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ABSTRACT

In Taiwan’s Central Range mountains, fundamental constraints on depositional 
ages and the timing of deformation and metamorphism remain a problematic issue 
preventing a consensual chronology of orogenic events to be established. In this con-
tribution, we report detrital zircon U-Pb detrital ages for the Chulai Formation, the 
easternmost strip of metamorphic sediments depositionally overlying the metamor-
phic, high-pressure Yuli belt. We demonstrate that the maximum depositional age 
of this unit is 11.2 ± 0.2 Ma (Upper Miocene, Tortonian), making it the youngest 
pervasively deformed and metamorphosed unit of the Central Range. Detrital zircon 
ages suggest an almost exclusively continental origin of the sediments similar to the 
Yuli belt’s matrix detrital age zircon spectra. Sedimentary relationships and structur-
al considerations indicate that the Chulai Formation underwent essentially the same 
deformation history as the underlying Yuli belt, and thus the maximum depositional 
age of 11.2 ± 0.2 Ma is interpreted as the upper limit for the start of pervasive defor-
mation of the eastern Central Range geological units. When considering the existing 
geochronological constraints on the metamorphism, we argue that the timing for the 
Cenozoic metamorphism of the Taiwan orogen is likely to be ~6 - 8 Ma.
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1. INTRODUCTION

Short-duration orogenic metamorphism (~1 - 10 Myrs) 
is increasingly recognised in the geological record world-
wide (Viete and Lister 2017) and is thought to reflect tran-
sient crustal condition rather than geologically prevalent 
physico-chemical conditions (e.g., Chu et al. 2017; Viete et 
al. 2018). The active Taiwan mountain belt is one of the most 
rapid convergent collisional plate boundaries (~82 mm yr-1;  
Yu et al. 1997) with surface uplift rates reaching up to  
~23 mm yr-1 (Ching et al. 2011), and is a paradigmatic exam-
ple of a rapidly exhuming orogen (e.g., Willett et al. 2003; 
Hsu et al. 2016). Notably, the glaucophane bearing high-
pressure metamorphic rocks of the Yuli belt in the Taiwan’s 
Central Range have been buried to depth of 35 - 50 km  
(Beyssac et al. 2008; Tsai et al. 2013; Keyser et al. 2016; 
Baziotis et al. 2017), and started to be exhumed in the latest 
Miocene to Pliocene times (Liu et al. 2001; Lee et al. 2006; 
Mesalles et al. 2014). However, opposing evidences on the 

exact timing of metamorphism exist in the published litera-
ture. On the one hand 40Ar/39Ar ages on amphibole in the 
Yuli’s HP metamorphic blocks of 12.2 ± 0.5 Ma (Lo and Yui 
1996) have been argued to support a Middle-Miocene onset 
of mountain building and metamorphism (Chen et al. 2019). 
On the other hand one Lu-Hf age of 5.1 ± 1.7 Ma on gar-
net (Sandmann et al. 2015) argue for a later timing for peak 
metamorphic conditions. In a more recent contribution, Lo et 
al. (2020) presents a robust 9.1 ± 0.1 Ma muscovite 40Ar/39Ar 
age in or next some of the Yuli HP blocks and interpret it as 
the timing for the early retrograde path.

Depositional ages of protoliths in metamorphic belts are 
the single fundamental constraint providing an unequivocal 
upper bound for the timing of metamorphism. Detrital zir-
con U-Pb dating is particularly suited for this purpose given 
the ubiquity of zircon minerals and the relative ease to date 
of large number of grains. In the cases of highly deformed 
terrains with poor fossil preservation, it might turn out to 
be the only technique providing reasonable depositional age 
constraint. Zircon U-Pb dating has mostly been applied in 
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Taiwan to elucidate pre-Cenozoic histories (Lan et al. 2009; 
Yui et al. 2009, 2012), in Cenozoic sediments of South 
China Sea passive margin affinity (Kirstein et al. 2010b; 
Shao et al. 2017), on orogeny-derived sediments (Kirstein 
et al. 2010a) and on present day river sediments (Deng et al. 
2017). Only a limited number studies have used this tech-
nique for depositional purposes in deformed sediments in the 
Central Range (Chen et al. 2016, 2017; Chung et al. 2018). 
Chen et al. (2017) contributed with a crucial mid-Miocene 
protolith crystallisation age for the HP ultramaphic blocks in 
the Yuli belt, resulting on a younger depositional age for this 
metamorphic belt as whole, previously thought to be Late 
Mesozoic (e.g., Lo and Yui 1996; Yui et al. 2012), and now 
known to be post-Mid-Miocene (< 15.6 ± 0.3 Ma).

This paper reports new detrital zircon U-Pb ages of 
six samples from the Chulai Formation, a narrow unit of 
marine sediments conventionally mapped as Eocene strata 
(Ho 1986, 1988) located in the southeastern margin of the 
Central Range’s metamorphic core (Fig. 1). Our results 
provide a consistent maximum depositional age markedly 
different from the previously assigned Eocene age, bring-
ing a new upper time limit to the time of deformation and 
metamorphism. Comparison with published zircon detrital 
suites and other geochronological constraints in the Central 
Range units constrain potential genetic relationships and al-
low discussion on the implications of these findings for the 
Central Range’s orogenic development and metamorphism.

2. REGIONAL GEOLOGY AND STUDY AREA

The Taiwanese mountain belt is the result of the sub-
duction of the South-China Sea oceanic crust below the 
Philippine Sea plate, arrival of the continental passive 
margin to the Manila trench, subsequent shortening of the 
forearc basin and final collision of the continental material 
with the Luzon volcanic arc (Ho 1988). Our study area is 
located in the eastern margin of the Central Range, the geo-
logical province supporting the island’s main topography. 
The Central Range can be subdivided into three main geo-
logical provinces: the Permian-Cretaceous basement of the 
Tailuko belt, the Miocene Yuli belt formed by a dominantly 
pelitic matrix embedding rare meta-igneous and high-pres-
sure mafic rocks, and the up to green-schist grade Eocene to 
Mid-Miocene passive margin sedimentary cover (Biq 1974; 
Ho 1988; Chen et al. 2017). Traditionally the mapped ex-
tent of the Eo-Miocene sediments comprises all the western 
divide, the high mountain ridges, and an additionally strip 
in the easternmost, low-lying part of the eastern Central 
Range. The latter is the subject of the present paper (Fig. 1).

Informally referred as the Eastern Slate belt, this geo-
logical unit was correlated to the western Eocene series 
based solely on lithological similarities (Ho 1988;) since 
the first known accounts (Ooe et al. 1939), although no 
diagnostic fossil was reported. Later maps maintained the  

Fig. 1. Eastern Central Range geological map with this study’s and 
Chen et al. (2017) sample location [note that Chen et al. (2017) sample 
localities were manually digitalised]. Geology based on Stanley et al. 
(1981) and Chen et al. (2017). Inset: Taiwan’s topography with main
map extent indicated as a red rectangle.
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Eocene depositional age (CGS 1974, 1978; Ho 1988; Chen 
et al. 2000) initially as part of the Hsinkao Formation and 
later as the renamed Pilushan Formation. However some re-
cent contributions assigned a Miocene age (Chen 2016; Lin 
and Chen 2016), and even suggested it is part of the Yuli 
belt (Keyser et al. 2016; Chen et al. 2017).

The only published detailed lithostratigraphic and 
structural study of the eastern Central Range is provided by 
Stanley et al. (1981). Stanley et al. (1981) distinguishes the 
Chulai Formation and the interpreted eastern equivalent of 
the Eocene Hsinkao Formation, the latter lying on a strati-
graphically younger position. Both are described to be sit-
ting on an unfaulted contact on top of the Yuli belt. The 
Chulai Formation was defined as a quartz-mica-rich phyl-
lite with massive 30 cm to 3 m thick quartzo-feldspathic 
greywacke beds, with a lack of dark-grey phyllite and thin 
(< 1 m) beds of metasandstone, characteristic of the eastern 
Hsinkao Formation, and a finer grained nature of the Chulai 
Formation’s phyllites and lack of quartz veins when com-
pared to Yuli belt highly veined black-schists (Stanley et 
al. 1981). Importantly, the Chulai Formation is described as 
bounded by two depositional contacts with the underlying 
Yuli belt units and overlying Hsinkao Formation sediments, 
and interpreted as forearc sediments partly deposited on top 
of the Manila trench accretionary wedge before or during 
pervasive deformation (i.e., six generation of folding and 
schistosity; Stanley et al. 1981). Stanley et al. (1981)’s maps 
the Chulai Formation all the way from the southern Cross-
island highway to around Juisui area, and only recognize 
the Hsinkao Formation in some localized patches north of 
the southern Cross-island highway, while south of it, the 
Hsinkao Formation is mapped as in direct contact with the 
Yuli belt units (see Fig. 2 in Stanley et al. 1981). They in-
terpret the depositional contact below the Chulai Formation 
as being an angular unconformity based on the various Yuli 
belt facies observed below the contact along strike.

Raman spectroscopy of carbonaceous material in the 
Chulai and eastern Hsinkao Formations indicates a peak 
metamorphic temperature of ~370°C (Beyssac et al. 2007). 
Elsewhere in the eastern Central Range rocks present pre-
sumably overprinted green schist facies metamorphic min-
eral assemblage (Chen et al. 1983; and reference within it). 
The Yuli belt contains mafic blocks reaching blueschist met-
amorphic facies (10 - 12 kbar/~550°C, Beyssac et al. 2008) 
of oceanic (Liou 1981) and island arc (Jahn et al. 1981; Sun 
et al. 1998) affinity. The Yuli’s high-pressure metamor-
phism is often considered to be limited to the mafic blocks 
(Yang and Wang 1985; Lin 1999; Beyssac et al. 2008) with 
no diagnostic HP minerals in the dominant surrounding 
metapelites, implying a post-peak metamorphic conditions 
tectonic emplacement of the meta-volcanic blocks. However 
recent P-T estimates (15.5 - 17 kbar/~540°C; Keyser et al. 
2016) in a garnet bearing metapelite of the Yuli matrix adja-
cent to the HP blocks suggests a pre-metamorphic juxtaposi-

tion of different lithologies followed by deep tectonic burial.
Recent dating of one the Yuli belt’s blueschist bod-

ies (Tamayen block; Chen et al. 2017) have fundamentally 
changed our understanding of the age and nature of metamor-
phism through the dating of the high-pressure rocks protolith 
age to Mid-Miocene times (three samples weighted mean of 
15.6 ± 0.3 Ma; n = 62). A consequence of this discovery is 
that deposition of the enclosing Yuli belt sediments and sub-
sequent metamorphism necessarily post-dates the block’s 
crystallisation age, perhaps providing the single most solid 
upper bound age for mountain building and metamorphic 
processes initiation to date. The present paper further con-
tributes to improve this upper-bound age of metamorphism 
and mountain building through constraining the maximum 
depositional age of the overlying Chulai Formation.

3. SAMPLING AND ANALYTICAL METHODS

The LA-ICPMS facilities (Agilent 7500s quadruple in-
ductively coupled plasma mass spectrometer equipped with 
a New Wave UP-213 laser ablation system) at the National 
Chung Cheng University, Department of Earth and Envi-
ronmental Science (Chiayi, Taiwan), was used to date 41 
to 186 grains in six Chulai Formation samples. Cathodolu-
minescence and secondary electron microphotographs were 
taken for the dated grains using the Scanning Electron Mi-
croprobe facility (JEOL JSM T-100) at the Institute of Earth 
Science, Academia Sinica (Taipei, Taiwan).

LA-ICPMS’s spot ablation is ~40 μm in diameter and 
~15 μm in depth. Each analysis lasted 70 seconds followed 
by 60 seconds blank. Standard zircon samples used for cali-
bration were GJ-1 (Jackson et al. 2004; weighted mean of 
600.4 ± 0.3 Ma) and Plešovice (Sláma et al. 2008; weighted 
mean of 337.1 ± 0.4 Ma). Weighted mean values obtained 
during the time of analysis were of 600.7 ± 1.8 and 338.4 ± 
1.7 Ma for GJ-1 and Plešovice standards respectively.

Two to four kilograms of silt to coarse sandstone were 
sampled in two distinct field missions. The first sampling 
mission was carried out in the fall of 2011 and, after discov-
ery of young ages in samples MA10 and MA11 (Fig. 1), a 
second sample mission was carried out in the fall of 2016 
targeting the exact same outcrops yielding young zircon 
ages. Samples were crushed and processed using standard 
heavy mineral and magnetic separation techniques, sub-
euhedral to euhedral zircon grains with sizes between 96 
- 500 μm of all colours were selected in order increase the 
chances to capture datable, relatively young, populations.

Raw analytical data was treated using GLITTER 4.4.2 
(GEMOC) software. Plots and statistical treatment of the 
data were computed using IsoplotR v.2.3 (Vermeesch 
2018b). In this paper we utilize a cross-over point of 1.5 
Ga between the use of 207Pb/206Pb ages (ages < 1.5 Ga) to 
206Pb/238U (ages > 1.5 Ga), as recommended by Spencer et 
al. (2016). Note that here we report the age density spectra 
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using an adaptive Kernel Density Estimate (Fig. 2b) and not 
the commonly used Probability Density Plots (PDP) (e.g., 
Ludwig 1998) as PDP has been shown to yield inherent sta-
tistical inconsistencies (Vermeesch 2012).

To further quantitatively compare the relative (dis)sim-
ilarity of zircon U-Pb age spectra independently of sample 
size (i.e., number n of dated grains), we apply the multi-
dimensional scaling method (Vermeesch 2018a) where 
(dis)similarity between samples is converted into a set of 
Euclidian coordinates allowing a graphical assessment of 
the disparity between a set of zircon ages suites; samples 
with similar spectra will plot close together while dissimilar 
samples will plot far apart. Here we adopt the approach pro-
vided by Vermeesch (2018b) where the statistical distance 
between two samples is calculated using the Kolmogorov-
Smirnov statistics, which quantifies the maximum vertical 
difference between two cumulative age distribution step 
functions to identify the relative similarity. In practice, the 
input data includes all ages (error bars are not included) for 
a given sample or group of samples (e.g., grouped by geo-
logical unit). In our case we combine our own detrital zircon 
U-Pb ages (this study) with Chen et al. (2017)’s data to ob-
tain a representative “map” of all Central Range geological 
formation’s detrital signatures (Fig. 3). This approach has 
recently been successfully applied in regional provenance 
studies (Shao et al. 2017) and in global zircon dataset analy-
sis (Barham et al. 2019).

4. RESULTS

LA-ICP-MS U-Pb zircon grain ages and analytical 
data of the six meta-sedimentary samples belonging to the 
Chulai Formation are provided in the supplementary mate-
rials (SM1). Kernel density estimates age spectra for this 
study’s individual samples are provided in SM2. Individual 
sample kernel density plots of our analysed Chulai Forma-
tion samples yield similar spectra (SM2), with the exception 
of samples MA10 and MA11 which contain a distinct Upper 
Miocene age population (Figs. 2 and 4). In the following we 
present the combined zircon age spectra of thirteen samples 
from the Chulai Formation including seven samples from 
Chen et al. (2017) and compare them to the existing detrital 
zircon U-Pb spectra of other the Central Range units; we 
then focus on the young zircon population.

4.1 Combined Age Spectra and Similarity Analysis

Figure 2 shows the combined cumulative (Fig. 2a) and 
kernel density estimates (Fig. 2b) zircon U-Pb age spectra 
of the analysed samples as compared to the existing data in 
the Yuli belt and Eo-Oligocene sediments of the Hsuehshan 
Range (Chen et al. 2017). In all three geological units, at 
least 97% of the dated grains are pre-Cenozoic.

Yuli belt and Chulai Formation samples share the main 

pre-Cenozoic density peaks (Fig. 2b) which include promi-
nent peaks at ~120 - 130, ~165 - 175, ~215 - 225, ~435 
- 445, ~760 - 780, ~1855 - 1865, and ~2480 - 2490 Ma.  
On the other hand, Eo-Oligocene sediments’ age spectra 
yield prominent peaks at ~110 - 120, ~155 - 165, ~245 
- 255, ~425 - 435, ~960 - 970, ~1865 - 1875, and ~2525 
- 2535 Ma. Additionally, there is a significant number of 
grains (n = 11; 1.0%) in the Chulai Formation samples older 
than 3000 Ma (Meso-archean), not present in the Yuli belt 
but present in the Eo-Oligocene sediments (n = 3; 0.5%), 
although all three geological units contain grains older than 
2500 Ma (Archean), particularly the Yuli belt samples (n = 
47; 4.9%).

Cenozoic peaks include the youngest peak at  
~10 - 12 Ma present in both Yuli belt (n = 3; 0.3%; samples 
YL-3 and YL-4 in Chen et al. 2017) and Chulai Formation 
sediments (n = 18; 1.7%; this study) (Fig. 2b). Other minor 
age population peaks in the Chulai Formation and Yuli’s 
samples include ~19 - 21 and 23 - 26 Ma, the former being 
more prominent in the Chulai Formation and the latter more 
prominent in the Yuli belt. Eo-Oligocene samples, in the 
other hand, contain a significant ~41 - 43 Ma (n = 13; 2.2%) 
peak which include the youngest dated zircon grains in that 
stratigraphic level (aside from one grain dated to 27.4 ± 0.6 
Ma belonging to the Oligocene strata).

Finally, in order to systematically assess the (dis)simi-
larity between the Chulai Formation, Yuli sediments and 
the other geological units of the Central Range were pub-
lished detrital zircon U-Pb exists, we compute a non-metric 
multidimensional scaling plot (Fig. 3). Three clusters are 
recognised, Eocene and Oligocene, Yuli and Chulai Forma-
tion, and Mid-Late Miocene and Early Miocene, indicat-
ing similar detrital zircon U-Pb spectra within each cluster. 
Yuli and Chulai Formation plot particularly close to each 
other indicating a close correspondence in their detrital age 
spectra and both plot towards the Early Miocene and Mid-
Late Miocene sediments locus at the right part of the non-
dimensional graph (Fig. 3). Both Yuli and Chulai Formation 
identify the Early Miocene sediments as their second closest 
neighbour (dashed line).

We would like to stress that the results reported above 
are subject to the right identification of the formation from 
which Chen et al. (2017)’s samples were taken. Reported 
data in Chen et al. (2017) is not geolocalized (i.e., no GPS 
coordinates provided). We exclusively relied on the geo-
logical unit assigned to each sample in Chen et al. (2017)’s 
supplementary material. Notably, Chen et al. (2017)’s west-
ernmost two samples in the southern cross-island highway 
(Fig. 1) were identified in the original paper as belonging to 
the Yuli belt, however after discussion with the lead author 
of the paper (Chen, W.-S., personal communication, May 
2019), those two samples were assigned to the Chulai For-
mation and were consequently included in the Chulai For-
mation for the computations presented above.
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(a)

(b)

(c)

Fig. 2. Combined Zircon U-Pb detrital ages’ cumulative age distribution (a) and area-normalized adaptive kernel densities estimates (b) plots from 
this study’s samples and published data from the Chulai Formation, Yuli belt, and Eo-Oligocene sediments of western Central Taiwan (Chen et al. 
2017). Ticks below the density curve represent the position of individual zircon grain ages. Estimates of the peaks central ages are displayed on top 
of each age density spike for the Chulai Formation and Eocene sediments. Note the practically undistinguishable cumulative age distribution and 
Kernel density plots of the Yuli belt and Chulai Formation samples. n is the number of combined grains for each of the three geological units. Note 
that all Chen et al. (2017)’s samples on the southern Cross-Island highway are here considered as part of the Chulai Formation, conversely to what 
is stated in the original paper’s supplementary material (see discussion in section 4.1).
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Fig. 3. Multidimensional scaling plot for the combined zircon detrital suites from Early Miocene, Mid-Late Miocene, Eocene, Oligocene, Yuli belt, 
and Chulai Formation (meta)sediments. Graphic distance (Euclidean) is proportional to the dissimilarity between each combined samples. Chulai 
Formation’s samples include Chen et al. (2017) samples and this study’s samples (same as in Fig. 2). All other samples are grouped by stratigraphic 
age from Chen et al. (2017).

(a) (b)

(c)

Fig. 4. MA11 and MA10 sample’s (a) weighted mean of the young zircon population U-Pb ages, (b) concordia diagram of the zircon ages used in 
the weighted mean calculation, and (c) representative cathodoluminescence images selection of some of the young population grains from sample 
MA11 with red circles indicating LA-ICPMS laser ablation spot (refer to SM3 for complete cathodoluminescence images of sample MA-11 dated 
grains).
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4.2 Upper Miocene Maximum Depositional Age

Of all the Chulai formation dated samples only sam-
ples MA11 and MA10 yield coherent young population (n 
= 18/362; 5%). The young population’s 206Pb/238U zircon 
ages range between 8.5 ± 0.6 to 12.1 ± 1.2 Ma, although 
most of the grains are between 10 and 12 Ma (12 out of 
18). From the eighteen (18) young zircon ages, fifteen (15) 
pass the discordance filter (i.e., -15 and +5% discordance 
allowed between 206Pb/238U and 207Pb/235U ages). From the 
fifteen (15) ages, eleven (11) overlap within two-sigma. 
The weighted mean and 95% confidence interval of the 
remaining grain ages is 11.2 ± 0.2 Ma (Fig. 4). Note that 
the weighted mean is computed applying a random effects 
model and error includes the analytical uncertainty associ-
ated to the decay constants (Vermeesch 2018b).

The Mean Square of the Weighted Deviates (MSWD) 
is equal to 0.66, well below the recommended limit value of 
1.78 (calculated following the equation 1 + 2 × [2/(n - 1)]1/2 
where n is the number of dated grains; Spencer et al. 2016), 
indicating no overdispersion. Similarly, the p(x2) value 
of 0.76 is supportive of no overdispersion. This weighted 
mean seems robust as no Pb-loss can be inferred from the 
Concordia diagram (Fig. 4b). The weighted mean age is also 
consistent within error bars with the concordia age (11.0 ± 
0.1 Ma) (Fig. 4b).

Cathodoluminescence (CL) photomicrogrpahs of 
MA11’s dated grains are provided in SM3. A representa-
tive selection of the younger population grains used in the 
weighted mean calculation is showed in Fig. 4c. The inter-
nal structure of the young population zircons is variable, 
from no structure with very high intensity luminescence to 
well-developed regularly spaced magmatic zoning or with 
rounded dark core with bright outer overgrowth. In general, 
the young grains do not show resorbed cores and are rather 
characterized by oscillatory zoning. Preliminary analysis of 
crystal core and rims yield similar ages, with no systemati-
cally younger rims (Fig. 4c; SM3).

5. DISCUSSION

In the following we first argue that, in light of our new 
results, the Chulai Formation and Yuli belt share a common 
sedimentary source, and given their maximum depositional 
age (MDA) and depositional contact separating them, likely 
belong to the same sedimentary succession having under-
gone at least partly similar deformation histories. It follows, 
the young population’s age of samples MA11 and MA10 
(11.2 ± 0.2 Ma; Fig. 4) provides a depositional age con-
straint for both the Chulai Formation and Yuli belt. Then we 
discuss the consequences of this finding for the Taiwan’s 
orogenic history, particularly its metamorphic pathway.

5.1 Linking the Chulai Formation to the Central Range 
Stratigraphy

The combined kernel density estimates (Fig. 2b) and 
cumulative age distribution functions (Fig. 2a) of the Chulai 
Formation, Yuli belt and Hsuehshan Range’s Eo-Oligocene 
sediments display a substantial difference between the Chu-
lai Formation and the Eocene sediments, and a striking sim-
ilarity between the Chulai Formation and Yuli belt spectra 
and cumulative curves.

Detrital zircon age spectra from the Chulai Formation 
and Eo-Oligocene strata, although sharing some pre-Ceno-
zoic peaks, albeit at different proportions (i.e., peak height; 
note that the area below the kernel density estimate curve 
is normalized), display major differences, particularly in the 
Cenozoic grain age populations: (1) a ~42 Ma (Lutetian) 
density peak present in the Eo-Oligocene sediments and 
absent in the Chulai Formation; (2) a ~11 Ma (Tortonian) 
density peak present in the Chulai Formation and absent in 
the Eocene strata. Both populations represent the youngest 
zircon population in their respective stratigraphic level, dis-
play a symmetric age distribution and can be taken as the 
maximum depositional ages (Dickinson and Gehrels 2009; 
see discussion in next section). Furthermore, when system-
atically measuring the (dis)similarity between the consid-
ered stratigraphic levels, we observe that while Eocene and 
Oligocene age spectra plot close to each other in the non-
dimensional coordinates (Fig. 3), Chulai Formation falls rel-
atively far away in the dimensionless plot towards the Early 
Miocene sediments locus (Fig. 3). Taken together, these 
evidences argue for a partly distinct sedimentary source and, 
more importantly, very distinct depositional age likely being 
Tortonian and Lutetian for the Chulai Formation and Eocene 
sediments respectively. This is at odds with the commonly 
Eocene age (Hsinkao or Pilushan Formation) assigned to the 
Chulai Formation sediments (e.g., Chen et al. 2000).

On the contrary, detrital zircon age spectra from the 
Chulai Formation and Yuli belt are strikingly similar  
(Figs. 2b - c). Not only the pre-Cenozoic peaks are match-
ing, and at similar proportions, but also the less prominent 
Neogene peaks are mostly corresponding (i.e., ~11 and ~19 
- 26 Ma grain populations). The multidimensional scaling 
plot (Fig. 3) appears to confirm the very similar detrital-age 
fingerprint with a very close position between the Chulai 
Formation and the Yuli belt. While these pieces of evidenc-
es do back a similar provenance and age of deposition, there 
are some minor differences. One main noticeable feature do 
differentiate the zircon age spectrums of the Chulai Forma-
tion and Yuli belt strata: the > 3000 Ma grain population 
existent in the Chulai Formation and absent in the Yuli belt. 
Nevertheless Miocene sediments in Central Taiwan do con-
tain few grains older than > 3000 Ma (n = 3; 0.5%; Chen 
et al. 2017), and thus the fact that they are not found in the 
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Yuli belt may possibly be linked to a bias in the selected 
dated grains, as Neo-archean (2500 - 2800 Ma) are well rep-
resented in the Yuli belt, although a change in the source 
area ages cannot be discarded.

5.2 Chulai Formation Maximum Depositional Age

Samples MA10 and MA11 yield a youngest concor-
dant grain population weighted mean age of 11.2 ± 0.2 Ma 
(Fig. 4a). This age can be considered the maximum depo-
sitional age (MDA) as defined by (Dickinson and Gehrels 
2009), where the youngest distinct and coherent population 
(i.e., not belonging to an age continuum) constrains the 
stratigraphic age’s upper bracket. Zircon CL images of the 
young population grains mostly show an oscillatory zon-
ing indicating a probable magmatic origin (Fig. 4c) with a 
potentially metamorphic overgrowth limited to a very thin  
(< 5 μm) rare outer rim (see also SM3), consistent with rela-
tively low (< 400°C) maximum metamorphic temperatures 
where zircon growth has been shown to be limited (Kohn 
and Kelly 2017). Whether the young zircon population is 
cogenetic (i.e., syndepositional volcanism) is difficult to as-
sess with our data but a final stage South China Sea rifting 
magmatic event spanning ~23 to 8 Ma has been described 
elsewhere (Chung et al. 1994; Lin et al. 2003). We postulate 
that the 10 - 11 Ma zircon belong to this magmatic event 
although a Luzon arc affinity cannot be discarded.

Previous estimates for the maximum deposit age of the 
Yuli belt are as young as 15.4 ± 0.4 Ma based on the young-
est weighted mean U-Pb zircon age (Chen et al. 2017) of 
the volcanic island arc affinity (Sun et al. 1998) Tamayen’s 
HP block enclosed in the Yuli metapelitic sediments. The 
blocks’ age certainly predates the deposition of the sur-
rounding matrix and indeed provides a maximum depo-
sitional age. Chen et al. (2017) also found 3 zircon grain 
aged between ~10 - 11 Ma in the northern Yuli belt samples  
(Fig. 2c) further arguing for similar sedimentary source and 
age of deposition with the Chulai Formation. The contact 
between the Chulai Formation and Yuli is sharp and strong-
ly deformed with no evidence of faulting (Fig. 5 in Stanley 
et al. 1981) suggesting the contact to be depositional. The 
non-faulted nature of the contact was further confirmed by 
field work carried out by the authors in the exact locality 
where it was defined (Stop 2 of Stanley et al. 1981), and the 
same three sets of schistosities were recognised above and 
below the contact (unpublished work).

Overall, the Yuli belt and Chulai Formation (1) are 
separated by a depositional contact (2) share the same 
continental affinity zircon U-Pb age populations, (3) have 
undergone the same deformation history. Taken together, 
these pieces of evidences favour a relatively continuous 
sedimentary succession subsequently deformed in the orog-
eny (i.e., post 11.2 ± 0.2 Ma). It also argues against Stanley 
et al. (1981) interpretation of the Chulai Formation being a 

forearc unit partly deposited on top of the early accretion-
ary wedge, although the widespread Miocene zircons can-
not be excluded to be sourced from the Luzon volcanic arc, 
and thus a Philippine Sea plate affinity cannot be totally 
discarded. Considering the maximum deposition time for 
the Yuli belt is limited to ~15 - 11 Ma and that the Chulai 
Formation’s metamorphic temperature is lower, we suggest 
that the Chulai Formation could represent stratigraphically 
younger sediments occupying the higher structural levels of 
a relatively continuous deformed rocks succession.

However, we would like to stress that although we ar-
gue for a stratigrpahically coherent sedimentary succession 
between the Yuli belt sediments and Chulai Formation, they 
do present different lithologies and maximum metamorphic 
temperatures, an apparent contradiction that deserve further 
work to be fully elucidated. Notably the nature of the depo-
sitional contact (i.e., nonconformity? angular unconformi-
ty?) is critical to understand the timing of the initial stage of 
deformation in the Central Range. Similarly, since we can-
not totally discard a recycled nature for the Chulai Fm (i.e., 
derived from the Yuli units), an improved understanding of 
the depositional setting (e.g., passive margin vs. forearc vs. 
wedge top) could further provide fundamental constraints.

In any case, the Chulai Formation appears to be the 
youngest pervasively deformed and metamorphosed sedi-
ments in the Central Range and can tentatively be correlated 
to the unmetamorphosed upper Miocene sediments of the 
southernmost tip of Taiwan (Mudan Fm.) or to the upper 
Miocene sediments outcropping in the Western Foothills 
(Nanchuang Fm.).

5.3 Considerations on the Timing of the Yuli Belt 
Metamorphism

The onset of subduction related metamorphism in the 
Taiwan orogen is a long lasting debate. On the one hand 
the older 40Ar/39Ar plateau and intercept ages in white mica, 
omphacite and amphibole in the Yuli belt HP blocks sug-
gest ~10 - 12 Ma as the start of metamorphism (Lo and Yui 
1996; Chen et al. 2019). In the other hand, Sandmann et al. 
(2015) argued that 40Ar/39Ar ages may have been compro-
mised by a well described process of excess Argon in high-
pressure rocks (e.g., Kelley 2002; and discussion in Lo and 
Yui 1996), and that garnet Lu-Hf dating really reflected the 
age of near-peak metamorphic conditions at 5.1 ± 1.7 Ma. 
This finding is consistent with fine grained fraction (< 2 μm) 
of presumably neoformed white micas 40K/39Ar ages of ~5 
- 8 Ma in Yuli belt matrix (Tsao 1996) and with the lowest 
temperature steps 40Ar/39Ar ages on muscovite and plateau 
40Ar/39Ar ages on biotite of ~6 - 9 Ma recorded in some Taro-
ko basement intrussives (Lo and Onstott 1995).

The peak metamorphic temperature in the Chulai For-
mation is ~370°C (Beyssac et al. 2007). Such a temperature 
is higher than the temperatures underwent by the Eocene 
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sedimentary cover of the Central Range, and considering that 
the sedimentary thickness on top of the Chulai Formation 
is unlikely over 10 km since deposition (< 11.2 ± 0.2 Ma;  
this study), the peak metamorphic temperature can rather be 
interpreted to result from a subduction related burial.

One significant contribution of the present work is that 
our maximum depositional age provides the upper limit for 
metamorphism and the main phases of deformation in the 
Central Range to ≤ 11.2 ± 0.2 Ma. Combined with the above 
considered chronological constraints, it seems to disprove 
an early onset of mountain building at ~12 Ma (Teng 1990; 
Chen et al. 2019) since deformation and metamorphism of 
the Chulai Formation could not have started before deposi-
tion, and rather support a younger onset of metamorphism. 
Considering the oldest fission tracks cooling ages of 6 -  
7 Ma (Liu et al. 2001; Mesalles et al. 2014; Lee et al. 2015), 
Tailuko belt’s granitic intrusion biotite 40Ar/39Ar ages (~7.7 
Ma), white mica lower temperature steps 40Ar/39Ar ages (~6 
- 9 Ma) (Lo and Onstott 1995) and foreland flexure onset at 
~6.5 Ma (Lin et al. 2003), we suggest the onset of metamor-
phism and mountain building to have occurred at ~6 - 8 Ma.

In addition, the end of rifting related magmatism at 8 
- 9 Ma (Chung et al. 1994, 1995) in western Taiwan ap-
pears to be closely followed by what is here interpreted as 
the initial subduction related metamorphism. The narrow 
temporal gap between both events can be explained by high 
convergence rates of 82 cm yr-1 (present day convergence; 
Yu et al. 1997) where in 1 Myr about 80 - 90 km of oce-
anic crust could be consumed in the subduction zone. Such 
a short duration burial and exhumation path falls in what has 
been described as very short duration metamorphism (Viete 
and Lister 2017).

6. CONCLUSION

The main contributions of this paper can be summa-
rized in the following three points:
(1)  The Chulai Formation, traditionally considered of Eo-

cene age, is here demonstrated to have a Late Mio-
cene (Tortonian) maximum depositional age (< 11.2 ±  
0.2 Ma) with a zircon age spectrum that is unlike the age 
spectrum of the Eocene sediments. The Chulai Forma-
tion is thus the youngest metamorphic unit preserved in 
the Central Range.

(2)  Considering that the Chulai Formation is in deposi-
tional contact with the underlying Yuli belt and displays 
the same deformation history, we postulate that 11.2 ±  
0.2 Ma is the upper limit for the main Cenozoic deforma-
tion and metamorphic events. Existing geochronological 
constraints suggests that the probable age of metamor-
phism is ~6 - 8 Ma.

(3)  The Chulai Formation yields a dominant continental de-
trital zircon suite strikingly similar with the Yuli belt’s 
one, indicating a common continental source and a prob-

ably similar or slightly younger depositional age.
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