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ABSTRACT

Ophiolite-bearing belts mark convergent plate suture zones and are central in re-
constructing plate configuration and structures of mountain belts. The active Taiwan
mountain belt, product of ongoing convergence between the Eurasian and Philippine
Sea plates, has dismembered ophiolitic rocks exposed on both sides of the Longi-
tudinal Valley suture: blueschist blocks in schistose Yuli Belt to the west, and the
Eastern Taiwan Ophiolite (ETO) in the unmetamorphosed Lichi Mélange to the east.
How these ophiolitic materials correlate with the consumed South China Sea and
Luzon forearc oceanic lithospheres between the colliding Chinese continental margin
and the Luzon Arc remained speculative. We present zircon U-Pb age results from
both ophiolitic rocks in the Yuli Belt and the ETO to pinpoint the formation ages of
respective oceanic crusts, and *°Ar/*Ar dates to unravel the tectonothermal history.
The zircon U-Pb ages of ~15 Ma for all analyzed samples indicate a common South
China Sea origin for ophiolitic materials across the plate suture, since oceanic crust of
the Philippine Sea Plate near Taiwan is either Eocene or older. The “°Ar/*’Ar ages of
Yuli meta-ophiolitic rocks might suggest blueschist metamorphic overprint at ~9 Ma.
The “Ar/*Ar results are generally identical to zircon U-Pb ages for the ETO rocks,
concurrent to their olistostromal origin in the forearc basin after being tectonically
transported from the trench interface to the eastern retrowedge within the Hengchun
accretionary prism. A working tectonic model for the Taiwan arc-continent collision
is put forward with emphasis on the fate of the South China Sea during the mountain
building processes.

1. INTRODUCTION

Convergent plate sutures are often marked by ophiol-
ite-bearing belts where entire or partial sections of oceanic
lithosphere were consumed during collisional or accretion-
ary orogenesis (e.g., Pan et al. 2012). The type, tectonic set-
tings and paleogeographic origin of the ophiolitic rocks are
essential in plate reconstructions of the associated mountain
building (e.g., Dilek and Furnes 2014; Xu et al. 2015). As the
obducted or exhumed remnants of the intervening oceanic
lithosphere, the ophiolite-bearing belts offer invaluable evi-
dences and insights to the subduction processes preceding
arc-continent or continent-continent sutures, as well as the
deformation and metamorphic overprint during successive
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orogenic processes (e.g., Ernst 2010; Yui et al. 2014; Ma-
lavieille et al. 2016). Therefore, the ophiolite-bearing belts
are key components in discerning the overall architecture
and evolution of convergent plate boundaries, whereas re-
cords of the processes responsible for the emplacement and
exhumation of ophiolite-bearing belts are often obscured by
later orogenic deformation and erosion. The active moun-
tain building system of Taiwan, with well-constrained tec-
tonic framework (Suppe 1981), serves as a modern model of
ophiolite evolution in collisional plate sutures.

The island of Taiwan, located on the ongoing conver-
gent boundary between the Eurasian and the Philippine Sea
plates, is the result of collision between the Chinese conti-
nental margin and the Luzon Arc (Teng 1990). On land there
are three orogen-parallel ophiolite-bearing geologic units:
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the Kenting and Lichi mélanges, and the Yuli Belt (Fig. 1).
The Kenting Mélange is an unmetamorphosed subduction
mélange exposed in the emerged accretionary prism in the
southern tip of the island (Chang et al. 2003). The Lichi
Meélange is an unmetamorphosed collisional mélange due to
forearc closure, and is exposed along the western border of
the accreted arc (Chang et al. 2000; Chen et al. 2017a). The
Yuli Belt, previously considered to be the Mesozoic sub-
duction zone of the paleo-Pacific Plate (the “Kula Plate”;
Yui et al. 1988), is recently re-interpreted as a blueschist-
facies Miocene subduction complex juxtaposed east of the
exhumed continental margin basement (Tsai et al. 2013; Yui
et al. 2014; Chen et al. 2017b). From initial subduction to fi-
nal arc-continent collision, two major oceanic domains have
been consumed and are the source candidates for ophiolites
found in these belts: the South China Sea along the subduct-
ing plate interface, and the Philippine Sea Plate oceanic lith-
osphere in the Luzon forearc region. While the consumption
of South China Sea followed by Chinese continental margin
subduction along the Manila Trench is well-characterized
southwest of Taiwan (Lin et al. 2009), how the South China
Sea lithosphere was incorporated into the orogenic system
remains largely speculative (e.g., Suppe et al. 1981; Chang
et al. 2009; Malavieille et al. 2016; Hsieh et al. 2017). The
destruction of the ~100 km-wide Luzon forearc crust is es-
sential in bringing the Luzon Arc to collisional contact with
the exhumed continental margin (Lu and Hsu 1992; Shyu
et al. 2005); tectonic erosion through underthrusting be-
neath the arc is the currently favored mechanism (Chang et

al. 2001; Shyu et al. 2011; Chen et al. 2017a). Of the Tai-
wan ophiolite-bearing belts, only the Kenting Mélange was
the direct product of South China Sea subduction and the
ophiolitic rocks within are mostly of South China Sea af-
finity (e.g., Lu and Hsu 1992; Chang et al. 2003; Zhang et
al. 2016; Tian et al. 2019); debates remain for the origin of
the ophiolitic rocks in the Lichi Mélange as either Philippine
Sea Plate/Luzon forearc (e.g., Juan et al. 1980; Malavieille
et al. 2002; Chang et al. 2009; Huang et al. 2018) or South
China Sea (e.g., Chung and Sun 1992; Hsieh et al. 2017); the
mafic blocks within the Yuli Belt have been inferred from
the South China Sea (Yui et al. 2014; Chen et al. 2017b;
Beyssac et al. 2008) but lack further constraints. Such ambi-
guities made tectonic interpretation and reconstruction dif-
ficult and fraught with uncertainties, especially for the Lichi-
Yuli pair on the opposing sides of the active plate boundary,
the Longitudinal Valley (Fig. 1). Protolith origin(s) must be
resolved as a prerequisite for comprehensive knowledge on
the tectonic processes bringing these two ophiolite-bearing
belts of contrasting histories against each other along the
plate suture.

One of the best approaches to distinguishing the
ophiolitic rocks as originated from the South China Sea
or the Luzon forearc region of the Philippine Sea Plate is
age-dating of rock formation. The South China Sea was
opened since ~37 to ~15 Ma according to seafloor magnetic
anomaly interpretations (Taylor and Hayes 1983; Briais et
al. 1993; Yeh et al. 2010), and the oceanic crust southwest
of Taiwan yielded ages around 20 Ma (Wang et al. 2012).
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Fig. 1. Tectonic framework of the Taiwan arc-continent collision. The ophiolite-containing geologic units: Yuli Belt, Lichi Mélange, and Kenting
Mélange are highlighted. CP: Coastal Plain; WF: Western Foothills; SB: Slate Belt; TB: Tailuko Belt; CR: Coastal Range; HP: Hengchun Peninsula;

HR: Hengchun Ridge (submarine accretionary prism).
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The ocean floor immediately east of southeastern Taiwan
on the Philippine Sea Plate was interpreted to be either Eo-
cene (~50 to ~40 Ma: Karig et al. 1975; Sibuet et al. 2002)
or Cretaceous (~130 to ~120 Ma: Deschamps et al. 2000;
Queano et al. 2007). Therefore, the crystallization ages of
the igneous protoliths, such as zircon U-Pb ages, provide
the most unequivocal evidences for clarifying ophiolite ori-
gin, especially for the strongly metamorphosed rocks of the
Yuli Belt. Further constraints may come from thermochro-
nometers including mineral “’Ar/*°Ar ages for revealing the
thermal history important in tectonic reconstructions of the
collisional processes.

In this study, age dating of the ophiolitic rocks in the
Lichi Mélange and the Yuli Belt by zircon U-Pb laser abla-
tion and *Ar/*Ar step-heating techniques were carried out
to discriminate the oceanic domains they originated. The re-
sults are incorporated into regional tectonic context to build
a working hypothesis demonstrating how the South China
Sea lithosphere subducted to various depths subsequently
entered the ophiolite-bearing units within the orogen, lead-
ing to an updated tectonic reconstruction of the Taiwan arc-
continent collision.

2. GEOLOGICAL BACKGROUND AND SAMPLING

The Taiwan Island is located on the collisional junc-
tion between the Eurasia and Philippine Sea plates, where
the Luzon Arc indented and accreted to the deformed Chi-
nese continental margin (Suppe 1981; Teng 1990; Lu and
Hsu 1992). The collision was achieved in two stages: first
the Manila Trench was choked by the arrival of Chinese
continental margin after subduction of the South China Sea
(Lin et al. 2009); then shortening within the upper Philip-
pines Sea Plate, caused by reduced plate interface slip during
continental underthrusting, resulted in forearc closure (Ma-
lavieille and Trullenque 2009; Shyu et al. 2011). Because of
the oblique configuration of the Chinese continental margin
and the Luzon Arc, the collision commenced in the north in
Mio-Pliocene time and propagated southward (Suppe 1984),
while northeastern Taiwan has entered post-collisional
stage (Chen et al. 2014) due to westward propagation of
the Ryukyu subduction system with opposite polarity (Teng
1996; Wu et al. 2009). The island is divided in two parts
(Fig. 1): east of the Longitudinal Valley (plate suture), the
Coastal Range is the accreted Luzon Arc belonging to the
Philippine Sea Plate; west of the suture, the Eurasian part of
the island is composed of (from west to east) (1) the Coastal
Plain as the foreland basin (Lin et al. 2003), (2) the Western
Foothills and the Slate Belt as the fold-thrust belt (Chen et
al. 2011), (3) the Tailuko Belt as the exhumed continental
margin basement (Yui et al. 2012), and (4) the Yuli Belt as
an exhumed blueschist-facies subduction complex (Yui et al.
2014; Chen et al. 2017b). The Lichi Mélange is distributed
along the western flank of southern Coastal Range, with its

matrix composed of sheared forearc sedimentary sequence
(Chang et al. 2001; Chen et al. 2017a). The Kenting Mélange
crops out in the western side of the fold-thrust belt in the
southern tip of the island, with west-vergent thrust contacts
to neighboring sedimentary successions and characteristics
of subduction zone mega-thrust (Chang et al. 2003).

2.1 The Yuli Belt

The Yuli Belt occupies a narrow strip on the eastern
flank of the Central Range, the main geomorphic expres-
sion of the active arc-continent collision. It is composed of
greenschist-facies quartz-mica schist with minor greenschist
of Miocene deep-sea sediment protolith (Chen et al. 2017b),
and part of it exhibits a tectonic block-in-matrix configura-
tion; the blocks include greenschist, serpentinite and other
meta-ophiolitic rocks, some bearing blueschist-facies high-
pressure (HP) metamorphism such as the epidote amphibo-
lite and glaucophane schist in Juisui area and the ompha-
cite-zoisite metabasite in Wanjung area (Fig. 2; Liou 1981;
Yui and Lo 1989; Tsai et al. 2013). The Juisui glaucophane
schist, whose protolith was probably a mixture of basaltic
tuff and deep-sea sediments (Jahn et al. 1981; Sun et al.
1998), was recently dated as ~15 Ma of igneous crystalliza-
tion age (Chen et al. 2017b). Also in the Juisui Tamayen tec-
tonic block, epidote amphibolite yielded an age of ~80 Ma
using Rb-Sr mineral isochron (Jahn et al. 1981), indicat-
ing possible mixture of Cretaceous rocks (Yui et al. 2014).
In the Chinshuichi area, HP metamorphism was found in
a mélange unit containing both meta-ophiolitic and meta-
sedimentary (garnet-bearing spotted schist) rocks (Keyser
et al. 2016). The peak metamorphic condition was estimat-
ed to be ~550°C (Beyssac et al. 2008) and up to ~13 kbar
(Baziotis et al. 2017) for the HP blocks, and a prominent
greenschist-facies metamorphic overprint throughout the
belt (Lo and Yui 1996; Yui et al. 2014). “*Ar/*Ar ages of 12
- 9 Ma obtained from foliation-defining phengite grains in
glaucophane schist (Lo and Yui 1996) probably pinpoint the
end of HP metamorphism/subduction considering blocking
temperature of Ar diffusion for phengite (Yui et al. 2014),
while 6 - 5 Ma Lu-Hf garnet ages have been interpreted as
prograde metamorphism in garnet-amphibolite (Sandmann
et al. 2015). “°Ar/*Ar reset ages of ~4 Ma from phlogopite
in omphacite-zoisite metabasite (Lo and Yui 1996), together
with Rb-Sr age of ~5 Ma from Juisui epidote-amphibolite
(Jahn et al. 1981) as well as the nephrite formation age of
~3 Ma (Yui et al. 2014) generally marks the Barrovian-
type metamorphic overprint associated with later collision
processes. Continuous exhumation from the peak pressure
state for the blueschist blocks might have persisted till today
(Brown et al. 2015).

Constraints of protolith age for the meta-ophiolitic
rocks, critical in tracking their origin, were lacking. This key
issue is tackled by U-Pb dating on zircons extracted from
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a meta-gabbro (sample WL-02), now chiefly composed
of albite and amphibole, from the Wanjung tectonic block
(Fig. 2) which contains omphacite-bearing rocks (Yui and
Lo 1989). For the tectonic blocks in the Juisui area (Fig. 2)
where a mid-Miocene age was obtained for the glaucophane
schist (Chen et al. 2017b), white mica was extracted from
an epidote-amphibolite schist of the Tamayen block (sample
EA-02) as well as an albitite (albite no less than 70% volu-
metrically with minor white mica, probably a meta-plagio-
granite) from the nearby Tsunkuanshan block (sample TKA-
01) for “Ar/*Ar step-heating dating to help bracketing the
timing of high-pressure metamorphism.

2.2 The Lichi Mélange

The Lichi Mélange flanks the southwestern border of
the Coastal Range, which is composed of accreted Luzon
Arc volcanic edifices (the Tuluanshan Formation) and de-
formed allochthonous forearc sedimentary sequences (e.g.,
Chang et al. 2000; Huang et al. 2006). The matrix of the mé-
lange is chaotic mudstone deposited no later than ~3 Ma as
part of the lower forearc sequence (Chi et al. 1981; Huang et
al. 2008; Chen et al. 2017a) and is mixed with exotic blocks
of varying lithology and size (Page and Suppe 1981). In the
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intensely sheared portions of the mélange, the matrix mud-
stone lost original stratification and developed penetrative
scaly foliation of mesoscale anastomosing curvy fault slip
surfaces (Chang et al. 2000, 2009). The severely sheared mé-
lange is either in fault contact to or conformably grading up-
ward into less- or non-sheared equivalent forearc sequence,
indicating that the Lichi Mélange was formed by collision-
related forearc closure/shortening after ~3.5 Ma (Chang et
al. 2001, 2009). The exotic blocks in the Lichi Mélange are
grouped into: (1) andesitic volcanics originated from the arc
to the east; (2) well-lithified (compared to the younger, poor-
ly consolidated arenite of Luzon forearc basin) sandstones
of Miocene abyssal turbidites (Sung 1991) sourced from the
accretionary prism on the Manila Trench to the west; and
(3) fragmented ophiolitic rocks collectively named as East
Taiwan Ophiolite (ETO; Chung and Sun 1992). The ETO
blocks are found throughout the Lichi Mélange and consist
of ophiolitic lithologies from ocean-floor fossiliferous red
clay/chert, pillow or glassy basalt, basaltic dykes, gabbro,
plagiogranite, to serpentinized peridotite (Suppe et al. 1981).
Petrological and geochemical studies suggest the ETO was
formed in a deep-sea slow-spreading ridge (Jahn 1986;
Chung and Sun 1992; Hsieh et al. 2017). However, whether
the ETO was generated from a ridge on the South China Sea
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Fig. 2. Regional and detailed geological maps of the Yuli Belt and the Lichi Mélange (modified from Lan 2011; Tsai et al. 2013; Baziotis et al.

2017). Sample localities are marked.
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(e.g., Chung and Sun 1992; Shellnutt and Hsieh 2016; Hsieh
et al. 2017) or the Philippine Sea Plate (e.g., Chang et al.
2009; Huang et al. 2018) remained an open question. The
recipe is the crystallization age of the ophiolitic rocks since
the neighboring South China Sea and the Philippine Sea Plate
were formed at different time intervals (Oligo-Miocene, and
Eocene or Cretaceous, respectively; Deschamps et al. 2000;
Sibuet et al. 2002; Yeh et al. 2010). Existing constraints in-
clude biostratigraphic analysis of the ETO red clay, which
indicated mid- to lower-Miocene deposition (NN5; Huang
et al. 1979) whereas hiatus between basalt eruption and clay
deposition might not be totally ruled out; and zircon U-Pb
ages of gabbroic rocks and plagiogranite around 17 - 14 Ma
(Shao 2015; Hsieh et al. 2017; Huang et al. 2018).

To elucidate the ETO formation age, the ophiolitic
rocks in the Dianguang locality (near Guanshan Township)
of southern Coastal Range (Fig. 2) were sampled for age
dating analyses. A contiguous block of ETO ophiolite up
to ~1.6 km in length crops out along the Chiawu creek at
the locality in the Guanshan Township, in which the extru-
sive sequence is found in the western part and the plutonic
rocks in the east. Zircon grains were extracted from chert
and gabbro samples (samples JW-01 and 02, respectively)
and dated by U-Pb laser ablation method. A pillow basalt
sample was dated by “*Ar/*Ar step-heating analysis (sample
ETO-36).

2.3 Sample Description
2.3.1 Yuli Belt Samples

The amphibole-albite rock WL-02 was sampled from
an outcrop near Wanjung Cemetery in the northern part of
the Wanjung block (23.71622, 121.40759), which has been
mapped as meta-gabbro or amphibole-albite rock (Liou
1981; Lan and Liou 1984; Lin 1999; Fig. 2). In the field
this rock is composed of whitish bands with foliation-par-
allel cm-long green porphyroblasts, and such metamorphic
banding has been folded with ductile deformation (Fig. 3a).
Under microscope, the whitish band matrix of the rock is
composed of albite and zoisite intergrowth with few para-
gonite; the green porphyroblasts are amphibole and minor
chlorite with few titanite and quartz inclusions (Fig. 3e).
The amphiboles are euhedral, and zoned with magnesio-
hornblende, pargasite or tremolite cores and mostly rimmed
by actinolite.

The epidote amphibolite EA-02 was sampled next to
glaucophane schist (blueschist) from an abandoned serpen-
tine mine in Tamayen block, Juisui area of the Yuli Belt.
Visible euhedral amphibole crystals are embedded in epi-
dote matrix with minor phengite, zoisite, quartz, and garnet
(Fig. 3f), a texture similar to the neighboring glaucophane
schist and probably corresponding to type I of glaucophane-
bearing rock of Tsai et al. (2013).

The sample TKA-01 was taken from a serpentinite

mine in the Tsunkuanshan block of the Yuli Belt, south of
Juisui area. The non-foliated rock is composed of mm-sized
white crystals with minor interstitial greenish minerals and
occasional large pyrite (Fig. 3b), and constitutes a lithologi-
cal zonation above the serpentinite. Petrographic analysis
reveals that the rock is an albitite containing at least 70%
of large (up to 3 mm) euhedral to lathed albite crystals, and
white mica without preferred orientation fills the remain-
ing space (Fig. 3g). Albite grains are often twinned, and
tiny quartz inclusions form curved trails. Euhedral titanite
crystals occur independently or as inclusions, while apatite
mostly appears together with white mica. Preliminary in-
ference about the protolith of this albitite might be ophitic
plagiogranite or gabbro, with former pyroxene replaced by
white mica and accessory minerals whereas plagioclace by
albite during sodic metasomatism in high-P shear zones, or
altered jadeitite during retrograde reactions (e.g., Harlow
1994; Tsujimori and Harlow 2012).

2.3.2 Lichi ETO Samples

All of the three samples (JW-01, 02, ETO-36) were
sampled from the ophiolite sequence exposed along the
Chiawu Creek in Dianguang, Guanshan, within the Lichi
Meélange. JW-01 was sampled from a ~3 m-wide chert for-
mation within lower part of basalt sequence and close to
dolerite (Fig. 3c), and is composed of fine-grained quartz
with minor feldspar, and contains minute veinlets filled with
prehnite (Fig. 3h). ETO-36 was taken from a nearby fresh
pillow basalt. JW-02 is a coarse-grained gabbro taken from
a fresh outcrop in the lower part of the ophiolite sequence
(Fig. 3d) and composed of large granoblastic clinopyroxene
and plagioclase crystals without apparent traces of meta-
morphism or alteration (Fig. 3i).

3. ANALYTICAL METHODS
3.1 Zircon U-Pb Laser Ablation Analysis

Zircon grains were mechanically separated from the
samples using conventional heavy-liquid and magnetic
separation techniques. Zircon grains with crystal lengths
> 100 pum were linearly mounted with epoxy resin and then
polished. Cathodoluminescence (CL) images were taken
for examining the internal structures of individual zircon
grains. Laser ablation inductively coupled plasma mass
spectrometer (LA-ICP-MS) U-Pb dating was carried out
using an Agilent 7500s quadrupole ICP-MS coupled with
a New Wave UP-213 laser ablation system housed in the
Department of Geosciences, National Taiwan University.
The ablation beam diameter was about 30 um. Operating
conditions and analytical procedures followed Chiu et al.
(2009). The laser ablation spot was placed in the center of
each analyzed zircon grains. The results are presented in
Fig. 4 and Table 1.



388 Lo etal.

Fig. 3. Field occurrence and petrography of analyzed samples. (a) Field photo of WL-02, meta-gabbro from Wanjung block in Yuli Belt, exhibiting
deformed greenish mineral banding; (b) field photo of TKA-1, coarse-grained albitite from Tsunkuanshan block in Yuli Belt; (c) field photo of JW-
01, chert formation within ETO basalt in Lichi Mélange; (d) field photo of JW-02, fresh ETO gabbro in Lichi Mélange; (e) photomicrograph of WL-
02 (crossed polars) showing amphibole crystals in matrix of anhedral albite and minor minerals; (f) photomicrograph of EA-02, epidote amphibolite
from Tamayen block in Yuli Belt, showing amphibole crystals in matrix of fine-grained epidote and minor minerals; (g) photomicrograph of TKA-
01 (crossed polars), exhibiting large euhudral albite crystals with white mica filling in interstitial spaces, and occurrences of quartz inclusions and
titanite crystals; (h) photomicrograph of JW-01, a prehnite vein crosscutting chert formation; and (i) photomicrograph of JW-02 (crossed polars),
exhibiting plutonic texture of coarse-grained clinopyroxene and plagioclase. Light grey bar in E-I indicate 1 mm length. Mineral abbreviations: Ab:
albite, Amp: amphibole, Mus: muscovite, Pl: plagioclase, Px: pyroxene, Q: quartz, Tt: titanite.
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Ages of Ophiolitic Rocks in Yuli Belt and Lichi Mélange

Aquo sd3e auad0IN (ST = AMSIA 0€ = N) BIN 040 F 6L°LT = 938 qdlyz/(Ngec UL

< 81 14 L1 11¢ < 80 L'91 10000 1600000 CTIOO00  9C00°0  TrPOO'O0  €S910°0 890100 609%¥0°0 | OI'L 91 0v-c0-MI
cl Sl 0¢ LT 9LET (948! 4 91 1900000  9L000°0 LEOOO'0  €STO00 +SOLO0  SILTO0  6SLLOO  €8LLOO 19°0 L1 8€-TO-MI
I e S 9T €ee 096 L0 TLY LO000'0  8IT000 TIO000 L9TOOO  6CSO00  819TO0 81100 801L0°0 ¥6'0 <ot LE-TO-MI
€ 8¢C LT €S LOS LTOT 1 0T 910000 #1000 €2000°0 1€00°0 CLLTOO  €1€S00  LgEe0' 0 8IVCIO 01 0¢ 9¢-T0-MI
< 9T cl (4 78 8 1 0T 110000  LTIOO0 TTO0O00 TIEO0O'0 6CCIO0 686100 8LSTOO  T9V0'0 €Tl 9¢ YE-C0-MI
1 < 9 1C 69¢ 9¢C 80 961 900000 11000  TI000'0  SOL00'0  6LS00°0  6CICO0  TOCIOO  890S00 | SO'I 96 €€-C0-MI[
14 14! 9C w S0 600¢C < 91 120000 L0000  TEO00'0  S¥COO0  TILTO0  8LIYOO  60990°0 19¢CI'0 | OLO 0T 1€-20-MI
cl 9% I 0¢ 8C0C TSIl [3 14! 190000  LTCOO'0  SY000'0  SITOO0  CTLIFOO 900€0°0  TI1CCI'O  ISIOI'O | LSO Cl 6C-C0-MI
4 144 C 81 OLIT I L0 S'8I 10000 611000 110000 L8TOO'0 SICOO0  CT8IO0  #8¥00°0 LO9YO'O | 0ST SL 8T-TO-MI
€ 149 ¢l 0T 96L j24! 1 61 ST1000°0  L9100°0 810000 62000 G8CI00 856100 I¥6C00  £6870°0 6L0 oy LTTO-MI
14 143 LT 61 06 (¢4 1 91 TTO0O0'0 991000 TTOOO'O 9STOO'0  SPLIOO 68600 988¢00  €IvI'0 0L 0 8T ST-TO-MI
S 1S3 (74 0¢ 8S01 L901 C 81 970000  TLTOOO STOOO0 98TO00 TI0CO0 TS6TO0  ¥TSHO0  €6¥L00 | 890 Y4 YC-C0-MI
1 Y4 9 9C So¢ 61L 80 6’81 L0000'0  CCI000  TIOODO +6C000 685000 89SCO'0  STCIOO  1€€90°0 | SI'T €6 €T T0-MI
91 8¢ 61 LL 1601 1€1¢ 14 ST LLOOO'0  L8TOO'0  SSO000  LE£COOO  ISCSO0  I88LO0 €TI0 LI¥TCO 9¢°0 6 (aardi'\\\
14 81 6 91 8¢ € 60 S91 20000 680000 ¥I000°0 9SCO00 68000 879100  STETO0 19%¥0°0 L60 0S 0C-C0-MI
90 0c € 61 681 16 90 981 €0000°0 1000 6000000 682000  9C000 €0610°0 €7S000  €8L¥00 | LIV SIC 61-C0-MTI
L €C 6 LT LTS 1 1 LY S€000'0  9TT000 LTIOOOO 69000  €8800°0 TLTO0O YLITO0  LO9YO'O 880 e S1-C0-M[I
80 9'1¢C 9 9C 00t oL 80 T8I 00000  LOTOO'0  TI000'0  ¢8CO00 9000 8YSTO'0  LTPIOO0 955900 | 05T €L L1-CO0-M[
S 14! 1C €€ 9101 6991 C ST 2C0000 690000  STO00'0  9€C000  #PITCO0  9¢€€00  8¥9SO0  9¥COI'0 | S9°0 1C 91-C0-MI
C 91 14! 6C <S89 9¢T1 1 L1 10000 180000  1C0000 69C000 PLEIOO  C88TO'0  LLIEOO 6SLLOO | 880 1y SI-CO-MI
80 col 14 (44 (59 SoOv L0 6'LT | ¥00000 S60000 T1000°0 8LCOO'0 9¥¥00'0 8SICO0 896000 TEL9S00 | OL'E 8CI Y1-C0-MI
9 L1 cl 81 SoL 0C I LY 6C0000 780000 810000 192000 CECIO0 908100 TVPICOO  TOSOO 890 (43 €1-T0-MI
14 (474 L1 9¢ 8SL €8¢1 I 61 720000  60T000  ITO00'0  96C00°0 SILIOO S6SE00  LYP9EO'0  TO880'0 | 990 9T CI-20-MI
14 LT 9 LT vy 14 60 891 1200000 98000°0  €100000  T9CO0'0  €£€900°0  €9910°0 LLSIOO  CTI9¥00 9¢0 88 01-20-MI
1 1T 90 VLI 143 C 0 SLY S00000 901000  LOOODO'O  TLTOOO 8S0000 8TLIOO 8600000 609%0°0 | 8TI 0LT 8-C0-MI
€ 8¢ 90 691 C 1 S0 LT 100000  6€100°0  80000°0  S€9C00'0  8S000°0 T89IO'0  LOOOO LO9Y0'0 | 8I'T <L L-C0-MI
9 <9 1C 9% 6vL CLLT < 0T 2€0000  TEOO'0 920000  60£000 COCCOO  CTI9PO'0  ILEFOO  SE8OL'0 | €90 1C 9-C0-MI
81 s 9¢ 9¢ L991 So6¥C 14 91 L8000'0  9ST00°0 190000 €000  LO8SOO  +¥¥9S0°0  TLEEL'O  T8EL9I'0 | SSO I 7-C0-MI
14 (44 9 L1 0S¢ C 60 v'L1 LT000'0 601000 €I0000 ILTOOO 9SSO00  CTLIOO  8ECIO0  809%¥0°0 | 691 (44 €-C0-MI
€ (44 14 81 09¢ 1 L0 €81 910000 601000 TIOOO'0  #8CO0O'0 66£0000 +08I00 L68000 L0900 ort SL TTO-MI
OIF G O gpt oF gt O gpt | o gus o g em g o e | (@90 o
(e]N) sa3Y soney qd-U.L-N a

(ponunuoD) | d[qeL



(950 = AMSIN ‘6T = N) BIN TT'0 F 86'FT = 33 qdyor/ sz WEIIN

Loetal.

4 91 9 < 0291  6¥ST- L0 'St 010000 180000 TT0000 6£T00°0 8SSO0'0 6ITO00- TTLIOO- S99000- | 650 6¢€l 0€-20"IM
[4 91 9 < 0291  6¥ST- L0 ¥'ST | 010000 180000 TT0000  6£2000 8SS00°0 61TO00- TTLIOO- S99000- | 650 S¢S 6770 TM
L 0l 14! Sl 10¢1 6T 1 ST S€0000  6¥000°0 810000 6TCO00  TEYIO0  ILPIOO  TITPOO  199¥0°0 | 9¢€0 LST 8C-20"IM
€ €C S Sl £ov €L 90 €vL | SI0000 ¥ITO00 0T0000 TCTOO'0  8ESOO'0  OSKIOO  CTLSIOO  LyL¥O'O | SE0 ol1 LT-T0IM
C L1 L 8 718 0gs- L0 [ 1700000  S8000°0 I1T0000  8€TOO'0  LS900°0  LOSOO'O  ¥06100 #9¥CO'0 | €50 Ll 9C-70" 1M
C 91 S 6 88Y 0l 90 §'ST | 800000 080000 600000 I¥CO00  €9¥00°0 €06000 €0L100 8ILZOO | 950 LTT SC-C0IM
< i4! 14 Sl (£33 Ie- S0 $PI | 800000 L90000 800000 0€TOO'0  9S€00°0  €hPIOO  T86000 9¥S¥O'0 | 6€0 9 YC-T0 1M
C i4! 14 14! 8¢ 8I1I- 90 1341 010000  TLO0O00 600000 0€TOO'0  +¥C00'0  89€TO'0 981100 0OIEYO0O |84 661 €070 IM
S £€C 01 14! 6001 88- 60 $PI | LTOO0O0 TITO0O0  +I000°0  0€2000  8IOIO0  #8CIO0  SL6CTOO  L9ev0'0 | €€0 oL 0 IM
€ L1 S 6 61¢ 88¢- 90 9°ST | €100000  #8000°0 0OI000'0  €¥CO00 6IS00°0 9T6000 6¥FI00  99LT0°0 | 8€0 SCl 12-20 1M
€ L1 14 L LS 6CL- 90 €SI | €100000 980000 600000 8€TOO'0  €C¥00'0  9.9000  ITCIO0  T90CO0 | CE0 81 0C-20 1M
1 L1 € 8 8T¢ VLS S0 €SI | L00000 S80000 800000 8E€TOO'0  SLTOO'O  0O8LOO'O  S9LOOO  CTLETOO | €¥0 88¢C 61-20" 1M
¢ 81 9 I 099 8G¢- 90 S'€T | 010000 160000 0OT0000 OITOO0 06S00°0  LTITOO 698100 #88¢00 | 090 el 81-T0" 1M
4 81 S 91 (444 S L0 6'ST 110000  L8000°'0 TI0O00'0  LPCOO'O TESOOO  L9SIOO  6LEIOO S6SP00 | 6¥0 sl L1-T0IM
80 91 1 0l cel LLT- 0 (341 00000 080000 900000 C€CO0'0 ¥EIOO0  8EOIOO 9¥€000  0SCE00 | L9O 169 91-20" 1M
9 14 L L1 €19 Sve 80 €SI 1€000°0 220000  TIOOO'O  LETOOO  SELOOO 999100 +T0CO'0 60100 | 1TO 901 S1-20" 1M
€ €C S L1 8y S6C 90 SPIL | €10000 SITO00 600000 0£200°0  €6¥00°0 +S9I00  SLETOO  CTCSO0 | 9¢€0 991 Y1-20 1M
90 991 1 el ogl €LT 7’0 9vI | €000000 80000 900000 LCTOO'0  €0100°0  €9CI00  LECOOO 620¥00 | CTI SYOl | €1-20-IM
L LT Il €C S6L 61701 I L'PT | 920000 9€I000 SI0000  6CC00°0  €CITO0  OPeCc00  ¥EIE00  LTPLOO | 8TO 89 CI-20 1M
I 81 14 €l LLE 6T 90 T'ST | 9000000 160000 600000 ¥€CO00 S6£000 L8TIOO 060100 966€00 [ OLO [ 11-20-TM
€ 0C L 91 86S ST 80 LSt S10000  L6000°0  TIOOO'O  +#PCO0'0  S69000 9SSIO0  L98IO0  €€9%00 | #¥0 01 0I-20" 1M
80 791 80 €l LLT L8E- 0 (341 00000  I18000°0 90000°0 T€C00'0 C8000'0 CCCIOO  €LIO00 9¢8¢00 | 9I'l SLIT 6720 TM
€ 14! S 9 0IL €18- 90 €SI | ST0000  TLOOOO0  OI000'0  LEZOOO  91S00°0 129000  8OSIO0  T06I00 | 6C0 348 8-C0-"IM
0l 9C L1 S 96¢1 L8Ol 1 ST 260000 0€T000  I20000  L£ZOOO  8S9TO'0  6SVO00  €96¥0°0  SOVIOO | 6C0 94 L-C0IM
S 0c L 9 88 LEY L0 €SI | 920000 860000 IT0000 8€TOO'0  €L900°0 609000 ¥L6100  9S8I00 | €T0 801 9-C0-"IM
<0 &< € <t €ee +H8 €0 6 100000 £2€0060 SO0060 661060 €800 C8EHO0  8FLO00 6064960 | 95¢ 86+ SO~
I SI 14 6 99¥% S6¢- 90 8P | LOOO0D'0 TLOOOO 600000 0€TOO0  68¢00°0 +L8000 6CITO0 ISLTOO | ¢SO 681 -0 TM
4 81 14 8 18%9 LTS 90 Lyl 010000 160000 600000 6CTO00 €000  08LOO0  €SCTIO0  OLYCTOO (a4l vLI €00 IM
14! LE 81 €€ ce9T  ELLT 1 ST £L9000°0  T8IOO'0  ITO000  LETOO'O  LOLTOO T8IEOD'O- ¥0090°0- +CTL600O-| TTO 144 0 IM
14 14! 9 4 £68 8¢S~ 90 6'bL | 020000 690000 OI000°0 TECOO0 88S00°0  9ITO0O0  TISIOO  SL9000 | 9T0 SCl 1-201M
— UL - N - qd - n - YL - N = N = qd
e % e % s % s | T wae % e T wae % Gde [om ["N°] oas
(BJAD) $98Y soney qd-4.L-N

392

(PonunuoD) ' dqe,



Ages of Ophiolitic Rocks in Yuli Belt and Lichi Mélange 393

3.2 “Ar/*Ar Step-Heating Analysis

White mica grains of the Yuli samples were mechani-
cally separated from the samples using conventional heavy-
liquid and magnetic separation techniques, and the ETO
basalt sample was crushed and disintegrated. After siev-
ing, grain sizes between 140 - 250 um were ultrasonically
cleaned with acetone and deionized water then dried. The
washed grains were handpicked to remove visible contami-
nation to obtain pure separates. Weighted sample separates
were wrapped in aluminum packets and packed with LP-6
Biotite standard for irradiation. After irradiation, the LP-6
biotite standard and samples were measured with step-heat-
ing technique, incrementally heated from 500 to 1500°C us-
ing a double-vacuum resistance furnace, with a 30-min step
schedule. Purified gas analyzed by a VG1200 mass spec-
trometer at the Argon geochronology laboratory, National
Taiwan University.

“OAr/¥Ar date was calculated from the argon compo-
sition released from the LP-6 biotite monitor (Odin 1982)
with a calibrated “Ar/*Ar age of 128.48 + 0.64 Ma based
on Fish Canyon Sanidine (28.294 + 0.036 Ma; Renne et al.
2010, 2011) with R value of 4.669 = 0.023. Details of the
analytical procedure are given in Lo et al. (2002). Plateau
ages are calculated on adjacent steps with similar ages,
which together comprise more than 50% of **Arg released.
The results are presented in Fig. 5 and Table 2.

4. RESULTS
4.1 Zircon U-Pb Dating Results

Zircon grains extracted from sample WL-02 (a meta-
gabbro from Wanjung) are mostly euhedral with lengths
ranging from 100 to 350 pm. No perceptible rims of meta-
morphic zircon growth were found in the CL images and
substantiated by the obtained Th/U ratios (0.22 - 1.28; meta-
morphic zircon growths usually have ratios < 0.1, Rubatto
2002). The analyzed zircon grains yielded concordant and
consistent ages with a weighted mean of 14.98 + 0.22 Ma,
and no inherited zircon was detected (Fig. 4a). The result
indicates that the gabbro protolith of sample WL-02 was
crystallized at ~15 Ma.

Of the ETO samples, sample JW-01 yielded 31 zircon
grains, which are magmatic in origin and 100 - 200 um in
length. Their ages are tightly clustered around a weighted
mean of 14.67 + 0.19 Ma with Th/U ratios between 0.25
and 1.79 (Fig. 4b); since no inherited zircon was found, the
chert may be interpreted as deposited concurrently with ~15
Ma eruption which was probably tuffaceous. Zircons from
sample JW-02 are smaller and some of the population are
pre-Miocene and thus inherited; 30 zircon grains produced
concordant ages with a weighted mean of 17.79 + 0.4 Ma
and Th/U ratios of 0.56 - 4.17 (Fig. 4c), representing the
crystallization age of the gabbro sample.

4.2 “Ar/*Ar Step-Heating Results

White mica from both epidote-amphibolite schist of
the Tamayen block and albitite from the Tsunkuanshan
block in the Yuli Belt display fairly flat age spectra over
more than 93% of *°Arg released with similar plateau ages
(Figs. 4 a and b). Both plateau ages of EA-02 (8.97 £ 0.27
Ma) and TKA-01 (9.19 + 0.27 Ma) are consistent with
their respective intercept ages (9.15 £ 0.69 and 8.96 + 0.56
Ma, respectively). Isotope correlation plots indicate initial
OAr/°Ar values (2929 + 9.0 for EA-02 and 298.3 = 6.0
for TKA-01) close to the atmospheric composition (298.65;
Lee et al. 2006a), demonstrating absence of apparent excess
argon (Figs. 4a and b). These ~9 Ma “Ar/*°Ar ages are sig-
nificantly younger than the ~15 Ma zircon U-Pb ages from
meta-gabbro (sample WL-02, section 4.1) (Fig. 4a) or glau-
cophane schist (Chen et al. 2017b) and could be related to
the blueschist-facies metamorphism, since the later green-
schist overprint was generally constrained to be ~3 - 4 Ma
(Yui et al. 2014). However, this inference is in conflict with
the published garnet prograde growth age from Tamayen
garnet amphibolite (Sandmann et al. 2015), and needs fur-
ther deliberation as in the following Discussion part.

The basalt sample from the Lichi Mélange, ETO-36,
yielded whole-rock flat age spectrum with plateau age of
1393 + 0.55 Ma over 94.5% of the total *Arg released
(Fig. 5¢). Isotope correlation plot results in an intercept age
of 14.79 = 1.21 Ma and an *Ar/*Ar initial value of 263.19
+42.7 (MSWD = 0.14). The intercept age is consistent with
the zircon ages of sample JW-01, indicating the magmatic
zircon grains within the chert deposit (JW-01) were coge-
netic with the neighboring basalts.

5. DISCUSSIONS

5.1 Origins of the Ophiolitic Rocks in the Yuli Belt and
the Lichi Mélange

During the development of the Taiwan arc-continent
collision, the South China Sea and the Luzon forearc litho-
sphere have been consumed leading to head-on buttressing
between the deformed Luzon Arc and the exhumed meta-
morphosed Chinese continental margin along the Longi-
tudinal Valley suture. How the Yuli and the Lichi ophio-
lite-bearing belts paired across the suture correlate to the
two oceanic realms, however, remained speculative (e.g.,
Malavieille et al. 2002; Beyssac et al. 2008; Chang et al.
2009; Chen et al. 2017b). The most definitive constraints
may come from the crystallization and eruption ages of the
oceanic crustal rocks as either the Oligo-Miocene South
China Sea or the Eocene to Cretaceous Luzon forearc. For
the ophiolitic rocks in the Yuli Belt, the zircon crystal-
lization ages of the meta-gabbro sample WL-02 from the
Wanjung area as well as those reported from blueschist
samples of the Juisui area (Chen et al. 2017b) suggest the
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Fig. 5. “Ar/*Ar age spectra and isotope correlation diagrams for samples (a) EA-02 white mica, (b) TKA-01 white mica, and (¢) ETO-36 basalt
whole rock.

Table. 2. Analytical results of “’Ar/*Ar dating.

Sample ID: EA-02 Mus
Step*  cum.PArg Atmos. (%) FAr/PAr  YAr/PAr  FAr/Ar “Ar/PAr “Ar/Ar  Age (Ma) = 1SD

600°C 0.009 91.35% J7235E-01 3135E-01 .2563E-01 .2240E+02 .3097E+03 522+£294
700°C 0.049 76.38% 3448E-01 .8957E-02 .1855E-01 .1178E+02 .3416E+03 8.16 + 1.05
750°C 0.190 57.51% I566E-01 3654E-02 .1504E-01 .6350E+01 .4055E+03 8.85+0.38
800°C 0.381 52.27% J1269E-01  4411E-02 .1448E-01 .5477E+01 4315E+03 8.87+0.29
850°C 0.593 48.91% J121E-01 1157E-01  .1421E-01 .5058E+01 .4510E+03 8.96 +0.28
900°C 0.735 50.51% J208E-01 .1717E-01 .1437E-01 .5329E+01 .4413E+03 9.05+0.31
950°C 0.841 53.46% JA383E-01  .2311E-01 .1469E-01 .5877E+01 .4250E+03 921+0.38
1000°C 0911 60.38% 1778E-01  2538E-01 .1543E-01 .6990E+01 .3931E+03 8.93 +0.50
1050°C 0.956 65.97% 2198E-01 2954E-01 .1622E-01 .8181E+01 .3722E+03 8.67+0.77
1100°C 0.981 69.98% 2725E-01 3677E-01 .1720E-01 .9790E+01 .3593E+03 895+1.24
1200°C 0.993 81.65% 4633E-01  4150E-01 2077E-01 .1524E+02 .3289E+03 7.96 £2.20
1350°C 1.000 90.65% 8279E-01  4420E-01 2758E-01 .2574E+02 .3109E+03 6.52£3.96

Note: J-value = 0.00289630 + 0.00003736; Integrated date = 8.86 +0.31 Ma, Plateau date = 8.97 +0.27 Ma (step: 750 -
1100°C); MSWD = 0.49.
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original oceanic lithosphere was constructed around 15 Ma
(Fig. 4a), indicating that they were derived from the South
China Sea lithosphere. The whole-rock “Ar/*°Ar age of the
pillow basalt from the Lichi Mélange (sample ETO-36)
(Fig. 5c¢) indicates the sea-floor eruption took place around
14 - 15 Ma, and the eruption might have provided the zir-
cons with ages tightly clustered ~15 Ma into the overlying
and intercalated chert deposit (sample JW-01) (Fig. 4b).
Therefore, the ophiolitic rocks in the Lichi Mélange might
have been also originated from the South China Sea litho-
sphere considering the age of mid-ocean ridge basalt (Hsieh
et al. 2017) eruption. Prolonged magmatic activity in the
mush zone in a slow-spreading ridge environment (Chung
and Sun 1992; Shellnutt and Hsieh 2016) might be respon-
sible for the slightly older gabbro crystallization ages from
sample JW-02, and not consistent with upper-plate supra-
subduction processes (Huang et al. 2018). So far no Luzon
forearc basement rocks have been documented via geochro-
nological or petrological means within the Lichi Mélange,
indicating that although the Lichi Mélange was formed dur-
ing forearc basin closure through basement underthrusting/
subduction, the basement rocks (except arc volcanics) were
not mixed with overlying sediments. Hence the inferences
of South China Sea affinity of the Yuli and Lichi ophiolitic
rocks (e.g., Yui et al. 2014; Shao 2015; Chen et al. 2017b;
Hsieh et al. 2017), are substantiated by our results that ophi-
olitic blocks from both belts across the Longitudinal Valley
suture are dismembered fragments from the South China
Sea lithosphere.

5.2 Contrasting Thermal-Metamorphic History of
Ophiolitic Rocks Across the Longitudinal Valley
Suture

Despite common origin, the Yuli meta-ophiolitic rocks
have complex rock history involving HP blueschist meta-
morphism (Tsai et al. 2013) and later greenschist Barrovian
overprint (Yui et al. 2014), in contrast to those in the Lichi
Meélange with at most hydrothermal or seafloor metamor-
phism (Liou and Ernst 1979). Such difference is also dem-
onstrated in the dating results: a considerable time span of
~5 up to ~11 million years exists for the Yuli meta-ophiolitic
rocks between the zircon crystallization age (~15 Ma of the
meta-gabbroic rocks, as well as the glaucophane schist re-
ported in Chen et al. 2017b) and their “*Ar/*Ar ages (~9 Ma
from white mica in meta-gabbroic rocks, 10 - 11 Ma from
white mica in glaucophane schist, and ~4 Ma from phlogo-
pite in omphacite-bearing rock in Wanjung in Lo and Yui
1996); while no apparent time lag is found for the ETO in
the Lichi Mélange (14 - 15 Ma for both zircons in chert and
pillow basalt whole-rock “Ar/*Ar ages, as well as zircons
from gabbro in Hsieh et al. 2017). The isochronous zircon
and “°Ar/*Ar ages from ETO rocks indicate lack of signifi-

cant post-crystallization heating, in line with geologic char-
acteristics of the ETO and the Lichi Mélange as a whole.

For the ophiolitic rocks in the Yuli Belt, the younger
white mica “Ar/*°Ar ages may result from thermal reset-
ting, as the peak condition of the blueschist metamorphism
reached ~550°C (Beyssac et al. 2008; Keyser et al. 2016;
Baziotis et al. 2017) which is higher than the resetting
temperature for muscovite (~490°C; Harrison et al. 2009);
therefore the ~9 - 11 Ma white mica ages represent early
retrograde exhumation from peak HP state. Such thermal
evolution for Yuli HP rocks is, however, not compatible
with blueschist garnet prograde growth ages of ~5 - 6 Ma
(Sandmann et al. 2015). In many eclogite and HP terranes
along continental suture zones, excess argon is identified
and causes anomalously old apparent ages (e.g., Ruffet
et al. 1997); the 9 - 11 Ma white mica “°Ar/*Ar ages are
hence suspect of contamination from excess argon that
makes them older than the garnet prograde growth ages and
rendered not relevant. For HP oceanic subduction without
polyphase metamorphism, as the situation of Yuli ophiol-
itic rocks, excess argon is considered negligible (Itaya and
Tsujimori 2015); such circumstance corresponds to the at-
mospheric initial *Ar/**Ar value from isotope correlation
plots of EA-02 and TKA-01 (Fig. 5) which show no sign of
apparent excess argon. When concerning the possible pro-
tolith compositions, white mica as a high-K content phase
does not correspond to the original bulk compositions of
neither EA-02 (basalt/gabbro) nor TKA-01 (plagiogranite/
gabbro); it might originate from seafloor alteration (Putlitz
et al. 2005) or by encapsulating fine-grained Yuli meta-sed-
iment matrix through fluid-rock interaction (e.g., Halama et
al. 2014; Chen et al. 2016). Therefore, the ~9 - 11 Ma white
mica “Ar/*Ar ages of the meta-ophiolitic rocks in the Juisui
area might correlate to growth during foliation formation
following peak HP metamorphism (cf. Putlitz et al. 2005)
and modified by deformation-assisted resetting (cf. Itaya
and Tsujimori 2015). To summarize, since no significant
excess argon is present, the white mica “°Ar/*Ar ages indi-
cate that the blueschist meta-ophiolitic blocks reached HP
condition and started to exhume at around 9 Ma; otherwise
the South China Sea oceanic lithosphere was still subduct-
ing when continental underthrust/subduction commenced
(~8 - 6.5 Ma for central Taiwan; Lin et al. 2003; Chen et al.
2018) as inferred from the 6 - 5 Ma garnet prograde growth
ages (Sandmann et al. 2015). Further investigations are
needed to resolve the nature of the ~9 - 11 Ma white mica
“OAr/¥Ar ages from Yuli meta-ophiolitic rocks. The ~4 Ma
phlogopite *Ar/*Ar age from omphacite-bearing rocks in
the Wanjung area (Lo and Yui 1996) was probably related
to the later regional greenschist-facies metamorphic over-
print at mid-crustal environment during the arc-continent
collision demonstrated in metamorphic zircon overgrowths
(Yui et al. 2014).
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5.3 Working Tectonic Hypothesis for Ophiolite
Emplacement

Emplacement of ophiolitic rocks into the various parts
of the Taiwan mountain belt bears key knowledge on the
preceding subduction and ongoing arc-continent collision,
and their identification as dismembered South China Sea
lithosphere through age dating places critical constraints
on orogenic evolution. The emplacement mechanism of the
South China Sea fragments for each of the three ophiolite-
containing geologic units, however, varies according to
their tectonic characteristics; together they illustrate the fate
of different parts of the South China Sea lithosphere within
the orogen.

The incorporation of the South China Sea ophiolitic
materials in the Kenting Mélange occurred during plate
boundary shearing that brought footwall rock into the me-
ga-thrust fault zone of the Manila subduction zone (Lu and
Hsu 1992; Zhang et al. 2016; Tian et al. 2019), since the
Kenting Mélange is a relict subduction fault zone uplifted
within the accretionary prism as the Hengchun Ridge/Pen-
insula (Chang et al. 2009). Thus ophiolitic materials were
fed into the matrix of the Kenting tectonic mélange from the
onset of South China Sea subduction, which should be prior
than the earliest known volcanism in the Luzon Arc of the
Taiwan region (~15 Ma; Yang et al. 1995; Lai et al. 2017,
or ~18 Ma; Huang et al. 2018), until the trench jump (Plio-
Pleistocene; Chang et al. 2009).

The occurrence of South China Sea fragments as the
Eastern Taiwan Opbhiolite in the Lichi Mélange is intimately
related to the Hengchun Ridge accretionary prism and the
Kenting subduction mélange (Suppe et al. 1981; Malavieille
et al. 2016). During the growth of the Hengchun Ridge, the
sediment-ophiolite mixture of the subduction mélange was
underthrust along Manila subduction channel beneath the
wedge, meanwhile strong backthrusting in the retrowedge
drove rock uplift and mass wasting as topography steep-
ened (Malavieille et al. 2016). Therefore, some pieces of
the South China Sea lithosphere caught in the subduction
channel were first basal-accreted into the deeper portion of
the accretionary prism (Malavieille and Trullenque 2009;
Mclntosh et al. 2013), and then exhumed at the eastern side
of the Hengchun Ridge along backthrusts and shed into the
neighboring Luzon forearc basin (Page and Suppe 1981; Ma-
lavieille et al. 2016). Such olistostromal process is observed
offshore SE Taiwan where chaotic slump deposits sourced
from Hengchun Ridge/Peninsula to the west were identified
in the Huatung Ridge (Chi et al. 2014) as proto-Lichi M¢é-
lange (Huang et al. 2008; Chang et al. 2009). Therefore, the
ETO rocks and the well-lithified Miocene sandstone blocks
were both olistostromal products from the growing Hengc-
hun accretionary wedge from retrowedge side. Since around
3.5 Ma the shortening of the Luzon forearc region caused
intense thrust shearing of the lower and western parts of the

forearc sequence containing the South China Sea fragments,
forming the Lichi Mélange with penetrative shear fabrics
(Chang et al. 2009).

The blueschist meta-ophiolitic tectonic blocks in the
Yuli Belt, once ascertained as originated from the South Chi-
na Sea, originated from deep part of the Manila subduction
(Tsai et al. 2013; Chen et al. 2017b). These Yuli ophiolitic
rocks went down the subduction channel after their forma-
tion around 15 Ma, and reached blueschist-facies conditions
either before ~9 Ma or ~5 Ma (whether taking into account
of apparent white mica *°Ar/*’Ar cooling/formation ages or
the garnet prograde growth ages from Sandmann et al. 2015,
respectively; please refer to discussion in section 5.2). The
blueschist rocks then detached from the subducting slab and
rose up. Whether exhumation of the blueschist was continu-
ous as suggested by petrophysical analysis of high-velocity
zone extending from shallow depths beneath eastern Cen-
tral Range to ~ 50 km deep (Brown et al. 2015), or resided
in mid-crustal level during early arc-continent collision and
overprinted with greenschist-facies metamorphism is not yet
clear; the ~3 Ma metamorphic zircon overgrowth ages (Yui
et al. 2014) and the ~4 Ma phlogopite age (Lo and Yui 1996)
likely favor the latter scenario. During Quaternary time the
whole eastern Central Range including the Yuli Belt under-
went fast exhumation (~65°C Ma™' or > 4 mm yr') indicat-
ed by thermochronology data (Fuller et al. 2006; Lee et al.
2006b; Chen et al. 2017b).

A working tectonic model of the Taiwan arc-continent
collision with emphasis on the incorporation of South China
Sea ophiolitic materials into various parts of the mountain
belt is proposed (Fig. 6). Formation of new South China Sea
oceanic lithosphere for the area around and southeast (con-
sidering the direction and rate of convergence between the
Eurasia and Philippines Sea plates) of the present Taiwan
persisted until ~15 Ma as inferred from geochronological
ages of ophiolitic igneous products (this study; Shao 2015;
Hsieh et al. 2017) and seafloor magnetic anomaly interpreta-
tion (Yeh et al. 2010). The onset of Luzon Arc magmatism
at ~15 Ma (Song and Lo 2002) suggests subduction of the
South China Sea along the Manila Trench commenced im-
mediately after (or simultaneously) with the last episodes
of seafloor spreading. Contemporaneous with the arc vol-
canism was high-pressure metamorphism of the leading
parts of the subducted South China Sea oceanic lithosphere
(Fig. 6a), and simultaneous ophiolite incorporation along
the trench interface into the accretionary wedge (cf. Dilek
and Furnes 2014). Ophiolitic blocks in the Kenting Mélange
were mostly scrapped-off from subducting South China Sea
along the Manila Trench interface (Chang et al. 2003). Earli-
er equivalents of Kenting ophiolitic rocks were stacked deep
within the accretionary wedge, and some were exhumed in
the eastern retro-side then shed into the pelagic sediments in
the Luzon forearc basin as the future Lichi Mélange matrix
(Malavieille et al. 2016; Chen et al. 2017a), constituting the
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Fig. 6. Conceptual illustration of proposed tectonic model of Taiwan arc-continent collision. (a) During oceanic subduction stage, the future Yuli
metabasites subducted to mantle depths, while at shallow crustal level fragments of South China Sea lithosphere were off-scraped and accreted to
the accretionary wedge above the Manila Trench, in which some were back-thrust to the retrowedge and landslide into Luzon forearc. (b) When
Chinese continental margin started entering the Manila Trench as the South China Sea was consumed, the original subduction interface was uplifted
and exhumed as the Kenting Mélange; meanwhile increased compressional strain in the upper plate caused Luzon forearc subduction, forming the
Lichi Mélange when forearc sediments were buttressed against the Luzon Arc, and the deeply-subducted Yuli blueschist ascended to mid-crust
levels within the collisional mass. (c) Continued continental subduction and basal accretion led the Yuli blueschist together with other mid-crustal

rocks to be exhumed along the eastern flank of the Central Range.

ophiolitic blocks now outcropping within the Lichi Mélange
(Fig. 6a inset). Meanwhile the subducted South China Sea
oceanic crust were under high-pressure metamorphism, and
some of them started to ascend back to crustal level from
maximum depths ~45 km (Tsai et al. 2013; Baziotis et al.
2017; Fig. 6b). Timing of initial blueschist exhumation re-
mains disputed as whether at around 9 Ma indicated by the
muscovite-phengite “°Ar/*Ar ages (Lo and Yui 1996; this
study) or later than the garnet prograde growth age (5.1 £
1.7 Ma, Sandmann et al. 2015); this exhumation event was
likely punctuated from the recent fast rock exhumation doc-
umented along the entire eastern flank of the Central Range
(e.g., Fuller et al. 2006; Lee et al. 2006b) as evidenced by the

greenschist-facies overprint and mineral overgrowth (Yui et
al. 2014), plus the young phlogopite “’Ar/*Ar age as retro-
grade cooling (Lo and Yui 1996). These blueschist ophiolitic
bodies are embedded in greenschist-facies deep-sea matrix,
indicating mid-crustal mixture of in-situ tectonically-buried
then basal accreted marine deposits and the rising HP meta-
ophiolitic rocks during the early stages of the arc-continent
collision (Fig. 6b inset). Later on the Yuli Belt rocks under-
went rapid exhumation to surface during the advanced col-
lision stage (Huang et al. 2006), concurrent to island-wide
acceleration of rock uplift (Lee et al. 2015; Chen et al. 2018).
The Luzon forearc lithosphere of the Philippine Sea Plate is
not yet identified in surface geology, suggesting complete
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underthrusting/subduction towards east beneath the Luzon
Arc/Coastal Range (Fig. 6b; Mclntosh et al. 2005; Shyu et
al. 2011; Malavieille et al. 2016).

6. CONCLUDING REMARKS

Ophiolitic rocks as tectonic blocks in the Yuli Belt on
the Eurasian side of the Taiwan collisional suture, as well
as the Lichi Mélange on the Philippine Sea side, are all
found to have formed at ~15 Ma based on zircon U-Pb ages
supplemented by “°Ar/*’Ar dating results. Such constraints
on ages of protolith formation and crystallization indicate
that the ophiolitic materials on both sides of the plate su-
ture are remnants of South China Sea oceanic lithosphere,
since the opening of the South China Sea persisted to 15 -
14 Ma while the oceanic lithosphere of the Philippine Sea
Plate east and southeast of Taiwan is Eocene or older. These
South China Sea ophiolites therefore serve as benchmarks
in reconstructing the subduction and following mountain
building processes of the active Taiwan orogeny. Ophiolitic
blocks in the Kenting Mélange recorded tectonic off-scrap-
ing and accretion of South China Sea oceanic lithosphere
during thrusting along the Manila subduction interface.
Deeper equivalents of the Kenting ophiolitic rocks may have
been exhumed along the eastern retrowedge of the accretion-
ary prism and then shed into the Luzon forearc basin, whose
closure during arc-continent collision led to formation of the
Lichi Mélange. Some of the deeply-subducted (to ~45 km
depth) South China Sea rocks now constitute the blueschist
blocks in the Yuli Belt after exhumation from high-pressure
state to crustal depths and later to earth surface.
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