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[1] The Taiwan mountain belt is composed of diachronous and decreases southward in the case of the
Cenozoic slate belt (Hsuehshan Range units, HR, &/ units. In particular, our data imply that the HR units
Backbone Slates, BS) and of accreted polymetamorpiés/e been exhumed by a minimum of 15 km over the last
basement rocks (Tananao Complex, TC). Ongoifgv Ma. In the case of the BS, they show far less
crustal shortening has resulted from the collisi@umulated exhumation and much slower cooling rates.
between the Chinese continental margin and the Luasle propose that most of the deformation and
volcanic arc, which initiated 6.5 Ma ago. The gradeexhumation of the Taiwan mountain belt is sustained
and age of metamorphism and exhumation are a khayough two underplating windows located beneath the
record of the development of the orogenic wedgdsuehshan Range and the TC. Our data show
Because the Taiwan mountain belt is mostly compossignificant departures from the predictions of the
by accreted sediments lacking metamorphic indprevailing model in Taiwan, which assumes a
minerals, quantitative constraints on metamorphism atgnogeneous critical wedge with dominant frontal
sparse. By contrast, these rocks are rich in carbonaceamdsetion. Our study sheds new light on how the
material (CM) and are therefore particularly appropriaiountain belt has grown as a possible result of
for RSCM (Raman Spectroscopy of CM) thermometrynderplating mostlyCitation: Beyssac, O., M. Simoes, J. P.

We apply this technique in addition to (U-Th)/He@vouac, K. A. Farley, Y.-G. Chen, Y.-C. Chan, and B. Goffe
thermochronology on detrital zircons to assess pgad07), Late Cenozoic metamorphic evolution and exhumation of
metamorphic temperatures (T) and the late exhumatiofgivan, Tectonics26, TC6001, doi:10.1029/2006TC002064.

history respectively, along different transects in central
and southern Taiwan. In the case of the HR units, v_>(e
find evidence for high metamorphic T of at least 340 ™
350 C and locally up to 47%, and for relative rapid [2] Taiwan results from the late Cenozoic collision be-
exhumation with zircon (U-Th)/He ages in the rangween the Chinese continental margin and the Luzon
of 1.5-2 Ma. Farther east, the BS were only S"ghﬂsplcanlc arc (Figure 1). The Longitudinal Valley (LV)
metamorphosed (T < 33@), and zircons are not rese a}rks the suture between_ the two plates and separates the
for (U-Th)/He. From the eastern BS to the inner T iwan mountain belt, thICL] is com%oshed by thelaccreted
schists, T gradually increases fronB50 C up to margin sequences west of the LV, and the Coastal Range to

500 C followi . d hi di he east, which is a deformed remnant of the volcanic arc.
ollowing an inverted metamorphic gradientey;q study only focuses on the metamorphic and exhuma-

Available geochronological constraints and thgnal evolution of the Taiwan mountain belt. Despite
continuous thermal gradient from the BS to thgnited field access due to vertiginous topography and dense
basement rocks of the TC suggest that the high RSGbgetation, this orogen has been relatively well-documented
T of the TC were most probably acquired during the last thermochronologic and structural investigations, and to
orogeny, and were not inherited from a previous therntegis extent by petrologic studies [eldq, 1986;Ernst and
event. Zircons yield (U-Th)/He ages 00.5-1.2 Ma. Jahn 1987; Tillman and Byrne 1995; Lo and Onstoft

not show along-strike variations over the TC in tHgant marble, sandstone and slate lithologies regarded as

studied area. In contrast. exhumation is latera favorable for developing index mineralogy under low- to
' ' edium-grade metamorphism.
[3] Metamorphic petrology has been applied to the whole
oo de Gu Taiwan mountain belt [e.gfkrnst 1983; Warneke and
Laboratoire de G#ogie, ENS-CNRS, Paris, France. . ; ;
“Tectonics Observatory, GPS Division, California Institute of Technof«msf?- 1984, Ems-t a.nd Jahn|1987]’f but it only pro_deed
ogy, Pasadena, California. USA. ignificant quantitative results on few outcrops with spec-
*Now at Gesciences Rennes, UnivefsRennes 1—CNRS, Rennes,tacular mineralogy, all in mafic bodies or gneisses located in
France. eastern Taiwarljou et al, 1975;Ernst and Jahn1987;Yui
‘S‘Geqsciences Depart_ment, National ‘_I'aiwan Unive'rsi_ty, Tgipei, Taiwgind Lq 1989]. These studies Suggested a genera| eastward
Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan. increase of metamorphic grade [eEJnst and Jahn1987],
Copyright 2007 by the American Geophysical Union. from diagenetic conditiong in_the Western _Foothills. (WF) to
0278-7407/07/2006TC002064 the upper greenschist facies in eastern Taiwan. This gradient
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Figure 1. Geological map of Taiwan showing the main tectonostratigraphic ensembles (FB, foreland
basin; WF, western foothills; HR, Hsuehshan Range units; BS, Backbone slates; TB, Tailuko belt;
YB, Yuli belt; LV, longitudinal valley; CoR, Coastal Range). The Tananao complex (TC) is composed of
the TB and YB. The location of the cross section shown in Figure 2 is indicated by the black dashed
line. Red boxes indicate location of the maps shown in Figures 4, 6, and 8 (central cross-island highway),
10 (Choushui transect), and 11 and 12 (southern cross-island highway). The Nanao area, Chipan gneiss,
and the Juisui and Wanjung exotic blocks are localities were advanced petrologic and/or geochronologic
investigations are available. Modified aftéo [1988].

is evidenced by the successive appearance of chlorttecumented because of the lack of index mineralogy in the
epidote and biotite, together with an increasing cristallinitgetasediments. In particular, the Hsuehshan Range units
of white micas and an increasing graphitization degree (bereafter HR), located at the westernmost portion of the
carbonaceous matteEfnst 1983; Warneke and Ernst Taiwan mountain belt (Figures 1 and 2), are usually

1984; Yui et al, 1996], but cannot be quantitatively clearlonsidered as weakly metamorphosed, although some
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w Taiwan mountain belt backstop E
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Figure 2. Schematic geological section of Taiwan along the central cross-island highway (see Figure 1
for location). FB, foreland basin; WF, western foothills; HR, Hsuehshan Range units; BS, Backbone
slates; TC, Tananao complex; LV, longitudinal valley; CoR, Coastal Range. Vertical distances are
exaggerated. Modified aftdfalavieille and Trullenqug¢2007].

authors have suggested, on the basis of qualitative argliewn to be a reliable and accurate technique to estimate
ments, that the core of these units have undergone a nmeak metamorphic T in metasedimenBeyssac et al.
significant metamorphismClark et al, 1993; Yui et al, 2002a, 2004Negro et al. 2006]. Carbonaceous material
1996; Tsaq 1996]. This observation breaks the eastwaf@M) is widespread in metasediments and the RSCM
increasing metamorphic trend across the orogen suggesitedmometry is based on the quantitative characterization
in previous studies, and challenges the view that the Taiwafngraphitization during metamorphism, which has been
mountain belt can be considered as a critical homogenshswn to be a T-dependant proceBsyfssac et a12002a].
brittle wedge growing essentially by frontal accretion ¢8SCM allows for the accurate determination of peak meta-
material, with only up to 25% underplating as initiallynorphic T experienced by a metasediment in the range of
proposed byDahlen and Barr[1989], Barr and Dahlen 330 —640 C with an error of +50C [Beyssac et g§12002a],
[1989] andBarr et al. [1991]. As a matter of fact, little and to detect relative T variations between samples with a
consideration has been paid in previous models of mountaii0 —15 C precision Beyssac et §l2004]. ZHe thermo-
building of the Taiwan orogen to the metamorphism armthronology on detrital grains provides constraints on the late
exhumation of the HR units, and the earlier thermokinexhumation of these rocks [e.@rReiners et aJ.2004] and
matic model oDahlen and Bari{1989], Barr and Dahlen may seem particularly well suited to Taiwan where meta-
[1989] andBarr et al. [1991] only provides a satisfying morphic T have been generally assumed to be low. Com-
explanation for the distribution of metamorphic grades abdhing both methods provides quantitative insights into the
cooling rates within the eastern Taiwan mountain baltetamorphic and exhumation history of the Taiwan moun-
(Figures 1 and 2). In addition, recent studies based t@n belt, from the deep burial history of these rocks (RSCM)
structural argumentsHwvang and Wang1993; Crespi et up to their late exhumational stages (thermochronology). In
al., 1996], or based on the distribution of shortening across study, we place a particular emphasis on the metamor-
the range $imoes and Avoua006] and on thermochro- phism and exhumation of the Hsuehshan Range units.
nological dataFuller et al, 2006] have suggested that the [5] Hereafter, we first present the regional geological
contribution of underplating to the growth of the orogebackground and summarize the existing literature before
may have been underestimated in these earlier models.introducing the analytical methods and their particular appli-
[4] Although metamorphism has been relatively wedlation to the Taiwan orogen. Results are then shown along
studied in Taiwan, in particular in terms of chronologthree main transects across the mountain belt. We then discuss
from extensive low-temperature thermochronologic invee significance of our data, in particular that of RSCM T with
tigations, it has been essentially qualitatively describedspect to the late Cenozoic orogeny. We finally propose a
with currently almost no available quantitative constraingsialitative model of the late Cenozoic metamorphic evolution
on the physical pressure-temperature (P-T) conditions. So€lthe Taiwan mountain belt, which is tested more quantita-
data are a key record of the development of the orogetiiely in a related papeSjmoes et a/2007].
wedge and therefore provide crucial constraints to test
models of mountain building. Here we take advantage gf : : : P
recent analytical developments to estimate peak meta 'r—GeO|Oglcal Setting and Overview of Existing
phic temperatures (T) and the low-T cooling history of tHeata
r_netasediments of the Taiwan mountain belt, using respgcr. Geological Setting
tively RSCM (Raman spectroscopy of carbonaceous mate- . ] .
rial) thermometry and (U-Th)/He thermochronology onls] The island of Taiwan is located at the boundary
zircon detrital grains (ZHe). RSCM has recently bed¥etween the Philippine Sea Plate and the Eurasian Plate,
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which converge at a rate of 90 mm/yr in a NW-SE experienced Cenozoic metamorphism and are usually
direction Bella et al. 2002] (Figure 1). To the southwesthought to have undergone a very low-grade metamorphism
of Taiwan, the South China Sea subducts beneath {Eenst and Jahn1987;Faure et al, 1991].

Philippine Sea Plate along the Manila Trench, building up

the Luzon volcanic arc. The ongoing consumption of ti&2. Stratigraphy

South China Sea led to the collision of the Chinesery The stratigraphy of Taiwan has been well-documented
continental margin with the Luzon volcanic arc [eSjbuet [e.g., Ho, 1986, 1988]. However, because of limited field

and Hsy 2004; Shyu et al. 2005b], and resulted in the,ccess and outcrops, as well as scarce occurrences of

building of the Taiwan mountain belt which absorbs a longy e ontologic indicators, lateral correlations are difficult.

term (' 2 Ma) shortening rate of 42 mm/yr Bimoes and |, yhis section, we provide an outline of the stratigraphy in
Avouag 2006]. The remaining 48 mm/yr are 10 be o the slate belt and the pre-Tertiary TC, since such an
accommodated on the Philippe Sea Plate side of the pldtgierstanding not only is critical for a proper application of
boundary, in particular on the LV Fauliiiyu et al.2005al, o analytical technigues, but also provides key information
across the Coastal Range (CoR) and offshore eastginmq ntain building as well. Table 1 summarizes the

Taiwan Malavieille et al, 2002; Simoes and AVOUAC ciratigranhy of the Taiwan mountain belt as regionall
2006]. The age of initiation of the collision is still debateaE graphy w el gl y
f

. X : efined in the geological map oH$, 1986, 1988], and
and estimates vary widely depending on authors and on fB8qts the main metamorphic mineralogy encountered in

criterion used: 4 Ma [Chi et al, 1981], 6.5 Ma [Lin et 4 gifferent unitsErnst and Jah :
. n1987] (also this study).
al., 2003] or even 8 Ma [Sibuet and HsL2004]. Because gome |ateral stratigraphic facies variations do exist in the

of the obliquity of the continental margin relative to th .van mountain belt and we chose to use the unified
subduction zone (Figure 1), the collision has propagal minology adopted biio [1988].

southward at rates estimated to be o1 mm/yr as |g Because the pre-Tertiary TC has undergone a com-
re(_:orded in the late Cenozoic filling of the foreland .baSB]ex polymetamorphic history, its stratigraphy is not easy to

[Simoes and Avoua@006] and up to 60Hyre and Liu - gecipher. The rocks are late Paleozoic in age and two belts
2002] or 90 mm/yr $uppe 1981, 1984] based on thehave been distinguished on stratigraphic and metamorphic

geometry of the passive margin and the Luzon volcanifiteria: the Tailuko Belt to the west and the Yuli Belt to the
arc to the south of Taiwan. Different E-W transects acrosgs; (rigure 1). In the Tailuko Belt, the general stratigraphy
the mountain belt may thus be interpreted as represen

. ! sists of marbles intercalated locally by schists and
Fg{gggtlgséi?es of development of the orogenic wedg§iomites, followed upward by black and green schists

! . intercalated with marbles and metasandstones. Some

[l The Taiwan mountain belt develops west of the Ldneisses (quartzofeldspathic paragneisses and metagranitic
suture zone and is composed of several tectono-stratigrapiifiogneisses), amphibolites and other granitic rocks locally
units Ho, 1986], which are from_west to east (1) the forela tcrop in NE TaiwanBrnst 1983:Liou et al, 1981]. The
basin (FB) and western foothills (WF), (2) the slate bef; he|t on the other hand is constituted almost exclusively
including the Hsuehshan Range units (HR) and the Backbofiey ook schists with locally intercalated metasandstones
Slates (BS), and (3) the Tananao Complex (TC) constltu% greenschistSfanley et a).1981; Warneke and Ernst
of pre-Tertiary basement (Figures 1 and 2). We use §gs4] in addition to blueschists and mafic to ultramafic

terminology ‘Backbone’ for consistency with some earliefy yic piocks that are discordant with the surrounding host
tectono-stratigraphic classifications, in particular tht@f s Liou et al, 1975]. These two belts are usually

[1988]. Hereafter, the abbreviations 'BS’ and "HR’ refer th,garqed as having contrasted metamorphic evolutions:
these two different tectonostratigraphic provinces of the slg h-pressure—low-temperature conditions in Yuli, and

belt. In particular, "HR" is used to refer to the unitgy h-temperature—low-pressure conditions in Tailuko [e.g.,
outcropping within the Hsuehshan Range physmgrapmﬁg 1986, 1988Emst and Jahn1987].

range (Figure 2). East of the LV suture zone, the COR g5 The slate belt includes the HR units to the west and
the remnant of the Luzon arc and is mainly composed gl Bs 19 the east (Figures 1 and 2). The BS is composed of
volcanic rocks and melanges related to the CollisRAOE he Eqcene Pilushan Formation and of the early to middle
and Suppel981]. In this study, we only focus on the Taiwajyyiocene Lushan FormationHp, 1988]. The Pilushan
mountain belt, which has been built through the accreuon,gérmation is composed mainly by slates and phyllites with
the Cenozoic metasediments of the slate belt (HR + BS)gne metamorphosed sandstone interbeds (Table 1). The
the west, and through the accretion of the pre-Tertiglyshan Formation consists of black to dark grey argillites,
basement (TC) to the east (Figure 2). The TC is expos§ies and phyllites with occasional interbeds of dark grey
as a north-south 250-km-long ensemble with a maximygypact sandstone and disseminated marly nodules. Most

h6f the BS is located on the western side of the pre-Tertiary
C, except a narrow lense of Eocene Pilushan Formation

width of 50 km along the northernmost section (Figure 13ccyrring between the LV and the eastern flank of the TC in
The TC has a complex polymetamorphic history and one & ;ihern Taiwan (Figure 1). Although clear polarity criteria

the challenges of this study is to decipher the metamorphie, pargly recognizable in the field, overturned conglom-
signal that has resulted from the late Cenozoic orogeny. B¥:iac of the BS have been locally described to lie uncon-

contrast, the Cenozoic units within the slate belt have on fmably over the TC basemenSuppe 1976]. This

south, while the slate belt is350 km long with a maximum
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Table 1. Simplified Stratigraphy of the Taiwan Mountain Belt Over the Studied®Area

TC6001

Age Formation Lithology Thickness Mineralogy
Miocene Lushan (BS) slates, shales and argilites 1000s ? m chlorite, white mica
Oligocene Shuichangliu and shales and argilites >1500 m chlorite, white mica
eg. (HR)
Likuan (BS) sandstones and siltstones 900 m chlorite, white mica
Meichi/Paileng (HR) sandstones/slates 700-2600 m (chlorite, white mica)
Chiayang (HR) slates (sandstones beds) 3000 m chlorite, muscovite, detrital biotite
Eocene Tachien (HR) sandstones (slates beds) 2700 m chlorite, muscovite, detrital biotite
Shihpachungchi (HR) slates/sandstones ? chlorite, white mica
Pilushan (BS) slates (sandstones and 1000s ? m chlorite, muscovite, green biotite

Late Paleozoic
to Mesozoic

Tailuko belt

Yuli belt

conglomerates lenses,
volcanic nodules)

black and green schists,
metacherts and
metasandstones

marbles (schists intercalations)

gneisses, migmatites,
amphibolites

mainly blackschists,

sandstones

mafic rocks, amphibolites,
blueschists

chlorite, muscovite, green (W) to
red (E) biotite, increasing epidote
to the E

chlorite, muscovite,
brown to red biotite, epidote

seeLo and Onstot{1995]

chlorite, muscovite, green (W) to
brown (E) biotite, increasing
epidote to the E

see text

Lithology and thicknesses are taken frelm[1988]. Mineralogy is given aftérnst[1983] andTillman and Byrng1995]. These data are completed by
our own observations. BS, Backbone slates; HR, Hsuehshan Range units.

suggests that the contact between the two units is striibse that have integrated structural observations at the scale
graphic and that the whole series is overturned. This is atfdhe whole Taiwan mountain beEfnst and Jahn1987;
supported by the field investigations &rfst 1983] who Faure et al, 1991]. Kinematic indicators of left-lateral shear
observed overturned clastic textures within the whole eds&ve been found essentially in the eastern TC units along
ern BS. To the west of the BS, the HR units are compos® LV, and are related to the slight obliquity 10 )

of the Eocene Shihpachungchi and Tachien sandstones Wwitween the direction of transport and the structural trend
intercalated slates, conformably overlain by the OligoceimeTaiwan [e.g.Faure et al, 1991;Pulver et al, 2002].
Chiayang Formation constituted of a thick series of slate$i2] The structural evolution of the slate belt has been
with minor fine-grained sandstone intercalations. Thestidied in great detail along the central cross-island high-
units are conformably overlain by the Oligocene Meichvay [Clark et al, 1993;Tillman and Byrng1995;Fisher et
sandstone and the Oligocene Paileng sandstone preseml.jr2002; Yue et al. 2005] as well as along the southern
the westernmost portion of the HR units. At the top of treross-island highwayStanley et al. 1981; Tillman and
sequence is the upper Oligocene argillaceous Shuichangiune 1995, 1996jFisher et al, 2002]. The central high-
way offers the most complete profile through the whole
wedge (Figures 1 and 2) as the HR units are absent from the
southern section (Figure 1). Indeed, the HR units disappear

Formation.

2.3. Structural Framework

[11] Numerous studies have been dedicated to the strg@
tural geology of the Taiwan mountain belt, with particul
emphasis on the slate be@lark et al, 1993;Tillman and
Byrneg 1995;Fisher et al, 2002] or on the pre-Tertiary TC
[Pulver et al, 2002;Crespi et al. 1996]. Most studies have
focused locally on these two main provinces and rare
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uthward as they may still be buried where the collision is
unger and less mature (Figure Oldrk et al, 1993;
imoes and Avoua?006]. Previous studies have shown
that in the HR units the strain history is co-axial and
deformation occurs by pure shedldrk et al, 1993;
a}igman and Byrng 1995]. By contrast, simple shear pre-
valls in BS with inclined asymmetric westward verging
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folds and moderately SE-dipping axial planar pressudient from BS to the inner TC. This metamorphic gradient
solution cleavage, consistent with top-to-the-west kinematias evidenced through (1) appearance of biotite at the
criteria. The BS and the HR units are separated by ttentact between the slate belt and the TC, (2) documentation
Lishan fault. If the Lishan fault is a very well markefan eastward progressive transition from celadonite-rich to
morphologic lineament in Taiwan (Figure 1), it is howevanuscovite-rich white mica composition in presence of
hardly identifiable in the field owing to very similarchlorite or biotite, (3) variations of both major and trace
lithologies (slates) in both the hangingwall and the footwadllements partitioning in phyllosilicates, and (4) increasing
This contact has most probably experienced a polyphaegree of graphitization of CM as characterized by X-ray
history, and appears to have behaved as an east vergent tdfriction along the southern profile. These authors have
thrust with some left-lateral strike-slip componediafk et proposed physical conditions of metamorphism 825 C/
al.,, 1993; Tillman and Byrne 1995; Lee et al. 1997], 3 kbar in the western TC (Tailuko Belt) increasing
making the Hsuehshan Range a regional-scale popagstward up to 425 C/ 4 kbar along the central highway,
structure Clark et al, 1993]. and of 200 C/ 2 kbar in the slate belt increasing up to
[13] The contact between the TC and the BS is more400 C/ 3 kbar in TC (Tailuko Belt) along the southern
likely a stratigraphic unconformitysippe 1976;Ho, 1986; transect, with slightly higher pressures in eastern TC (Yuli
Clark et al, 1993;Tillman and Byrne1995;Crespi et al. Belt). MoreoverErnst and Jahr{1987] proposed physical
1996; Yue et al. 2005]. The structural evolution of the preeonditions of metamorphism of150 C/ 1 kbar in the WF,
Tertiary TC is more complex to decipher as it results from &60 C/ 2 kbar in the HR units, and300 C/ 4 kbar for
polyphase tectonic historyF@ure et al, 1991]. Recent the BS. Such an eastward increasing metamorphic gradient
Cenozoic deformation is characterized by a NE-SW trehds been questioned by investigations on metamorphism at
and a top-to-the-NW sheaFdure et al, 1991]. On a the scale of the whole mountain belt using Raman spec-
regional scale, the interpretations are rather different tesscopy of CM Yui et al, 1996], illite cristalinity Tsaq
Faure et al.[1991] consider that deformation through th&996] and graphite-calcite isotopic thermomet¥ui[
TC is in continuity with that of the slate belt and iR005]. These studies demonstrate that the metamorphic
manifested mainly as a top-to-the-NW thrusting and folgattern in the slate belt is more complex, with a greenschist
ing, while Pulver et al [2002] consider that deformation hagacies core in the HR units supported by the presence of
been partitioned between the slate belt and the TC. Thegaite [Clark et al, 1993]. Metamorphism then decreases to
latter propose that owing to the oblique collision, the prerehnite-pumpellyite facies in the western BS, and then re-
Tertiary TC resulted from left-lateral extrusion between tiecreases eastward to greenschist facies in the easternmost
slate belt and the CoR. Finally, the nature of the cont®$. However, these petrologic estimates are essentially
separating the eastern TC from the LV is still a matter qfialitative and need to be better quantified. In the case of
debate [e.gCrespi et al, 1996;Shyu et al.2006;Simoes et thermochronological investigations, K-Ar dating has been
al.,, 2007]. Additional structural details on the three inveperformed along both central and southern cross-island
tigated transects, including our own observations, will éghways on the clay fine fraction (<&n) of white micas.
subsequently given in the following sections to directlfx large data set is availabl&faq 1996] (Table S) and an
replace the data provided in this study into a commamguable closure T of 358 was proposed by the authors.

structural framework. These data show a complete resetting of the K-Ar ages in
the TC and in the core of the HR whereas most of the BS

2.4. Existing Metamorphic and Chronologic exhibits only partially to non-reset ages. A similar spatial

Constraints distribution of reset and non-reset ages is obtained from

Met hi trol in Tai has b -&_ircon. fission tracks (ZFT)Lju et al, 2001] (auxiliary
[14] Metamorphic petrology in Taiwan has been consi terial Table S,

erably studied in the seventies and early eighties, and 'EHF i .
reader is referred to the excellent reviewBogist and Jahn 116l The best quantitative petrologic and thermochrono-
[1987]. In addition, thermochronology has been performd@dic constraints were obtained on the gneissic and granitic
in particular fission tracks and K-Ar dating as well as othérusions from the northeastern TC, in the Tailuko Belt
various radiometric methods. Some of these petrologic ang20 area, Figure 1), as well as on mafic/blueschist
thermochronological studies were dedicated to the metd&¥Rtic blocks located in the Yuli Belt along the suture zone

diments Ernst 1983; Warneke and Ernst1984; Tsa igure 1). P-T estimates in the Nanao area aresd0 —
1996'YuiEet all; 1996: Liu et al 2001'Yuis 2005: Fulle? 550 C/ 5-7 kbar for the mineral matrix in the gneiss, with

et al, 2006], and others focused on the gneisses, mafic 4igher-grade conditions (<660690 C/>8.3-8.8 kbar)
blueschist bodies scarcely outcropping within the metasdcorded by kyanite and staurolite inclusions within garnet
ments of the easternmost Taiwan mountain belt (FigurelTyvang et al, 2001]. No P-T estimates are available in the
[Liou et al, 1975, 1981¥ui and Lo 1989;Lo and Onstott 9eisses of the Chipan area farther south along the central
1995'Wan’g ot ai. 19981Hwang et al 20’01]_ cross-island highway (Figure 1). In the Yuli Belt along the
[15 As mentioned previously, the slate belt and most &Y SPectacular mineralogical assemblages were found in the
the TC are characterized by mineralogical assemblagd$ui aréa including garnet amphibolites and glaucophane

unsuited to conventional petrologic studies (Table 1). How-
ever,Ernst[1983] andWarneke and Erngii984] were able ——— _ _ .
to identify a general eastward increasing metamorphic gﬁgﬁéga(glz%rgzl.matenals are available at ftp://ftp.agu.org/apend/tc/
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blueschists. The petrology of these rocks has been studietian and on the shallow exhumation stages of the Taiwan
detail byLiou et al.[1975]. In the Northern Wanjung exoticmountain belt along three transects.

tectonic block,Yui and Lo[1989] document jadeite-bearing

pyroxenes (omphacite) within a metagabbro. Maximum P3T Methods

conditions are estimated to 56650 C/ 12 kbar for the

Juisui blueschists and 500550 C/14 kbar for the Wanjung 3.1. Referencing the Samples to a Clear Geographical
block (O. Beyssac et al., High-pressure metamorphismand Structural Framework

Taiwan: From oceanic subductionto arc-continent collision?

manuscript submitted tderra Nova 2007) (hereinafter ,:
referred to as Beyssac et al., submitted manuscript, 20(5?25,[
In addition, geochronologic and thermochronologic data &
abundant in both the gneisses to the naréhh et al, 1986;
Juang and Bellon1986;Lo and Onstott1995;Wang et al.
1998] and the blueschists from the Juisui adesdf et al.
1981;Lo and Yuj 1996]. The gneisses have a complex po

metamorphic history with at least two major thermal eve . : . .
occurring around 80—90 Ma (Cretaceous) and during the'dY: ZF T on detrital grains (Table Skao[1996] andLiu

late Cenozoic. During the most recent one, thermal met: 2l.[2001]) and K-Ar dating (Table S2sa0[1996]). The

morphism has partially res&Ar->°Ar ages on biotite, but uncertainties on the estimated locations vary from one
not on muscovite nor on hornblende in the Nanao are@urce to another depending on the precision and details

: - : the source maps. For each of our own samples, horizontal
E)Ii:(l)%iltjéz %\)/elrg tfrllje”; a:zzeotf ;QAIE)EE géZSrEéfgonl\;l ;?eb%?lgggsa%&ition (WGS 84 system) and altitude were measured with

obtained on muscovites and hornblendes were only partiﬁli]and'held GPS. Altitudes were systematically compared
reset Lo and Onstott 1995]. Lo and Onstott[1995] and eventually corrected with high-resolution topographic

carefully characterized the phyllosilicates used for datiﬁ%aps' In the following, all data are projected on a N110

[18] Inorderto compare and homogenize all the data from
study with those from the literature, we have tried to refer
he data to a common geographical and structural refer-
ence frame. Because some of the previous studies do not
provide geographic coordinates for samples, we estimated
their position by georeferencing published maps (auxiliary
aterial Tables S1 and S2). We have listed in the auxiliary
terials the thermochronologic data georeferenced in this

and showed that a significant fraction has systematicafig"Sect Perpendicular to the main structural trend, and
recrystallized and/or has been replaced by chlorite. g ographical distances are given with respect to the suture
particular, they evidenced the presence of second genera%l ?(,I’:\\t/)éach samoling site. a careful examination of
phengites as well as actinolitic rims on hornblendes an 19 npiing ' .
attributed them late CenozdiAr-2%Ar ages ( 6.4 Ma and structural deformation was carried on and we systematically

; d the bedding and/or the foliation. We also charac-
7.8 Ma respectively).o and Onstot{1995] suggest that measure . . S .
40Ar-397r resetting of these second-generation mineraﬁf\s”ZEd the ductile deformation by the direction of stretching

may indicate that these rocks have been to T of up fgeation and associated sense of shear whenever possible.
ecause landslides are ubiquitous within the Taiwan moun-

450 —500 C during the most recent orogeny in Taiwan. | S
the case of the exotic blocks of the Yuli Belt, Rb-Sr ages §H" belt and can therefore severely affect in situ structural

blue amphiboles in glaucophane blueschists cluster aro%ﬁaggﬁ%i?tiu\fs’;oavserz%%d gouri]ogrs:év,?gggsvari%:ng)gfsiirr?nt
8—14 Ma Pahn et al, 1981] and“*°Ar-**Ar dating on PS, P 9

different generations of phengites are of 10-11 Ma [data.

and Yuj 1996]. These geochronological ages are prior to tgezl RSCM Method

late Tertiary collision in Taiwan. In fact, these rocks found

along the suture zone may record metamorphic conditionfo] During diagenesis and metamorphism, CM present
that prevailed during the earlier phase of oceanic subductiarihe initial sedimentary rock is progressively transformed
prior to the collision (Beyssac et al., submitted manuscriptfo graphite (graphitization). The corresponding progres-
2007). These exotic blocks may therefore not be simgive evolution of the degree of organization of CM is

used to assess thermal and metamorphic conditions dugngsidered to be a reliable indicator of metamorphic T
recent mountain building in Taiwan. [Wopenka and Pasterisl993; Beyssac et al.2002a].

[17] To summarize, late Cenozoic metamorphism h&scause of the irreversible character of graphitization
probably affected the whole mountain belt with a generalf¢M is tending toward the thermodynamic stable phase
increasing metamorphic gradient eastward from the WFwbich is graphite), CM structure is not sensitive to the
the eastern pre-Tertiary TC, despite a local relatively higgirograde path of the rock up to the surface, and therefore
metamorphic grade within the HR units. In the northern T@imarily depends on the maximum T reached during
(Nanao area), intensity of metamorphism was probaliietamorphism Beyssac et al.2002a]. It has also been
weaker than in central Taiwan, either because of thbserved that samples collected from neighboring outcrops
complexities associated with the reversal of subductisfith clearly different strains have the same degree of
vergence in northeastern TaiweBuppe 1984] or because graphitization, indicating that deformation does not signif-
this area is closer to the front of the mountain Hedtfnd icantly affect the structural organization of the CM in
Onstott 1995]. In the following sections we provide newnetamorphic rocksBeyssac et 81.2002b]. Raman micro-
robust quantitative constraints on the metamorphic evopectroscopy is the most suitable technique to study natural

CM in situ within thin sections. The first-order Raman
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D1 GD2 gies in which the CM precursor is mainly a kerogen. The
| | | accuracy on T is £5@ due to uncertainties on petrologic
data used for the calibration. The relative uncertainties on T
are much smaller, probably around Q5 C [Beyssac et
al., 2004], allowing for a precise estimate of thermal
metamorphic gradient®pllinger et al, 2004].

[211 Raman spectra were obtained in Georges Rossman’s
laboratory (GPS division, Caltech, Pasadena, California,
USA) using a Renishaw RM 1000 microspectrometer. We
used the 514-nm wavelength of a Spectra Physics argon
laser, and the laser incident beam was depolarized with a
C02-42 (R2=0.34 - T=488°C) double wedge quartz depolarizer placed before the micro-
scope. The laser power at the sample surface was set around
1 mW and the laser was focused on the sample by a DMLM
C04-45 (R2=0.35- T=486°C) | eica microscope with a 100 magnification objective
(NA = 0.90). The Rayleigh diffusion was eliminated by
notch filters, and to achieve the best spatial resolution the
C02-44 (R2=0.53 - T=406°C)  spectrometer entrance slit was closed down to 10wifo
reach a nearly confocal configuration. The signal was
finally dispersed using a 1800 gr/mm grating and analyzed
by a Peltier cooled CCD detector. Before each session the
spectrometer was calibrated with a silicon standard. Be-
cause Raman spectroscopy of CM can be affected by
several analytical mismatches, we followed closely the
analytical and fitting procedures described Bgyssac et
al. [2002a, 2003a]. Measurements were done on polished
thin sections cut perpendicularly to the bedding and/or
schistosity and CM was systematically analyzed below a
C02-50 (R2=0.75 - T<330°C) transparent adjacent mineral, generally quartz. Ten spectra
were generally recorded for each sample in the extended
€02-32 (R2=0.72 - T<330°C) ~ scanning mode (1000—2000 th with acquisition times
from 30 to 60 s. Spectra were then processed using the
software Peakfit and an example of decomposition is given
1000 | 1200 1400 1600 1800 2000 in Beyssac et al[2003a]. Because the original calibration

Raman shift (cm) was performed using a totally different system, a DILOR
XY spectrometer with a 50 objective and a polarized
Figure 3. Raman spectra of carbonaceous material (ChM)er, we re-measured all the samples used for the original
obtained along the central cross-island highway sectiealibration at Caltech. We find that the difference of mean
from samples in the HR (C02-42, C0244), BS (C02-3R2 value calculated for 10 spectra is always lower than
C02-50), and TC (C02-75, YGO4d, CO04-45, CO04-49)he standard deviation calculated on each set of analyses.
Positions of G, D1, and D2 bands are indicated. For eage therefore consider that the instrumental effect on our
spectrum, the R2 ratio and corresponding RSCM tempeiigeasurements, if any, is negligible.
ture calculated from the depicted CM spectrum ar€2;] As shown in Figure 3, there is a wide range of
indicated. Se@eyssac et al[2002a] for details regarding graphitization degrees over the Taiwan mountain belt, from
RSCM thermometry. very poorly organized CM in the BS to poly crystalline
graphite in the TC. Such an evolution is very similar to that
scribed byBeyssac et al[2002b] in the Western Alps

C04-49 (R2=0.27 - T=520°C)

YGO4d (R2=0.52 - T=410°C)

CO02-75 (R2=0.62 - T=365°C)

spectrum of disordered CM exhibits a graphite G band . . AP
1580 cm %, E»4> mode corresponding to in-plane vibratioftltaly), and the reader interested in graphitization should

of aromatic carbons, and several defect bands (D1, D2, O§)€' to this paper. However, it is important to note that we
corresponding to “physico-chemical defects” [eRpyssac have observed at a few localities some detrital graphite that
et al, 2003a, and references therein]. The structural or 3s not taken into account in our r_esults. Such graphlte was
nization of CM can be quantified through the R2 paramefggmmonly found in the slates intercalated within the
defined as the relative area of the main defect band D1 (R3achien sandstone and within the sandstone itself (core of
D1/[G + D1 + D2] peak area ratio). A linear correlatio'® HR units). It was easily recognized by its morphology
between this R2 parameter and metamorphic T was cafimall grains and/or elongated flakes) and its spectral
brated using samples from different regional metamorpfignature (unusually high degree of ordering). However,
belts with well-known P-T conditions with T ranging fro ecause detrital grap_hl'ge is generally altered during trans-
330 to 640C (RSCM method Beyssac et al[2002a]). port, it does not exhibit the Raman spectrum of perfect
RSCM can be applied to metasediments of pelitic litholgf@Phite and instead shows defect bands with various
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Table 2. RSCM Temperature Data Obtained in Central and Southern Taiwan Along the Three Transects

BEYSSAC ET AL.: EXHUMATION OF THE TAIWAN MOUNTAIN BELT

TC6001

Sample Rock Longitude Latitude Altitude, m n R2 Ratio sdv a, C
Central Cross-Island Highway
C02-05 slate 121.0972 24.0066 1091 10 >0.7 <330
C02-06 slate 121.1134 24.0162 939 10 >0.7 <330
C02-10 slate 121.1459 24.0335 1539 10 >0.7 <330
C02-11 slate 121.1501 24.0493 1733 10 >0.7 <330
C02-18 slate 121.2138 24.1144 2635 10 >0.7 <330
C02-26 slate 121.2970 24.1789 2637 10 >0.7 <330
C02-28 slate 121.2921 24.2005 2515 10 >0.7 <330
C02-31 slate 121.2584 24.2157 1990 10 >0.7 <330
C02-32 slate 121.2453 24.2464 1957 10 >0.7 <330
C02-33 slate 121.2282 24.2540 1890 10 >0.7 <330
C02-35 schist 121.2113 24.2603 1678 10 0.63 0.02 358 2
C02-37 schist 121.2044 24.2526 1587 10 0.64 0.02 354
C02-38 schist 121.1949 24.2573 1585 10 0.59 0.04 380 6
C02-42 schist 121.1557 24.2496 1494 10 0.38 0.02 473 3
C02-43 schist 121.1639 24.2531 1553 10 0.45 0.05 442 7
C02-44 schist 121.1736 24.2562 1515 10 0.52 0.04 408 6
C02-45 schist 121.1894 24.2590 1575 10 0.51 0.04 415 5
C02-50 slate 121.3065 24.1805 2556 10 >0.7 <330
C02-51 slate 121.3121 24.1809 2528 10 >0.7 <330
C02-54 schist 121.3260 24.1893 2382 10 0.69 0.03 332 4
C02-56 schist 121.3353 24.1840 2315 10 0.65 0.02 350 2
C02-62 schist 121.3502 24.1806 2331 10 0.66 0.02 349 2
C02-63 schist 121.3580 24.1786 2403 10 0.66 0.01 346 1
C02-65 schist 121.3666 24.1780 2439 10 0.63 0.04 362 6
C02-69 schist 121.3952 24.1812 2212 10 0.63 0.02 362 2
C02-75 schist 121.4016 24.1882 1878 10 0.64 0.05 358 7
C02-76 schist 121.4114 24.1950 1784 10 0.62 0.01 364 2
C02-77 schist 121.4131 24.2044 1603 10 0.60 0.01 373 2
C02-78 schist 121.4153 24.2073 1432 12 0.57 0.05 386 6
C02-79 schist 121.4527 24.2035 1091 15 0.43 0.05 449 5
C02-81 schist 121.4682 24.1960 1023 10 0.33 0.02 492 3
C02-82 schist 121.4750 24.1907 789 10 0.32 0.06 500
C02-84 schist 121.4755 24.2147 761 11 0.28 0.06 516 8
C02-85 schist 121.4904 24.1739 448 12 0.34 0.06 488 8
C04-14 schist 121.0996 24.2441 1178 10 0.50 0.05 417 7
C04-15 schist 121.0996 24.2441 1178 10 0.58 0.02 385 3
C04-16 schist 121.0978 24.2453 1178 10 0.66 0.04 345 6
C04-18 schist 121.0909 24.2515 1039 10 0.67 0.04 341 5
C04-20 schist 121.0806 24.2398 984 10 0.64 0.05 355 7
C04-21 schist 121.0736 24.2391 978 10 0.70 0.04 329 6
C04-22 schist 121.0619 24.2293 1080 10 0.65 0.01 353 2
C04-24 schist 121.0500 24.2305 1087 13 0.67 0.07 343 9
C04-26 schist 121.0334 24.2208 985 10 0.63 0.02 361 2
C04-28 schist 121.0254 24.2124 916 10 0.64 0.03 356 5
C04-29 slate 121.0063 24.2117 825 10 >0.7 <330
C04-32 slate 121.2961 24.1800 2632 9 >0.7 <330
C04-35 schist 121.1547 24.2502 1374 10 0.37 0.04 475 6
C04-37 schist 121.2011 24.2567 1547 10 0.64 0.03 354 4
C04-45 schist 121.4529 24.2001 1132 10 0.37 0.03 478 7
C04-46 schist 121.4674 24.1972 1142 10 0.33 0.05 496 8
C04-48 schist 121.4783 24.2089 827 12 0.33 0.05 496 6
C04-49 schist 121.4838 24.1973 629 10 0.30 0.05 505 7
C04-52 schist 404 10 0.32 0.02 497 3
yg04-b schist 121.3733 24.1911 10 0.62 0.03 364 4
yg04-c schist 121.4222 24.2148 11 0.49 0.03 422 4
yg04-d schist 121.4271 24.2085 9 0.44 0.11 443 16
yg04-e schist 121.4321 24.2075 11 0.47 0.05 431 7
yg04-f schist 121.4526 24.2063 10 0.38 0.05 474 7
yg04-g schist 121.4607 24.2020 10 0.33 0.05 496 8
Southern Cross-Island Highway
S02-06 schist 121.0546 22.9023 351 10 0.64 0.05 354
S02-09 schist 121.1675 23.1149 311 10 0.60 0.04 372 5
S02-11 schist 121.1368 23.1338 400 10 0.39 0.04 469 6
S02-12 schist 121.1219 23.1365 421 10 0.37 0.02 474 3
S02-14 schist 121.0853 23.1415 449 10 0.33 0.04 493 5
S02-15 schist 121.0709 23.1431 552 10 0.40 0.03 463 4
S02-18 schist 121.0425 23.1634 791 10 0.41 0.02 457 3
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Table 2. (continued)

Sample Rock Longitude Latitude Altitude, m n R2 Ratio sdv a, 1s, C
S02-20 schist 121.0145 23.1791 804 10 0.46 0.04 436 6
S02-23 schist 121.0237 23.1832 1006 10 0.43 0.02 451 3
S02-24 schist 121.0128 23.1894 1069 10 0.43 0.02 449 4
S02-25 schist 120.9947 23.1996 1366 10 0.44 0.03 447 4
S02-26 schist 121.0186 23.2021 1573 10 0.43 0.03 447 5
S02-28 schist 121.0165 23.2109 1696 10 0.45 0.02 442 3
S02-29 schist 121.0063 23.2223 1810 10 0.54 0.04 400 6
S02-31 schist 120.9901 23.2437 2015 10 0.62 0.02 367 2
S02-33 schist 120.9717 23.2474 2379 10 0.67 0.03 345 4
S02-37 slate 120.9422 23.2660 2725 10 >0.7 <330
S02-43 slate 120.9105 23.2847 2136 5 >0.7 <330
S04-03 schist 121.0114 23.1845 794 10 0.48 0.04 428 5
S04-04 schist 121.0153 23.2129 1725 11 0.44 0.04 447 6
S04-05 schist 121.0040 23.2227 1822 10 0.51 0.04 408 5
S04-06 schist 121.0006 23.2274 1933 10 0.56 0.03 390 4
Y04-06 schist 341 10 0.49 0.06 422 8
Mid-Taiwan Highway
HO04-01 schist 121.0024 23.7895 10 0.61 0.02 370 3
H04-03 schist 120.9877 23.7959 661 10 0.65 0.03 352 4
HO04-04 schist 120.9835 23.8027 581 10 0.63 0.03 359 4
HO04-05 schist 120.9764 23.8020 584 10 0.64 0.03 358 4
H04-06 schist 120.9695 23.7980 505 10 0.66 0.05 347 8
HO04-07 schist 120.9606 23.7958 467 10 0.64 0.03 354 4
H04-10 slate 120.8990 23.7909 394 5 >0.7 <330

3Three transects are central, mid, and southern highways. For each sample, we provide: rock lithology, sample position (WGS84 system), altitude in m
(italic indicates that it is retrieved from the 40 m-DEM of Taiwan), number of spectra (n), mean R2 ratio for n spectra with corresponding sttratard devi
(sdv), and calculated temperature with standard errsy.($tandard error is the standard deviation divided byThe absolute error on temperature is
+50 C [Beyssac et al2002a].

intensities. R2 ratios and T estimates based on 10 spectreoimection are not particularly significant. Grain dimensions
these samples generally show unusual very large uncertaiare used to computeejection correction @ values. The
ties that make them easily recognizable. In order to av@rbpagated analytical uncertainty on these ages is typically
any bias due to the presence of detrital graphite, we do n6t5% (1-sigma), primarily arising from uncertainty in
present here the results obtained from RSCM within thee ejection correction. Ages were obtained from 2 to 6
Tachien sandstone (core of the HR units). Obtained RS@hdividual grains.
peak T are reported in Table 2. [24] Obtained (U-Th)/He ages are reported in Table 3. In
3.3. (U-Th)/He Methods this study, most of the (U-Th)/He ages were obtained on
detrital zircons from Eocene to Miocene sandstones.
[23] Zircon grains were separated from sandstones aBdcause these zircons have most likely undergone a com-
gneisses using standard magnetic and heavy liquid techyéx polymetamorphic history prior to the late Cenozoic
ques. Analyses were performed at the GPS division @fllision, it is important to distinguish ages inherited from a
Caltech (Pasadena, California, USA). Grains to be dai@@vious thermal history (partially reset or detrital ages) and
were selected to be as large as possible (typically 2these reflecting cooling subsequent to burial and heating
50 microns radius) and to be euhedral. Individual graigsring the collision (reset age). A fully reset age implies that
were loaded in small Pt tubes and heated in-vacuumtite T was high enough during the most recent event to reset
1300C for 20 min. The evolved He was analyzed byhe thermochronological age, which should then be lower
isotope dilution quadrupole mass spectrometry. Each grgian the stratigraphic age of the sediment. In Table 3, a
was heated a second time and the evolved gas analyzeghéan age fon replicates was calculated when all replicates
ensure complete He extraction. Typical helium blanks afe reset, and this age is reported with a 1-sigma standard
5 10" mol were negligible (<1%) compared with thesrror.
He derived from the zircons. The grains were then flux

melted in Li metaborate in a 1260 muffle furnace. The . :
resulting glass was dissolved in nitric acid, which was thé1 Thermometric and Thermochronological

spiked with?*U and 2°Th, and analyzed on a FinniganResults Along the Central Highway (Northern
Element inductively coupled plasma mass spectromefBransect)

U blanks were typically a few percent of the measured .

signal and never exceeded 7%. Th blanks were abouf-4: Overview

factor of 2 higher, but because Th contributes to so little[2s] The central cross-island highway is the northernmost
helium to these zircons (usually <20%), uncertainties in thigidied section and in the following will be referred to as the
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Figure 4. Geological map of central Taiwan in the vicinity of the central cross-island highway and of
the Puli road (see Figure 1 for location). The main three structural units are, from W to E: Hsuehshan
Range units, Backbone slates, and Tananao complex. Mean RSCM temperatures (Table 2) and zircon
(U-Th)/He ages (Table 3) obtained in this study are shown. Minimum and maximum zircon (U-Th)/He
ages are given for each partially reset sample (see Table 3). Boxes locate Figures 6 and 8.

northern profile (Figure 1). This road offers a section througlata from the literature. The stratigraphic background is a
the most mature part of the Taiwan mountain belt with respéicst-order attempt proposed I®rnst[1983] and has been
to the southward propagation of the collision and witslightly modified according to our own field observations.
account on the more exhumed HR units along this sectionFigure 6, we present our own structural measurements
(Figure 1). At the stage of this section, structures are not et mostly consist of the main foliation S1 and occasionally
affected by the reversal of subduction farther northeastbedding SO. The dominant foliation is generally parallel
[Suppe 1984] (Figure 1). Our samples come from th® bedding, especially in the schists. At a larger scale, the
cross-island highway, from Tungshih to Tailuko, and fromvestern part of the TC generally exhibits a relatively simple
along the Puli to Tayuling road (Figure 1). On Figure 4, waructural pattern with E-dipping bedding/foliation, and gets
have represented the RSCM and ZHe results on timere complex eastward where several successive deforma-
geological map. On Figure 5, these data as well asti@n stages are observed. Our own measurements are in good
compilation of previous thermochronological constrainggreement with those performed Byespi et al.[1996]
from the literature (Tables S1 and S2) are projected ontarad Pulver et al.[2002]. We mention here the mean values
N110 transect as a function of distance from the LV. for the orientation of schistosity given Wulver et al.
[2002], and present their results from W to E (Figure 6). A
4.2. Pre-Tertiary Basement: Tananao Complex first domain (domain Il ofPulver et al.[2002]) encom-
4.2.1. Structural Background passes the Pilushan Formation and westernmost TC with a
[26] Along our northern profile, the section crosses thelatively constant S1 (NO24E, 68SE) and a nearly downdip
Tailuko Belt of the TC, but not the Yuli Belt located farthet.1. The second domain (domain llb) extending approxi-
south (Figure 1). In Figure 6, we present a summary of theately between the first thick layer of pelitic schists to the W
stratigraphic, structural, petrologic and geochronologic datiad the town of Loshao to the E is characterized by a steep to
available along this section, including our results and thearly vertical S1 schistosity that forms a cleavage fan. In
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Figure 5. (RSCM temperatures and thermochronologic data projected on a N110 profile from the WF
(W) to the LV (E). See Figure 4 for location. RSCM temperatures and zircon (U-Th)/He ages are
represented on Figure 4. The horizontal axis indicates the horizontal distance to the LV along this transect.
(&) RSCM temperatures obtained in this study (mean value vdtistandard error). Red dashed line
reports the predictions of the model Bédur et al. [1991] that assumes 25% of constant underplating
below the wedge. The absolute uncertainty on RSCM temperature S.6D Thermochronologic data:
(U-Th)/He on apatite and zircon in the Chipan gneiss (this study, Table 3), (U-Th)/He on detrital zircon
(this study, Table 3), zircon fission tracHs@q 1996] €2 ages froniiu et al.[2001] (Table S1)), apatite
fission tracks\\Villett et al, 2003;Fuller et al, 2006] and K-Ar ages on white mica clay fractiolsgq

1996] (Table S2). Red and blue dashed lines report the predictions in terms of ZHE ¢l&ure
temperature) and ZFT (240 closure temperature) ages respectively of the modghiofet al.[1991]

that assumes 25% of constant underplating below the wedge.
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Figure 6. Geological map of the eastern BS and TC along the central cross-island highway, modified
from Ernst[1983] (see Figure 1 and 4 for location). The structural framework has been simplified using
the domains defined byulver et al.[2002] and by assuming the mean foliation in each domain. RSCM
temperatures obtained in this region (blue to red circles) were used to determine the position of the
isotherms for peak metamorphic temperatures. zircon (U-Th)/He ages from this study are shown.
Minimum and maximum zircon (U-Th)/He ages are given for each partially reset sample (see Table 3).
The positions of the limit for resetting of ZHe, ZFT, and K-Ar on white micas shown on Figure 7 are
represented here by the different black dashed lines.

this domain the main L1 lineation plunges moderateRSCM T and thermochronologic data for the TC along this
toward the S-SW. In Loshao, the orientation of S1 shallowsction are shown on the projected profile of Figure 7.
to a moderate dip toward the NW with a mean orientation fore than 20 RSCM samples were analyzed with T ranging
N39E, 45 NW and a gently plunging L1 to the SW (domaifitom 350 C up to 500C. As shown in Figures 6 and 7, the
[la). The last domain starts at the boundary between thavest T are of 350 —370 C in the westernmost portion of
schists and the marbles in the Taroko gorge close to the TC at the contact with the Pilushan Formation (BS). A
Tzumu Bridge. This domain (domain ) is characterized byfew kilometers before Loshao (Hua-Lu bridge), T starts to
complex inherited deformation pattern, and defines wiicrease progressively eastward from &7Qp to nearly
domain lla a broad anticline in S1 with a core of marblé&®90 C at the Heng-Shan tunnel a few km after Loshao. We
locally intruded by the Chipan gneiss during the late Cretatempted to document as best as possible this portion of the
ceous Lo and Onstott1995]. transect, but owing to sparse exposure and CM-lacking
4.2.2. RSCM and Thermochronological Results chloritic schists we were not able to continuously sample
[271 We have carried out systematic petrologic observiitrough the whole area. Because the BS and western TC
tions along these sections that confirm the general metaries were observed to be overturnedppe 1976;Ernst
morphic pattern proposed Brnst[1983] which is (1) the 1983], this gradient is inverted as T increases upward within
presence of biotite within the TC, from green color to the We stratigraphic section. This inverted thermal gradient
to red-brown to the E, (2) the presence of epidotes and widténcides quite well with the cleavage fan documented by
micas and (3) the decrease and disappearance eastwaRlLbier et al.[2002] (domain lIb). If we take the average
CM content within the metapelites that limits our RSCMtructural orientation provided Wulver et al.[2002], we
investigations to the pelitic schists outcropping westwacdn estimate from RSCM data a rough thermal gradient of
from the thick marble series of the Taroko gorge. Bottb —20 C/km. Around Tienhsiang in the eastern part of the
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Figure 7. Expansion of Figure 5 in the Tananao complex and Backbone slates. (a) RSCM temperatures and
predictions of the model &arr et al.[1991] that assumes 25% of constant underplating below the wedge (red
dashed line). The absolute uncertainty on RSCM temperature i€ #5) Thermochronologic data in the
eastern BS and TC along the central cross-island highway (zoom from Figure 5b). Thermochronologic data:
(U-Th)/He on apatite and zircon in the Chipan gneiss (this study, Table 3), (U-Th)/He on detrital (this study,
Table 3), zircon fission track$gaq 1996] € 2 ages fronkiu et al.[2001] (Table S1)), apatite fission tracks

[Willett et al, 2003;Fuller et al, 2006] and K-Ar on white mica clay fractiontspq 1996] (Table S2). Red
and blue dashed lines report the predictions in terms of ZHe@1@0sure temperature) and ZFT (280

closure temperature) ages respectively of the modBhofet al. [1991] that assumes 25% of constant

underplating below the wedge.
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TC schists, between the Heng-shan Tunnel and Tienhsianghe Lushan Formation within sandstone beds. All but two
where schistosity forms an anticlinorium, T remainsamples (C02-11 and CO2-50; Table 3) are partially reset.
constant around 50CQ. One of the two fully reset samples was collected close to the
[28] Five ZHe ages have been obtained in the TC, two obntact with the HR units along the Puli to Tayuling road,
them come from detrital zircons in metasandstones intand yielded a mean age of 2.06 + 0.19 Ma on only two
bedded with the pelitic schists, and the three others weeplicates (Figures 4 and 5). The other one was taken close
sampled from the Chipan gneiss. The youngest age (0.4®+he Pilushan Formation to the east (Figure 6) from a
0.03 Ma) was obtained from a metasandstone sampled inghadstone bed. It yielded an age in the same range as those
schists near Tienhsiang where RSCM T are high BP0 obtained in western TC (sample C02-5@.85 + 0.21 Ma).
(Figure 6). In the case of the four other samples, from tBemilarly, ZFT ages within the eastern BS are in the range
western sandstone and the Chipan gneiss, ZHe thermocRBrd0—-4.60 Ma, and K-Ar ages on white micas are in the
nology yielded ages slightly older, 1.12 £ 0.23 Ma and 0.86range 4.30—7.00 Ma (Figure 7Ydaq 1996; Liu et al,
0.1to 1.02 + 0.1 Marespectively (Figure 6). On Figure 7b v2®01]. More generally, all the thermochronologic data avail-
have projected these ages together with apatite fission trable in the rest of Lushan Formation, except for the eastern-
(AFT) [Willett et al, 2003;Fuller et al, 2006], ZFT [TsaQ most area suggest that most of this Formation underwent a
1996;Liu et al, 2001;Willett et al, 2003] and K-Ar ages on very low thermal episode that did not reset any of the
the clay fraction (<@m) of white micas Tsag 1996]. A thermochronometers (Figures 5 and 7). Metamorphism and
general good agreement between these different independghtimation have therefore been minor within most of the
results is observed. For instance, the ZFT data obtainedB8, with maximum T most probably not exceeding ZD0
Liu et al.[2001] are consistent with the large data set froexcept in the easternmost BS close to the TC.
Tsao[1996], without any major differences between central/
pooled and:? ages. More generally, we observe a systefd4. Hsuehshan Range Units
atic younging of the ages from K-Ar white mica ages t9.4.1. Structural Background
ZFT and finally to ZHe ages in agreement with the closure T[31] The northern profile offers the most complete sec-
for the different systems assumed in the source papées through the HR units. On Figure 8, we display the
( 350 C, 240C and 180C, respectively). All data exceptmain structural information from the literature together with
ZHe ages show westward increasing ages within the T@y RSCM T and ZHe ages. Along this profile, the HR
from the contact with the Taroko marbles to the one with thigits are composed of a duplicate anticline system in which
slate belt. All ages are very young with typical values difie stratigraphic core is Eocene Tachien sandstone and the
ZFT and K-Ar ages in the range of 0.75—-1.25 Ma arygbungest units are Oligocene in age (Shuichangliu Forma-
1.00-1.20 Ma respectively to the E, and 1.6—3.5 Ma atidn). The inner anticline, namely the Tachien anticline, is
4.3-7.0 Ma respectively to the W. This gradient in agesdemposed of the Oligocene Chiayang Formation comform-
consistent with the trend depicted for RSCM T: high RSChlbly overlying the Tachien sandstone. The Chiayang For-
T correspond to young thermochronologic ages (Figure ®ation is characterized by a steep eastward dipping
foliation and has been affected by coaxial deformation
4.3. Backbone Slates [Clark et al, 1993; Tillman and Byrne 1995]. Micro-
4.3.1. Structural Background structures associated with this deformation have been
[29] Along our northern profile, the BS has been studiestudied in detail by these authors who have shown an
from Lishan to Tayuling along the central cross-islaridcreasing elongation in the foliation plane down-section
highway and from Puli to Tayuling farther south. Becaus@thin the Chaiyang Formation. Deformation within the
the road from Tayuling to Lishan is severely affected byachien sandstone is more challenging to characterize
landsliding, our structural observations are more reliable loecause of the lithology. However, the black slaty beds
the transect from Puli to Tayuling. In general, the Lushavithin the sandstones emphasize remarkably the anticlinal
Formation shows a monoclinal E-dipping bedding affectstiucture in the landscape. An E-dipping thrust marks the
by little brittle deformation whereas the easternmost Lushaomtact between the two anticline§illman and Byrne
and Pilushan Formations exhibit penetrative ductile defd995] which is not localized at the stratigraphic boundary
mation with an E-dipping S1 schistosity and consistent tdpetween the Tachien sandstone within the eastern structure
to-the-W sense of shear. and the underlying Chaiyang Formation of the western
4.3.2. RSCM and Thermochronological Results anticline (Figure 8). The western anticline is less developed
[300 RSCM thermometry has been systematically appliditan the inner (easternmost) one, with a thinner Chaiyang
along both road sections and all the T obtained in tR®rmation and still a core of Eocene Tachien sandstone.
Lushan Formation are below the lower limit of applicabilitinterestingly, the Chaiyang Formation still exhibits an in-
of the method (33(C), except to the east below thecreasing gradient of elongation going downsection toward
Pilushan Formation. In this area, RSCM thermomettlye sandstoneTlfllman and Byrng1995].
yielded T in the range of 346360 C in the eastern Lushan4.4.2. RSCM and Thermochronological Results
and overlying Pilushan Formations, in continuity with those[32] Samples were collected within the two anticlines for
estimated in the adjacent TC, suggesting that there isbmh RSCM T (Chayiang Formation) and ZHe dating
significant metamorphic break across the contact betwé@achien formation). Results are projected together with
the TC and the slate belt. Several ZHe ages were measymexyious thermochronological constraints on Figure 9.
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Figure 8. (top) Geological map of the HR units and western BS along the central cross-island highway,
modified fromTillman and Byrng1995] (see Figures 1 and 4 for location). Structural data are from this
study andClark et al.[1993]. RSCM temperatures obtained in this region (blue to red circles) were used
to determine the position of the isotherms for peak metamorphic temperatures. Zircon (U-Th)/He ages
from this study are represented. Minimum and maximum zircon (U-Th)/He ages are given for each
partially reset sample (see Table 3). (bottom) Structural profile modifiedTitionan and Byrng1995]

with projected RSCM and thermochronologic data (location of transect on top plot).

Within the two anticlines, the Chayiang Formation exhibitbe two anticlines: sample C04-14 (B17 C) was collect-

a contrasted thermal history as attested by the differedtin the hanging wall whereas sample C04-15 8B5 C)
RSCM T patterns. Within the eastern flank of the Tachievas taken from the footwall. The difference in T30 C) is
anticline, peak T increase westward frorB50 C, close to significantly higher than the standard error on RSCM T: this
the Lishan fault, up to 475 C at the top of the Tachiensuggests that displacement on the fault may have occurred
sandstone. Therefore T increases downsection within #fter peak T have been attained on both sides. All other
Chayiang Formation with a normal geothermal gradient RSCM T obtained in the western anticline are almost
about 25-30 C/km, as determined from our structuratonstant (330-355 C). In the westernmost Paileng Forma-
measurements. As also reported @lark et al. [1993], tion, RSCM T are below 33C (Figure 8).

we have observed biotite locally within the Tachien sand{33] Six sandstone samples were analyzed for ZHe
stone. Biotite appears in this case as coarse flakes geneddlyng. Within the eastern Tachien anticline, samples C02-
with an altered morphology at the grain boundaries. Thetg and C04-03 from the Tachien sandstone were dated to
are almost no other metamorphic minerals in these rodkd6 + 0.10 Ma and 1.49 + 0.14 Ma respectively. A
such as phengites, well-crystallized chlorites or epidoteandstone interbedded within the Chaiyang Formation was
which would be expected with biotite at the obtained RSCtbllected in the immediate footwall of the thrust between
T. In addition, we did not observe biotite in the Chayiantpe two anticlines (C04-18) and yielded an age of 1.51 +
slates where RSCM T have been obtained. Altogether, @82 Ma. Two sandstone samples from the core of the
believe that this biotite may have a detrital origin, and mightestern anticline had ages of 2.02 + 0.11 Ma (C04-24)
not be an indicator of late Cenozoic metamorphism. Tvemd 1.98 + 0.06 Ma (C04-29). Last, a sandstone sample
samples were collected on both sides of the thrust separatingh the western Oligocene Paileng Formation was ana-
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Figure 9. Expansion of Figure 5 in the Hsuehshan Range units. (a) RSCM temperature and
(b) thermochronologic data in the western BS and in the HR units along the central cross-island highway.
Thermochronologic data: (U-Th)/He on detrital zircon (this study, Table 3), zircon fission trackges

from Liu et al. [2001] (Table S1)), apatite fission trackau[ler et al, 2006] and K-Ar on white micas

clay fraction 'saq 1996] (Table S2). Predictions of the modeBaiir et al.[1991] that assumes 25% of
constant underplating below the wedge do not appear here because they fall outside the values
represented on the graph (see Figure 5: RSCM T <@3énd non reset cooling ages). The absolute
uncertainty on RSCM temperature is #6560

lyzed but it appeared to be not fully reset. Other previoudigure 9b) because of probable large variance in annealing
published thermochronologic constraints are representectharacteristics. The” ages seem more representative in the
Figure 9b. It is worth mentioning that the positions of ZFHR and we therefore subsequently use these. The ZFT ages
data byLiu et al. [2001] as well as K-Ar ages frofsao all fall in the range 2.6—2.9 Ma and do not exhibit any
[1996] retrieved by georeferencing the source maps are patticular trend. K-Ar ages on white micas are similar to the
precise. Central ages calculated from ZFT data generaiyT ages and are even younger at some locations. This is
show high uncertainties in the HR. Th&ages appear to benot expected if the closure T usually assumed for these
significantly different from central ages (Table S1 and
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Figure 10. Geological map of the HR along the mid-Taiwan highway (Choushui river; see Figure 1 for
location), modified fronHo [1988]. Structural data are from this study. RSCM temperatures are depicted
by the blue to red circles. The unique zircon (U-Th)/He age (Tachien sandstone) obtained in this area is
shown.

thermochronometers are considered. We may thereftive northern profile, indicating that exhumation rates of the
guestion the significance of some of these data. HR units have been lower along this transect than farther
north or else indicating that these units have not yet attained

5. Thermometric and Chronological an exhumation steady state in the senséMifett and

. , Brandon[2002].
Constraints Along the Choushui and Southern
Highway Transects 5.2. Southern Highway (Southern Transect)
. 5.2.1. Structural Background
5.1. Choushui Highway (Central Transect) [36] The southern cross-island highway offers the oppor-

[34 This short transect is located along the Choushiynity to cross the BS and TC in southern Taiwan, but not
river (Figure 1) and offers good exposure for the southdfie HR units as they are absent in this area (Figure 1). From
exhumed HR units (Figure 10). The structure of the HRest to east, this profile crosses a thin Lushan Formation, a
units is simpler than along the northern transect. Only otféck Pilushan Formation, the Tailuko belt, the Yuli belt and
single asymmetric anticline, similar to eastern Tachiénally again the Pilushan Formation before reaching the LV
anticline to the north, is observed. The core of this anticlifieigures 11 and 12). The Pilushan Formation thus surrounds
is constituted of the Eocene Shihpachungchi Formatien both sides the pre-Tertiary TC. Along this section, the
[Ho, 1988], which is however not easily distinguishablgtratigraphy [e.g.Stanley et a).1981;Warneke and Ernst
from the adjacent Tachien sandstone. 1984], detailed structural trendSrgspi et al, 1996;Fisher

[35] Six samples were collected in the Chayiang Form@t al, 2002; Tillman and Byrng1995, 1996 Warneke and
tion for RSCM thermometry and all yielded similar T in th&rnst 1984] as well as metamorphisiVgrneke and Ernst
range 345-370 C (Figure 10). This almost flat gradient in1984] have been studied.

RSCM T is very similar to the pattern observed over the[37] In the Lushan and western Pilushan, the bedding SO
western anticline along the northern profile. One samp$eE-dipping, and the dip angle increases eastward. In both
was collected farther west in the Paileng Formation aHgits all kinematic criteria from S-C planes, asymmetric
yielded a RSCM T below 33C (H04-10). Only one pressure shadows around quartz porphyroblasts and up to
sandstone sample (H04-08) was collected for ZHe withipultimeters-scale asymmetric structures indicate a consis-
the Tachien Formation and yielded an age of 2.93tent top-to-the NW sense of shear. At a larger scale, SO and
0.43 Ma. This age is older than all the ages obtained $i form a fan through the Pilushan Formation and both dip
the Tachien Formation along the northern profile from bogiteeply to the west at the contact with the Tailuko belt. This
the western and eastern anticlines. ZFT data are availdBle is comparable to the cleavage fan observed along the
for this transectliu et al. 2001] (Table S1). The centralnorthern transectPlulver et al, 2002] and is located at a
ages fall in the range 3.9-4.7 Ma and do not shosimilar distance from the LV. In the case of the pre-Tertiary
significant differences with the? ages (2.4—4.3 Ma). TC in both the Tailuko and Yuli belts, bedding can typically
These ages are older than those obtained in the HR along
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Figure 11. Geological map of southern Taiwan in the vicinity of the southern cross-island highway (see
Figure 1 for location). The main two structural units are from W to E: BS and TC. Mean RSCM
temperatures (Table 2) and zircon (U-Th)/He ages (Table 3) from this study are represented. Minimum
and maximum zircon (U-Th)/He ages are given for each partially reset sample (see Table 3). Box
indicates location of Figure 12.

be observed where there are strong lithological contraatsually show that there is no systematic trend in cleavage
between schists and sandstones for instance. Both beddiingctions in this unit except in the southernmost region
(S0) and main foliation (S1) are relatively steep armadose to Taitung where cleavage is mostly W-dipping
generally W-dipping in the units. The contact between tlileigure 12). Stretching lineation is well documented in the
Tailuko and Yuli Belts of the TC appears as an imbricasgea and is relatively parallel to the main strike indicating a
thrust zone which truncates different lithologic units withitop to the NE noncoaxial deformatiolRigher et al, 2002].
each Formation, confirming the tectonic nature of the zoB.2. RSCM and Thermochronological Results

[Warneke and Ernstl984]. SO and S1 are still dipping to [38] Along this southern transect, 23 samples were
the west in the Yuli Belt, which overthrusts the Pilusharollected for RSCM thermometry (Figures 11, 12, and 13).
Formation farther eastWarneke and Ernstl984]. The In the Lushan and westernmost Pilushan Formations all
pattern of deformation is relatively complex in the Pilushaamples yielded T below 33D. Moving eastward within
Formation outcropping along the L¥isher et al.[2002] the Pilushan Formation, RSCM T increase gradually from
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Figure 12. Geological map of the BS and TC along the southern cross-island highway, modified from
Warneke and Erngtl984] (see Figures 1 and 11 for location). Structural data are from this study and
from Ernst and Warnek§l983]. RSCM temperatures obtained in this region (blue to red circles) were
used to determine the position of the isotherms for peak metamorphic temperatures. Zircon (U-Th)/He
ages from this study are represented. Minimum and maximum zircon (U-Th)/He ages are given for each
partially reset sample (see Table 3). The approximate positions of the limit for resetting of ZHe, ZFT, and
K-Ar on white micas are represented here by the different black dashed lines.

below 330C upto 450 C (S02-24) at the contact with theand 0.57 + 0.04 Ma (S04-01), in both the Tailuko and
basement (Tailuko belt). From our structural measurememslj Belts respectively. These data are shown on Figures 13
we estimate an apparent thermal gradient of28 C/km, and 14 with all other thermochronological constraints pro-
which is inverted because T increases upsection. As in theed by ZFT [Tsaq 1996;Liu et al, 2001], AFT Willett et
case of the northern transect, this inverted thermal gradient2003;Fuller et al, 2006] and K-Ar ages on white micas
roughly coincides with the location of the observed cleavaffisaqg 1996]. All thermochronometers are only partially
fan. In the TC units, RSCM-T are systematically higher thaeset in the Lushan Formation (Figure 13). They then
450 C and show little variations from 450 up to 493C progressively become fully reset in Pilushan going eastward
(sample S02-14). Farther east, within the Pilushan formatioward the TC (Figures 13 and 14). In the area where ZFT
present along the LV, RSCM-T abruptly decrease and t@ges are reset, data fromsao [1996] show consistent
samples provided T of 35@ (SO2-06) and 37Z (SO2-09). pooled and:? ages, whereas central ages are systematically
[39] Six samples were collected for ZHe within thend significantly higher thao? ages inLiu et al’s [2001]
different formations (Figures 11 and 12). In the Lushatata set. In this latter case, we rather considerecfthges,
Formation, sample S04-08 was not fully reset. Within ttees we did for the ZFT ages of the HR units from the northern
Pilushan Formation, three samples tend to indicate a slighnsect. These? ages fronLiu et al.[2001] show a better
gradient with an eastward decrease in ZHe ages from 0.7&gteement with the central ages obtainedi®go[1996].
0.08 Ma (S04-06) down to 0.57 = 0.08 Ma (S04-04). ThEhe ZFT data do not show a particular trend except perhaps
TCyielded very young ZHe ages of 0.46 + 0.02 Ma (S04-08)ightly younger ages in the TC than in the western
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Figure 13. RSCM temperatures and thermochronologic data projected on a N110 profile from the WF
(W) to the LV (E). The horizontal axis indicates the horizontal distance to the LV along this transect. (see
Figure 11 for location). (a) RSCM temperatures obtained in this study (Table 2) (mean valueswith 1-
standard error). Red dashed line reports the predictions of the mdsiaradt al. [1991] that assumes

25% of constant underplating below the wedge. The absolute uncertainty on RSCM temperature is
+50 C. (b) Thermochronologic data: (U-Th)/He on detrital zircon (this study, Table 3), zircon fission

tracks ['saq 1996] (2 ages fronLiu et al.[2001] (Table S1)), apatite fission tradki[lett et al, 2003;

Fuller et al, 2006] and K-Ar on white mica clay fraction§spg 1996] (Table S2). In the western BS
black dashed lines indicate the limit of resetting for (U-Th)/He on zircon, fission tracks on zircon and

K-Ar on white micas. Red and blue dashed lines report the predictions in terms of ZHE ¢1&ure
temperature) and ZFT (240 closure temperature) ages respectively of the modghiofet al.[1991]

that assumes 25% of constant underplating below the wedge.
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