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Abstract



The Kenting Mélange on the Hengchun Peninsula, Taiwan, formed through
tectonic shearing of subduction complex lithologies, probably within the plate
boundary subduction channel between the Eurasian and Philippine Sea plates, with
further deformation and exhumation in the Pliocene-Pleistocene during arc-continent
collision. Field relations reveal a structural gradation from normal stratified turbidite
sequence (Mutan Formation) through broken formation to highly sheared Kenting
Mélange containing allochthonous polygenic blocks. This gradation is consistent with
an increase of average vitrinite reflection values from ~0.72% in the Mutan Formation
through ~0.93% in the broken formation to ~0.99% in the mélange, suggesting
temperatures of at least 140 °C during formation of the Kenting Mélange. Zircons
from gabbro in the Kenting Mélange are dated as 25.46 + 0.18 Ma, which together
with geochemical data constrains the source to South China Sea oceanic lithosphere.
In combination with the field relationships, vitrinite reflectance values, microfossil
stratigraphy and offshore geophysical data from S and SE Taiwan, we propose that
the Kenting Meélange initially formed at the subduction plate boundary from
offscraped trench deposits. Minor Plio-Pleistocene microfossils (<5%) occur within
the mélange in proximity to slope basin of equivalent age and were likely sheared into
the mélange during out-of-sequence thrusting associated with active arc-continent

collision, which in the Hengchun Peninsula commenced after 6.5 Ma.
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1. Introduction

Mélanges are mappable, sheared bodies of rocks that lack internal continuity of
units and contain a chaotic mixture of locally-derived and exotic blocks of variable
size (mm to km), typically forming a block-in-matrix texture (Silver and Beutner,
1980; Raymond, 1984; Cowan, 1985; Festa et al., 2010). Mélanges occur in a variety
of tectonic settings including transform boundaries, rifted margins and gravitationally
unstable passive margins (Raymond, 1984; Festa et al., 2010), but they are commonly
associated with accretionary complexes at convergent plate margins (Cawood et al.,
2009; Cloos and Shreve, 1988a, b; Hamilton, 1969; Hsu, 1968, 1971; lkesawa et al.,
2005; Hara et al., 2009; Kim et al., 2011; Rao et al., 2011). In accretionary complexes,
their formation is ascribed to shearing and tectonic mixing during off-scraping of
material from the downgoing plate, notably within the subduction channel (Closs and
Shreve, 1988a, b; Santosh et al., 2009; Santosh, 2010a, b; Kitamura and Kimura,
2012). In this paper we document field relations, vitrinite reflectance, SHRIMP U-Pb
dating and micropaleontological data from the Kenting Mélange, southern Taiwan, to
outline a complex record of off-scraping of the protoliths to the mélange in the

subduction zone of the Manila Trench followed by further tectonic mixing during



arc-continent collision between the Luzon arc and Eurasian continental margin in the

last 2 Ma.

Taiwan is located at the boundary between the Eurasian Plate and the Philippine
Sea Plate (Fig. 1). Extension along the eastern margin of Eurasia (Li and Rao, 1994)
led to formation of the South China Sea in the Oligocene-Middle Miocene (sea floor
spreading between 32-17 Ma, Taylor and Hayes, 1983; 32-16 Ma, Briais et al., 1993;
31-20.5 Ma, Barckhausen and Roeser, 2004; 37-15 Ma, Hsu et al., 2004). The
cessation of spreading was followed by the initiation of subduction of the South China
Sea oceanic lithosphere along the Manila Trench beneath the west-moving Philippine
Sea Plate. Subduction-related off-scraping created the Central Range-Hengchun
Peninsula-Hengchun Ridge accretionary complex and the Luzon arc and forearc basin
(Fig. 1; Huang et al., 1992; Reed et al., 1992). In the late Miocene, at about 6.5 Ma, a
transition from subduction of oceanic lithosphere to arc-continent collision
commenced. The collision is oblique and is propagating southward from northern
Taiwan to the Hengchun Peninsula in the south, with the latter marking the location of
the Kenting Mélange (Suppe, 1984; Huang et al., 1997). Thus, southern Taiwan
(Hengchun Peninsula) and its offshore extension on the Hengchun Ridge to the north
of 21°N are in the early stage of mountain building due to active collision, which
began latter than that of the north part at about 5 Ma. South of 21°N, the offshore
Hengchun Ridge likely represents the ‘pre-collision’ conditions of the southern

Chinese margin and Manila trench subduction system (Byrne and Liu, 2002;



Mclintosh et al., 2013). Thus, the Hengchun Peninsula records a history of the
intra-oceanic subduction prior to 5 Ma and since then it has been a site of
arc-continent collision (Fig. 1).

Previous work on the Kenting Mélange has focused on petrography and
biostratigraphy. Due to the presence of polygenetic blocks in a sheared scaly matrix,
the age of the Kenting Mélange has been controversial with a range of ages recorded
including Middle to Late Miocene (Chang 1966); Eocene (rare) to Mid-Late Miocene
(most abundant) (Chi, 1982); Late Miocene (foraminiferal zone NN11) to Middle
Pliocene (NN15) (Page and Lan, 1983); Oligocene-Miocene (Muller et al., 1984);
Late Pliocene (NNH16) or even more recent ages (Huang et al., 1983); and Late
Miocene (N14 with N17) to Early Pleistocene (N22) (Huang, 1984). This range of age
data in combination with field settings has led to a number of different models for
formation of the mélange, including Late Miocene sedimentary slumping
(olistostrome) on a passive continental margin (Tsan, 1974; Pelletier and Stephan,
1986; Sung and Wang, 1986), or a Plio-Pleistocene or Late Miocene tectonic
subduction mélange as part of the accretionary wedge to the east of the Manila Trench
(Biqg, 1977; Page and Lan, 1983; Lu and Hsii, 1992; Byrne, 1998). In this paper, we
provide a systematic analysis of the Kenting Mélange integrating previous and new
data to document an evolving tectonic setting from subduction zone to arc-continent
collision.

2. Geological setting of the Hengchun Peninsula



Geology of Taiwan provides a modern example of the transition from active
subduction to oblique arc-continent collision (Biq, 1971, 1972; Huang et al., 1997). It
is composed of four distinct tectonic units, which from west to east are: the Coastal
Plain, Western Foothills, and Hsuehshan Range (passive Asian continental margin
deposits now deformed into a fold-and-thrust belt); western Central Range—Hengchun
Peninsula-Hengchun Ridge (accretionary complex); eastern Central Range
(underthrust Eurasian continent); and the Coastal Range (accreted Luzon Arc) (Fig.
1A). These units are separated by major faults, including the Lishan-Laonung Fault,
which represents the former boundary between the Eurasian plate and the Philippine
Sea plate, and maybe connect south to the Kenting Fault (Huang et al., 1997). In
comparison, the Longitudinal Valley (Fig. 1A), situated between the Central Range
and the Coastal Range, marks a newly developed suture after the collision. Four
geodynamic processes, starting from intra-oceanic subduction before latest Miocene,
through to initial arc-continent collision, advanced arc-continent collision, and to the
final arc collapse/subduction in the last 2 Ma, have been sequentially operating
southward from 24°30'N - 19°N (Fig. 1A; Huang et al., 2000).

The Hengchun Peninsula in southernmost Taiwan marks the most recent exposed
portion of the accretionary complex. It is composed primarily of Middle-Late
Miocene turbidite sequences (Mutan Formation), shallow-marine Plio-Pleistocene
slope basin strata (Maanshan Formation) and the Late Miocene Kenting Mélange (Fig.

1B). The turbidite sequences represent Asian passive continental margin sediments



that were primarily derived from the Cathaysia Block (Zhang et al., 2014). These
sediments were scraped off and accreted into the accretionary complex (the Central
Range-Hengchun Peninsula-Hengchun Ridge) during the subduction of the South
China Sea oceanic lithosphere. The Plio-Pleistocene shallow-marine strata (Maanshan
Formation) are interpreted to have been deposited in slope basins unconformably on
the deformed Miocene flysch sequences during arc-continent collision (Fig. 1B-C)
(Huang et al., 1997). Detritus within these shallow-marine slope basin sedimentary
rocks are derived from the exposed accretionary complex to the north (Huang et al.,
2006). Planktonic foraminiferal assemblages recovered from the basal part of the
slope basin (Maanshan Formation at West Hengchun Hill) suggest an age of 4.3-3.6
Ma (Early Pliocene; Cheng and Huang, 1975; Huang et al., 2006). The Kenting
Mélange is a highly sheared chaotic unit containing disrupted Miocene turbidite
layers and fragments of allochthonous volcanic rocks inferred to have been derived
from South China Sea oceanic lithosphere (Page and Lan, 1983). It was named the
"Kenting Formation™ by Tsan (1974) and renamed the Kenting Mélange by Biq
(1977). The geographic extent of the Kenting Mélange was greater in some previous
studies as parts of the Mutan Formation were included because the channel
conglomerates within the unit were interpreted as exotic blocks (Tsan, 1974; Page and
Lan, 1983). Similarly deposits at Cingwashih, which contain igneous blocks and
sediments derived from sedimentary reworking of Kenting Mélange (Fig. 1B; Page

and Lan, 1983; Pelletier and Stephan, 1986), are now excluded from it. The Kenting



Mélange is well exposed in the Paoli and Dongmen rivers (Figs. 1B, 2) and is similar
in appearance to the Lichi Mélange in the southwestern Coastal Range (forearc basin

and volcanic arc; Fig.1A).

3. Lithological and structural characteristics of the Kenting Mélange

The overall structural trend of the Kenting Mélange is NW-SE, parallel to the
northern axis of the Manila trench and the adjoining Gaoping Slope (Fig. 1). It is
currently being thrust westward over Plio-Pleistocene shallow-marine slope basin
strata (Maanshan Formation, Figs. 1B-C). Detailed mapping of the mélange along the
Paoli and Dongmen river sections has led to the recognition of three lithotectonic
associations (Figs. 1B, 2): coherent bedded sedimentary units such as the Mutan
Formation; a broken formation of sheared sedimentary rocks that lack any igneous
blocks; and mélange consisting of sheared turbidities without discernible stratification
and containing exotic igneous blocks (Figs. 3, 4). Boundaries between units are
marked by zones of shearing (Fig. 4A).

The coherent sedimentary units consist of well-bedded shale and turbiditic
sandstones, the latter up to 0.5 m thick. These include the Mutan Formation (Fig. 2B)
as well as sedimentary blocks engulfed in sheared broken formation and mélange (Fig.
2A) and interpreted to represent the protolith of the sheared units.

Outcrops of broken formation and mélange display a pervasively sheared scaly

matrix (Fig. 4B). White to cream colored dickite occurs in veins or thin patches



through the matrix (Fig. 3A). In the Kenting Mélange, sheared polygenic clasts
ranging from millimeter to hundred-meter size of mudstone, siltstone, sandstone,
conglomerate (all part of the autochthonous Miocene turbidite sequences) and pillow
lavas, volcanic breccia, diabase, gabbro and chrome spinel-bearing serpentinized
peridotite (allochthonous blocks) occur within a scaly argillaceous matrix (Figs. 3B-F,
4C-H), while the broken formation does not contain blocks of oceanic material. Some
sedimentary blocks retain original bedding (Fig. 3F). Sandstone in interbedded
shale-sandstone blocks is often boudinaged and filled by calcite veins (Figs. 4F, G).
The sandstone and siltstone blocks contain step fractures that extend from the surface
for up to several centimeters into their interior of the blocks (Fig. 4D). Similar
tensional features have been interpreted to form during flow in a subduction channel
(Harris, et al., 1998; Fukui and Kano, 2007). Basalt and andesite within the mélange
often display multiple generations of cross-cutting calcite or quartz veins, which cut
through the rock-forming minerals, such as plagioclase and pyroxene, suggesting late
tectonic reworking (Fig. 5). In addition, some basalt blocks are intruded by mudstone
(Fig. 4C) and show a web structure (Fig. 4H), which could have formed in a high
pressure environment (Kitamura et al., 2005; Kitamura and Kimura, 2012) and
together with the evidence for hydrofracture (Fig. 4D), show that the Kenting Mé

lange is most likely tectonic in origin and formed in deep within a subduction system.



4. Analytical methods

Twenty-four mudstone samples, including coherent sedimentary units of the
Mutan and Maanshan formations, broken formation, and mélange were collected for
vitrinite reflectance analysis. Six samples of the Lichi Mélange were analyzed for
comparison. Kerogen for the reflectance measurements was extracted from 200 grams
of sample. Random vitrinite measurements (Ro expressed in %) were made following
the procedures of the International Commission of Coal Petrology (ICCP, 1998) on
polished sections of concentrates of kerogen using an "Axio Scope. A 1" A Pol and
MSP 400.

Tmax (°C) for the analyzed samples were calculated by equations of T (°C) = 158
+ (90 [In percentage Ro]) (heating time is 10 Ma), T (°C) = 174 + (93[In percentage
Ro]) (heating time is 1 Ma) (Sweeney and Burnham, 1990) and T (°C) = 148 +
(104[In percentage Ro]) (time-independent equation) (Barker, 1988), respectively.
The heating time is defined as the period between the maximum temperature and a
temperature of 15 °C lower than the maximum temperature (Sekiguchi and Hirai,
1980); this time is typically between 1 Ma to 10 Ma at active margins (Laughland and
Underwood, 1993; Ohmori et al., 1997). The error associated with these equations is +
30 °C in temperature.

Zircons obtained from a large gabbro block in the Kenting Mélange at
Cingwashih (KT9; GPS: N21°56°16"", E120°48°00"") (Fig. 1B) were extracted

through standard techniques for mineral separation, mounted in epoxy resin and



polished to remove the upper one third of the grain. Cathodoluminescence (CL)
images were obtained using a CAMECA electron microprobe operating at 15 kV at
the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS) in
Beijing, in order to identify internal structures and choose potential target sites for
U-Pb analyses. U-Pb dating of zircons was performed using a CAMECA IMS-1280
ion microprobe (CASIMS) at IGGCAS, following the analytical procedures described
in Li et al. (2009). 2’Pb/?°Ph, °Pb/>®U, 27U/PU (3U=*U/137.88), *®Pb/>?Th
ratios were corrected by using 91500 as external standard (Wiedenbeck et al., 1995).
Analyses of standards were interspersed with those of unknown grains. The reported
weighted mean U-Pb ages and concordia plots were processed using ISOPLOT

(Ludwig, 2001).

5. Results

All Ro values obtained in this study are listed in Supplementary Material 1, and
range from 0.56% (average value) in the Lichi Mélange in the Coastal Range of
eastern Taiwan to 0.99% (average value) in the Kenting Mélange in the Hengchun
Peninsula accretionary complex (Figs. 1, 2, 6). In the Kenting area, vitrinite values
correspond with degree of stratal fragmentation and increase from average values of
~0.72% in the coherent strata of the shallow marine slope basin Maanshan Formation
and the accretionary complex Mutan Formation through ~0.93% in broken formation

to ~0.99% in mélange.



The concordia plots and the weighted age of zircons from the gabbro are shown
in Figure 8. Most of the zircons show oscillatory zoning under CL, typical of a
magmatic origin (Wu et al., 2010). The analyzed sample (KT9) yielded a U-Pb age of
25.46 = 0.18 Ma (Fig. 8; Supplementary Material 2), which together with detailed
geochemical data that the mafic rocks in the Kenting Mélange are low in both P,Os
(less than 0.2 wt. %) and TiO; (less than 1.2 wt. %), typical of mid-ocean ridge basalt
and in contrast with the higher values of oceanic island tholeiites and alkaline basalt.
The content of major elements and particularly of the trace elements such as Cr, Ni
and V indicate the igneous pebbles in the Kenting Mélange are also of oceanic crust
affinity (Page and Lan, 1983; Pelletier, 1985; Pelletier and Stephan, 1986). Thus the
geochemical data indicate that the igneous blocks were likely sourced from South

China Sea oceanic lithosphere, which records sea floor spreading between 37-15 Ma.

6. Discussion

6.1 The origin of the Kenting Mélange

The following observations suggest a tectonic rather than slumped sedimentary
(olistostromal) origin for the Kenting Mélange. The pervasive scaly foliation of the
argillaceous matrix within the broken formation and mélange, and its location
adjacent to thrusts in the Mutan Formation, suggest formation through tectonic

disruption (Shibata and Hashimoto, 2005) (Fig. 4B).



Boudinage structures within the turbidite sequence ranging from pinch-and-swell
of bedding through to the disruption of sandstone beds into isolated blocks with the
shale matrix displaying flow away from the swells of the boudins and toward the
necked or cracked parts indicates tectonic extension, as do calcite fibers aligned
perpendicular to margins of the sandstone blocks. If the block-in-matrix texture was
formed on superficial process such as olistostromal related slumps, then
syn-deformational crack-filling veins would not be unexpected (Figs. 4F-G). These
structures together with injection of mud veins into basalt blocks and web structure in
basalt (Figs. 4C, 4H) are similar to features ascribed to tectonic disruption taking
place at depths of up to tens of kilometers within subduction channels such as the
Nankai Trench (Sakaguchi, 1999; lkesawa et al., 2005; Matsumura et al., 2003;
Kitamura and Kimura, 2012)

The overall east to west change in the character of stratal units across the
Hengchun Peninsula from coherent sequence to broken formation to mélange is also
consistent with a tectonic rather than a sedimentary origin through slumping. The
mélange contains igneous blocks (pillow lavas, volcanic breccia, diabase and gabbro)
(Page and Lan, 1983; Chu et al., 1988) yielding early Miocene U-Pb zircon and K-Ar
hornblende ages (25-22 Ma; Fig. 8) (Pelletier and Bellon, 1984). Geochemical data
from basalt, diabase and gabbro clasts indicate oceanic crust affinity (Pelletier, 1985).
Together, the age and geochemical data constrain igneous rocks to fragments of

oceanic lithosphere, which now occur in a matrix mixed with sandstone and mudstone



most likely via offscraping from the downgoing South China Sea oceanic crust.
Vitrinite reflectance (Ro) values of the Kenting Mélange range from 0.9 % to
1.1 %, which corresponds to a maximum paleotemperature of 146-164 °C based on
the conversion method of Sweeney and Burnham (1990) (heating time is 1 Ma)
(Supplementary Material 1; Fig. 6). And then a specific depth of ~10.8-11.7 km can
be calculated assuming the surface temperature and the geothermal gradient is 0°C
and 15°C /km, respectively. This depth is speculative because of the lack of
information about geothermal gradient here. These Ro values are greater than those of
the Mutan Formation accretionary complex and the Maanshan Formation, suggesting
that the Kenting Mélange developed in a deeper tectonic setting and is again

consistent with a tectonic origin.

6.2 Stratigraphic constraints and active subduction-collision for the Kenting

Meélange

Age data from microfossils in the matrix of the Kenting Mélange constrain the
timing of formation of the mélange and the origin of the protolith strata.

Figure 7 shows the distribution of planktonic foraminiferal and calcareous
nannofossil data for the matrix of the Kenting Mélange (Chang, 1966; Chi, 1982;
Huang et al., 1983; Huang, 1984). Late Miocene blocks (NN9/11 of nannofossils and
N15/17 of foraminifera) within the Kenting Mélange are adjacent to the coherent

Late Miocene turbidite succession of the Mutan Formation. In contrast, diverse ages



of the mélange are obtained in the samples close to the Hengchun fault and
Plio-Pleistocene slope-basin sequences (Fig. 9).

Chi (1982) reported calcareous nannofossils from core E-2 along with some
samples from surface mélange exposures near Nanwan and proposed the Kenting
Mélange was an olistostrome origin (Fig. 7). Chi (1982) found abundant Late
Miocene nannofossils in the matrix of the Kenting Mélange (NN9-11), while a small
amount of Middle Miocene (NN5, NN8), early Miocene (NN3), Middle Eocene and
Mesozoic microfossils were also recovered in the sedimentary blocks. Comparing
foraminiferal and nannofossil studies in this core, Huang (1984) and Huang et al
(1985) found some Plio-Late Pleistocene foraminiferal from the matrix of the
Kenting Mélange and then proposed that the proto-Kenting Mélange was of
sedimentary origin and of Miocene age that was then sheared and faulted to form the
Kenting Mélange in Plio-Late Pleistocene. However, the occurrence of the Eocene
and Mesozoic calcareous nannofossils mixed with the chaotic and intensively sheared
mélange along with Plio-Early Pleistocene and Miocene foraminifers in core E-2
indicates that the previously proposed derivation of the melange through
olistostromal slumping from the Central Range in Late Miocene (Chi, 1982) is
unlikely because non-metamorphosed Eocene and Mesozoic rocks are not found in
onshore Taiwan. On land Eocene and Mesozoic rocks constitute the metamorphosed
basement of the eastern Central Range, which underlies the Hengchun accretionary

complex, and represents the underthrust Eurasian continent. These rocks were



deformed and exhumed during the advanced stage of arc-continent collision in the
last 2.5 Ma (Huang et al., 1997).

Huang, et al. (1983) reported a Pliocene sedimentary block with nannofossils of
Zone NN16 (3.0-2.4 Ma) Ma and planktonic foraminifera of Zone PL4 (3.0-2.8 Ma),
embedded in Late Miocene (Zone NN11, 8.2-5 Ma) pervasively scaly, argillaceous
matrix. This is in contrast to the features predicted in the case of a sedimentary
olistostromal model where a younger block slumps into an older matrix.

The occurrence of Late Miocene foraminifera throughout the Kenting Mélange
suggests the Late Miocene accretionary complex constituted the main protolith
lithology for the mélange. In addition, Neogene and Quaternary foraminifera
obtained in the samples close to the Hengchun fault and the Plio-Pleistocene
slope-basin deposits suggest additional localized tectonic shearing resulting in the
incorporation of these younger units. This relationship is also observed on a seismic
profile over the offshore frontal Hengchun Ridge, which shows that the accretionary
complex, especially the frontal part, has been intensively deformed with thrusting
extending upward into the Recent slope basin sediments deposited on the top of the

complex (Lin et al., 2009).

6.3 Tectonic implication of the Kenting Mélange

The Kenting Mélange extends as a NW-SE trending band for nearly 20 km along

strike and is up to 1 km wide parallel to the Manila trench axis (Fig. 1). This is similar



to a number of subduction related mélanges, such as the Bobonaro Mélange, which is
aligned parallel to the Timor Trough (Masson et al., 1991; Harris et al., 1998; ; Harris,
2011) and the Mugi Mélange parallel to the Nankai trench (Sakaguchi, 1996; Park et
al., 2002; Hashimoto et al., 2003; Moore et al., 2007).

The pressure-temperature conditions of the Kenting Mélange and the broken
formation were inferred to be more than 140 °C, equivalent to a depth of several to ten
kilometers based on Ro values and field relations (Figs. 4, 6). The Kenting Mélange
and the broken formation are mutually associated and may occur repeatedly
southward later. In addition, the oceanic blocks occur in the western part of the broken
formation, which means that they may be sourced from the down-going oceanic plate
facing eastward. Basaltic blocks mixed in the Kenting Mélange are dated at about
26-22 Ma (Pelletier and Bellon, 1984 and data in this text) (Fig. 8), and most likely
represent off-scraped fragments of the South China Sea oceanic lithosphere.
Integration of onshore and offshore geology allows reconstruction of the tectonic
evolution of the Kenting Mélange from an initial intra-oceanic subduction related
setting through to the current arc-continent collision environment. Six multi-channel
seismic reflection profile data were collected across the northern Manila Trench
during two cruises (ORI1693 in September 2003 and ORI1689 in July 2003). Structural
analysis of marine seismic reflection shows that the volcanic basement of the northern
South China Sea basin generally deepens toward the Manila Trench and the Philippine

Sea Plate overrides the Eurasian Plate along the east-dipping Manila Trench between



Taiwan and Luzon islands (Hsu et al., 2004; Yeh and Hsu, 2004; Ku and Hsu, 2009).
Based on the seismic reflection data between 14°N and 19°N, Hayes and Lewis (1984)
have shown a major structural décollement in the vicinity of the Manila Trench.
Seismic-reflection line 973, from offshore southwestern Taiwan, also displays clear
evidence for thrust faulting, a subduction channel, and the plate boundary décollement
as well as two major out-of-sequence mega-thrusts (Lin et al., 2009). Studies on
similar structures in the Nankai complex of Japan (Kimura and Mukai, 1991; Ikesawa
et al., 2005; Sakaguchi et al., 2011), Talkeetna arc terrane of Alaska (Clift et al., 2012;
Draut and Clift, 2013) and the Banda arc-continent collision (Harris et al., 1998)
demonstrate that accreted and subduction eroded materials in the subduction channel
(e.g. tectonic mélange) can be transported upward along these mega-thrusts. Moreover,
new marine seismic reflection and coincident wide-angle ocean-bottom seismometer
data acquired offshore Taiwan show a chaotic area underlying the Hengchun Ridge
accretionary complex (Lester et al.,, 2013). This may represent the -early
syn-subduction stage of formation of the Kenting Mélange, which was then
transported to the shallow level in the accretionary complex.

All the above lines of evidence suggest that the Kenting Mélange was most
likely formed along the plate interface between the underthrusting oceanic plate and
overlying accretionary complex, and can be regarded as representing plate boundary
rocks. During subduction, pelagic through to terrigenous sediments deposited on the

oceanic crust, together with underlying oceanic crust fragments, and sediments eroded



from the overlying accretionary complex were offscraped and incorporated into
subduction channel to form mélanges, and finally exposed through the
out-of-sequence thrust faulting (Fig. 9). The widespread occurrence of Late Miocene
foraminifera show that the protolith units of the Kenting Mélange were mainly
derived from Late Miocene strata, and evolved into the full mélange complex during
latest Miocene to early Pleistocene shearing. The occurrence of Mid-Late Pliocene to
Pleistocene foraminifera (<5% in abundance) may be the result of the involvement of
the slope basin deposits when out-of-sequence thrusts cut through the complex during

active subduction-collision tectonics (Fig. 9).

6.4 Temporal and spatial relations between the Kenting and Lichi mélanges

The Lichi Mélange in the Coastal Range of eastern Taiwan is similar in
appearance with the Kenting Mélange in the Hengchun Peninsula of southern Taiwan.
The fossil age of the matrix of the Lichi Mélange is well constrained at 3.5-3.7 Ma,
whereas the Kenting Mélange has a much larger range of ages with a peak during
Miocene. The age differences between the two, both in the blocks and the time of
mélange formation suggests that they are unrelated temporally as well as spatially.
The position of the Lichi Mélange with respect to the major tectonic subdivisions of
Taiwan (Fig. 1) suggests it formed in a forearc basin, in contrast to the subduction
complex setting of the Kenting Mélange. Moreover, the markedly low Ro values of

the Lichi Mélange reported herein (Supplementary Material 1; Fig. 6) argue against



significant burial of the unit. The origin of the mélange has been related to both
sedimentary (Page and Suppe, 1981; Barrier and Muller, 1984) and tectonic processes
(Harris and Huang, 2008; Huang et al., 2008; Chi et al., 2014). Its forearc setting
argues against a plate boundary origin and it likely formed during tectonic closure of
the forearc when the Luzon arc started to collide with the Eurasian continent margin

(Fig. 9; Huang et al., 2008; Chi et al., 2014).

7. Conclusion

Field structures, vitrinite reflectance data and SHRIMP U-Pb age dating reveal
that the Kenting Mélange in the Hengchun Peninsula accretionary complex formed
through shearing under high enough pressures to cause hydrofracturing and veining
along the plate boundary between the Eurasian and Philippine Sea plates. It
constituted part of the Manila trench subduction complex in the Late Miocene that
was likely pervasively sheared in the subduction channel. Subsequent deformation
during Pliocene-Pleistocene arc continent collision leads to further deformation,
including the incorporation of Pliocene-Pleistocene slope deposits and the exhumation
of the mélange to form the Hengchun Peninsula.

Ro values and field structures indicate a thermal history for the Kenting Mélange
of more than 140 °C, equivalent to a depth of several kilometers in the subduction
zone. Exotic igneous blocks within the mélange yield early Miocene ages (22-26 Ma)

and geochemically resemble E-MORB , N-MORB or OIB are interpreted to represent



off-scraped South China Sea oceanic lithosphere. Microfossil stratigraphy data
indicate that the embryo of the Kenting Mélange contains blocks ranging in age from
Mesozoic to Middle Miocene. The bulk of the ages of the matrix are Late Miocene
were likely derived from the adjoining turbidite sequences (Mutan Formation) that
represent offscraped Asian passive margin deposits derived from the down-going
plate. The minor Plio-Pleistocene microfossils (<5% in abundance) within the
mélange are interpreted as the result of the involvement of the slope basin deposits
(Maanshan Formation), which were incorporated when thrusts cut through the

complex during the modern active subduction-collision.
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Captions of Figures

Fig.1. (A) Geological sketch map of Taiwan and surrounding areas. Taiwan is located
between the Manila and Ryukyu subduction systems. (B) Simplified geological map
of the Hengchun Peninsula, southern Taiwan. Three units of Plio-Pleistocene
shallow-marine slope basin sequences (Maanshan Formation), the Kenting Mélange

and the Mid-Late Miocene turbidite sequences (Mutan Formation, main body of the



Hengchun Peninsula accretionary complex) can be divided from the west to the east.
(C) Cross section of (B) shows the relationships of each unit. The red lines represent
faults. Asterisk marks part of the samples for vitrinite reflectance analysis and red dot
marks the sample for SHRIMP age dating (modified after Huang et al., 1997; Chang

et al., 2003; Shan et al., 2013).

Fig. 2. Geological map of Dongmen (A) and Paoli (B) river areas (the locations have
been marked in Fig. 1B; red asterisks represent samples for vitrinite reflectance

analysis).

Fig. 3. Photographs of the Kenting Mélange, Hengchun Peninsula (A-E: in the Paoli
and Dongmen rivers; G-H: in the Cingwashih area). (A) White to cream colored
dickite occurs in veins or thin patches through the matrix; (B-E) Allochthonous basalt
blocks, andesitic agglomerate, breccia and spinel rocks occur in the mud matrix of the
Kenting Mélange; (F) Residual turbidite blocks mixed in the mud matrix of the
Kenting Melange, which still retain its original sedimentary structures; (G) Outcrops
which redeposited from the Kenting Mélange nearby show a well bedding; (H) Blocks

mixed in the outcrops are mostly poorly sorted and angular to sub-rounded in shapes.

Fig. 4. Structural features in the Kenting Mélange, Hengchun Peninsula. (A) The dark

gouge, containing mainly fault breccia, represents the tectonic contact line between



broken formation and mélange; (B) Outcrops of broken formation and mélange
display a pervasively sheared scaly matrix; (C) Mud veins intruded in the basalt under
high pressure; (D) Hydro-fractures with extensional structures extending from surface
downward for several centimeters depth are observed in sandstone and siltstone
blocks; (E) Plastic flow structures spread all over basalt blocks; (F) Pinch-and-swelled
structures or pinched-out boudins with various wavelengths in sandstone blocks;
(G)Sandstone in interbedded shale-sandstone blocks is often filled by calcite veins;

(H)Web structure in the surface of basalt blocks mixed in the matrix of the Kenting

Mélange.

Fig. 5. Photomicrographs of the allochthonous blocks scattered in the Kenting
Mélange. Basalt (A) and andesite (B) within the mélange often display multiple
generations of cross-cutting calcite or quartz veins, which cut through the

rock-forming minerals (e.g. Pyroxene in A and Plagioclase in B).

Fig. 6. Paleothermal structure determined from vitrinite reflectance (Ro). Temperature
is estimated in the following approach of Sweeney and Burnham (1990). Heating time
is 1 Ma and each bar shows a range of data set for each location. (M-1 and M-2,
ZKX2, S04 and JLS13, MKO01-06 are collected from the Maanshan Formation, the

Mutan Formation and the Lichi Mélange, respectively)



Fig. 7. (A) A compilation of the ages of the Kenting Mélange. (B) The ages of the
matrix of the Kenting Mélange and sedimentary blocks from core E-2. (C)
Stratigraphic column in the Kenting Mélange. Data source: Chang (1966; e), Chi
(1982; o), Huang et al. (1983; o) and Huang (1984; A) (N22:~2.5-0.07Ma; N18/19:
~5.5Ma; N14-17: ~11.6-6.4Ma; NN19: ~1.8 Ma; NN16:~3.0-2.4 Ma; NN11:~8.2-5

Ma; NN8/9: ~11.4-9Ma; NN5: ~13.8 Ma; NN3: ~ 16Ma; PL4 ~2.8-3.0 Ma)

Fig. 8. The concordia plots and the weighted age of zircons from the gabbro block

(KT9) mixed in the matrix of the Kenting Mélange.

Fig. 9. The tectonic evolution of the Kenting Mélange in the active subduction and
initial arc-continent collision periods based on seismic profiles of offshore S and SE
Taiwan (~19°N-22°40'N) (modified from Ku and Hsu, 2009; Huang et al., 2008; Lin
et al., 2009; Lester et al., 2013) and the tectonic collision model for the original of the

Lichi Melange (Huang et al., 2008) (see Fig. 1A for profile locations).

Captions for supplementary data

Supplementary Material 1. Vitrinite reflectance values and their calculated

paleogeotemperature.

Supplementary Material 2. SHRIMP zircon U-Pb age data from a gabbro block mixed



in the Kenting Mélange.
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Highlights

1. Gabbro dated as 25Ma in Kenting Mélange was soured from the SCS.

2. High Ro values of Kenting Mélange show it was formed in a deep condition.
3. Minor young fossils occur within mélange indicate slope basin sequence was
involved.

4. Kenting Mélange records process from subduction to arc-continent collision.



