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Tectonic exhumation of a metamorphic core 
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Abstract 

Observations over the last few decades from a number of orogenic systems have highlighted the possible impor‑
tance of tectonic exhumation, i.e., ductile thinning and normal faulting, in exhuming rocks once buried in high-
pressure conditions. Taiwan is one of the few active orogens in the world where rocks that once experienced high-
pressure metamorphism (> 50 km) are exposed at the Earth’s surface, providing a natural laboratory for advancing our 
understanding of exhumation processes. We integrate previously published studies of the Taiwan orogen with new 
structural, geochronological, and fluid inclusion microthermometry data to argue that tectonic extrusion and struc‑
tural thinning played a critical role in exhuming the metamorphic core of the orogen until very recently, ca. 0.7 Ma. 
We propose a two-stage process for exhuming the high-pressure metamorphic rocks of the Yuli Belt: an initial stage 
where exhumation is driven primarily by pressure gradients in a subduction channel and a second stage that is ini‑
tiated as an orogen-parallel regional-scale strike-slip zone, the Tailuko shear zone, is offset by an orogen-normal 
strike-slip zone. The offset generates an extensional bend that is filled with extruding high-pressure rocks as the upper 
crust is structurally thinned. Evidence for tectonic thinning comes primarily from a low-angle penetrative foliation 
that records significant vertical shortening and a suite of sub-vertical late-stage, mineral-filled veins. Isotopic dating 
indicates that the second stage started ca. 2.4–3.1 Ma and ended at ca. 0.7 Ma when the northern Backbone Range 
orocline started to form. We propose the low-angle foliation formed in the footwall of a regional-scale extensional 
shear zone that rooted to the east, beneath the forearc. Combined tectonic and erosional processes may have limited 
the topographic growth of the orogen from ~3.0 to < 1.0 Ma.
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1  Introduction
Geologic processes that exhume metamorphic rocks to 
the Earth’s surface include erosion, normal faulting, and 
ductile deformation that thin the Earth’s crust. Erosion 
is relatively well understood and documented in many 
orogenic systems worldwide and, when integrated with 
appropriate material flow paths in the orogen, can be the 
primary exhumation process (Malavieille 2010; Willett 
et al. 2003). Observations over the last few decades from 
a number of orogens have highlighted, however, the pos-
sible importance of ductile thinning and normal faulting 
(Platt 1993; Grujic et al. 1996; Ring and Kumerics 2008; 
Ring and Brandon 1999). These recent observations raise 
several key questions about the relative importance of 
tectonic versus erosional processes in orogenesis.

The orogenic belt in Taiwan is well suited to better 
understand tectonic exhumation because it is relatively 
accessible, displays both late-stage normal faults and a 
low-dipping ductile fabric, and is one of the few active 
orogens in the world where rocks that once experienced 
high-pressure metamorphism (> 50 km) are exposed at 
the Earth’s surface (Jahn et al. 1981; Lan and Liou 1981; 
Liou 1981). The nature of on-going and rapid exhuma-
tion of the metamorphic core of Taiwan, by either ero-
sion or structural processes, is, therefore, fertile ground 
for inquiry (e.g., Suppe 1981; Kirstein et  al. 2009; Wil-
lett et al. 2003; Malavieille and Trullenque 2009; Dadson 
et al. 2003).

Here, we integrate previously published studies of the 
Taiwan orogen with new structural, paleotemperature, 
and geochronological data to argue that tectonic exhu-
mation (e.g., extrusion and tectonic thinning) has been 
under-appreciated in the Taiwan orogen and propose 
that it played a critical role in exhuming the metamor-
phic core of the orogen until very recently, ~0.7 Ma. 
Specifically, we focus on late-stage structures generally 
associated with the ductile–brittle transition in the meta-
morphic core. The primary late-stage structures recog-
nized in the core are a low-dipping penetrative foliation 
of variable intensity and mineral-filled veins (primar-
ily quartz and calcite and locally adularia) that generally 
occur perpendicular to the penetrative foliation. Ductile 
normal-sense shear zones and normal faults lined with 

pseudotachylite are also included in the suite of late-stage 
structures associated with the ductile to brittle transition. 
The veins and low-dipping foliation have been recog-
nized throughout the eastern Backbone Range, includ-
ing the Tailuko and Yuli Belts and significant portions 
of their sedimentary covers, the Backbone Slate Belt and 
the Eastern Slate Belt, respectively. However, the ductile 
normal faults and pseudotachylite appear restricted to 
the northern Backbone Range. Structures that may have 
formed in the shallow crust (<  3–5 km) above the duc-
tile–brittle transition, for example, joints and zones of 
localized brecciation or cataclasis, are not included.

We propose a two-stage process for exhuming the 
high-pressure metamorphic rocks of the Yuli Belt. Dur-
ing the initial stage, exhumation is driven primarily by 
pressure gradients in a subduction channel, possibly 
enhanced by partial subduction of continental crust. 
This process causes the rocks to be tectonically extruded 
up the subduction channel with vertical and horizontal 
components. The second stage is initiated as a margin-
parallel, left-lateral strike-slip system is offset, forming 
a left-stepping extensional bend or pull-apart zone. The 
extruding high-pressure rocks fill this extensional zone, 
as the hanging wall is structurally thinned. The addition 
of tectonic processes in removing rock from the orogen 
may explain the unusually fast rates of exhumation pre-
served in low-temperature thermochronological data, 
starting at 2.5–2.0 Ma. Combined tectonic and erosional 
processes may have also limited the topographic growth 
of the orogen from ~3.0 to < 1.0 Ma.

2 � Tectonic setting
The development of the arc-continent collision in Tai-
wan is commonly described as a propagating collision 
with the north-trending Luzon arc, sitting on the west-
ern edge of the PSP, as it moves toward ~315°, colliding 
with the ENE-trending passive margin of Eurasia (Teng 
1990) (Fig. 1). These geometries and kinematics predict a 
southwest propagating collision (Suppe 1984), suggesting 
a space–time equivalence along the strike of the orogen. 
In this context, the orogenic system in the northeast is 
interpreted to be older or more mature than the south-
west system. Several authors have also used this unique 

(See figure on next page.)
Fig. 1  Tectonic and geologic settings of Taiwan. A Plate tectonic setting showing northwest convergence between the Philippine Sea and Eurasian 
Plates (PSP and EUR, respectively) at ~7.8 cm/yr (yellow arrow). Gray triangle in northern Taiwan shows Ryukyu block (RYUK), which is rotating 
CW ~47°/Myr, red arrow, based on GPS data (Rau et al. 2008). Yellow star represents subduction reversal inflection point. B Geologic map 
of Taiwan (modified from Lin and Chen 2016). Units in color are discussed in the text. Note 50° change in orientation of cleavage and 48° change 
in orientation of late-stage veins north of the orocline C relative to veins south of the orocline D is consistent with instantaneous CW rotation 
of the RYUK block and suggests rotation started ~1 Ma. OT: Okinawa Trough. RA: Ryukyu Arc. LV: Longitudinal Valley. Stereonets and all subsequent 
nets are equal-area, lower hemisphere projections
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setting and the approximate balance between erosion and 
accretion to argue that the orogen has achieved a steady 
size and shape during the last few million years (Willett 
et al. 2003; Suppe 1981; Fuller et al. 2006).

However, the propagating collision model for Taiwan, 
interpreted from map patterns and plate kinematics, 
appears to mask a more complicated collision involving 
flipping subduction, back-arc spreading, and orogenic 
oroclines. For example, in the south, the Eurasian Plate 
dips east and subducts beneath the Philippine Sea Plate, 
whereas, in the north, the Philippine Sea Plate dips north 
and subducts beneath the Eurasian Plate and the north-
ern Backbone Range of Taiwan. Refraction data (Van 
Avendonk et  al. 2015; Ustaszewski et  al. 2012) and the 
identification of subducted slabs using global tomogra-
phy (Wu et al. 2016) show the Eurasian lithosphere dip-
ping approximately 60° beneath southern Taiwan and 
nearly 90° beneath northern Taiwan. Patterns of seismic-
ity and earthquake focal mechanisms in northern Taiwan 
also suggest that the PSP is impinging on the subducted 
Eurasian Plate (Lallemand et al. 1999, 2013; Ustaszewski 
et  al. 2012). Together, these data argue for a reversal in 
the subduction polarity with the inflection point in cen-
tral Taiwan (von Hagke et al. 2016) (Fig. 1).

The orientation of the plate boundary relative to the 
convergence vector also changes dramatically from south 
to north, adding to the complexity of the orogen. In the 
south, the plate boundary is at a high angle to the vec-
tor, which trends ~315°. In the north, however, the plate 
boundary trends east–west along the Ryukyu Arc and is 
at a much lower angle to the convergent vector. Subduc-
tion of the Philippine Sea Plate beneath the Ryukyu Arc 
has also generated back-arc spreading in the Okinawa 
Trough, starting as recently as 1.5 Ma (Fig. 1) (Osozawa 
et al. 2012; Sibuet et al. 1998, 2021). After a period of rel-
ative quiescence, ending ~1.0 Ma, extension in the back-
arc propagated westward to Taiwan (Sibuet et al. 1995). 
This active rift forms the Yilan Plain in northern Taiwan, 
separating the northeasterly trending Hsüehshan Range 
from a more easterly trending Backbone Range (e.g., see 
change in strike of foliations in Fig. 1).

GPS data north and south of the Yilan Plain are also 
consistent with propagation of back-arc spreading 
between the two ranges and clockwise rotation of the 
northern Backbone Range, forming an active orogenic 
orocline (Fig.  1B) (Rau et  al. 2008; Hu et  al. 2002). Rau 
et  al. (2008) used GPS data and a block rotation model 
(Mccaffrey 2002) to define 11 blocks in northern Taiwan, 
with the “RYUK” block representing the eastern limb of 
the orocline (Fig.  1). The block model shows the RYUK 
block rotating clockwise 47° +/− 7.8°/Myr. Using this 
modern rotation rate and the ~50° difference in strikes 
of the southern and northern limbs of the orocline, i.e., 

the central and northern extents of the Backbone Range 
(Fig.  1), we propose that the orocline started to form 
~1.0 Ma. This age of orocline initiation is consistent with 
the transition from compression to extension in northern 
Taiwan at ~0.8 Ma (Teng et al. 2001; Lee and Wang 1988) 
and the initiation of sediment deposition in the Taipei 
Basin at 0.4  Ma, an analogous basin to the Yilan Plain 
(Wei et al. 1998; Teng et al. 2001).

The development of the orocline in the northern Back-
bone Range < 1 Ma also provides critical temporal con-
straints on the structural fabrics that occur within and 
outside of the orocline. The orocline is particularly con-
spicuous on regional-scale geologic maps of Taiwan, 
where the strike of the dominant fabric in the Tailuko 
Belt changes from ~020° to ~070° in the northern part 
of the range (Fig.  1). A low-velocity crustal root in the 
northern part of the range mimics the surface geology 
(Huang et al. 2014), suggesting that the orocline is a crus-
tal-scale feature. In more detail, Ho et al. (2022) proposed 
that the dominant fabrics in the Tailuko Belt, defined by 
a penetrative foliation, S2, and lineation, L2, follow the 
map-scale pattern and, therefore, appear to be deformed 
by the orocline. This interpretation is consistent with 
40Ar/39Ar ages of syn-kinematic biotite grains from a S2 
mylonite zone that range from 4.1 to 3.0 Ma (Wang et al. 
1998). In the following sections, we follow a similar logic 
and propose that late-stage structures in the metamor-
phic core formed between 3.0 and 1.0 Ma because they 
cross-cut D2 in the Tailuko Belt and are deformed by the 
orocline. For example, the orientation of late-stage veins 
north of the orocline axis shows an apparent clockwise 
rotation of 47° relative to late-stage veins south of the axis 
(Fig. 1).

3 � Geologic background
The steady subduction of the Eurasian lithosphere 
beneath the Luzon Arc resulted in the progressive imbri-
cation and accretion of rocks with oceanic and conti-
nental affinities, forming the Taiwan orogen (Fig. 1) (Ho 
1988; Teng 1990). The Tailuko Belt, characterized pri-
marily by phyllites, schists, marble, and granitic bodies, 
and the Yuli Belt, characterized partly by high-pressure 
metamorphism, represent the metamorphic core of the 
orogen. These belts, however, have strikingly different 
depositional, structural, and metamorphic histories and 
are separated by the enigmatic Shoufeng Fault (Fig.  1) 
(Yen 1963; Ho and Lo 2015). The Tailuko Belt is primarily 
Mesozoic and is overlain by an Eocene to Late Miocene 
sedimentary cover. The dominant penetrative foliation 
strikes parallel to the orogen and appears to display a 
cleavage fan with an east-dipping slaty cleavage in the 
west and a west-dipping crenulation cleavage in the east. 
In contrast, the Yuli Belt is Miocene, and its subunits, 
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locally mapped as members, form gently north-dipping 
tectonostratigraphic units with complex internal struc-
tures. The units may represent stacked thrust sheets, as 
they appear to pinch out in cross section or are separated 
by discontinuous lenses of mafic to ultramafic rocks (Lin 
1999b; Tan et al. 1978). Both belts of rocks, however, dis-
play a suite of late-stage structures that appear to “stitch” 
the units at the time of their development.

3.1 � Tailuko belt and its sedimentary cover
Previous structural studies of the Tailuko Belt and its 
cover, the Slate Belt of the central Backbone Range, 
suggested three episodes of deformation during NW-
directed convergence, generalized here as D1, D2, and D3 
(Lin et  al. 1984; Faure et  al. 1991; Clark et  al. 1992; Ho 
and Lo 2015; Stanley et al. 1981; Lu and Wang Lee 1986), 
although Stanley et al. (1981) recognized three additional 
deformation events. The early deformation episodes, D1 
and D2 (and D3 and D4 of Stanley et  al. 1981), included 
the development of an associated penetrative foliation 
and a variety of outcrop-scale folds interpreted to be 
related to the accretion of a passive margin sequence 
(Lin et al. 1984; Faure et al. 1991; Stanley et al. 1981). The 
general west dip of the dominant foliation in the eastern 
part of the belt also motivated interpretations of east-
directed thrusting (see, e.g., Ernst 1977; Page and Suppe 
1981; Faure et  al. 1991). Stanley et  al. (1981) elaborated 
on this concept and proposed that his D3 and D4 events 
formed during the development of a regional-scale, east-
verging fold. Most subsequent workers followed Stanley 
et al. in explaining the west-dipping cleavage in the east-
ern part of the belt (e.g., Lin et  al. 1984; Lu and Wang 
Lee 1986; Faure et al. 1991). In addition to the change in 
dip, the regional-scale fold interpretation was based on 
lithostratigraphic correlations that assumed a Mesozoic 
age for the Yuli Belt and, therefore, its approximate con-
temporaneity with the Tailuko Belt. Considering that the 
Yuli Belt is Miocene rather than Mesozoic (Mesalles et al. 
2020), the lithostratigraphic correlations and regional-
scale folding merit reevaluation.

More recently, Ho et  al. (2022) redefined D2 in the 
Tailuko Belt and documented evidence of significant 
regional-scale, left-lateral ductile shear. In addition, Ho 
et al. (2022) proposed that strike-slip deformation in the 
Tailuko Belt was contemporaneous with deformation in 
the Slate Belt, which crops out west of the Tailuko Belt 
and records west-directed thrusting. They propose that 
the two belts formed as highly oblique plate convergence 
was partitioned into plate-boundary parallel strike-slip 
in the Tailuko Belt and plate-boundary normal thrust-
ing and imbrication in the Slate Belt to the west closer 
to the trench. Integrated geochronologic data suggests 
that partitioning was active from ca 6 to 3 Ma (Ho et al. 

2022). The inactivity of D2 in the Tailuko Belt at ~3 Ma is 
consistent with the initiation of the orocline in the north-
ern Backbone Range at ~1 Ma because D2 mylonites are 
rotated clockwise by the orocline.

A suite of structures that cross-cut S2 and appear to 
represent a transition from ductile to brittle deforma-
tion have been recognized in the Tailuko Belt (Fig.  2) 
(Table  1), and a few of the studies suggest a transition 
from horizontal to vertical shortening. For example, out-
crop-scale folds with gently dipping axial surfaces, often 
with a semi-penetrative, axial planar pressure solution 
cleavage, have been mapped along the South and Cen-
tral Cross-Island Highways (SXIH and CXIH, respec-
tively) (Clark et al. 1992; Faure et al. 1991; Stanley et al. 
1981; Lu and Wang Lee 1986; Lee 1995) (Fig. 2). Lee and 
Yang (1994) also documented a set of late-stage quartz 
veins along the CXIH that record northeast-southwest 
extension. More recently, Ho et  al. (2022) and Ho and 
Lo (2015) completed a detailed map of the Tailuko Belt 
along the Shoufeng River and showed that a gently dip-
ping foliation cross-cuts S2, the dominant foliation in the 
area, resulting in the formation of outcrop-scale recum-
bent folds of S2. They also proposed that the folds and 
gently dipping foliation formed contemporaneously with 
horizontal extension. Ho and Lo (2015) labeled the folia-
tion “S3” (Fig. 2, Site E), consistent with previous studies 
of the Tailuko Belt (Clark et al. 1992; Faure et al. 1991; Lu 
and Wang Lee 1986; Lee 1995), excluding Stanley et  al. 
(1981). Stanley et  al. recognized three additional defor-
mation events, and, based on their descriptions and our 
fieldwork along the South Cross-Island Highway, we cor-
relate D3, as documented by Ho and Lo (2015), to D6 in 
Stanley et al. (1981).

Crespi et al. (1996) mapped suites of late-stage normal 
faults along the South and Central Cross-Island High-
ways, and showed that the faults locally involved crys-
tal plastic and brittle deformation. Kinematic analyses 
yielded east–west extension along the CXIH and NE-SW 
extension along the SXIH (Fig.  2 Site D and D’, respec-
tively). They also proposed that late-stage extension in 
the eastern Tailuko Belt along ease-dipping shear zones 
caused clockwise rotation of the older fabrics, providing 
an alternative interpretation for the cleavage fan in the 
Tailuko Belt.

In the northern Tailuko Belt, pseudotachylite-lined 
normal faults and adularia-filled veins cross-cut the 
dominant foliation, S2, and record east–west exten-
sion (Korren et  al. 2017; Chen et  al. 2022), providing 
temporal and kinematic constraints on the late-stage 
deformation (Fig.  2, Site B). 40Ar/39Ar step-heating 
analyses of the pseudotachylite and adularia also yield 
nearly identical dates; 1.55 +/− 0.5 Ma for the pseudo-
tachylite (Chen et al. 2017a) and 1.09 +/− 0.03 Ma and 
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1.5 +/− 0.3 Ma for two samples of the adularia (Wang 
1998; Chen et al. 2022). Korren et al. (2017) estimated 
the formation of the pseudotachylite at a depth of 
>  4  km with possible temperatures ranging from 250° 
to 300 °C.

Further north in the sedimentary cover of the Tailuko 
Belt, Yeh et al. (2016) mapped a suite of late-stage, duc-
tile shear zones with normal displacements (Fig.  2, Site 
A). The shear zones cross-cut ductile shear fabrics that 
record a left-lateral sense of shear that we suggest cor-
relate with D2 structures documented throughout the 
Tailuko Belt (Ho et al. 2022). The younger, normal shear 
zones also strike north–south, indicating east–west 
extension, consistent with the pseudotachylite-lined 
faults and adularia-filled veins in this area. We, therefore, 
propose the normal-sense shear zones (Yeh et  al. 2016) 
formed contemporaneously with the dated extensional 
structures.

The suite of structures described from the northern 
Tailuko Belt that record east–west extension crop out in 
the northern Backbone Range where regional structural 
fabrics strike east-northeast and represent the northern 
limb of the Backbone Range orocline (Fig. 1). The rocks 
are also part of the RYUK tectonic block, which is rotat-
ing clockwise ~47°/Myr (Fig.  1, inset) (Rau et  al. 2008). 
Considering the rate of rotation, the curvature of the 
orocline, and the recent onset of extension in northern 
Taiwan, we reconstruct these structures to their original 

orientations with a 47° counterclockwise vertical-axis 
rotation.

3.2 � Yuli belt
The Yuli Belt is characterized by the abundance of meta-
morphosed clastic sedimentary sequences and the gen-
eral absence of thick to massive marble units compared 
to the Tailuko Belt (Wang Lee 1979; Lin et al. 1984; Yen 
1963). Tectonic or sedimentary blocks of pillowed lava, 
mafic and ultramafic bodies, and associated serpentinites 
and plagiogranites also characterize the Yuli Belt (Yui 
et al. 1990; Wang Lee and Lu 1984; Lin et al. 1984; Lan 
and Liou 1981, 1984); many of these blocks also record 
metamorphic conditions suggesting up to 50 km of burial 
(Yui et  al. 1996, 2009, 2012; Huang et  al. 2023; Beyssac 
et  al. 2007; Tsai et  al. 2013; Keyser et  al. 2016; Baziotis 
et al. 2016). Early work suggested the belt was Mesozoic 
and possibly contemporaneous with the Tailuko Belt 
(Yen 1963; Stanley et  al. 1981; Ho 1986, 1988). How-
ever, U–Pb ages of detrital zircons from the belt indicate 
a maximum depositional age of <  15.6 ±  0.3  Ma (Chen 
et  al. 2017b). This new age is consistent with metamor-
phic ages from the Yuli Belt that range from 12.2 ± 0.5 Ma 
(Lo and Yui 1996; Chen et  al. 2019) for 40Ar/39Ar ages 
on amphiboles to 5.1 ± 1.7  Ma for Lu–Hf ages on gar-
net (Sandmann et al. 2015). The high-P rocks were then 
exhumed to the present position starting from ~5–6 Ma 
(Chen et al. 2019; Huang et al. 2006; Lee et al. 2022b) and 

Table 1  References and descriptions for Fig. 2

References Description

(A) Yeh et al. (2016) Black great circle and arrow show mean orientation of ductile shear zones and mean slip direction of hang‑
ing wall, respectively. N = 15. Site is on the RYUK block and is inferred to have rotated ~50° CW

(B) Korren et al. (2017) Black great circle and arrow show mean orientation faults lined with pseudotachylite and mean slip direction 
of hanging wall, respectively N = 21. Site is on the RYUK block and is inferred to have rotated ~50° CW

(C) Lee (1995), Lee and Yang (1994) Black great circle: mean orientation of late fold axial surfaces from 10 sites along Central Cross-Island Highway 
(CXIH) and the Tailuko coastline. Black dots: poles to F3 fold axial surfaces. N = 66. Black arrows: stretching 
direction from quartz veins. N = 100

(D) (D’) Crespi et al. (1996) Black arrows: extension direction interpreted from late-stage normal faults along the CXIH and SXIH

(E) Ho and Lo (2015) Black great circle: mean orientation of S3 from 3 domains along the Shoufeng River. N = 83

(F) Yi et al. (2015) Black arrow shows antiformal structure formed by S3 in the Yuli Belt

(G) Lin (1999a, b), Yen (1970), Lin 
and Chen (2016)

Short dashed lines: intraformational strike-slip faults. Left-lateral faults from Lin (1999a; b) and Lin and Chen 
(2016). Right-lateral strike-slip fault from Yen (1970)

(H) Clark et al. (1992) Black great circles: mean orientation of S3 from 2 domains along the South Cross-Island Highway (SXIH). N = 
276

(I) Mondro et al. (2017) Poles to composite foliation, Sc, and stretching lineation Lc, from Chulai and Hsinkao Formations (area in box). 
N = 46 and N = 40, respectively

(J) Huang et al. (2014) Regional-scale, late-stage antiform that deforms tectonic cleavage

(K) Conand et al. (2020) Poles to foliation, S1, and stretching lineation, L1, from sedimentary rocks south of southern most exposures 
of the Yuli Belt (area in box). N = 240 and N = 59, respectively

(L) Fuller et al. (2006) Apatite fission track ages of totally reset detrital grains; pooled ages

(M) Lee et al. (2022a, b) Major out-of-sequence thrust that carries the metamorphic core

(N) Usami and Matsumoto (1940) Late-stage left-lateral strike-slip faults on east and west sides of Tailuko Belt
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experienced retrograde evolution as recorded by a phlo-
gopite 40Ar/39Ar age 4.4 ± 0.1 Ma (Lo and Yui 1996) and 
a zircon U/Pb age of 3.3 ± 1.7 Ma from a clinozoisite vein 
in nephrite (Yui et al. 2014). Consequently, the Yuli Belt 
represents one of the world’s youngest and most rapidly 
exhumed high-pressure belts, with exhumation rates up 
to 8 km/Myr.

Several field-based studies have outlined the general 
structural patterns in the Yuli Belt, although detailed kin-
ematic analyses are more limited. For example, Lin et al. 
(1984) and Lin (1999b) proposed a tectonostratigraphy 
composed of four gently north-dipping units (“Mem-
bers” in Lin 1999b) based on field and petrologic data 
from transects along the Chingsuei and Wanjung Riv-
ers and the area north and south of the Chouchi Fault 
(Fig. 2, site G). Although all of the units record protracted 
deformation and metamorphic histories and rarely pre-
serve stratigraphic markers, one of the structurally lowest 
units, a “spotted” pelitic schist interlayered with green-
schists and Mn-rich garnet schists, forms a distinctive 
regional marker unit throughout the extent of the belt 
(Yen 1963; Lin et  al. 1984; Lin 1999b). Blocks of meta-
morphosed serpentinite, epidote amphibolite, metapla-
giogranite, and metamorphosed pillowed volcanic rocks 
are also often associated with this unit, suggesting an 
oceanic origin for the belt (Lin et  al. 1984; Liou 1981; 
Lan and Liou 1984; Lo et al. 2020). Two higher structural 
units and one lower unit are richer in quartz, including 
quartz and mica-quartz schists and quartzite, and are 
conspicuous in the absence of exotic blocks. The pro-
posed tectonostratigraphy is similar to the sequences 
observed in the Guangfu quadrangle (Yi et  al. 2012) in 
the central part of the Yuli Belt (Fig. 2, site F).

Lin et al. (1984) also completed one of the first detailed 
structural studies of the Yuli Belt and recognized three 
deformation stages: D1, D2, and D3. Each stage is associ-
ated with a suite of folds and foliations, with subsequent 
folding events producing distinctive interference pat-
terns. However, none of the deformation stages in the 
Yuli Belt record significant evidence of left-lateral strike-
slip faulting that might correlate with D2 structures 
observed in the Tailuko Belt (Ho et al. 2022). Instead, the 
tectonostratigraphic units in the belt typically form gen-
tly, northwest to northeast dipping, structurally bound 
sheets, suggesting tectonic stacking. The distinctive 
“spotted schist” unit also appears to pinch out along and 
across strike (Lin 1999b), consistent with tectonic stack-
ing. Field relations, although limited, also show the exotic 
blocks as lens-shaped clusters that parallel unit bounda-
ries (Lin 1999b; Lin et al. 1984; Yen 1983; Tan et al. 1978). 
In some locations, however, the exotic blocks appear 
locally conformable with surrounding units (Lin et  al. 
1984) or are mapped as klippe sitting on units mapped 

as Yuli and the lower-grade sediments (Lin 1999b; Yen 
1983).
S3 appears to have formed relatively late in the defor-

mation history of the Yuli Belt (Lin et  al. 1984). Along 
the Chingsuei River, S3 deforms S2, creating a crenula-
tion cleavage or outcrop-scale recumbent folds with gen-
tly dipping axial surfaces. S3 also post-dates the growth 
of albite porphyroblasts and is associated with elongate 
quartz, suggesting more limited ductile deformation than 
associated with the development of S2 (Lin et  al. 1984). 
Mapping in the central part of the Yuli Belt shows the 
four tectonostratigraphic layers of the Yuli Belt forming 
the western half of a north plunging antiform (Yi et  al. 
2012), and cross sections show the dominant structural 
fabric, S2, overprinted by a gently dipping cleavage inter-
preted as S3 (Yi et al. 2012, 2015). S3 also forms a broad 
antiformal structure that mimics the antiformal structure 
defined by the tectonostratigraphy, although the inter-
limb angle is larger, ranging from ~146° to 170° (Fig.  2, 
site F).

S3 is also locally deformed by a mylonitic fabric, 
exposed along the western edge of the Yuli Belt in cen-
tral Taiwan (Fig.  2, site F). Yi et  al. (2015) completed a 
detailed geochronologic study across the mylonite zone 
using 40Ar/39Ar on fine-grained muscovite grains that 
form part of the mylonitic foliation and obtained six age 
populations ranging from 0.68 to 1.16 Ma. The youngest 
ages come from the middle of the mylonite zone, whereas 
an older age of 2.65 Ma was obtained from the Yuli Belt 
about 5 km east of the mylonite zone. The mylonite zone, 
therefore, appears to have been recently active, although 
the kinematics of this recent motion remain undefined. 
However, a late-stage normal fault (Wangwutashan Fault, 
Yi et  al. 2015) crops out a few hundred meters west of 
the mylonite, suggesting the possibility that the mylonite 
formed during normal displacements. In any case, the 
mylonite deforms and locally transposes S3 in the Yuli (Yi 
et al. 2015), constraining S3 to be older than ~0.7 Ma.

Transverse strike-slip faults also developed late in the 
structural history of the Yuli and Tailuko Belts and may 
have played a role in their exhumation. For example, 
detailed mapping north and south of the northwest-
striking Chouchi Fault (Fig.  2, site G) indicates oblique 
left-lateral, normal slip across the fault (Lin 1999a). Lin 
(1999a) interpreted the net slip to be a few km, with the 
northern block moving up and to the west relative to the 
southern block. This interpretation is consistent with 
observations across a geometrically similar strike-slip 
fault north of the Chouchi Fault (Lin and Chen 2016), 
suggesting that the two faults form a right-stepping, left-
lateral fault system (Fig. 2) that crosses the metamorphic 
core of the orogen. A third transverse structure west 
of the Chouchi Fault strikes approximately east–west 
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(Fig. 2), and Yen (1970) argued for right-lateral displace-
ment based on contrasting structural geometries on 
either side of the fault. The geometries and kinematics of 
the three faults are consistent with formation as a con-
jugate set during west-northwest shortening, although 
additional research is needed to show their contempora-
neity. In any case, they document late-stage shortening 
and northeast elongation of the metamorphic core.

3.3 � Low‑grade sedimentary rocks adjacent to the Yuli belt
The low-grade metasedimentary rocks exposed east 
and south of the Yuli Belt also preserve late-stage struc-
tures that may  correlate with structures observed in 
the higher-grade metamorphic rocks. These rocks 
were initially interpreted as Eocene (Fig.  1) (Stanley 
et al. 1981). Recent U–Pb analyses on samples from the 
northern extent of the metasedimentary rocks, mapped 
as the Chulai Formation (adopted from Stanley et  al. 
1981), however,  yielded a maximum depositional age of 
~11 Ma  (Mesalles et  al. 2020), consistent with interpre-
tations that the Chulai was in depositional contact with 
the Yuli (Stanley et  al. 1981). Stanley et  al. (1981) also 
proposed that the Chulai Formation was overlain by the 
Hsinkao Formation south of the town of Yuli. We infer, 
therefore, that the Hsinkao Formation, which forms the 
southern extent of the metasedimentary rocks, is also 
Miocene.

The unconformity between the Chulai and Yuli Belt 
suggests the Chulai may represent a relatively low-grade 
sedimentary cover to the Yuli (Stanley et  al. 1981), and 
recent mapping of the metasedimentary rocks east 
of the Yuli Belt suggests they form part of the Yuli Belt 
(Chen et al. 2017b). Detailed mapping of the unconform-
ity along the north bank of the Xinwulu River (Fig.  1) 
(Stanley et al. 1981) also revealed an outcrop-scale, east-
verging asymmetric fold (see Fig. 5 in Stanley et al. 1981). 
Although Stanley et al. (1981) related the fold to regional-
scale back (i.e., east-directed) folding, the asymmetry and 
associated structures are also consistent with the top-
to-the-east shear proposed by Crespi et  al. (1996). An 
alternative interpretation is that the sediments east and 
south of the Yuli Belt represent higher structural levels of 
a middle to late Miocene accretionary prism (Chen et al. 
2017b). We consider this possibility in more detail in the 
Discussion.

A quantitative strain study of 18 samples from the 
metasedimentary rocks east of the Yuli Belt, includ-
ing the Chulai and Hsinkao Formations, shows two 
stretching events (Fig.  2, site I) (Mondro et  al. 2017). 
Incremental strain histories from syntectonic fibers in 
strain fringes around pyrite framboids were measured 
relative to the orientation of the dominant cleavage, 
interpreted to be associated with multiple strain states, 

and, therefore, described as a “composite” cleavage. 
The composite cleavage in the belt dips gently north-
east with a pi-diagram showing a broad, gently north-
east plunging antiform (Fig.  2, site I). The composite 
lineation also plunges gently northeast parallel to the 
regional fold axis. Because the strain history was non-
coaxial, incremental strains were measured relative to 
the dip of cleavage in cleavage-perpendicular sections 
and relative to the strike of cleavage in cleavage-paral-
lel sections. The results show two stages of progressive 
extension: an early stage that is generally down dip and 
a later stage that is generally along strike. In geographic 
coordinates, the early stage of extension trends gener-
ally northwest-southeast, whereas the later extension 
trends northeast-southwest. Progressive finite stretch 
values for the late-stage extension (i.e., data collected 
from cleavage-parallel sections) typically range from 3 
to 5, with a few as high as 14 (Mondro et al. 2017). The 
earlier extension stage records a slightly higher maxi-
mum stretch, ranging from 3 to 11, with a few samples 
below 3 and one sample recording a finite strain magni-
tude of 33 (Mondro et al. 2017).

One of the first detailed structural studies of the lower-
grade sedimentary rocks south of the Yuli Belt suggests 
that they record three stages of deformation: D1, D2, and 
D3 (Lu and Lee 2001). The two early stages of deforma-
tion are interpreted to be related to west-directed shear-
ing followed by east-directed shearing (Lu and Lee 2001; 
see also Chang et al. 2009), whereas D3 includes a gently 
dipping penetrative cleavage that overprints D1 and D2 
structures. Strain fringes associated with D1 and D2 show 
a change in stretching directions from generally ENE-
WSW to NNW-SSE through time (Lu and Lee 2001). A 
similar rotation in stretching directions, based on vein 
sets rather than strain fringes, is also recorded in a more 
limited area along the coast (Shan et al. 2014), consistent 
with the identification of late-stage north–south stretch-
ing in this area (Chang et al. 2009).

Finally and most recently, extensive mapping of defor-
mation styles along the southern extent of the eastern 
Backbone Range, including the areas mapped by Chang 
et al. (2009), Shan et al. (2014), and Liu et al. (2001), sug-
gests three structural domains with a central domain that 
includes the metasedimentary rocks south of the Tailuko 
and Yuli Belts (Fig.  2 site K) (Conand et  al. 2020). The 
metasedimentary rocks in the central domain (Domain II 
of Conand et al. 2020) are characterized by gently south-
west-dipping foliation and an associated down-dip (i.e., 
SW trending) stretching lineation (Fig. 2 site K). Exten-
sional shear bands, S–C structures, and asymmetric 
pressure shadows in the central domain show increased 
non-coaxial strain and consistently indicate a top-to-the-
SW sense of shear (Conand et al. 2020; Lu and Lee 2001). 
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Liu et al. (2001) also suggested that top-to-the-SW shear 
was associated with regional-scale left-lateral shearing.

Overall, the relation between the structures recognized 
by different studies in the low-grade sedimentary rocks 
appears complex. The rocks, however, appear to share 
a change from generally EW to NS stretching, a top-to-
the-SW sense of shear associated with a gently south-
west-dipping foliation, and a possible role for left-lateral 
strike-slip deformation.

3.4 � Shoufeng fault
The Shoufeng fault generally represents the contact 
between the Tailuko and Yuli Belts (Fig.  1) but docu-
menting and understanding the origin and slip history of 
the fault has been challenging. The fault is consistently 
recognized as a zone of concentrated strain (Stanley et al. 
1981; Yen 1963; Yi et  al. 2012; Yui et  al. 2012; Ho et  al. 
2022; Chen et  al. 2017b), and early work suggested that 
it originated as a low-angle, west-verging thrust (Stanley 
et  al. 1981). However, the present west dip of foliations 
in the high-strain zone also motivated interpretations 
involving east-verging thrust faults (Ernst 1977; Page and 
Suppe 1981; Liou et al. 1977) or folds (Stanley et al. 1981; 
Faure et al. 1991; Lin et al. 1984). The west dip may also 
reflect clockwise rotations (viewing north) of an initially 
vertical shear zone, as proposed by Crespi et  al. (1996) 
and Pulver et al. (2002).

Along the SXIH, detailed mapping of the boundary 
between the Tailuko and Yuli Belts suggests at least two 
stages of deformation (Stanley et  al. 1981). The domi-
nant foliation, S2, dips moderately west and appears to 
correlate with the main foliation recognized throughout 
the Tailuko Belt (Ho et  al. 2022). This foliation is typi-
cally mylonitic and associated with left-lateral strike-slip 
deformation (Ho et  al. 2022). S2 is cross-cut by a more 
gently west-dipping foliation associated with west-verg-
ing asymmetric folds. The asymmetry indicated by the 
folds is consistent with the proposal that the Shoufeng 
fault is an overturned thrust zone that, before overturn-
ing, carried the Yuli Belt westward above the Tailuko 
Belt (Stanley et  al. 1981). The Shoufeng fault, therefore, 
appears to record both strike-slip and thrust deforma-
tion, at least in the exposures along the SXIH.

In central Taiwan, the Daguan shear zone dips mod-
erately west-northwest, separating the Tailuko and Yuli 
Belts (“Takuan shear zone” in Yi et  al. 2012)(Fig.  2 site 
F), and may preserve deformation associated with the 
Shoufeng Fault. However, the relatively young muscovite 
ages obtained from mylonites in the shear zone, ranging 
from 0.68 to 1.16 Ma, suggest, it records only the young-
est stages of deformation associated with the fault. The 
kinematics of this recent motion and the Daguan shear 
zone are undefined, although the nearby Wangwutashan 

Fault is parallel to the Daguan shear zone and records 
normal displacement (Yi et al. 2012).

Finally, recent mapping and map compilations suggest 
that projections of the Shoufeng Fault and the left-lateral 
strike-slip shear zones in the Tailuko Belt are poorly con-
strained south of the latitude of the SXIH (Fig.  1). For 
example, most geologic maps show the Tailuko and Yuli 
Belts and the Shoufeng Fault that separates the two belts, 
continuing to the south-southwest, at least as far south 
as the Zhiben River (Fig.  1) (Ho 1988; Chen 2000; Lin 
and Chen 2016). However, more recent mapping shows 
the fault curving southeast, cutting across the low-grade 
sedimentary rocks to the Longitudinal Valley where the 
fault is apparently covered by the Quaternary sediments 
(Chen et  al. 2017b). This interpretation suggests that 
the Chulai and Hsinkao Formations (Stanley et al. 1981) 
are part of the Yuli Belt. Similarly, recent map compila-
tions (Lin and Chen 2016; Chen 2000) do not show two 
regional-scale, left-lateral strike-slip faults mapped along 
the east and west sides of the southern extent of the belt 
(Fig. 2 site N) (Usami and Matsumoto 1940). The faults 
appear to record several kilometers of offset (Usami and 
Matsumoto 1940), consistent with observations from the 
Tailuko Belt that show significant left-lateral shear (Ho 
et  al. 2022). These map-scale inconsistencies related to 
the Shoufeng Fault and the Tailuko and Yuli Belts provide 
rich opportunities for future research.

3.5 � Exhumation cooling of the metamorphic core
Several studies of exhumation cooling in the Tailuko Belt 
and its sedimentary cover suggest progressively higher 
exhumation rates since peak metamorphism about 6 Ma 
(Beyssac et al. 2007; Lee et al. 2022b; Liu et al. 2001). One 
of the first age-elevation profiles from the belt suggested 
two periods of accelerated exhumation cooling, from ~3 
to 2 Ma and < 1 Ma (Liu 1982). The early cooling period 
is consistent with thermally reset microcline grains that 
yield 40Ar/39Ar plateau ages of 1.7 and 1.6  Ma (Lo and 
Onstott 1995). Although these studies were limited to the 
northern Backbone Range, four additional age-elevation 
profiles from along the length of the range show a broadly 
similar pattern with an initial acceleration in cooling at 
~2 Ma and a second acceleration < 1 (Hsu et al. 2016; see 
also recent compilation by Lee et al. 2022b).

The early acceleration in exhumation was also con-
firmed through an integrated petrographic study of 
adjacent sedimentary basins that show sediment accu-
mulation rates increasing at ~2  Ma (Chen et  al. 2019). 
The second acceleration of cooling < 1 Ma (Liu 1982; Hsu 
et  al. 2016) has also been substantiated in the northern 
Tailuko Belt through an additional age-elevation profile 
incorporating subsurface data (Shen et al. 2020).



Page 11 of 50Byrne et al. Progress in Earth and Planetary Science           (2024) 11:23 	

Exhumation cooling in the Yuli Belt also appears to 
have been relatively rapid (Chen et al. 2017b). Although 
low topographic relief limits constructing age-elevation 
profiles, totally reset fission track and (U-Th)/He ages of 
detrital zircon and apatite grains from the eastern Back-
bone Range, including the Yuli Belt, the eastern part of 
the Tailuko Belt, and the metasedimentary rocks south 
of the Yuli Belt, are <  2.0 Myr, indicating rapid cooling 
very recently (see reviews by Beyssac et al. 2007; Lee et al. 
2022b; Simoes et al. 2012; Fuller et al. 2006; Chen et al. 
2019). These relatively young ages from multiple low-
temperature geochronologic systems occur in both the 
Tailuko and Yuli Belts, suggesting that these belts pre-
serve similar cooling histories since at least ~2.0 Ma (see 
also Chen et al. 2019).

Low-temperature geochronologic data from the south-
ern Backbone Range south of the exposures of the Tai-
luko and Yuli Belts provide additional constraints on 
the exhumation history of the orogen. For example, 
Mesalles et al. (2014) took advantage of the topographic 
relief along the east flank of Mt Beidawu, 3091 m (Fig. 1), 
and constructed an age-elevation profile using partially 
reset and totally reset ZrnFT ages. The profile shows 
an acceleration in exhumation cooling at about 3.2  Ma. 
A more recent, integrative study that included new and 
previously published ZrnFT and ZrnHe data, including 
Mesalles et al. (2014) shows an additional acceleration at 
~1.5 Ma (Lee et al. 2022a).

Two periods of accelerated exhumation are also con-
sistent with fission track ages of totally reset detrital apa-
tite from the southern Backbone Range. Available AFT 
ages, which have a lower annealing temperature than 
zircon for fission tracks, form two clusters generally dis-
tributed on the east and west flanks of the range (Fuller 
et al. 2006), excluding three older AFT ages of 27.9, 5.5, 
and 4.0 Ma from the southern tip where erosion has been 
minimal. Along the eastern flank and the Hengchun Pen-
insula, AFT ages range from 0.4 to 2.4 Ma, whereas along 
the western flank, AFT ages are slightly older, ranging 
from 3.6 to 2.4 Ma. The older ages on the western flank 
occur in the hanging wall of the Chaochou Fault (Fig. 2, 
Site  L) (Shyu and Sieh 2005; Chen et al. 2005; Yang 1986) 
and cluster along the map trace of the fault. The fault is 
an east-dipping thrust and appears to record substantial 
displacement as mildly metamorphosed slates have been 
thrust west over Holocene alluvium of the Pingtung Plain 
(Liu et al. 2009). The limited age range and the distribu-
tion of samples in the hanging wall of the thrust suggest 
the Chaochou was active at about 3.6–2.4  Ma, which 
coincides with the time of accelerated exhumation cool-
ing in the rocks east of the fault (Mesalles et  al. 2014). 
The cluster of younger apatite ages along the eastern 
flank may reflect the acceleration in exhumation at ~1.5 

Myr proposed by Lee et al. (2022b), which is based pri-
marily on ZrnHe ages of detrital zircon.

4 � Methods
4.1 � Field data and structural analyses
Our field studies focused on the outcrops previously 
mapped as the Yuli Belt. However, we also completed 
reconnaissance excursions in the adjacent Tailuko Belt 
and the sedimentary cover sequences associated with 
these belts. Our goals in the Tailuko Belt were to confirm 
the presence and geometry of the youngest foliation, typ-
ically “S3” in this belt, identify additional late-stage struc-
tures associated with the ductile to brittle transition, and 
collect samples of vein materials for fluid inclusion and 
dating analyses.

Structural data and samples were collected primarily 
during four field campaigns in January 2018, July 2018, 
January 2020, and April 2021. The January 2018 trip 
was focused on the Dalun River, near its junction with 
the Xinwulu River. The campaign in July 2018 sampled 
seven river sites, encompassing over 100  km along the 
trend of the orogen (Fig.  1), whereas the January 2020 
trip was a reconnaissance trip along short stretches of the 
South Cross-Island Highway, the Heping River, and the 
Kukutsu Cliffs (Fig. 1). The April 2021 campaign included 
an eight-day campaign along the lower reaches of the 
Chingsuei and reconnaissance trips to the Taimali and 
Zhiben Rivers in southern Taiwan. Fieldwork included 
making detailed observations of mesoscopic structures 
and lithologies, collecting structural data (e.g., folia-
tions and lineations), and collecting oriented samples for 
microscopic analysis.

Field sites were along river systems due to the thick 
vegetation cover and rugged topographic relief. The 
island straddles the Tropic of Cancer, and the summer 
monsoons produce a thriving and diverse biosphere and 
a thick jungle cover. However, river channels are often 
sinuous and produce polished exposures of the metamor-
phic basement rock with both along-strike and cross-
strike views. River sites studied here are shown in Figs. 1 
and 2.

Correlating a penetrative fabric or deformation event 
across different lithostratigraphic and tectonostrati-
graphic units is also challenging (Tobisch and Paterson 
1988). These challenges are particularly acute in highly 
sheared rocks, e.g., S–C mylonites and phyllonites, where 
multiple foliations can be generated during a single 
deformation event. The late-stage veins, however, are a 
common and relatively conspicuous feature in essentially 
all units  studied and, in most cases, led to the identifi-
cation of additional late-stage structures. At some out-
crops, when the number of earlier foliations could not be 
easily determined, the late-stage structures were tagged 
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preliminarily as part of Dy (for Deformationyoungest), with 
Sy representing the youngest foliation and Ly represent-
ing the youngest lineation. We then integrated previ-
ous work with the new observations and developed a 
deformation history for each unit to provide context for 
the late-stage structures. In most cases, the deforma-
tion stages and fabric classifications developed by pre-
vious workers were maintained, although this resulted 
in inconsistent subscripts for the youngest fabric across 
different units. To resolve these inconsistencies, we pro-
pose an accretionary prism model where more deeply 
buried rocks that may record multiple deformational 
“events” are juxtaposed next to rocks that are accreted at 
shallower structural levels that record only the youngest 
deformational event. We also propose a new deforma-
tional event and fabric that appears limited to the Tai-
luko Belt and the western part of the Yuli Belt near the 
Tailuko.

Additional details on sample collecting and field and 
petrographic analyses are provided in Additional file  1: 
Appendix SI.

4.2 � Fluid inclusion microthermometry
Samples used for fluid inclusion microthermometry 
(FIM) were sourced from three localities representa-
tive of the metamorphic basement (red squares, Fig.  1). 
The northern site is in the Tailuko Belt and is exposed 
along the Kukutzu Cliffs, Hualien County. The central 
site is located in the Yuli Belt along the lower reaches of 
the Shoufeng River. The southern site was situated along 
the Xinwulu River in the eastern Tailuko Belt, near the 
contact with the Yuli Belt. Specimens were late-stage 
veins or single euhedral crystals 1–4 cm in length. Dou-
bly polished thin sections of four quartz crystals and 
one adularia crystal were produced for petrographic and 
microthermometric analysis.

A detailed description of the methods used for fluid 
inclusion microthermometry, including preparation of 
doubly polished thick sections, is in Additional file  2: 
Appendix SII.

Once constructed, the thick sections were photo-
graphed at low magnification (0.5–4X) and examined for 
usable fluid inclusions. The fluid inclusion section is then 
broken into small pieces required for microthermometric 
measurements, as described by Touret (2001). A delinea-
tion of the broken fragments as well as other thermomet-
ric data can be visualized on the fluid inclusion map. The 
map is required to reconstruct the broken fragments in 
their original position for later SEM-CL analysis. Within 
each individual chip, fluid inclusion assemblages were 
classified as primary, secondary, or pseudosecondary. 
An ideal area of interest was chosen to collect the micro-
thermometric data based on the number and clarity of 

fluid inclusions in the field of view. Detailed sketches 
were produced depicting individual fluid inclusions 
within the area of interest (Shepherd et al. 1985; Touret 
2001). Before the heating and cooling experiments were 
performed, observations of the fluid inclusions were 
recorded at standard temperature and pressure: the size 
and shape of the inclusion, the number of type of phases 
present, and the L:V ratio, percent vapor bubble, or 
degree of fill (Shepherd et al. 1985).

4.3 � 40Ar/39Ar dating
40Ar/39Ar analyses were performed at the University of 
Vermont Noble Gas Geochronology Laboratory. Min-
eral separates were loaded into aluminum foil packets, 
arranged in a suprasil vial, and placed in an aluminum 
canister for irradiation. Samples were irradiated at the 
Oregon State University Radiation Center in the CLOCIT 
facility for 18 h with multigrain aliquots of Fish Canyon 
Tuff Sanidine to act as a flux monitor (28.201 ± 0.046 Ma; 
Kuiper et al. 2008). Laser step heating for 40Ar/39Ar dat-
ing was conducted with a Santa Cruz Laser Microfur-
nace 75W diode laser system. Three aliquots of adularia 
from sample T19HC-01, one crystal each, were loaded 
directly into wells in a copper sample holder. The gas 
released during heating was purified with SAES getters, 
and argon isotopes were analyzed on a Nu Instruments 
Noblesse magnetic sector noble gas mass spectrometer 
in peak-hopping mode during step-heating analyses. 
Data from samples and flux monitors were corrected for 
blanks, mass discrimination, atmospheric argon, neu-
tron-induced interfering isotopes, and the decay of 37Ar 
and 39Ar. Correction factors used to account for interfer-
ing nuclear reactions for the irradiated samples are from 
Rutte et  al. (2018). Decay constants are from Min et  al. 
(2000) and Stoenner et  al. (1965). Mass discrimination 
was calculated by analyzing known aliquots of atmos-
pheric argon for which the measured 40Ar/36Ar value was 
compared with an assumed atmospheric value of 298.56 
(Lee et al. 2006). A linear interpolation was used to cal-
culate J factors for samples based on sample position 
between flux monitor packets in the irradiation tube. The 
data analyses were achieved using both an in-house data 
reduction program and Isoplot 3.0 (Ludwig 2003).

4.4 � Strain
We have taken multiple approaches to understanding 
the strain and strain histories of the youngest deforma-
tion, although the difficult access to outcrops limited sys-
tematic analysis. At the broadest scale, the orientation of 
the youngest penetrative fabric and associated late-stage 
veins consistently show vertical shortening and sub-
horizontal extension throughout the metamorphic core. 
The high angle between veins and the youngest foliation 
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(~90°), and the limited dispersion of the vein orientations 
also argue for vertical thinning and a low degree of non-
coaxial strain (kinematic vorticity < 1.0). Observations of 
structures in sections parallel to the principal strain axes 
(i.e.,  X, Y and Z) provide additional constraints on the 
kinematics. For example, structural data from a deformed 
pebble conglomerate along the Mugua River and an 
extensive exposure of phyllonite along the Chingsuei 
River provide a preliminary deformation history for the 
Yuli Belt and, therefore, context for the late-stage struc-
tures. Finally, we integrate these new results with a previ-
ously published study of the finite and incremental strain 
histories in the Yuli Belt sedimentary cover, mapped as 
the “Eastern Slate Belt” (Mondro et al. 2017).

5 � Results
Structural mapping of the metamorphic core focused 
primarily on transects across the Yuli Belt, although 
reconnaissance studies were also completed in parts 
of the Tailuko Belt and the lower-grade sedimentary 
sequences interpreted to represent higher structural lev-
els of the metamorphic rocks. We start with field stud-
ies of the lower-grade sedimentary rocks, one from the 
area of Zhiben River and the second along the eastern 
Chingsuei River. Four additional but more limited stud-
ies focus on the higher-grade rocks exposed along the 
middle and western reaches of the Chingsuei River and 
along short sections of the Hongye and Mugua Rivers 
(Fig. 1). We also re-examined rocks along the Dalun River 
that expose the Shoufeng fault and rocks along Heping 
River and Kukutus cliffs where late-stage structures have 
been dated isotopically. Structural data collected dur-
ing more limited studies along the Fuyuan, Matian, and 
Shoufeng Rivers are also included in our compilation. 
Despite the differences in their structural complexity, the 
unifying theme of these areas is the apparent progres-
sion from west-northwest-directed thrusting and pen-
etrative stretching to northeast extension. Integration 
of our studies with the available literature suggests that 
the late northeast extension event is characterized by (1) 
a low-dipping pressure solution cleavage, (2) mineral-
filled veins that formed late in the development of the 
pressure solution cleavage, and (3) a weak to moderately 
developed stretching lineation that is generally perpen-
dicular to the veins. The general aspects of these char-
acteristic structures are discussed after the site-specific 
descriptions.

5.1 � Zhiben River
Observations along the Zhiben River, south of expo-
sures of the Yuli Belt (Fig.  1), reveal a relatively mildly 
deformed sequence of sandstones and shales. Sandstone 
layers often grade upward from coarse-grained sands 

to fine, laminated, or convoluted layers, consistent with 
turbidite deposition. Soft-sediment deformation consist-
ing of slump-like structures, similar style folds, suggest-
ing high ductility, debris deposits that include sections of 
overturned bedding (e.g., Fig. 3), and isolated fold hinges 
are also relatively common. The soft-sediment structures 
are cross-cut by a weak to moderately developed pressure 
solution cleavage that dips steeply to gently east (Fig. 4). 
Only one penetrative foliation, S1, was recognized in 
this area, consistent with the more regional study by 
Conand et al. (2020) (Fig. 3C). At one locality along the 
river’s north bank, sandstone layers form a northwest-
verging asymmetric fold with the pressure solution cleav-
age forming an axial planar foliation. Graded bedding 
(Fig.  3A), however, shows the layers are upside-down 
with layering in the short limb facing east-southeast 
rather than west-northwest in the direction of fold ver-
gence. One interpretation is that the outcrop represents 
the overturned limb of a larger regional-scale fold. The 
fold asymmetry and cleavage dip suggest a downward-
facing, east-dipping, overturned antiform. Alternatively, 
overturning of the sedimentary units may have occurred 
before folding and cleavage development. In fact, Pel-
letier and Hu (1984), Lu et  al. (2001) and Chang et  al. 
(2007) have mapped overturned sedimentary units of a 
similar scale in the area of the Taimali River and argued 
they had a sedimentary origin. Our observations are con-
sistent with this interpretation.

Kinematics of the asymmetric folds exposed along the 
Zhiben River can be inferred from the trend of associ-
ated fold axes, the dip direction of the axial planar cleav-
age, and the trend of fibrous strain fringes around rigid 
objects (probably diagenetic pyrite) (Figs. 3, 4). The fold 
axes suggest movement to the northwest, whereas the 
cleavage generally dips east, suggesting a more westerly 
motion. Strain fringes exposed along the plane of cleav-
age trend east-northeast to west-southwest, oblique to 
the movement directions inferred from the dip of cleav-
age and the fold axes. Conand et  al. (2020) also recog-
nized a similar pattern of northeast-trending stretching 
oblique to the trend of measured fold axes, with a sig-
nificant portion of the data showing overlapping trends 
(Fig.  3B, C). They proposed that folding and stretching 
developed contemporaneously in a left-lateral wrench-
ing environment during oblique convergence (see also Lu 
and Lee 2001).

5.2 � Eastern Chingsuei River and highway 30
Further north, along the north bank of the Chingsuei 
River and along Highway 30, near the junction with the 
Lakulaku River (Fig.  5), historical outcrops of the Mio-
cene Chulai Formation initially exposed two decimeter-
scale west-to-northwest-verging asymmetry folds similar 
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to the fold along the Zhiben River. Unfortunately, the 
fold along Highway 30 that showed clear asymmetry has 
been covered with concrete and is no longer available for 
observation. Graded bedding in the inferred short limbs 
of both folds also shows(ed) younging to the east rather 
than to the west (Fig.  6), suggesting that the beds were 
overturned before folding, consistent with observations 
along the Zhiben River. The top-to-the-west shear is also 
consistent with outcrop observations in the Chulai For-
mation to the west (see below). However, the fold asym-
metry of the preserved fold along the Chingsuei River 
(Fig.  6) is less clear than for the concrete-covered fold, 
allowing alternative interpretations. For example, if the 
beds were not overturned before folding, the east-facing 
bedding on the Zhiben River may reflect clockwise rota-
tion associated with top-to-the-east shear.

A few 100 m west of the fold described in Fig. 6, a low-
dipping phyllonite is exposed and S–C fabrics confirm 
the top-to-the-west motion inferred from the asymmet-
ric folds (Fig.  7). The “C” surfaces dip gently east and 
are approximately parallel to lithologic layering, mak-
ing it impossible to identify primary sedimentary lay-
ering in this area. The “S” surfaces also dip east but at a 
steeper angle, indicating a top-to-the-west sense of shear 
(Fig.  7B, C). The S surfaces are locally associated with 

west-verging folds of C surfaces or “P” shears consistent 
with west vergence. Multiple S and C surfaces, P shears, 
and locally extensional shear bands result in an irregular 
or wavey fabric at an outcrop scale.

The decimeter-scale west-verging folds and the S–C 
phyllonites in these two areas are cross-cut by a more 
planar foliation that dips gently northeast (Fig.  8) and 
appears undeformed by the S–C fabrics. The cross-
cutting relations, however, are more conspicuous in the 
steeply dipping limb of the fold where lithologic layer-
ing is at a high angle to the younger fabric. One of the 
late foliation surfaces also exposes an elliptically shaped 
reduction halo with its long axis parallel to a weak min-
eral lineation in the cleavage plane (Fig.  8). Relatively 
undeformed to mildly deformed quartz veins are also 
present in this area of the Chingsuei River and show 
northeast extension (Fig. 8) parallel to the long axis of the 
reaction halo and mineral lineation.

The decimeter-scale fold and the phyllonites pre-date 
the low-dipping foliation and primary sedimentary struc-
tures in the steep limb of the fold suggests little defor-
mation occurred before folding. We, therefore, interpret 
the fold and S–C phyllonites as D1 structures and the 
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low-dipping foliation and late-stage veins as representing 
D2. This interpretation is consistent with Lin et al. (1984), 
who proposed that the Chulai Formation recorded two 
deformation events.

5.3 � Middle and western Chingsuei River sites
Further west, more limited studies along the middle and 
western sections of the Chingsuei River (Fig.  5) reveal 
excellent exposures of zones of relatively high strain in 
the Yuli Belt (see, e.g., photographs in Figs. 9, 11). Rocks 
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along the middle Chingsuei River comprise alternat-
ing layers of quartz-rich and quartz-poor metamor-
phosed sediments, typical of the Luntienshan member 
of the Yuli Belt (Lin et al. 1984). However, primary sedi-
mentary structures are completely obliterated, and the 
outcrops are often dominated by highly strained sedi-
mentary rocks with lenses and stringers of quartz that 
probably represent early quartz veining. Most of the 
lenses of quartz have a symmetric shape with respect to 
the main foliation. However, isolated hinges of isoclinal 
folds are not uncommon, and a few hinges are sugges-
tive of asymmetric folds (Fig. 9). The isolated hinges are 
interpreted to be remanent of an earlier foliation, mak-
ing the main foliation in the outcrop S2. One elliptical 
lens of quartz is oriented at an oblique angle to the S2, 
suggesting a clockwise rotation, viewed to the north, and 
a top-to-the-west sense of shear (Fig.  9C). S2 in these 
outcrops is also deformed by a set asymmetric folds and 
an associated spaced crenulation cleavage (Fig.  9). The 

axial surfaces and cleavage dip moderately east and the 
fold asymmetries consistently indicate a top-to-the-west 
sense of shear. Based on cross-cutting relations and rela-
tions across Fig. 10A (e.g., western Chingsuei River) and 
along strike (e.g., Dalun River), we interpret this younger 
crenulation cleavage to represent S3.

Exposures along the western Chingsuei River com-
prise relatively thick quartz- and feldspar-rich meta-
morphic rocks, including a Mn-rich garnet schist often 
found in the Chingsuei Planation member of the Yuli 
Belt (Lin et al. 1984). Like the exposures along the mid-
dle Chingsuei River, the units are intensely deformed, 
with quartz-rich rocks approaching mylonites (Fig. 11A) 
and quartz-poor rocks displaying phyllonitic textures. 
However, the main foliation dips steeply to moderately 
west, in contrast to the foliation in the middle Chingsuei 
River (Fig. 11B). As in the middle Chingsuei, S–C shear 
structures suggest a top-to-the-west sense of shear. The 
main foliation is also deformed by a set of asymmetric 
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folds that typically have relatively gentle to open inter-
limb angles. In some cases, the interlimb angle decreases 
substantially as the amplitude of the fold increases, pro-
ducing tight to isoclinal folds and suggesting progres-
sive shear approximately parallel to the axial surface 
(Fig.  11A). The folds consistently verge to the west (i.e., 
west-side-down) and, based on cross-cutting relations 
and observations a few km along strike (i.e., Dalun River, 
discussed below), we interpret this later deformation to 

D3 and label associated folds and associated foliations, F3 
and S3, respectively.

The eastern, middle and western sections of the Ching-
suei also display differences in the dip direction of the 
dominant foliation, typically lithologic layering which 
is subparallel to “C”. Along the eastern Chingsuei the 
dominant fabric dips northeast (Fig.  7B), whereas along 
the middle Chingsuei, the dominant fabric dips north 
gently (Fig.  10A), and along the western Chingsuei, the 
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dominant fabric dips west or northwest steeply (Fig. 11B). 
This regional-scale change in dip direction across strike 
suggests a regional-scale antiform. The middle and west-
ern sections also crop out on the east and west sides, 
respectively, of relatively large bodies of serpentinite and 
smaller blocks of pillowed greenstone, epidote amphi-
bolite, plagiogranite, and glaucophane schist (Fig.  5), 
consistent with an antiform. East–west cross sections 
constructed by Lin et al. (1984) and Lin (1999a) also show 

an antiformal structure centered on the middle and west-
ern sections of the Chingsuei. A similar north–northeast-
trending antiform occurs along strike in the Yuli Belt (Yi 
et  al. 2012) (Fig.  2 site F). However, the data from the 
western Chingsuei site is constrained by only two folia-
tion data points (Fig.  11B). Without facing indicators, 
we are also not able distinguish between a regional-scale 
antiform or an overturned, east-facing synform between 
the middle and western Chingsuei sites. The exposures 
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along the western Chingsuei near the trace of the 
Shoufeng fault may have also been rotated CW (viewed 
north) as proposed by Crespi et al. (1996) for rocks along 
the SXIH and CXIH.

Finally, the penetrative foliations exposed along both 
the middle and western sites, S2 and S3, are cross-cut 
by mildly deformed quartz and calcite-filled veins that 
dip steeply southwest (Figs.  10C, 12C) and are slightly 
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wrinkled or folded by a moderately developed foliation 
that dips gently northeast (Figs.  10B, 12C). Along the 
western Chingsuei, strain fringes around euhedral pyrite 
crystals are parallel to a weak mineral lineation on the 
late foliation and appear related to the development of 

the late, low-dipping foliation (Fig. 12B). The fringes and 
mineral lineation record northeast stretching parallel 
to the extension direction inferred from the late quartz 
veins (Fig.  12C). Based on cross-cutting relations and 
observations along strike (i.e., Dalun River, discussed 
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below), we interpret the late-stage veins and associated 
foliation to represent D4.

5.4 � Dalun and Xinwulu Rivers
The Dalun River hosts a series of meanders subparallel to 
the Shoufeng Fault (Stanley et al. 1981) and joins the Xin-
wulu River near the eastern end of the SXIH (Fig. 13A). 
In this area, the Tailuko comprises a marble-rich unit 
composed of various quartz and mica schists, chert, and 
discontinuous white and light gray marble layers. Out-
crops along the Dalun and closest to the Xinwulu show 

a moderately west-dipping mylonitic foliation that Stan-
ley et al. (1981) and Ho et al. (2022) labeled S2, based on 
cross-cutting relations and regional patterns. Ho et  al. 
(2022) also recognized a sub-horizontal stretching linea-
tion and well-developed asymmetric folds and lenses of 
quartz and marble, consistent with left-lateral shearing. 
Our mapping along the Dalun River south of the junc-
tion with the Xinwulu shows S2 having a moderate to 
steep northwest dip (Fig.  13B), consistent with Stanley 
et al. (1981) and Ho et al. (2022). We also mapped a mod-
erately west-dipping foliation (Fig.  13B) that deforms S2 
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and is axially planar to west-verging asymmetric folds of 
S2 This foliation is equivalent to S3 of Stanley et al. (1981) 
and may have been included as part of D2 in Ho et  al. 
(2022). The S3-related folds typically have relatively gen-
tle to open interlimb angles. However, in many cases, the 
interlimb angle decreases substantially as the amplitude 
of the fold increases, producing tight to isoclinal folds 
and suggesting progressive shear approximately paral-
lel to S3. Although these structures were not studied in 

detail, we interpret the asymmetric folds and progressive 
shear zones as D3 “P” shears (Fossen 2010) related to the 
westward thrusting of the Yuli above the Tailuko rather 
than part of D2.

Finally, exposures along the Dalun and Xinwulu Rivers 
also show a younger, gently dipping foliation (Fig.  13D) 
that appears to have formed contemporaneously with the 
development of late-stage quartz and calcite veins that 
dip steeply northeast (Fig. 13C). This late fabric appears 
undeformed by S3 and we have labeled it S4. However, 
this late fabric is significantly different from S4, as defined 
by Stanley et  al. (1981) and is more similar to Stanley’s 
F6 event, which includes a weak, gently dipping cleavage 
associated with late-stage veins that dip steeply north-
east. This gently dipping late-stage foliation is also geo-
metrically and temporally similar to S3 recognized by Ho 
et al. (2022) and Ho and Lo (2015) in their studies of the 
Tailuko Belt, and S3 recognized by Lin et al. (1984) in the 
Yuli Belt along the Chingsuei River. To reconcile these 
different interpretations and maintain consistency across 
units, we follow Stanley and use S3 for low to moderately 
dipping foliation associated with west-verging asym-
metric folds along the Dalun River and S4 for the more 
gently dipping and younger foliation associated with late-
stage steeply dipping veins. That is, we recognize S3, as 
defined by Stanley et  al. (1981), as a penetrative fabric 
that formed in association with west-directed thrusting 
of the Yuli Belt above the Tailuko Belt. We apply a similar 
interpretation to the asymmetric folds along the western 
Chingsuei (see above and Fig.  11A) near the map trace 
of the Shoufeng fault and suggest that similar interpreta-
tions may apply to other structures near the Shoufeng. 
However, some areas may also preserve a transition from 
dominantly strike-slip, D2, to dominantly west-directed 
thrusting, D3.

5.5 � Hongye River
Exposures along the Hongye River are more limited, 
although one outcrop near an abandoned outwash con-
trol structure exposes the core of an overturned synform 
(Fig. 14) cut by a gently dipping foliation associated with 
steeply dipping late-stage quartz veins. The fold and asso-
ciated minor folds trend northeast and displays an axial 
surface that dips moderately southeast (Fig. 14A, B), con-
sistent with early formed folds in the Yuli Belt. The fold 
geometry suggests that its part of a northwest-verging 
asymmetric fold, again similar to other folds in the Yuli 
Belt.

The late-stage structures that cross-cut the outcrop-
scale fold are interpreted to represent D4 structures and 
include a penetrative foliation, S4, lineation, L4, and shear 
bands (Fig.  15). A suite of relatively late veins, gener-
ally perpendicular to stretching lineation on S4, are also 
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Fig. 11  Outcrop photograph and structural data of phyllonite 
in the Yuli Belt along south bank of the western Chingsuei River 
(see Fig. 5 for location). A Photograph of well-developed phyllonite, 
parallel to pencil and later shear zone interpreted to be S3. View 
southwest. B Orientation data for S2, and S3, fabrics in A. Movement 
direction (black arrows) is inferred from asymmetric folds associated 
with S3 and shows west-side down
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present (Fig. 15A, C). The geometry of S4 and the shear 
bands suggest they represent either extensional shears or 
planes of penetrative shortening. The former would indi-
cate a top-to-the-north sense of shear, whereas the latter 
would indicate the opposite sense of shear.

Thin-section observations in X–Z sections of S4 pro-
vide additional information in resolving the kinematics. 
For example, albite porphyroblasts record an interior 
foliation observed by linear arrays of opaque miner-
als, including graphite (Fig.  16). The interior foliation 
is characterized by gentle to open folds, but the host 
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Fig. 12  Outcrop photographs and orientation data along the south bank of the western Chingsuei River (see Fig. 5 for location). A Two late-stage 
quartz veins and F4 axial surface (red dashed line). B Quartz-mica schists with quartz-filled strain fringes around euhedral pyrite. C Orientation data 
for S4 cleavage, L4 stretching lineation, from the strain fringes, and late-stage veins



Page 24 of 50Byrne et al. Progress in Earth and Planetary Science           (2024) 11:23 

albite grains display no sign of crystal plastic defor-
mation. The trends of the interior and exterior folia-
tions are also different by as much as 50° and indicate 
a top-to-the-southwest asymmetry. Strain shadows are 
infilled with chlorite, albite, and, less commonly, mus-
covite. Ilmenite porphyroblasts at a high angle to the 
foliation yield relatively large strain shadows, resulting 
in chlorite strain fringes with a low L:W ratio. Strings of 
fine-grained phyllosilicates in the fringes estimate the 
instantaneous stretching axis and indicate a top-to-the-
southwest sense of shear. We therefore interpret the 
shear bands observed in the outcrop (Fig. 15A) as com-
pressional structures (i.e., “S” surfaces) associated with 
top-to-the south-southwest shear (Fig. 15A, C).

5.6 � Mugua River
Along the north bank of the Mugua River, in the north-
ern exposures of the Yuli Belt (Fig. 1), a stretched pebble 
conglomerate provides additional insights into S3 and S4 
(Fig. 17). The outcrop exposes a meter-thick shale-matrix 
conglomerate interlayered with sandstone, phyllite, and 
greenschist, preserving at least in part a stratigraphic suc-
cession. The units, however, are intensely deformed, and 
the pebbles, composed primarily of chert, appear flat-
tened and highly elongated. The long axes of the pebbles 
parallel lithologic layering, the dominant foliation in the 
area, and plunge gently northwest (Fig. 17B). The shapes 
of the deformed clasts measured on oriented slabs yield 
similar values for Y/Z and X/Y, suggesting plane strain.
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Fig. 13  Geology and structural orientation data around the Dalun and Xinwulu Rivers junction. A Google image and geologic map showing 
an imbricate thrust zone between the Tailuko and Yuli Belts (from Stanley et al. 1981) and data sites for this study. B Orientation data of S2 (black 
great circles) and S3 and S4 undifferentiated (red great circles). Orientation data for late-stage veins (C) and S4 (D)
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The primary foliation dips gently north and is locally 
cross-cut by a crenulation cleavage that dips gen-
tly northeast (Fig.  18). The intersection lineation also 
plunges gently northeast, approximately perpendicular 
to the long axis of the pebbles. The two foliations and 
the stretching direction provided by the elongated peb-
bles suggest an S–C relation. At this point, however, we 
have not confirmed whether the crenulation cleavage 
is “S,” which indicates top-to-the-northwest, or C’ an 

extensional crenulation cleavage, which would indicate 
top-to-the-southeast.

We also recognized a low-dipping foliation inter-
preted to be S4, and a suite of late-stage veins (Fig. 19A, 
B) that appear unaffected by the S–C foliations. The 
veins are generally orthogonal to the low-dipping folia-
tion, and to a weak mineral lineation on S4, suggesting 
they are part of the late-stage structures recognized 
throughout the eastern Backbone Range.
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and early-stage fold axes

Fig. 14  Photograph and structural data of an outcrop-scale synform in the Yuli Belt along the Hongye River. A Synform fold axis trends northeast 
parallel to the change in slope where the person is sitting and axial surface dips moderately southeast (right). B Orientation of lithologic layering 
(bedding?) (black great circles) and fold axes of smaller folds associated with the synform
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5.7 � Heping and Kukutsu areas
We completed reconnaissance fieldwork in the areas 
of the Heping River and Kukutsu Cliffs (Fig.  1) to con-
firm structural patterns identified by previous workers 
and collect additional structural data and samples for 

40Ar/39Ar dating. The Heping River area exposes out-
crops of the Tachoshui gneiss whereas the Kukutsu Cliffs 
exposed the Kanagan gneiss (Lin and Chen 2016). Both 
suites of rocks are interpreted to Cretaceous intrusions 
and display a well-developed north-northwest dipping 
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Fig. 15  Photograph of outcrops and orientation data associated with phyllonite along the gently dipping limb of the synform in Fig. 14. A Outcrop 
photograph of rock face approximately parallel to the XZ plane of youngest foliation, S4. Inset B shows stretching lineation on the youngest foliation. 
Lineation trends southwest (C), approximately perpendicular to late-stage extensional veins in A and plotted in D. S–C fabrics, blue and black 
great circles in C, respectively, and rotated porphyroblasts (Fig. 16e, f ) indicate a top-to-the south-southwest sense of shear. Based on correlations 
with fabrics observed in the western Chingsuei River the late fabrics are interpreted to be D4 structures
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mylonitic foliation with an associated mineral stretching 
lineation that plunges gently west (Ho et al. 2022; Korren 
et al. 2017; Chen et al. 2022; Jiao 1991). Ho et al. (2022) 
consider the mylonite to be the second foliation, S2, in the 
Tailuko Belt, and we follow their terminology here. Wang 
et  al. (1998) obtained ages ranging from 4.1 to 3.0  Ma 
for the mylonite based on 40Ar/39Ar crystallization ages 
of biotite. The mylonite is cross-cut by pseudotachylite-
lined normal faults (Korren et al. 2017) that yield 1.5 Ma 
ages using 40Ar/39Ar (Chen et al. 2017a), consistent with 
the older ages from the mylonite, which it cross-cuts.

The mylonites are also cut by north-striking, vertical 
veins and a penetrative but sparsely developed foliation 
that dips gently southwest (Figs. 20). The late-stage veins 
display a variety of thicknesses and contain quartz, cal-
cite, chlorite, and, less commonly, adularia or sanidine, 
epidote, and phengite (Fig. 20A). A weak mineral stretch-
ing lineation, L3, associated with the low-dipping folia-
tion plunges moderately east-northeast, parallel to the 
extension direction inferred from the late veins (Fig. 20B, 
C). A late-stage extension shear zone less than a cen-
timeter in thickness and associated with the late-stage 
foliation also yielded an east-side down sense of shear 
(Fig.  20D). These stretching lineations are also subpar-
allel to striations associated with the formation of the 
pseudotachylite (Fig.  2, site B) (Korren et  al. 2017). We 
interpret these late-stage lineations to be D4 structures. 
Chen et al. (2022); (see also Wang 1998) obtained 1.1 and 
1.5 Ma ages for two samples of adularia from the veins in 
this area based on 40Ar/39Ar, and additional isotopic ages 
of adularia from these outcrops are discussed below. Fol-
lowing Chen et  al. (2022), we infer that the extensional 
veins and pseudotachylite formed contemporaneously 
and propose that D4 also formed at this time.

Finally, the Heping and Kukutsu areas are in the north-
ern limb of the Backbone Range orocline, and late-stage 
structures appear to have rotated ~48° CW viewed down 
about a vertical axis relative to similar structures south of 

the orocline (Fig. 1). This rotation is consistent with GPS 
data from the RYUK block, which shows the northern 
limb of the orocline rotating at ~47°/Myr, suggesting that 
the orocline was initiated ~1 Ma. In our compilation of 
late-stage structures (Fig. 21), we show the observed ori-
entation of the structures from Heping and Kukutsu and 
the orientation of the structures after 48° of rotation.

5.8 � General characteristics of the late‑stage foliation, S4
On the regional scale, the youngest penetrative foliation 
in the eastern Backbone Range dips shallowly to moder-
ately northwest or southeast, and a compilation of data 
collected along the eastern Backbone Range (Fig. 21) sug-
gests a gently northeast plunging antiform. These results 
are consistent with mapping in the central part of the Yuli 
Belt that shows a broad, elongated antiform centered on 
the Yuli Belt (Gungfu area Yi et al. 2012) (Fig. 2) and with 
a limited number of more detailed studies in the Tailuko, 
Yuli and Slate Belts (Fig. 2) (Ho and Lo 2015; Lee 1995; 
Clark et  al. 1992; Stanley et  al. 1981) that suggest the 
youngest foliation forms one or more gently northeast 
plunging antiforms. The youngest foliation is also associ-
ated with a suite of late-stage extensional veins that con-
sistently record northeast extension (Fig. 21). Northeast 
extension during the development of the youngest folia-
tion is also consistent with limited observations of the 
finite strain. A geometrically and kinematically similar 
fabric also occurs in the lower-grade rocks that crop out 
south and east of the Yuli Belt and may represent shallow 
structural levels of a Late Miocene accretionary prism 
associated with the Yuli Belt (Chen et  al. 2019). Finally, 
a systematic study of the kinematics associated with the 
youngest foliation suggests a slight bias toward a top-to-
the-southwest sense of shear.

At an outcrop scale, the late-stage foliation ranges 
from a low-angle penetrative pressure solution cleavage 
in lower-grade units to a low-angle crenulation cleavage 
often parallel to axial surfaces of open-to-isoclinal folds. 

Fig. 16  Photomicrographs of structures produced by D4 deformation in the Yuli Belt along the Hongye River. Schematic in bottom left of each 
photograph illustrates the interaction of S4 (red) with previous foliations or other structures. White arrow shows the coordinate direction, 
and plunge and trend indicate the view direction and pole to the plane of the thin section. See Fig. 15C for orientation data. a, b (XPL) show 
albite-rich (top) and albite-poor (bottom) domains defining the cleavage. c Quartz grains within microlithons that show grain shape preferred 
orientation, slight undulose extinction, and grain boundaries indicative of sub-grain rotation and grain boundary migration recrystallization. d 
Relationship between a relatively early formed lineation, defined by an aggregate shape preferred orientation (labeled L3-1, ASPO and a later 
lineation defined by a grain shape preferred orientation (labeled “L3, GSPO”). The early formed lineation is interpreted to represent D2, whereas 
the later lineation is interpreted as L4. Photograph is parallel to XY plane of S4. e Albite porphyroblasts within a cleavage domain depicting 
an interior foliation and over-growth zoning. Acicular rutile with ilmenite coatings, tourmaline, and apatite inclusions are common, especially 
in grains with a deformed interior foliation. Locally, one coated ilmenite grain is isoclinally folded, while another depicts extension. f SEM-BSE 
image of image in e, depicting the variation in composition. Albite porphyroblasts contain ilmenite inclusions and are surrounded by chlorite 
and muscovite strain fringes. Different orientations of internal and external foliations indicate a top-to-the-right sense of shear, which in geographic 
coordinates is top-to-the-southwest. Orientation data are shown in Fig. 15

(See figure on next page.)



Page 28 of 50Byrne et al. Progress in Earth and Planetary Science           (2024) 11:23 

The folds can be inclined or recumbent depending on 
the initial orientation of the folded foliation (Fig.  22B). 
For example, in the Tailuko Belt, where the older folia-
tions typically dip steeply to moderately west, D4 folds 
are relatively common and are generally asymmetric with 
short limbs that appear to have rotated counterclockwise 

(when viewed to the north). Fold axes also plunge shal-
lowly to the northwest (Ho et  al. 2022), consistent with 
superposition of the low-dipping S4 on steeply to moder-
ately dipping layering. Folds are less common in the Yuli 
Belt, where the older foliations have more variable dips. 
The common occurrence of quartz- or mica-rich schists 

Fig. 16  (See legend on previous page.)
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also results in a rough to dispersed cleavage rather than a 
planar pressure solution cleavage, making identifying S4 
more challenging.

In thin section, S4 is defined by late-stage, ductile 
deformation, including continuous foliations, S–C 
foliations, extensional crenulation cleavages, and strain 

fringes around relatively rigid inclusions, including 
albite, pyrite, and ilmenite porphyroblasts (Fig.  16). S4 
is observable by ductile/brittle deformation and a retro-
grade mineral assemblage, including quartz + albite + 
muscovite + chlorite + others that often fill S4-related 
strain fringes. Cleavage domains and high-strain zones 
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pebble long axes (blue) 
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Fig. 17  Outcrop photograph (A) and orientation data (B) of a matrix-supported pebble conglomerate in the Yuli Belt along the north bank 
of the Mugua River
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contain muscovite, chlorite, albite, and graphite. Syn-
S4, mineral-filled, mode-I fractures are also common 
where S3 is developed.

5.9 � General characteristics of the late‑stage veins
The late-stage, mineral-filled, mode-I fractures, or 
veins, track the distribution of the youngest penetrative 
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Fig. 18  Outcrop photograph and orientation data of intercalated mudstone and greenschist capped by greenstone and interlayered 
with the pebble mudstone shown in Fig. 17. A Photograph of rock surface approximately parallel to XZ plane of S2 strain ellipsoid. Interpreted S 
and C surfaces associated with S2 are labeled. 1-inch drill hole for scale. B S–C relations for individual outcrop. Curved arrow: rotation axis interpreted 
from S–C intersection; black arrow: movement direction inferred to be perpendicular to S–C intersections and shows top-to-the-northwest. Blue 
dots show trend and plunge of pebble long axes (from Fig. 17)
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foliation through the core and cover rocks. The veins con-
sistently dip moderately to steeply southwest (Fig.  21), 
except in the northernmost sites where the Backbone 
Range has been rotated clockwise (Fig. 1). The veins gen-
erally range in thickness from 0.25 to 20  mm but can 
be up to 10–15 cm and are often filled or partially filled 
with quartz + albite + calcite +/− adularia. Rare min-
eral inclusions of muscovite and ilmenite were observed. 
In outcrop, the veins appear generally undeformed and 
cross-cut the major fabrics. However, closer inspection 
(e.g., hand lens and petrographic observations) reveals 
that they show slight ductile deformation and are locally 
offset by the penetrative foliation (Figs. 22, 23E, F).

In thin sections, the veins show evidence of brittle/duc-
tile strain. The center of the fracture-fill displays euhe-
dral to subhedral, equigranular arrays of quartz, albite, 
and adularia that show uncommon undulose extinction 
and grain boundaries indicative of bulging recrystalliza-
tion and less common sub-grain rotation recrystalliza-
tion. These grains also display elongate-blocky to fibrous 
vein mineral morphologies (Fig. 23A–D); (see, e.g., Bons 
2000). Elongate grain morphologies perpendicular to 
the edge of the vein formed by the crack-seal mecha-
nism (Ramsay 1980) and indicate the veins formed as 
repeated mode-I fractures as fluid pressure exceeded the 
tensile strength within the rocks (Secor 1965). The elon-
gate crystals are generally quartz and albite, 50–200 µm 
in length, and optically continuous to each other. They 
show little to no undulose extinction, and inclusion trails 

parallel to the vein edge are common. The mode-I frac-
tures most commonly display syntaxial growth morphol-
ogies, indicating the most recent growth was within the 
center of the vein.

5.10 � Fluid inclusion analysis of late‑stage vein materials
Fluid inclusion microthermometry on quartz and adu-
laria crystals from the veins was also utilized to provide 
constraints on the pressure and temperature conditions, 
and estimates of the metamorphic fluid compositions 
during vein formation across the metamorphic core. Pre-
vious fluid inclusion microthermometry studies in the 
core are uncommon. On the westernmost edge of the 
Slate Belt, along the Lishan fault, amorphous quartz veins 
with two-phase fluid inclusions record homogeniza-
tion temperatures between 208 and 225 °C and salinities 
of 4.9% NaCl (Chan et  al. 2005). The continued miner-
alization of the quartz, as well as deeply sourced albite 
(sodium), potassium feldspar, and rare earth elements at 
cooler, epithermal conditions, was attributed to a steep 
fluid overpressure gradient maintained by the overlying 
slate cap-rock. On the eastern edge of the Slate Belt, near 
the contact with the Tailuko Belt and the CXIH, Craw 
et  al. (2009) used fluid inclusion microthermometry on 
silicic, ankeritic, and chloritic veins from the Pingfeng-
shang gold mine. Entrapment temperatures ranged from 
240 to 350 °C at inferred depths ranging from < 1 km to 
10  km. The workers combined temperature data with 
thermochronological data from Beyssac et  al. (2007) to 
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Fig. 19  Orientation data from the Yuli Belt along the north bank of the Mugua River (Fig. 18): A Late-stage foliation and associated stretching 
lineation and B quartz veins. Based on correlations with fabrics observed in the western Chingsuei River, the late fabrics are interpreted to be D4 
structures
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generate P–T–t paths and determine exhumation rates 
of 2  mm/yr for the rocks in the western slate belt. The 
orientation of late veins associated with conjugate kink 
bands at Pingfengshang are consistent with the orienta-
tion of the late-stage veins discussed here.

Our fluid inclusion microthermometry data (see 
also  tables and fluid inclusion  maps  in Additional files 
3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14)  indicate maximum 

temperatures during vein precipitation of between 200 
and 450  °C. These temperatures are consistent with 
deformation textures of contain quartz and feldspar 
grains in cleavage microlithons that display undulose 
extinction and evidence of sub-grain rotation, bulging, 
and grain boundary migration recrystallization. These 
grain boundaries are consistent with deformation from 
approximately 350–500 °C (Fossen and Cavalcante 2017; 
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Fig. 20  Outcrop photograph and structural orientation data from Kukutsu Cliffs (Fig. 1 for location). A Photograph showing euhedral adularia 
crystals approximately 0.5 cm in width growing along the wall of a late-stage extensional vein. B and C show orientation data for late-stage 
veins and youngest penetrative foliation, respectively. D Orientation data for S4 and an associated extensional shear zone that indicate 
a top-to-the-east-southeast sense of shear. Based on correlations with fabrics observed in the western Chingsuei River, the late fabrics are 
interpreted to be D4 structures. The Kukutsu Cliffs outcrops are located on the RYUK block (Fig. 1), which is rotating clockwise with respect 
to the central Backbone Range (Rau et al. 2008). See text for discussion
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Fig. 21  Synthesis of new late-stage structural data from nine sites along the eastern Backbone Range. Data includes late-stage veins (planes, poles 
and mean poles), foliations and stretching lineations; not all sites have all types of data. Chingsuei River site is compilation of data along middle 
and western reaches. Northern most site shows orientation data for Kukutsu Cliffs and Heping River before and after rotation associated 
with the Backbone Range orocline. Arrows show extension direction inferred from vein orientations, stretching lineations and strain fringes
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Fig. 22  Outcrop photographs and photomicrographs of veins from the Yuli Belt. White arrow shows the coordinate direction 
for photomicrographs; plunge and trend indicate the view direction and pole to the plane of the thin-section photomicrographs. Schematic 
in bottom left of each photograph illustrates the interaction of S4 (red) with previous foliations or other structures. a Late-stage veins dipping 
south and cross-cutting S4. b Late-stage vein cross-cutting S2 and S4 characterized by slight ductile deformation along S4 planes. c XPL image 
of a late-stage vein at a high angle to S4, featuring elongate, optically continuous albite grains. d SEM-BSE image of the late-stage vein in c. The vein 
contains quartz, adularia, and ilmenite. e SEM-BSE image of a late-stage vein containing quartz, adularia, and ilmenite featuring elongate to blocky 
grain morphologies. f SEM-BSE false color image of D2/D4 fabric, D4 microstructures defined by the retrograde paragenesis in Ti-oxide strain 
shadows and of a late-stage vein at a high angle to the fabric. The vein contains quartz and chlorite
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Fig. 23  Photomicrographs of veins from the Yuli Belt. White arrow shows the coordinate direction, and plunge and trend indicate the view 
direction and pole to the plane of the thin section. a, b (XPL)) Late-stage vein cross-cutting the S4 fabric at a high angle. The vein features quartz, 
adularia, and ilmenite. Elongate grain morphologies are observable along the vein/wall rock contact, and blocky grains with slight undulose 
extinction are dominate in the center of the vein. c, d (XPL) Late-stage vein composed of quartz, albite, and uncommon chlorite cross-cutting S4 
characterized by ductile deformation along an S4 cleavage domain. Elongate grain morphologies are observable along the vein/wall rock contact, 
and blocky grains with slight undulose extinction are dominant in the center of the vein. e, f (XPL) Thin vein with adjacent grains showing a grain 
preferred orientation indicating northeast-side-down normal offset
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Passchier and Trouw 2005). Within the late-stage veins, 
evidence of grain boundary migration recrystallization 
is less common and may suggest slightly cooler tem-
peratures during strain accumulation from the S4 fabric 
(~< 400 °C).

The regional fluid system is composed of H2O–CO2–
NaCl. High XCO2, low XCO2, and aqueous inclusions 
commonly occur in similar fluid inclusion assemblages 
or at least within the same sample chip. Homogeniza-
tion temperatures range from 199 to 350  °C, and salini-
ties range from 0.4 to 9.4 mass% NaCl. The variations 
in homogenization temperatures and salinities outlined 
below are attributed to the lithology or relative structural 
position of the country rock at each of the three sites.

Euhedral quartz and adularia crystals from the Kukutsu 
Cliffs, the northern site, preserve two-phase (LV, liquid 
and vapor), H2O–NaCl inclusions ranging from <  5 to 
50  µm in size, with an average of ~10  µm (Fig.  24a, b). 
Shapes were amorphous or negative crystal-polygonal in 
some adularia inclusions (Fig.  24A, B). Microthermom-
etry was performed on twenty-eight fluid inclusions 
between two samples. Homogenization temperatures 
range from 199 to 229  °C +/− 5  °C with an average of 
214  °C +/− 5  °C. Ice melting temperatures range from 
− 2 to − 0.2 °C +/− 3 °C with an average of − 0.87 °C +/− 
3 °C. These melting temperatures correspond to salinities 
ranging from 0.4 to 3.4% mass NaCl (Fig. 25). The quartz 
and adularia samples from the northern site depict no 
compositional heterogeneity in SEM-CL. This suggests 
that all observed fluid inclusions are likely primary or 
pseudosecondary.

Quartz crystals from the central site along the 
Shoufeng River host primary and secondary, three-phase 
(LaqLCO2V) inclusions ranging from < 5 to 120 µm in size, 
with an average of ~40  µm; shapes are generally amor-
phous (Fig.  24c, d). Microthermometry was performed 
on eighty-eight fluid inclusions between two samples. 
Homogenization temperatures range from 240 to 350 °C 
+/− 5  °C with an average of 310 °C +/− 5  °C. The aver-
age CO2 homogenization temperature was 30.1  °C +/− 
5  °C. The melting temperature for the solid CO2 phase 
was ~−  57.5  °C +/− 3  °C. Clathrate melting tempera-
tures range from 4.7 to 9.4 °C +/− 3  °C with an average 
of 8.7 °C +/− 3 °C. Calculated salinities range from 0.4 to 
9.4%mass NaCl (Fig. 25). The central samples depict rare 
growth zoning and common, post-formational, struc-
tural, and chemical heterogeneities observed as linear 
arrays of lower intensities in the CL image. Large, iso-
lated inclusions and inclusions associated with growth 
zoning or no post-formational heterogeneities were 
interpreted as primary or pseudosecondary if along a 
compositionally homogeneous microcrack. Fluid inclu-
sions associated with an assemblage parallel to linear 

heterogeneities in cathodoluminescence images were 
classified as secondary.

One quartz crystal from the southern site along the 
Xinwulu River hosts primary and secondary, two-phase 
(LV) inclusions ranging from < 5 to 75 µm in size, with 
an average of ~40  µm; shapes are generally amorphous 
(Fig. 24e, f ). Microthermometry was performed on sixty 
fluid inclusions. Homogenization temperatures range 
from 282 to 340  °C +/− 5  °C with an average of 305  °C 
+/− 5 °C. Ice melting temperatures ranged from − 5.4 to 
−  1.5  °C +/− 3  °C. Calculated salinities range from 2.6 
to 8.5%mass NaCl (Fig.  25). Distinct from the northern 
and central samples, the southern samples displayed con-
spicuous growth zoning parallel to crystal boundaries. A 
linear array of compositional heterogeneity was observed 
by cathodoluminescence in regions where growth zoning 
was less prevalent. The fracture-like arrays are < 500 µm 
in width and cross-cut growth zoning. Fluid inclusions 
in assemblages parallel to crystal boundaries or growth 
zoning observed by SEM-CL were classified as primary 
or pseudosecondary. Fluid inclusions within the cross-
cutting, lower-intensity fracture pattern were classified as 
secondary.

The low magnitude and range of homogenization 
temperatures suggest that the D4 fracture system was 
exposed to metamorphic to meteoric fluid along a hydro-
static to hydrothermal geothermal gradient. The range 
of pressure at constant temperatures for CO2 inclusions 
(Fig.  26) suggests growth during protracted cooling 
under typical hydrostatic conditions with thermal gradi-
ents ranging from 30 to 80 °C/km. Salinities range from 
0.4 to 9.4%, suggesting local mixing of surface fluids and 
fluids rising from the zone of regional metamorphism. 
Quartz crystals may locally contain chlorite habits or rare 
interstitial chlorite, which may have ions sourced from 
the zone of greenschist facies metamorphism connected 
by fluid advection. The depth of vein precipitation ranges 
from <  1 to 7  km (Fig.  26), which supports a dynamic, 
tectonic-hydrothermal fluid system and constrains the 
transition to brittle extension at a depth of ≤ 7 km.

5.11 � 40Ar/39Ar analysis of adularia
Two samples of adularia were collected for 40Ar/39Ar 
dating from coastal exposures along the Kukutzu Cliffs 
(Fig. 1). The samples consisted of mm to cm-sized euhe-
dral crystals collected by hand from late-stage veins in 
the Kanagan gneiss (Lin and Chen 2016). In one of the 
samples, however, the crystals were coated with micro-
chlorite and appeared dark green. The second sample 
lacked the chlorite coating and displayed a pearl-white 
color, which is more typical of the adularia from these 
outcrops (Fig.  20A) (Huang 1953). Perhaps not surpris-
ingly, the chlorite-coated sample yielded a complex 
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Fig. 24  Photomicrographs of fluid inclusion types found in quartz and adularia crystals from late-stage, D4, veins from northern (a and b), central (c 
and d), and southern sites (e and f). Primary, two-phase H2O-NaCl inclusions in quartz (a) and adularia (b) from the Kukutsu that display a negative 
crystal form. c and d show primary, three-phase H2O–CO2–NaCl inclusions in quartz from the central, Shoufeng River, site. One inclusion in c 
was locally decrepitated at 271 °C. Fluid inclusions in d show a planar fluid inclusion assemblage H2O-CO2–NaCl. e Linear fluid inclusion assemblage 
characterized by pseudosecondary three-phase H2O–CO2–NaCl inclusions from the southern, Xinwulu River, site. In f, also from the Xinwulu River 
site, planar fluid inclusion assemblages are characterized by pseudosecondary and sub-contemporaneous secondary two-phase, H2O–NaCl 
inclusions
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degassing history and an inverse isochron with large 
errors and geologically unreasonable ages. The late-stage 
veins from which the adularia was sourced are oriented 
357°/69° and S4 dips 48° toward 334° in this area. Min-
eral paragenesis for the vein fill was commonly quartz + 
albite + calcite +/− adularia. Microstructural observa-
tions and CL imaging of the adularia suggest little post-
formation deformation or strain accumulation within the 
crystal structure (Fig. 22). Sample data tables, step-heat-
ing experiments, and inverse isochrons for T19HC-03 are 
included in Additional file  15: Appendix SIII. All errors 
are quoted at the one sigma level.

Sample T19HC-01, which lacked the thin chlorite 
coating, yielded a mean age from three aliquots of 
2.38 ± 0.15 (1σ) Ma (Fig.  27). Three single-grain ali-
quots were analyzed by step heating and resulted in 
relatively well-defined inverse isochrons with isochron 
statistically indistinguishable ages of 2.54 ± 0.13  Ma, 
2.24 ± 0.13  Ma., and 2.37 ± 0.14  Ma with MSWDs = 
2, 105, 7. Apparent age spectra from step-heating runs 
show older apparent ages within the first 10% of 39Ar 
released. Intermediate stages show initially anoma-
lously old step(s) followed by a loss profile. Minimum 
ages associated with the intermediate temperature steps 
that variably define argon-loss profiles are indiscernible 

but generally < 1 Ma. Although discordant, one aliquot 
yielded a weighted mean age of ca 2.3 Ma.

In conjunction with the geologic setting, the step-
heating runs suggest that both samples, T19HC-01 and 
T19HC-03 were affected by partial resetting possibly 
associated with hot metamorphic fluids propagated 
through the fractures. Such an influx is also supported 
by the high geothermal gradients suggested by FIM on 
quartz and adularia and the lack of notable solid solu-
tions within the adularia as suggested by CL analysis 
and the sub-concordant nature of the higher tempera-
ture steps for most of the runs.

Chen et al. (2022) also dated two samples of adularia 
from the area of the Kukutsu Cliffs using 40Ar/39Ar and 
obtained slightly younger inverse isochron ages of 1.09 
± 0.03 Ma and 1.5 ± 0.3 Ma. The available isotopic ages, 
therefore, show that horizontal extension occurred 
from c. 2.4–1.1 Ma.

5.12 � Kinematics associated with the late‑stage structures
A review of outcrop and thin-section observations sug-
gests a low degree of non-coaxial strain (kinematic vor-
ticity < 1.0) during D4. At all field sites, late-stage veins 
are consistently at a high angle to S4 and L4, suggesting 
a thinning strain regime and the absence of a significant 

Fig. 25  Bar plot depicting the distribution of homogenization temperatures per sample, including H2O–NaCl, and H2O–CO2 type inclusions, 
and a scatter plot depicting the weight% of NaCl for the bulk fluid inclusion as determined from the ice melting temperatures shown in the upper 
bar graph. The left inset map of Taiwan depicts the sample localities (see also red boxes Fig. 1)
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component of rotational strain (Ring et al. 1999; Feehan 
and Brandon 1999; Fossen and Cavalcante 2017). In addi-
tion, observations parallel to S4 and L4 show a sense of 
shear indicators that are generally weakly to moderately 
developed, but a top-to-the-south sense of shear is domi-
nant (e.g., Fig. 16e, f ). For example, 12 of 17 thin sections 
preserve well-defined indicators, with 9 recording top-
to-the southwest, 2 recording top-to-the northeast, and 1 
showing top-to-the northwest (Fig. 28). The sedimentary 
sequences south of the Yuli also appear to preserve a con-
sistent top-to-the-south sense of shear (Lu and Lee 2001; 
Conand et  al. 2020). The top-to-the-south-southwest 
sense of shear is consistent with asymmetric structures 
associated with the pseudotachylite in the northern Tai-
luko Belt but inconsistent with the sense of shear inter-
preted for the ductile shear zones in the Slate Belt north 
of the pseudotachylite (Fig. 2B), after rotations related to 
the orocline are removed.

6 � Discussion
The late-stage veins, cleavages, and ductile shear zones 
that define the youngest penetrative deformation along 
the length of the eastern flank of the Backbone Range 
consistently show vertical shortening and north-to-
northeast extension, suggesting that tectonic exhumation 
played a role in exhuming and cooling the metamorphic 
core. To evaluate this interpretation, we begin with a dis-
cussion of the age of late-stage structures and propose 
that the structures post-date the formation of S2 and S3 
in the Tailuko Belt and pre-date the formation of the oro-
cline in the northern Backbone Range. We then consider 
the transition from D2, recorded by strike-slip defor-
mation primarily in the Tailuko Belt, and the late-stage 
structures, delineated as D4. We propose that this transi-
tion marks the westward extrusion of the high-pressure 
rocks mapped in the Yuli Belt. Extrusion was apparently 
accommodated by thrust faulting in the west, recognized 

Fig. 26  Scatter plot depicting the minimum entrapment temperature and calculated pressure conditions for H2O–CO2–NaCl fluid inclusions. 
The linear plots are lines of constant density (isochores) for the average density plus/minus one standard deviation for the H2O–NaCl inclusions 
with the density listed in g/cm3. The dashed lines are hydrostatic (H) and lithostatic (L) thermobaric gradients for thermal gradients between 30 
and 80 °C/km. The shaded areas define the statistical range (~1σ) of P–T conditions during which the H2O–NaCl fluids were trapped. The peak 
temperature of the Yuli Belt is 550 °C (Kouketsu et al. 2019) based on RSCM, which we assume was the maximum entrapment temperature 
for the fluid inclusions. The maximum entrapment temperature for the southern site was constrained at 450 °C using RSCM (Beyssac et al. 2007). The 
depth was calculated using an overlying rock density of 2.7 g/cm3
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as D3, and displacement along an extensional shear zone 
in the east evidenced primarily by a low-dipping foliation 
and steeply dipping extensional veins, D4. Although the 

extensional shear zone remains cryptic, the change from 
horizontal to vertical shortening throughout the meta-
morphic core argues that tectonic processes played an 
important role in the exhumation of the high-pressure 
rocks in the Yuli Belt.

6.1 � Age of the youngest penetrative structures
The relative age of the youngest penetrative fabrics in the 
eastern Backbone Range varies across different tectonic 
units, although the fabrics have similar geometries and 
kinematics. For example, the sedimentary rocks south of 
the Yuli Belt, including the exposures along the Zhiben 
River and Domain II of Conand et  al. (2020) preserve a 
single penetrative foliation and lineation, S1 and L1, and a 
suite of late-stage mineral-filled veins. Further north and 
east of the Yuli exposures, along the eastern section of 
the Chingsuei River, and along a short stretch of Hwy 30, 
the sedimentary sequences preserve two foliations that 
we interpret as S1 and S2. Mondro et al. (2017), mapping 
more regionally but in correlative rocks (i.e., the Chulai 
and Hsinkao Formations), also documented two penetra-
tive events. The two events are recorded by two sets of 
fibrous strain fringes, with the early formed set record-
ing generally west-northwest to east-southeast stretching 
and the later set recording east-northeast to west-south-
west stretching. We propose that these stretching events 

Fig. 27  Ar step-heating and inverse isochrones for three aliquots of sample T19HC-01. See text for discussion. Sample data tables, step-heating 
experiments, and inverse isochrons for T19HC-03 are included in Additional file 15: Appendix SIII

Fig. 28  Mean S4, L4 and shear sense associated with S4/L4 
in XY planes at the river sites in Fig. 21. 12 of 17 samples 
yielded well-defined indicators, with 9 showing top-to-the-SW, 
2 showing top-to-the-NE, and 1 showing top-to-the-NW. 
A top-to-the-southwest sense of shear is consistent with observations 
by Lu et al. (2001) and Conand et al. (2020) in the southern Backbone 
Range
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correlate with S1 and S2 documented along the eastern 
Chingsuei River. Further west in the higher-grade meta-
morphic rocks of the Yuli and Tailuko Belts, S3 is also 
present, and the youngest foliation, S4, dips gently north 
and is associated with northeast stretching.

Based primarily on the geometry and kinematics of 
the structural fabrics and the absence of detailed strati-
graphic control, we propose an accretionary prism model 
where more deeply buried rocks are more deformed. 
During exhumation, units with more protracted defor-
mation histories can be juxtaposed next to less deformed 
rocks, and both suites may then experience a relatively 
young deformation event that “stitches” the units. In this 
context, S4 in the Yuli and Tailuko Belts is the “stitching” 
event recorded as S2 in the Chulai and Hsinkao Forma-
tions and as S1 in the low-grade rocks south of the Yuli.

Isotopic ages and cross-cutting relations of dated 
events constrain the absolute age of the youngest struc-
tures. For example, the gently dipping foliation, exten-
sional shear zones, and veins consistently cross-cut the S2 
mylonite in the Tailuko Belt, which ranges in age from 4.0 
to 3.1 Ma based on 40Ar/39Ar dating (Wang et al. 1998). 
We infer, therefore, that 3.1 Ma represents the maximum 
age of the youngest structures. Several of the structures 
included in the suite of youngest structures, e.g., a low-
angle pressure solution fabric, extensional veins, and 
shear zones, have also been rotated by the orocline in 
northern Taiwan, which appears to have started form-
ing ~1.0 Ma., providing a minimum age for the youngest 
structures. This range for the maximum and minimum 
age is consistent with three 40Ar/39Ar ages of adularia col-
lected from the late-stage veins, 2.4 +/−, Ma (this study), 
1.5  Ma +/− and 1.1 +/− Ma (Chen et  al. 2022), with a 
40Ar/39Ar determined age of pseudotachylite of 1.6  Ma 
that fills a suite of extensional fault zones (Chen et  al. 
2017a) and 40Ar/39Ar ages of mica from the Daguan shear 
zone, ~0.7  Ma which cross-cuts S3 (redefined here as 
S4) in the Yuli Belt (Yi et al. 2015). We therefore propose 
that the suite of relatively young structures in the eastern 
Backbone Range formed between ~2.4 and 0.7 Ma, with 
deformation possibly starting as early as ~3.1 Ma.

6.2 � Exhumation history
A full understanding of the exhumation of the high-pres-
sure rocks in the Yuli Belt from their estimated depth of 
~50 km is beyond the scope of this paper. However, we 
recognize three processes that may have driven over 
thickening in the rear of the wedge and led to the transi-
tion to structural thinning implied by geometry and kin-
ematics of the late-stage structures: (1) changes in local 
buoyancy by chemical and phase changes (e.g., hydrated 
blocks of mantle), (2) crustal-scale pressure gradients in 
a subduction channel during continuous subduction, and 

(3) changes to the thickness and composition of the sub-
ducting crust (Fossen 2010; Warren 2013). Our prefer-
ence is for (3), although (1) and (2) may have also played 
a role. We favor (3) primarily because regional compila-
tions of low-temperature geochronologic data from the 
metamorphic core show the formation of a major out-
of-sequence thrust, the Tayuling thrust, at ~6 Ma (Fig. 2 
site M)(Lee et al. 2022b), and the thrust carries the Tai-
luko Belt in its hanging wall, arguing for the incorpora-
tion of Eurasian continental crust (i.e., SE China) at this 
time (Lan and Liou 1981; Dewangga et  al. 2021; Lee 
et  al. 2022b). This interpretation is also consistent with 
the recent documentation of Taiwan-derived sediments 
arriving in the foreland basin in the Late Miocene to 
Early Pliocene, ~5–4 Ma (Hsieh et  al. 2023). We, there-
fore, propose that subduction of thick continental crust 
(e.g., equivalent to the Tailuko Belt) ~6–5  Ma initiated 
exhumation of the high-pressure rocks (Yuli Belt). Con-
tinued exhumation is documented with isotopic ages of 
retrograde metamorphism, including a 4.4 ± 0.1 Ma age 
of phlogopite using 40Ar/39Ar, (Lo and Yui 1996) and a 3.3 
± 1.7 Ma age for zircon in a clinozoisite vein in nephrite 
using U/Pb (Yui et al. 2014). This documented decrease 
in timing is followed by the initiation of structural thin-
ning at ca. 2.4 Ma.

Fluid inclusion microthermometry, vein textures, and 
40Ar/39Ar age analyses on adularia collected from the 
late-stage veins provide additional information on struc-
tural thinning during the ductile to brittle transition. 
For example, grain morphologies within the veins indi-
cate they developed under an extensional stress regime 
between < 1 and 7 km, with a maximum depth for min-
eral precipitant ranging from 4 to 7 km. The decrease of 
pressure at constant temperatures, as recorded by FIM, 
suggests continued brittle/ductile deformation as the 
rock package was exhumed through the hydrothermal 
fluid system. Once the overburden was reduced enough 
to allow the fractures to remain open, well-developed 
euhedral crystals grew in open voids, or the veins were 
filled with equant blocky grain morphologies, probably 
at depths between 0 and 2  km depth. This transition is 
also suggested by the change from crack-seal vein mate-
rial near the walls of the veins to euhedral crystals in the 
vein centers. Secondary fluid inclusions at similar trap-
ping conditions were likely formed within the crystals 
during the protracted cooling. The cessation of the fluid 
system is represented by the deposition of soluble ions in 
the form of chlorite, ankerite, calcite, and gold deposits 
(Craw et al. 2009). If we assume that the adularia crystals 
formed before the transition to lithostatic to hydrostatic 
conditions (e.g., 2–7  km) at 2.38  Ma, tectonic thinning 
and erosion rates of between 0.8 and 3  km/Myr would 
be needed to remove the overburden. Using the younger 
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40Ar/39Ar age of ~1.1  Ma for adularia growth suggests 
significantly faster rates of 1.8–6.3 km/Myr.

6.3 � Extrusion and changing structural regimes
An important but often overlooked consequence of tec-
tonic extrusion in a subduction zone is that the hori-
zontal motions of the extruding blocks can add to the 
shortening associated with plate convergence (Che-
menda et  al. 1995; Warren et  al. 2008). This additional 
shortening component could be accommodated in the 
fold-and-thrust belt and even equal the extension in the 
rear of the wedge (Chemenda et  al. 1995; Warren et  al. 
2008). In Taiwan, tectonic exhumation of the Yuli Belt 
driven, for example, by pressure gradients in the subduc-
tion channel, could have accelerated slip along the decol-
lement beneath the accretionary wedge west of the Yuli 
Belt, essentially pushing the wedge westward.

To better understand how this process may apply to 
Taiwan, we start with a reconstruction of the tectonic 
setting near the end of D2 in the Tailuko Belt (Fig. 29A). 
We have removed the oroclines in northern and south-
ern Taiwan and consider the orogen a relatively straight 
system consistent with regional-scale strike-slip (Ho et al. 
2022). During D2, highly oblique plate convergence was 
accommodated through deformation partitioning (Fitch 
1972; McCaffrey 1992) with orogen-normal shortening in 
the Slate Belt and orogen-parallel strike-slip in the Tai-
luko Belt (Ho et al. 2022). For the D2 strike-slip regime, 
we envision a relatively simple instantaneous strain 
state where the minimum stretch, S3, trends northwest, 
parallel to the plate convergence vector, the intermedi-
ate stretch, S2, is vertical, and the maximum stretch, S1, 
trends northeast (Fig. 29C).

Near the end of D2, we propose that the westward 
extrusion of the Yuli Belt caused a significant change in 
the tectonic regime (Fig. 29). In this interpretation, extru-
sion is accommodated by slip along two east-dipping, 
regional-scale structures: the Shoufeng thrust that crops 

out west of the Yuli Belt and carries the Yuli Belt in its 
hanging wall and a more cryptic extensional shear zone 
that we propose carries the Luzon forearc in its hanging 
wall (Fig. 29B). We also propose that extrusion of the Yuli 
Belt offset the pre-existing Tailuko shear zone left-later-
ally along a generally east–west trending fault, forming 
a regional-scale releasing bend (Fig.  29B). The Chouchi 
Fault in the central part of the Yuli Belt may represent 
a similar but less well-developed cross-structure (“G” in 
Fig.  2). As oblique convergence continued, the state of 
strain in area of the releasing bend changed from thrust-
ing and thickening (i.e., large vertical stretch) (Fig. 29C, 
D3) to vertical thinning and strike-parallel extension 
(Fig. 29C, D4) . That is, formation of the releasing bend 
generated an area of low vertical stretch that accommo-
dated vertical extrusion of the Yuli Belt.

In support of this proposed change in regimes, we 
note that slip on the Chaochou thrust (Fig. 2) may have 
accommodated the westward displacement associated 
with extrusion of the Yuli Belt. For example, the unusual 
north–south strike of the Chaochou Fault (see Figs. 1, 2) 
may reflect progressively lower slip, or slip rates, from 
north to south along the fault. The presence of a regional-
scale, late-stage (i.e., post-cleavage) antiform in the 
northern extent of the Chaochou hanging wall (Huang 
and Byrne 2014) is consistent with larger slip along the 
fault in the north. Progressively lower slip north to south 
also correlates with the narrowing of exposures of the 
Yuli Belt in the core of the orogen consistent with the 
notion that westward extrusion of the Yuli Belt added to 
the slip along the Chaochou. Finally, cooling ages of reset 
detrital apatite grains from the hanging wall of the fault 
range from 3.6 to 2.4 Ma, which overlap with exhumation 
cooling ages in the Yuli Belt (Lo and Yui 1996) and slightly 
pre-date initiation of northeast extension recorded by the 
late-stage veins that date from 2.4 to 1.1 Ma (this paper 
and Chen et al. 2022).

(See figure on next page.)
Fig. 29  Generalized maps, cross sections, and strain states for the Tailuko and Yuli Belts as they are accreted/subducted and extruded. A ~6.0–
3.0 Ma, accretion of Tailuko and Slate Belts and subduction of Yuli Belt as continental crust of Eurasia enters the Luzon subduction zone. Kinematics 
and strain partitioning along the plate boundary are from Ho et al. (2022). Schematic cross section X–X’ at the time shown in A. B ~3.0–0.7 Ma, 
vertical and westward extrusion of the Yuli Belt accommodated by reactivation of the Tailuko strike-slip shear zone as a high-angle reverse fault, 
the Shoufeng shear zone (SSZ). Westward extrusion accelerates slip on the Chaochou Fault (CF in cross section) and offsets the left-lateral shear 
zone in the Tailuko Belt, creating a left-stepping releasing bend. Geochronologic data suggests northeast stretching (black arrows) started ca. 
2.4 Ma (this study). The location of reconstructed units relative to Taiwan is for general reference. C General strain states for three deformation stages 
with “S” representing the stretch (S = 1 + elongation) for each of the principal strains with S1 > S2 > S3. D2: strike-slip deformation in the Tailuko Belt 
during oblique convergence and strain partitioning (Ho et al. 2022). D3: east-dipping high-reverse fault between Tailuko and Yuli Belts (represented 
by red dashed and continuous lines). Orientations and relative magnitude of stretches are poorly known, but maximum stretch S1 is assumed 
to be nearly vertical. D4: vertical thinning and extrusion of the Yuli Belt that minimizes the vertical stretch while the releasing bend during oblique 
convergence maximizes the horizontal stretch. Black dashed line represents late-stage foliation. Note that the maximum stretch trends northeast 
for D2 and D4
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Westward displacement of the Tailuko shear zone 
as the Yuli Belt was extruded may also explain the lim-
ited evidence for left-lateral slip in the area south of the 
southernmost exposures of the Tailuko Belt. For example, 

the only detailed geologic map of this area that we are 
aware of (Usami and Matsumoto 1940) shows two left-
lateral strike-slip faults on the east and west sides of the 
Tailuko outcrops (Fig.  2 site N). However, map-scale 

Fig. 29  (See legend on previous page.)
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offsets across the faults suggest that they accommodated 
relatively small displacements. The eastern fault displaces 
an anticline-syncline pair 2–3 km, and this fault is itself 
offset 1–2 km by the second left-lateral fault, suggesting a 
total slip of ~5 km. Conand et al. (2020) show a regional-
scale, left-lateral fault that generally follows the west 
boundary of the Tailuko Belt, although only the northern 
and southern extents have been mapped. Several smaller, 
north-striking left-lateral faults have also been mapped in 
this area (Lu and Lee 2001; Mesalles 2014), but none of 
these faults have documented offset, and the ages of slip 
are generally unknown.

Considering that the Tailuko shear zone is interpreted 
to be part of a plate boundary, the total slip is expected to 
be much larger than the observed 5 km (Usami and Mat-
sumoto 1940). One option is distributing displacements 
related to the Tailuko shear zone throughout the south-
ern backbone range. Alternatively, the westward motion 
of the Chaochou, which carries the Tailuko Belt in its 
hanging wall, raises the possibility that the westward 
motion of the extruding Yuli Belt offset the Tailuko shear 
zone. This interpretation is attractive because the highly 
linear coastline in southeast Taiwan suggests a strike-slip 
deformation history. In fact, Zhang et al. (2022), following 
Lewis et al. (2015) have recently proposed that the Luzon 
Trough, which merges with the Longitudinal Valley in 
Taiwan, is, at least in part, a pull-apart basin between two 
left-lateral strike-slip faults. The western basin-bounding 
fault recognized by Zhang et  al. (2022) is equivalent to 
the southern extent of the Tailuko shear zone we are pro-
posing here. Westward offset of the Tailuko shear zone is 
an attractive interpretation because it would also result in 
a left-stepping, left-lateral fault system (Fig. 29B), which 
predicts northeast-southwest extension in the northeast 
quadrant (Fig. 29B), analogous to a pull-apart basin. This 
structural setting is consistent with the kinematics of D4 
in the Yuli and Tailuko Belts.

In summary, the late-stage structures in the Tailuko and 
Yuli Belts and parts of their sedimentary covers appear to 
reflect vertical shortening and horizontal extension asso-
ciated with the extrusion of the Yuli Belt. Vertical short-
ening reflects the vertical ascent of the extruding mantle, 
probably accentuated by a pre-existing, steep strike-slip 
fault (see, e.g., Mann and Gordon 1996; Avé Lallemant 
and Guth 1990; Platt 1983). Horizontal extension devel-
oped as the Yuli Belt was extruded westward up the sub-
duction zone, offsetting the north-striking Tailuko shear 
zone left-laterally. This new structural setting created 
a left-stepping, left-lateral shear zone and a regime of 
regional-scale extension in its northeast corner (Fig. 29). 
Westward extrusion of the Yuli Belt was accommodated 
by additional slip along the Chaochou thrust along the 
western flank of the orogen.

6.4 � Structural thinning
The magnitude of tectonic exhumation during the young-
est penetrative event can be estimated using the finite 
strain values obtained in the lower-grade sequences of 
the metamorphic core (Mondro et al. 2017), although the 
uncertainties are relatively large. The strain data show a 
mean, generally horizontal stretch of 4, which, assum-
ing constant volume and plane strain, is equivalent to 
a vertical stretch of 0.25 and indicates vertical shorten-
ing of 75%. Assuming a 30 km thick accretionary prism, 
a sub-horizontal foliation, and a uniformly distributed 
vertical strain rate, vertical shortening would account for 
over 20 km of tectonic exhumation. The relatively young 
event also appears to have been active for ~1.3 Myr (i.e., 
from ~2.4 to 1.1  Ma), indicating an exhumation rate of 
~15.4 km/Myr, which seems unreasonably high.

There are several critical unknowns in estimating tec-
tonic exhumation from the strain data. Ring and Kumer-
ics (2008) and Feehan and Brandon (1999) argue that 
strain values collected from exposed high-pressure ter-
ranes typically significantly overestimate the amount of 
crustal thinning. This is because we know very little about 
strain rate laws or the distribution of strain at depth, and 
rocks can travel relatively quickly through zones of high 
strain rates as they are exhumed. For example, Ring and 
Kumerics, (2008) used a strain rate law that increased 
proportionally with depth to estimate the exhumation 
of high-pressure rocks in the Alboran Sea (exhumed 
from 40 km, Platt et al. 1998) and concluded that vertical 
stretches of 0.03 were required. This relatively high value 
implies strain ratios of ~1000, which Ring and Kumerics 
considered unrealistic.

Although the vertical stretch observed in Taiwan, 
0.25, is substantially lower than the calculated value for 
high-pressure rocks in the Alboran Sea, the estimated 
exhumation rates in Taiwan of ~15.4 km/Myr are unrea-
sonable. If we assume vertical shortening started at the 
end of mylonitization associated with S2 in the Tailuko 
Belt, or about 3.1 Ma, the tectonic exhumation rate for a 
30 km thick crust would still be 10 km/Myr, which is also 
relatively high.

One alternative is to assume that vertical shortening 
represents strain associated with a regional-scale detach-
ment or shear zone with a finite width (e.g., Fig. 29C, D4). 
If we assume, for example, that the observed horizontal 
stretch value, ~4, represents strain that accumulated as 
the rocks moved through the range of pressures and tem-
peratures indicated by the fluid inclusion data, ~5 km, a 
horizontal stretch of 4 would remove 3.75 km of overbur-
den and imply an exhumation rate of 2.9  km/Myr. This 
rate is comparable to modern rates of erosion in Taiwan 
(Dadson et al. 2003; Derrieux et al. 2014).



Page 45 of 50Byrne et al. Progress in Earth and Planetary Science           (2024) 11:23 	

A regional-scale, east-dipping detachment, as shown 
in Fig. 29C, D4, is attractive as it provides an explanation 
for CW rotation (north view) of older fabrics (e.g., red 
dashed line in Fig. 29B) (Crespi et al. 1996), the CW rota-
tion of the Yuli-Chulai contact (see Fig. 5, Stanley et  al. 
1981) and the top-to-the-east shear observed the lower-
graded metamorphosed sedimentary rocks east and 
southeast of the Yuli Belt (Lu and Lee 2001). Remnants 
of the detachment may also be preserved at the base of 
the mafic/ultramafic blocks at Wanrong (Fig. 2 between 
the Shoufeng and Hongye Rivers) and Ruisui (Fig. 2 at the 
latitude of the Hongye River) that are mapped as tectonic 
klippe perched anomalously above other members of the 
Yuli Belt (Lin 1999b; Yen 1983; Yang and Wang 1985). 
Finally, a gently dipping detachment with a normal sense 
of shear would accentuate exhumation cooling.

6.5 � Implications for topographic growth
Considering the possible importance of both tectonic 
and surface processes in exhumation, we evaluate the 
possibility that these processes outpaced rock uplift and 
limited the topographic growth of the orogen, at least to 
the end of the youngest, penetrative deformation in the 
Tailuko and Yuli Belts, ~0.7  Ma. We evaluate this pos-
sibility by showing a correlation between the age of the 
late-stage deformation in the metamorphic rocks and 
the results of a recent study documenting the paleo-
topography of the Backbone Range (Fig. 30) (Chang et al. 
2023). The paleotopography analysis used the H isotope 
record of n-alkanes with 29 carbon atoms (δ2HnC29) pre-
served in leaf waxes collected from exposed sedimentary 
rocks in the Coastal Range. The sediments form part of 
an uplifted forearc basin that accumulated sediments 
derived from both the magmatic arc to the east and the 
emerging orogenic belt to the west from ~4.0 to 0.7 Ma. 
A younger terrace deposit <  0.5  Ma was also sampled. 
The δ2HnC29 values are consistently high from 3.0 to 
1.25 Ma with a mean of -160 (0/00) and decrease slightly 

to a mean of ~− 180 (0/00) ~1.0 Ma. A final drop to − 200 
(0/00) at 0.3 Ma (Fig. 30). Chang et al. (2023) modeled the 
H data using a modern Taiwan reference and proposed 
that mean source elevation grew from a few hundred 
meters 3.0–1.25  Ma, to 1.5  km ~1.0  Ma and reached 
its current mean elevation of just over 2.5 km < 0.5 Ma 
(Fig.  30). These data strongly argue that topographic 
growth was limited despite clear evidence of significant 
erosion (e.g., high deposition rates) during this time. One 
interpretation, therefore, is that tectonic thinning of the 
eastern Backbone Range played an important role in lim-
iting topographic growth.

A relatively low elevation for the Backbone Range 
until very recently is also consistent with preserving 
areas of anomalously low relief in the Backbone Range, 
some perched at high elevations today. The areas of 
anomalous topographic relief were first described by 
Japanese researchers a century ago (Lin 1957 and refer-
ences therein). They ascribed the surfaces to the decay 
and rejuvenation of tectonic activity, generally following 
ideas proposed by Davis (1899). Lin (1957) resurrected 
this hypothesis, and Ouimet et al. (2013), based on 10Be 
isotope data from the surfaces and the steep scarps often 
surrounding the surfaces, documented extremely low 
erosion rates on the surfaces and extremely high rates on 
the eroding flanks. Yang et  al. (2015) proposed that the 
low-relief surfaces could form during stream piracy and 
headwater migrations, although Whipple et  al. (2017) 
questioned the significance of these processes. More 
recently, Hsieh et  al. (2018) presented one of the most 
detailed studies of one of the largest surfaces in Taiwan, 
the Alishan surface, and showed that the surface formed 
> 50 ky ago (the maximum age of 14C), probably during 
the last glacial period. They propose that during rela-
tively dry glacial periods, river downcutting decreases 
and hillslopes degrade, potentially forming areas of rela-
tively low relief. Similar processes may have been operat-
ing throughout Taiwan, including the eastern Backbone 
Range, where tectonic exhumation may have played a 
role in limiting surface uplift. However, the low-relief 
surfaces in the Backbone Range remain undated, and 
additional research is needed to verify their origin  (Addi-
tional file 16).

7 � Conclusions
Integration of previous studies of the metamorphic core 
in the Taiwan orogen with new structural, geochro-
nologic, and thermometric data suggests a new inter-
pretation for the arc-continent collision. We propose a 
two-stage process for exhuming the high-pressure met-
amorphic rocks of the core of the orogen. In the initial 
stage, exhumation is driven primarily by pressure gra-
dients in a subduction channel, possibly enhanced by 

Fig. 30  Modeled elevation for the source of organic materials 
versus age (from Chang et al. 2023). The age range of late-stage 
deformation in the eastern Backbone Range is based on isotopic ages 
and bending of the northern Backbone Range orocline (this study)
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partial subduction of continental crust. During this stage, 
exhuming rocks are tectonically extruded up the subduc-
tion channel with vertical and horizontal components. 
The horizontal component drives the second stage. Dur-
ing this stage, a previously recognized, margin-parallel, 
left-lateral strike-slip system is offset, forming a left-step-
ping extensional bend as oblique convergence continued. 
The extruding high-pressure rocks filled this extensional 
zone as the hanging wall was structurally thinned.

The primary evidence for the new interpretation is the 
regional distribution of a late-stage, gently dipping pene-
trative foliation and a suite of sub-vertical veins. Isotopic 
dating and cross-cutting relations indicate this exhuma-
tion stage extended from ca. 2.4 to < 1.0  Ma when the 
Backbone Range orocline started to form. Combined tec-
tonic and erosional processes may have limited the topo-
graphic growth of the orogen from ~3.0 to < 1.0 Ma. We 
propose that the late-stage, gently dipping foliation and 
steeply dipping veins formed in the footwall of a regional-
scale, extensional shear zone rooted to the east beneath 
the forearc (Fig.  29B). Normal slip on the detachment 
accounts for CW rotation (north view) of older foliations 
that represent the eastern half of an apparent cleavage fan 
in the Backbone Range (red dashed line in Fig. 29B, cross 
section) and the local occurrence of top-to-the-east shear 
previously interpreted as evidence for back thrusting.

The proposed hypothesis could be further developed 
and tested with additional structural and geochrono-
logical data. In particular, the southern Backbone Range, 
where the margin-parallel strike-fault appears to be off-
set, is ripe for more detailed, integrated studies. Perhaps 
one of the most challenging areas of future study is iden-
tifying and mapping remnants of the proposed extension 
shear zone that accommodated the westward extrusion 
of the orogenic wedge. Future studies incorporating low-
temperature geochronometers and surface processes 
could also better define the link between the inactive 
structures described here and active structures that 
define the tectonic regimes of modern Taiwan. Finally, 
we assumed highly oblique plate convergence through-
out the different deformation regimes because it is con-
sistent with strike-slip deformation during D2, northeast 
extension during D4, and recent reconstructions based 
on tomographic data (Wu et al. 2016; Sibuet et al. 2021). 
Presumably, highly oblique convergence transitioned 
to the modern, more orthogonal convergence before 
the northern Backbone Range orocline was initiated ~1 
Mya. Linking plate motions to past and modern tectonic 
regimes is also an area ripe for more detailed studies.
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