent with nearly all of the more recent plate re-
constructions for the late Cenozoic. A fundamental constraint on all of
the reconstructions is the northward motion of the Philippine Sea Plate
relative to Eurasia throughout much of the Cenozoic which implies
significant left-lateral motion along the Eurasian margin. Essentially all
of the reconstructions also show a change in motion of the Philippine Sea
Plate from its earlier northward motion to a west-northwest direction in
latest Cenozoic. Although the timing of this change in motion is not well
constrained, the most recent, and arguably the most thorough evalua-
tion of the motion of the Philippine Sea Plate, argues for a change in
motion less than 2 Ma. The data presented here are consistent with this
very recent change in motion of the Philippine Sea Plate with respect to
Eurasia.

We also need to address any first-order deformational features that
post-date the D2 deformation event, characterized primarily by S2 a
penetrative foliation that dominates most outcrops of the Tailuko Belt,
and reconcile any consequences these later events may have had on S2.
In particular, S3 is a regionally extensive and, at least locally, a pene-
trative fabric that deforms or overprints on S2. Although S3 has not been
studied in detail, that the authors are aware of, it consistently dips gently
northwest or northeast. The low dip of S3 argues for significant vertical
shortening and/or substantial sub-horizontal stretching. The only rela-
tively abundant strain indicators associated with S3 are a suite of quartz-
, calcite- and locally adularia-filled veins that developed late in the
history of D3/S3 (Chojnacki et al., 2019). The veins consistently strike
northwest and dip steeply, indicating northeast-southwest extension.
Kinematic indicators are more limited and suggest both top-to-the
northeast and top-to-the southwest parallel to S3. Based on these
rather limited observations we propose that vertical shortening and
possibly to-top-the-northeast shear deformed S2 from its initial vertical
orientation to a more moderate dip. We prefer a top-to-the northeast
shear because an initially vertical shear zone would rotate clockwise
(viewed to the north), resulting in a northwest dip, which is what is
observed today. The obliquity of the shear during D3, relative to the
more northerly striking S2 shear zone, may have resulted in a series of en
echelon segments (Fig. 1) rather than a through-going shear zone one
would expect initially. Our regional reconstruction therefore depicts a
vertical shear zone that generally strikes 030.

Additional deformation events that may have affected the strike-slip
regime that characterizes the main ductile deformation in the Tailuko
Belt, include structures associated with the deformation and emplace-
ment of the Yuli Belt. This belt includes ‘exotic’ mafic blocks that pre-
serve evidence of high-pressure metamorphism (~50 km, Baziotis et al.,
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2017; Keyser et al., 2016; Tsai et al., 2013) and limited geochronologic
data suggest peak metamorphism occurred 6 to 5 Ma (Sandmann et al.,
2015). This unit was subsequently juxtaposed against the Tailuko Belt,
possibly during the oblique convergence described here, but the process
(es) and associated accommodating structures responsible for this
juxtaposition have not been identified. The Yuli Belt is also character-
ized, at least in part, by a low-dipping, penetrate foliation that may be
equivalent to S3 recognized in the Tailuko Belt. The role that this fabric
played in exhumation of the Yuli Belt, and/or the Tailuko Belt, has not
been evaluated. The processes associated with uplift and exhumation of
the Tailuko Belt, relative to the nearby western and eastern slate belt,
are also unknown.

The boundary between two metamorphic belts has previously been
reported as the Shoufeng Fault (Yen, 1963). However, as discussed
above, the actual location, motion, and kinematics associated with the
Shoufeng Fault are topics of active research (e.g., Yi et al., 2012; Ho,
2015; Lee et al., 2019). More detailed work, including constraining the
maximum age of depositional units using detrital zircon U-Pb dating
may show that the high strain zones recognized in this study close to the
Tailuko-Yuli contact are the “Shoufeng Fault” (Yui et al., 2012; Chen
et al., 2017a). Additional finite strain data may also illuminate new
shear zones equivalent or complimentary to the Shoufeng Fault.

Finally, the orogenic orocline in northeastern Taiwan, where the
mylonitic rocks of the Tailuko Belt bend nearly 70-80° CW relative to
the core of the orogen documents relatively young, regional-scale
deformation. In fact, many of these late fabrics and structures may be
related to the transition from a regime dominated by strain partitioning
during oblique plate convergence in the Pliocene to a regime dominated
by orogenic shortening and uplift in the Pleistocene.
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