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Key Points

e The ZFT and ZHe ages (5.3 Ma and 2.6 Ma) are the oldest ages recorded in the middle

Hsuehshan Range (mid-HR) in Taiwan.

e The exhumation rate in the mid-HR steadily increases from 0 to 3.4 km/Myr from 6.5
to 1 Ma and then increases at a slower rate.

e A steady increase in the exhumation rate indicates increasing topographic relief, which

is likely caused by progressive crustal thickening.

Abstract

The Taiwan orogenic belt has high precipitation and high exhumation rates (3-6 km/Myr),
making it a natural laboratory for understanding how erosion, tectonics, and climate interact.
Understanding how rock exhumation rates have evolved since the late Miocene is key to
unraveling climate—tectonic interactions. In this study, we present 8 new zircon fission track

(ZFT) and (U-Th)/He (ZHe) cooling ages (including 2 unreset ages) from 5 samples from
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1,700 to over 3,300 m elevation around the highly incised Dajia River in the core of the
Hsuehshan Range (termed the mid-HR in this study) in central Taiwan. Two of the ZFT and
ZHe ages (5.3 Ma and 2.6 Ma) are the oldest ages recorded in this region. These ages suggest
that the cooling rate of the mid-HR is lower than that of the Backbone Range and Yushan. With
these and previously published cooling ages, we modeled the exhumation and cooling history
using a 2-D thermal diffusion equation with time-varying erosion. The ZFT and ZHe ages are
best explained by a steadily increasing exhumation rate up to 3.4+0.5/-0.3 km/Myr from 6.5 to
1 Ma. The exhumation rate in the last million years is not as well constrained but appears to
have increased at a slower rate. Our findings differ from those of previous studies that propose
that the exhumation rate increased rapidly in the last 1-2 Myr. We propose that the steady
increase in the exhumation rate in the mid-HR indicates increasing topographic relief, which
is likely caused by progressive crustal thickening.

1 Introduction

Taiwan is one of the youngest orogens on Earth, resulting from the convergence of the
Eurasia continental margin and the Luzon volcanic arc (Ho, 1986; Teng, 1987, 1990) (Fig. 1).
It is characterized by several high mountain ranges in the center of Taiwan. The island also
receives high precipitation (121-361 cm annually) that is concentrated during the monsoon and
typhoon seasons (Yu et al., 2006). The coincidence of high topographic relief and high
precipitation means that the region currently experiences some of the highest exhumation rates
(3-6 km/Myr) on Earth (Montgomery and Brandon, 2002; Dadson et al., 2003; Galewsky et al.,
2006; Derrieux et al., 2014) as a result of rock uplift and erosion. The feedback between
tectonic uplift, topography, climate, erosion and exhumation is complex and likely nonlinear.
The uplift of the Tibetan Plateau and the Andes has nonlinear impacts on the climate and
exhumation (Molnar et al., 1993; Braun et al., 2012; Carretier et al., 2013). In the Andes, for
instance, the rising mountain range changed the regional precipitation, which in turn affected
erosion and exhumation (Barnes et al., 2012; Carretier et al., 2013). Studies have found that
exhumation increases nonlinearly after topography reaches the slope or elevation threshold.
Similar effects might be present in Taiwan. To understand the process, it is crucial to constrain
the history of the uplift/exhumation rates, paleotopography, and paleoclimate. As a first step,
we present a detailed determination of the exhumation history, especially how it evolved and

when its rate reached the present-day high values.
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The long-term exhumation rate can be deduced from the rock cooling rates based on
low-temperature thermochronometry (LTT). Cooling ages and fission track measurements
have been modeled to determine the most likely cooling paths of the Taiwan orogenic belt (Liu,
1982; Liu et al., 2000; Willett et al., 2003; Fuller et al., 2006; Lee et al., 2006; Beyssac et al.,
2007; Kirstein et al., 2010; Kirstein et al., 2013; Lee et al., 2015; Hsu et al., 2016; Chen et al.,
2018; Chen et al., 2019; Huang et al., 2022; Lee et al., 2022).

With these data, two distinct tectonic implications are proposed. Willett et al. (2003)
and Fuller et al. (2006) utilized numerical thermal models to simulate the cooling processes of
the orogenic belt and suggested that the middle latitudes of Taiwan Island have reached a
topographic steady state since 2.1-1.5 Ma (Fuller et al., 2006). This implication is consistent
with morphological conclusions suggesting that the Taiwan mountain belt has reached a
topographic steady state (Suppe, 1981; Barr and Dahlen, 1989; Deffontaines et al., 1994,
Willett and Brandon, 2002; Stolar et al., 2007). Several thermochronological studies (Lee et
al., 2006; Kirstein et al., 2010; Kirstein et al., 2013; Hsu et al., 2016; Chen et al., 2018) have
found evidence of late rapid cooling and proposed the late rapid exhumation hypothesis, where
the exhumation rate of Taiwan has rapidly increased in the last 1-2 Myr. This hypothesis was
based on the exhumation history that was directly calculated from the cooling rate with the
assumption of a constant geothermal gradient, but it was also based on an increased frequency
of reset LTT ages (<6 Ma) in sediments younger than 1.9 Ma (Kirstein et al., 2010). As a result,
it has been proposed that the uplift mechanism of the Taiwan Orogeny changed at
approximately 1-2 Ma (Lee et al., 2006; Kirstein et al., 2010; Hsu et al., 2016; Chen et al.,
2018). However, the geothermal gradient in the past is difficult to determine. Brown and
Summerfield (1997) indicate that geothermal gradients likely vary significantly with time in
tectonically active regions as hot, deep-buried rock is progressively advected to the surface.
The late rapid exhumation proposal assumes a constant geothermal gradient and needs to be
re-examined. To address the uncertainty in the geothermal gradient, a numerical thermal model
is required (Braun et al., 2012; Coutand et al., 2014; McCallister et al., 2014; Fox et al., 2015;
Wolff et al., 2020; Dai et al., 2021). Several tools that can obtain an exhumation history from
thermochronological data have been developed and are widely used, including Pecube (Braun
et al., 2012), Glide (Fox et al., 2014), and age2exhume (van der Beek and Schildgen, 2023).
We opted to develop the thermochronological calculation within the thermal-mechanical
model flac (Cundall, 1989; Tan et al., 2012). We use only the thermal model in this study and
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plan to incorporate thermal-mechanical deformation with thermochronological modeling in a

later study.

Taiwan is subdivided into a number of tectono-stratigraphic units from west to east,
including the Coastal Plain, the Western Foothills, the Hsuehshan Range (HR), the Backbone
Range (BR), the Longitudinal Valley and the Coastal Range. The HR is the second largest
mountain range in Taiwan. It lies to the west of the BR. Both mountain ranges are oriented
NNE-SSW and formed during the Taiwan Orogeny, which started at approximately 6.5 Ma
(Suppe, 1984; Teng, 1992; Liu et al., 2001; Mouthereau et al., 2001; Lin et al., 2003; Kirstein
et al., 2010). The earliest rocks that were exhumed during the formation of the BR have been
eroded, and only sediment has been preserved in the Coastal Range (Dorsey & Lundberg, 1988).
The oldest zircon fission-track (ZFT) ages from the core of the HR are 4.6 Ma (Lee et al., 2015).
These ages are significantly younger than the onset of orogenesis, implying that the rocks that
were exhumed earlier have been eroded away or have yet to be sampled. The HR has lower
cooling and exhumation rates than the BR (Simoes et al., 2007; Derrieux et al., 2014); hence,
it is more likely to preserve the record of the early stage of exhumation. Our study area is
located in the core of the HR, and it is termed the mid-HR in this study.

Previously published thermochronological data from the mid-HR were predominantly
collected along the Central Cross-Island Highway, which follows river valleys and cuts through
several tectonic units (Tsao, 1996; Liu et al., 2001; Fuller et al., 2006; Lee et al., 2006; Lan,
2009; Liang, 2011; Lee et al., 2015). Most of these samples represent only limited elevation
variation within each unit (1000—1500 m). A few samples from the highest elevations (Lee et
al., 2015) have been analyzed with only ZFT. In this paper, we use ZFT and (U-Th)/He (ZHe)
thermochronometry of high-elevation samples from the mid-HR to investigate the exhumation
history and to test the late rapid exhumation model. The ZFT and ZHe age-elevation profiles
are combined with published datasets (e.g., Tsao (1996); Liu et al. (2001); Fuller et al. (2006);
Lee et al. (2006); Beyssac et al. (2007); Lan (2009); Liang (2011); Lee et al. (2015)) and a
time-dependent 2-D thermal model with erosion to simulate the cooling history. We constrain
the exhumation history of the HR and discuss the implications for exhumation.

2 Geological background

Taiwan is located on the boundary between the Philippine Sea Plate and the Eurasia
Plate (Fig. 1). The Philippine Sea Plate is moving at ~82 mm/yr in a NW direction with respect
to the Eurasian plate (Yu et al., 1997). The HR was a Paleogene half-graben filled with Eocene-
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to-Oligocene sediments, which were metamorphosed during the Taiwan Orogeny (Teng, 1992,
2007). The strata in the HR have undergone deep burial (~10 km) and moderate greenschist-
facies metamorphism (300—450°C) (Chen and Wang, 1995; Fuller et al., 2006; Beyssac et al.,
2007; Chen et al., 2018). The foreland sandstone consists of clasts sourced from the mid-HR.
Chen et al. (2019) analyzed sandstones to constrain when the metamorphic rocks were exposed
on the surface and found that the onset of exhumation of the mid-HR likely occurred earlier
than 4.3 Ma, which is consistent with the oldest reset ZFT age of 4.6 Ma in this region (Lee et
al., 2015). ZFT ages in the central core of the mid-HR are all reset and younger than 6.5 Ma,
which indicates that they were cooled during the Taiwan Orogeny. In contrast, ZFT ages from
the eastern and western flanks are older (14.6-100 Ma), indicating that they have not been
heated above 300°C in the last 14 Myr (Fig. 1). This finding indicates that the central core has
experienced the highest exhumation (Fuller et al., 2006; Beyssac et al., 2007). In addition to
zircon, apatite is another common mineral for LTT. Unfortunately, apatite grains are rarely

contained in the source rock in the mid-HR. Therefore, their ages are not included in this study.

No cooling rate has been reported for the mid-HR. In the northern HR, the cooling rate
was negligible between 6 and 2.5 Ma, increased to 120°C/Myr between 2.5 and 1.6 Ma and
then became 90°C/Myr since 1.6 Ma (Chen et al., 2018). Inverse thermal modeling in the
northern BR (to the east of the mid-HR) indicates that the cooling rate was 5-21°C/Myr before
2.5 Ma, increased significantly to 75-85°C/Myr between 2.5 and 0.5 Ma and increased further
to 460-530°C/Myr in the last 0.5 Myr (Hsu et al., 2016). The cooling history from the adjacent

regions suggests that the mid-HR also experienced late rapid cooling in the last 2 Myr.

The present-day geothermal gradient of the HR is likely high but spatially varying. The
present-day surface heat flow in the HR is derived from thermal wells (Lee and Cheng, 1986;
Wu et al., 2013) and silica geothermometry (Liu et al., 2015) is approximately 50-300 mW/m?,
which corresponds to a geothermal gradient of 30-90°C/km near the surface. Within the top 10
km, the average geothermal gradient, which is inferred from the Curie depth, is approximately
50°C/km (Hsieh et al., 2014).

The uplift mechanism of the HR has been proposed through three primary concepts:
basal accretion and underplating at the decollement (Chapple, 1978; Suppe, 1981; Davis et al.,
1983; Barr and Dahlen, 1989; Simoes et al., 2007), the fault-bounded pop-up structure (Clark
etal., 1993; Lee etal., 1997), and subvertical elongation (Clark et al., 1993; Tillman and Byrne,
1995). The deformation in the mid-HR is mainly due to ductile folding rather than brittle
faulting (Liu et al., 2009). The folds are widely distributed and have wavelengths of tens to
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several thousands of meters (Liu and Kao, 2011). Previous studies have indicated the
penetrative coaxial strain history and the subvertical elongation of the HR (Clark et al., 1993;
Tillman and Byrne, 1995) Additionally, Kidder et al. (2012) suggest an axial strain of 0.3
during deformation at the Kuangmingchiao Anticlinorium (Kmc) (also known as the Dachein
Anticline) located at approximately 121.1°E in Fig. 1. The coaxial deformation in the mid-HR

makes the Kmc a suitable target for our study.

We collected samples along the A-A’ profile (Fig. 1), which runs parallel to the Kmc
in a NE-SW direction. This profile cuts through the Dajia River valley (Fig. 1) and extends
from the riverbed (1000 m elevation) to the mountain peak (3300 m elevation). The profile is
7 km long and has a height difference of 2.3 km. We collected three coarse-grained meta-
sandstone samples from the Eocene Tachien Formation along the A-A’ profile and another two
samples from the Paileng Formation in the northwestern region (Fig. 1).

3 Thermochronology

Zircons were separated and picked under a binocular microscope from the 75-350 um
fraction of crushed samples. ZFT dating followed the procedures of Liu et al. (2000) and used
the external detector method for sample processing and age calculations. The zeta ({) factor
(Hurford and Green, 1983) for the standard Fish Canyon Tuff with standard glass NBS-610
was determined to be 30 + 2 Ma (1o).

The ZHe analysis was conducted in the Noble Gas Laboratory at the Scottish
Universities Environmental Research Centre. Two to four replicate grains were analyzed for
ZHe ages. Each grain was hand-picked, and its dimensions were measured before being loaded
into Pt tubes. We followed the procedures of Foeken et al. (2006) for He extraction/analysis
and Dobson et al. (2008) for U and Th measurements. The analytical uncertainty in each grain
age is 3-5%, mostly due to the uncertainty in the *He standard and U and Th spike
concentrations (Maino et al., 2019). Correction for He recoil loss was made with established
procedures (Hourigan et al., 2005). We assume the uncertainty in grain ages after the correction
to be 5%. Age calculations were made following Meesters and Dunai (2005). The uncertainty
of the mean age is the standard deviation of the grain ages. If the standard deviation is less than

5% of the mean age, we assume the uncertainty to be 5%.

The ZFT and ZHe ages of all samples are listed in Table 1. The peak, pooled, and
central ZFT ages were calculated and reported for each sample. If the measured
thermochronometric age is younger than the onset of the Taiwan Orogeny (6.5 Ma), the grain



188
189
190
191
192
193
194
195
196

197
198
199
200
201
202
203
204
205

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

Manuscript revision submitted to Tectonophysics

is considered to be reset. In the following discussion, central ages are used for reset samples.
Two ZFT ages (from samples SP01 and ML02) from the Oligocene Paileng Formation in the
northwest region are older than 6.5 Ma. These grains have not been reset by the Taiwan
Orogeny and are not included in later discussion. The oldest reset ZFT age (5.3 + 0.5 Ma) is
recorded by sample BG02 from the peak of Mt. Baigu (3,189 m), while the youngest age, 3.8
+ 0.4 Ma, is recorded by sample DGO1 from an elevation of 1,711 m. ZHe ages from these
samples range from 2.62 + 0.13 Ma to 1.94 + 0.10 Ma (Fig. 2). These new ages from high-
elevation samples are older than previously published ZFT cooling ages (Fig. 1) and provide

important new constraints on the early exhumation history of the region.

A recent development indicates that the ZHe closure temperature could be significantly
lower than that calculated by Brandon (2007) due to a-dose damage (Gérard et al., 2022). The
work of Gérard et al. (2022) is important for the interpretation of LTT ages, where ZHe, apatite
fission track (AFT) and apatite helium ages overlap, specifically where the ZHe ages are
younger than the AFT ages. However, there is no evidence of overlapping LTT ages in this
region. An AFT age of 0.702 £ 0.28 Ma (Lock, 2007) cited by Chen et al. (2019) is in the river
valley of our AER profile. The sample was collected from an elevation of 1286 m. The ZHe
ages at a similar location are 1.36 + 0.10-1.51 + 0.02 Ma (Beyssac et al., 2007), with elevations

of 1039-1487 m. This finding indicates that the effect of a-dose damage is not important here.

The age-elevation relationships (AERS) and previously published data (Table 2) of the
A-A’ profile are plotted in Fig. 3. A positive correlation between the ZFT and ZHe ages and
elevation is clear. We can estimate the apparent exhumation rate from the AERS using two
different approaches. First, the slopes of the AERs indicate that the apparent exhumation rates
were ~1.4 km/Myr from 5 to 2.5 Ma and ~1.9 km/Myr from 2.5 to 1.5 Ma, showing a moderate
increase in the exhumation rate over time. Second, the apparent exhumation rate can be derived
from the apparent cooling rate, which is derived from the difference between the ZHe and ZFT
ages. Assuming a constant ZFT closure temperature of 240°C (Hurford, 1986) and a ZHe
closure temperature of 180°C (Beyssac et al., 2007), the apparent cooling rates can be estimated
as ~32°C/Myr at 5.5-2.5 Ma from a high-elevation AER (yellow line above 3000 m in Fig. 3),
~39°C/Myr at 3-1.5 Ma from a low-elevation AER (yellow line below 1000 m in Fig. 3), and
~108°C/Myr from 1.5 Ma to the present day from a low-elevation ZHe (yellow line at
approximately 2000 m in Fig. 3). The evolution of the apparent cooling rate is consistent with
the previously reported late rapid cooling after ~2 Ma in the HR and BR (Lee et al., 2006;
Kirstein et al., 2010; Kirstein et al., 2013; Hsu et al., 2016; Chen et al., 2018; Chen et al., 2019).
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The apparent exhumation rate can be estimated from the age vs. elevation of the same
thermochronometer by assuming an unchanged distance between the surface and closure
isotherm (i.e., a constant average geothermal gradient). The result (blue line in Fig. 3) is that
the apparent exhumation rate was 1.4 km/Myr (r? = 0.71) during 5-3 Ma and 1.9 km/Myr
(r? = 0.95) during 3-1.5 Ma. The apparent exhumation rate during 1.5-0 Ma can be estimated
from the apparent cooling rate by assuming a conventional geothermal gradient. Using
25°C/km, the exhumation rate is ~4.3 km/Myr. This again shows a moderate increase during
5-1.5 Ma followed by a rapid increase in the last ~2 Myr, which seems to be consistent with
the proposal of late rapid exhumation (Lee et al., 2006; Kirstein et al., 2010; Kirstein et al.,
2013; Hsu et al., 2016; Chenetal., 2018; Chen et al., 2019). The ZHe samples at low elevations

have very similar ages, indicating a high erosion rate around 1.5 Ma.

However, the estimates of apparent cooling and exhumation are based on the
assumption of constant closure temperatures and geothermal gradients. It is well known that
mineral closure temperatures increase when the cooling rate increases (Dodson, 1973, 1979).
For example, the closure temperatures of ZFT and ZHe are 232°C and 183°C, respectively,
when the cooling rate is 10°C/Myr, and they become 256°C and 207°C, respectively, when the
cooling rate is 100°C/Myr (Brandon et al., 1998; Reiners et al., 2004). Additionally, Taiwan is
not in a thermal steady state, and its geothermal gradient definitely changes both spatially and
temporally. For such a young orogen with high erosion, heat cannot diffuse out sufficiently,
leading to a temporal increase in the near-surface geothermal gradient (Brown and
Summerfield, 1997). Consequently, the hypothesis of late rapid cooling and exhumation is
subject to significant uncertainty. In the following section, we eliminate the assumptions of the
constant closure temperature and geothermal gradient by applying a time-dependent thermal
model. This model enables us to constrain the evolution of the exhumation rate during the

Taiwan Orogeny.

4 Time-dependent thermal models

We modeled the thermal evolution and thermochronometer cooling ages within the A-
A profile with a time-dependent thermal diffusion equation on a 2-D Lagrangian grid. We use
Geoflac for thermochronology (Shyu et al., 2023), which is based on the Fast Lagrangian
Analysis of Continua (FLAC) algorithm (Cundall, 1989; Tan et al., 2012) and is integrated with

thermochronology. The equation of thermal diffusion is solved explicitly as:
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where T is the temperature (°C), tis time (s), k is the thermal conductivity (3.3 W/m/K),
p is the density (2800 kg/m?3), C,, is the specific heat (1000 J/kg/K), and v, is the imposed uplift
rate (m/s). The top surface has a fixed temperature of 10°C. The other boundaries are thermally

insulating. The top surface is eroded and has a prescribed erosion rate to simulate exhumation.

The ZFT and ZHe closure temperatures are cooling-rate dependent (Dodson, 1973,
1979), as calculated by CLOSURE (Brandon et al., 1998; Brandon, 2007). The time of closure
is recorded as the closure age of the thermochronometer.

The model domain consists of a 7-km wide and 50-km thick block. The grid spacing is
200 m. The Kmc profile has a 2.4 km elevation change in a 7 km horizontal distance. We
assume that there is no lateral motion within the domain, and we discuss the validity of the
assumption in a later section. With no lateral motion within the profile, the erosion rate at the
surface is identical to the exhumation rate of buried material. We further assume that there is
no differential uplift within the profile since the profile is parallel to the major tectonic lineation
and does not cut across the major tectonic structure. As a result, the height difference within
the profile is produced completely by differential erosion (Fig. 4).

The geothermal gradient of the mid-HR at maximum burial was estimated by Raman
spectroscopy of carbonaceous material (RSCM) to be 25-30°C/km (Beyssac et al., 2007). It is
unclear when the temperature gradient reported by RSCM was recorded. The maximum burial
temperature is reported as 450°C, which is within the domain of high-grade greenschist facies.
However, only low-greenschist facies (~300°C) has been found in the sediments from the HR
(Yeh, 2017; Chen et al., 2019). Our samples do not show evidence of greenschist-facies
metamorphism, and it is very unlikely that our samples were heated above 300°C. In addition,
if temperatures in the region of 450°C were attained during the Taiwan Orogeny, zircons with
reset ZFTs, whose closure temperature is ~240°C, should have been exposed much earlier than
1 Ma (Wu, 2018). Therefore, we suspect that the high burial temperature recorded by the
RSCM is likely a prior heating event experienced before the Taiwan Orogeny initiated. With

this uncertainty in mind, we consider the initial geothermal gradient as a model parameter.

The HR was initially a sedimentary half-graben. We assume that the initial topography
and isotherms were flat. However, adopting a uniform gradient over the whole depth results in

exceedingly high temperatures and overcooling in the lower half of the model. The geothermal
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gradient should decrease with depth. We use a half-space cooling model for the initial
temperature and vary its half-space age parameter. Although the half-space cooling model is
valid only for oceanic lithosphere, as it ignores radiogenic heat production and the past thermal
history of the continental lithosphere, it gives a reasonable approximation for the near-surface
temperature profile. The mantle temperature is 1300°C, and the surface temperature is 10°C.
This half-space age parameter is unrelated to the cooling age of thermochronometers but only
a model parameter for the initial temperature. To avoid confusion, we list the corresponding
initial surface geothermal gradient (Gt) within the top 200 m of the half-space cooling model

as the model parameter output.

The exhumation is driven by surface erosion. The area that later became Taiwan was a
submarine sedimentary environment (Teng, 1990, 1992). Therefore, we assume that the
erosion rate is 0 km/Myr before the orogeny. We note that the absolute elevation of the surface
has no impact on our thermal model. The model surface has no height difference at the
beginning, but its elevation could be subzero. At the early stage of the collision, the area may
still be submarine and experience submarine erosion. At later stages, the area rises above sea
level and experiences subaerial erosion. Both are included in the erosion in our models. The
erosion rate is 1 km/Myr in the young collision zone in southern Taiwan and increases to >4
km/Myr in the mature orogen in central Taiwan (Fellin et al., 2017). This suggests that the
erosion rate in Taiwan has increased as the orogen matured. Additionally, the river valley has
a higher erosion rate than the mountain. Hence, the surface erosion rate in our model is

prescribed as a function of both space and time. It can be written as
, x
erosion rate = R(t) (1 + AR cos (Z n))

where R(t) is the time-dependent spatially averaged erosion rate, AR is the amplitude
of differential erosion between the valley and hill, and L is the distance between the valley and
hill (7 km). The prescribed high-erosion region becomes the valley (x=0), and the low-erosion
region becomes the peak (x=L). The temporal average of R(t) is reported as the temporal
average erosion rate (Ravg). We assume that the surface height difference increases with time
and that the rate of increase is proportional to the erosion rate R(t). The proportional constant
AR is chosen so that the difference in elevation is 2.4 km (shaded area in Fig. 5a-b) at the end
of the simulation.

We consider two scenarios for the evolution of R(t). The first scenario has a constant

erosion rate during the simulation (Fig. 5a). The scenario can be described by two parameters:
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the temporal average erosion rate, Ravg, and the model duration, ts (6 or 7 Myr), which is the
duration since the onset of exhumation (Liu et al., 2001). We found that the misfits of these
constant models are large, so we have to resort to a more complicated scenario. In the second
scenario, the erosion rate is 0 before the orogeny, gradually increases as the orogeny progresses,
and may further increase, saturate, or decrease at the late stage of the orogeny. Specifically, we
consider the time-varying scenario in two stages (Fig. 5b). At each stage, R(t) is linear. This
scenario has four parameters — the model duration (tr), R(t) at the end of the second stage (R¥),
duration of the first stage (tm), and R(t)/R¢ at tm (rm). The temporal average erosion rate Rayg IS

affected by these parameters.

We vary the initial geothermal gradient (Gt), erosion rate parameters (Ravg, fm, and tm),
and model duration (tr) (Table 3). Although the cooling is controlled by erosion and is not
affected by elevation, to match the topography of the A-A’ profile (whose average elevation is
2.2 km high) at the end of the model time, a constant uplift rate (v) is applied to each model
and is equal to Ravg + 0.367 km/Myr for ts = 6 Myr or Rayg + 0.315 km/Myr for t; = 7 Myr.

5 Results

The model surface is flat at an elevation of 0 km (i.e., no height difference) at the
beginning. The surface height difference increases gradually over time because of differential
erosion. As erosion removes material from the surface, the uplifting rock cools. Exhumation
first occurs in the valley and then at the mountain summit. After a model time of tf, every model
reaches a height difference of 2.4 km. The closure ages and their elevations at the surface are

then compared to the laboratory AERs in Fig. 3.

We evaluate the model AER results by calculating the difference between the model
AER and the laboratory results at the same elevation, weighted by the sample standard
deviation. The misfit (s) of the model result is defined as

=1 O_i - o'j
S = +
2m 2n

m ((ZheNum - Zhei)z) n ((thNum 2_ thj)2>

where m is the number of ZHe ages, n is the number of ZFT ages, zhenum is the modeled
ZHe age, zftnum is the modeled ZFT age, zhe;i is the i-th ZHe laboratory age, zft;j is the j-th ZFT
laboratory age, i is the standard deviation of the i-th laboratory ZHe age, and gj is the standard

deviation of the j-th laboratory ZFT age.
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We plot the model misfits with respect to the initial thermal gradient Gt and the time-
averaged erosion rate Ravg (Fig. 6). If the reset ZHe/ZFT is not exhumed to the surface or only
partially exhumed, the model misfit is colored dark or light gray, respectively, which occurs
when Gt and Rayg are both low. Within each series, the trade-off between Gt and Rayg is clear.
A model with a high Rayg and low Gt has a similar misfit to a model with a low Ravg and high
Gt.

This scenario is tested by varying rm, tm, and ts in a total of 124 series of models (Fig.
7a, Table 3). We have considered all reasonable variation patterns of the erosion history. For
each series, 572 models with varying Ravg and Gt values are explored. The lowest-misfit models
within each of the 124 series are shown in Fig. 7. We classify 124 series of models into 4 types
based on how the erosion rate changes with time and label the representative models (Models
A-D) in each type (Fig. 7b-c, Table 3): constant (Model A), near-steady increase (Model B),

early rapid increase (Model C), and late rapid increase (Model D).

5.1 Representative models of four types

From the representative models of these four types, the models with near-steady
increases (Model B) and early rapid increases (Model C) share the lowest and similar misfits.
These two models have similar Gt and Ravg values. Here, we describe Model B (Series 6 in
Table 3) in detail. This is one of the best-fit models (misfit = 1.428), where the erosion rate
increases rapidly from 0 to 1.49 km/Myr from 6 to 5 Ma and then increases less rapidly to 3.73
km/Myr at the present day (Line B in Fig. 7b). The erosion rate reaches 40% of the present-
day value at 5 Ma. The model has values of Rayg = 2.3 km/Myr, R = 3.73 km/Myr, and Gt =
17.47°C/km. The material exposed in the valley experiences a rapid change in the local
geothermal gradient during exhumation. The local geothermal gradient is ~17°C/km at a depth
of ~15 km at 6 Ma, ~19°C/km at a depth of ~10 km at 3 Ma, and ~71°C/km at the surface at
the present day. The average geothermal gradient is ~32°C/km within the top 10 km depth at
the present day (black line in Fig. 8d). The final surface geothermal gradient is nearly four
times higher than the initial value. The comparison of the model erosion and cooling rate (red
lines in Fig. 7b and 7c) clearly shows that the variations in these rates are not correlated. There
is an ~4 Myr time lag between the onset of the distinct increase in the erosion and cooling rates
in the model. For a young orogenic belt, such as Taiwan, this time lag is a significant portion
of the orogen history, which needs to be taken into account when using thermochronometers

to provide insight into orogen evolution. Model C (Series 120 in Table 3) also has a small but
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slightly higher misfit of 1.532 than Model B. The erosion rate gently decreases in the last 1
Myr (Line C in Fig. 7b). The AERs of this model (green lines in Fig. 7d) are very similar to
those of Model B, demonstrating the nonuniqueness of thermal modeling.

Model D (Series 41 in Table 3), with a late rapid increase in the erosion rate, has the
highest misfit of 62.44 among the four representative models. In this model, erosion slowly
increases in the first 4 Myr and rapidly increases in the last 2 Myr (Line D in Fig. 7b). The final
erosion rate is 3.16 km/Myr. The AERs of this model (blue lines in Fig. 7d) have the shallowest
slope among the representative models. However, the age at a low elevation is too young.
Indeed, all late-rapid-increase models have large misfits. This is contradictory to the late rapid

erosion proposed by previous studies in the HR (Hsu et al., 2016; Chen et al., 2018).

Model A (Series 1 in Table 3) has a medium misfit of 5.042. The erosion rate is constant
from 6 Ma to the present day (Line A in Fig. 7b). The AERs of Model A (red lines in Fig. 7d)
have steep slopes and small age differences between the ZHe and ZFT AERs. The fit for the
ZHe is satisfactory. However, the ZFT AER is too young and does not match the laboratory

results.

5.2 Ensemble average of low-misfit models

Several models share similar low misfits, demonstrating the nonuniqueness of forward
modeling. We take the ensemble of the top 17 best-fit models (misfits < 1.60; Series 6, 7, 17,
18, 33, 64, 74, 85, 86, 99, 109, 110, and 119-123) to calculate the average erosion rate of the
mid-HR (black line in Fig. 7b) and use this ensemble average as our best estimate. Error bars
represent the range of 17 best-fit models at each time. The ensemble average exhumation rate
is 2.2+0.5/-0.4 km/Myr. The initial average geothermal gradient is 17.1+3.4/-2.6°C/km.
Erosion increases steadily from 0 to 3.4+0.5/-0.3 km/Myr from 7 Ma to 1 Ma. The linear
increase is well constrained. After 1 Ma, the slope of the erosion rate is reduced with larger

uncertainty. We have less confidence in the slowing of the rate increase.

We also calculate the ensemble average of the cooling rates of the top 17 best-fit models
(black line in Fig. 7c). The cooling rate increases monotonically and nonlinearly to 121+4.4/-
3.6°C/Myr from 7 Ma to 0.5 Ma, followed by a slower increase in the cooling rate with greater
uncertainty at the present day. We find that all cooling histories of the best-fit models (Fig. 7c)
have a similar trend among the 124 model series, regardless of the erosion history. The cooling
rates are low (<30°C/Myr) from 7 to 3 Ma. After 2 Ma, the cooling rates start increasing

significantly and reach approximately 100°C/Myr at 1 Ma. The onset of rapid cooling usually
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occurs at approximately 2 Ma, despite the variability in the erosion history. When the material
is exhumed close to the surface, where the geothermal gradient is high due to earlier erosion,
the rock experiences rapid cooling. This is why all thermochronological records in the HR or
BR show a rapid increase in the cooling rate from 2 Ma (Lee et al., 2006; Kirstein et al., 2010;
Hsu et al., 2016; Chen et al., 2018). The rapid increase in the cooling rate does not necessarily
imply an increase in the exhumation/erosion rate, as noted by Mancktelow and Grasemann
(1997).

6 Discussion

6.1 Comparisons to geological observations

Notably, the erosion rates from the model are consistently higher than the apparent rates
suggested by the AER. This is because the apparent erosion rate is calculated based on the
assumption that the closure depth remains constant over time. However, the geothermal
gradient in the HR increases with time. As a result, the closure depth is shallower at the present
day than in the past. For example, the ZFT closure depth in Model B migrates upward by ~2
km from 5 Ma to 2.5 Ma (red circles in Fig. 8). This upward migration is not considered when
calculating the apparent erosion rate. Therefore, it underestimates the true erosion rate. In
Model B, the height difference is 2.4 km, while the total exhumation is ~5 km (depth of 13 to
7.9 km) in this same time period (brown diamonds in Fig. 8d). This results in an apparent
erosion rate of ~1 km/Myr and a true erosion rate of ~2 km/Myr. This difference between
apparent and true erosion rates can be estimated only via a forward thermal model.

There is evidence of a 1 km/Myr submarine erosion rate south of Taiwan (Das et al.,
2021). The study area of Das et al. (2021) has a > 3 km height difference over the nearby sea
floor. This indicates that the region is already uplifting, which suggests that this 1 km/Myr
erosion rate does not represent the erosion rate at the onset of collision. The erosion rates in
Models B and C at 5-6 Ma are ~1 km/Myr. These results suggest that it took approximately 1

million years after the onset of collision for the erosion rate to reach 1 km/Myr.

We found that the cooling rates in the later stage (< 2 Ma) are consistently much higher
than those in the early stage (> 4 Ma) in our models. The ensemble average of the cooling
history (black line in Fig. 7c) shows an extremely low cooling rate (<10°C/Myr) from 7 to 4
Ma and a low cooling rate (10-20°C/Myr) from 4 to 3 Ma. Then, the cooling rate increases
rapidly from 20°C/Myr at 3 Ma to over 130°C/Myr at the present day. This cooling history is

generally consistent with multi-thermochronometric data in the northern HR (Chen et al., 2018).
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Chen et al. (2018) studied the cooling history of a nappe from the northern HR and found that
the sample was in a nearly isothermal state until 2.5 Ma, after which the cooling rate increased
to 120°C/Myr during 2.5-1.5 Ma and slightly decreased to 90°C/Myr from 1.5 Ma to the present
day (green line in Fig. 7c).

Model B not only fits the AERs but also satisfies other geological constraints. Model
B has an almost linear increase in the maximum burial temperature of exposed samples over
time. The exposed maximum burial temperature increases from 100°C at 3 Ma to 210°C at 1
Ma and finally to 270°C at the present day (black line in Fig. 9). Model B predicts that very
low-grade metamorphic rocks (maximum burial temperature of 200°C) were exhumed to the
surface at ~1 Ma, which is supported by petrographic analyses of the sandstone in the Dajia
River basin (Yeh, 2017; Chen et al., 2019).

The youngest ages are always exposed first at the valley. The reset ZFT in Model B is
first exposed at 0.8 Ma with an age of 4.6 Ma and then gradually become younger, with an age
of 2.6 Ma at the present day (dashed blue line in Fig. 9). The late exposure of reset ZFT ages
is consistent with the observation that reset detrital ZFT ages can be found only within young
strata (< 1 Ma) in the Dajia River basin (Wu, 2018). In addition, the reset ZHe in Model B is
first exposed at 1.6 Ma with an age of 4 Ma and then gradually become younger, with an age
of 1.5 Ma at the present day (solid blue line in Fig. 9). Model B predicts that a reset detrital
ZHe value would appear only in strata younger than 1.5 Ma. This prediction awaits future

verification.

Our thermal simulations can predict the geothermal structures. We take the thermal
gradient of the top element layer of the model to calculate the surface geothermal gradient and
heat flow. The average surface geothermal gradients and heat flows of the four representative
models are as follows: Model A: 39°C/km (128 mW/m?); Model B: 43°C/km (143 mW/m?);
Model C: 41°C/km (135 mW/m?); and Model D: 65°C/km (213 mW/m?). The model with a
late rapid increase in the erosion rate (Model D) has the highest heat flow, while the model
with a constant erosion rate (Model A) has the lowest heat flow. The heat flow of the best-fit
model (143 mW/m?) is higher than the observed regional heat flow (100-120 mW/m?, Liu et
al. (2015)). Then, the average thermal gradient from the top 10 km of the best-fit model (Model
B) is 32°C/km, which is lower than the observed regional thermal gradient, as determined by
the depth of the Curie point (~50°C/km, Hsieh et al. (2014)). Unfortunately, we cannot

reconcile this conflict. Further research is needed.
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6.2 Comparison to the model of Simoes et al. (2007)

Simoes et al. (2007) also modeled the thermokinematic evolution of the HR. Here, we
compare our model results with theirs. Their exhumation rate is 4.2 km/Myr, starting at 4 Ma,
with a total exhumation of 16.8 km. Our ensemble average has a lower average erosion rate
(2.2+0.5/-0.4 km/Myr), earlier initiation (6-7 Ma), and lower total exhumation (13.2-15.4 km).
We attribute the discrepancy to the inclusion of newly reported ZHe and ZFT ages from high
elevations and the exclusion of the RSCM temperature (Beyssac et al., 2007). Most of the reset
ages used in Simoes et al. (2007) were sampled from elevations of 1000-2000 m in the HR.
Our high-elevation thermochronological ages are older than the ages used in Simoes et al.
(2007), which are less than ~4 Ma (Liu et al., 2001). The older ages push the initiation time of
HR exhumation earlier. The lengthened history of the HR decreases the average erosion rate.
In addition, the RSCM temperature (Beyssac et al., 2007) in the HR is high (~450°C), which
suggests a deep burial depth and high exhumation. If the RSCM temperature is included for
fitting, we would need to either increase the initial geothermal gradient G; or the erosion rate.
Both changes would reduce the ZHe and ZFT ages, as well as the age difference between them,
which would lead to poorer model fits. As discussed in Section 4, we argue that the reported
RSCM temperature was likely not acquired during the Taiwan Orogeny but during an earlier

heating event. Therefore, the RSCM temperature is excluded from our data.

6.3 Onset of exhumation

We compared two pairs of model series to distinguish the onset of exhumation. The
variations in the misfits are opposite between the models. In the pair of models with constant
erosion, the misfit of the model with ts = 7 Myr (Series 2 in Table 3) is larger than that of the
model with tr = 6 Myr (Series 1). In the pair with linear-increasing erosion, the misfit of the
model with t; = 7 Myr (Series 94) is smaller than that of the model with tr = 6 Myr (Series 31).
Among the best-fit models (misfit <1.60), 5 models (Series 6, 7, 17, 18, and 33 in Table 3)
have ts= 6 Myr, and 12 models (Series 64, 74, 85, 86, 99, 109, 110, and 119-123) have ti=7
Myr. Therefore, our results cannot distinguish the onset of exhumation in the mid-HR between
6 or 7 Myr.

6.4 Implications for Taiwan tectonics

Our results suggest steadily increasing exhumation in the mid-HR. Montgomery and
Brandon (2002) reported that the erosion rate increases with the topographic relief of the

mountain range. The long-term increase in the erosion rate implies that the large-scale E-W
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topographic relief in the mid-HR progressively increased during the Taiwan Orogeny. In the
last 1 Myr, the erosion rate appears to increase at a slower rate. Fuller et al. (2006) shows that
the erosion rate becomes nearly constant once the mountain belt reaches the topographic steady
state. This suggests that the mid-HR may be approaching a topographic steady state.

The steady increase in the exhumation rate likely resulted from progressively thickened
crust. The thickening is recorded by steeply dipping penetrative cleavage (Clark et al., 1993;
Tillman and Byrne, 1995). Crustal thickening elevates the topography and increases
topographic relief, which in turn increases erosion. We further hypothesize that the progressive
crustal thickening is due to constant horizontal shortening from the collision between the
Eurasian continental margin and the Luzon arc. If this is true, it has strong implications for the

orogenic process in Taiwan.

Our newly acquired ZHe ages at high elevations (above 3000 m) in the mid-HR region
are approximately twice as old as those in the BR (Lee et al., 2022) and Yushan (Hsu et al.,
2016), indicating a significantly lower cooling rate in the mid-HR than in the BR and Yushan.
The lower cooling rate of the mid-HR could be attributed to either a lower erosion rate or a
deeper closure depth. The long exhumation history of the BR, dating back to 12 Ma (Lo and
Yui, 1996; Chen et al., 2019), implies that the geothermal gradient of the BR is higher than that
of the mid-HR, resulting in a shallower closure depth and higher cooling rate. However, the
comparison of exhumation rates in the BR requires further numerical investigation. For the
Yushan region, the similar (Lee et al., 2015) or shorter (Liu et al., 2001) duration of the
exhumation history suggests a similar or deeper closure depth but definitely a higher
exhumation rate, resulting in a considerably higher cooling rate in the Yushan region.
Nonetheless, a further numerical simulation for the Yushan region is still needed to sort out the

exhumation histories among the ranges during the Taiwan Orogeny.

6.5 Constraints on erosion rates before 5 Ma and after 1.5 Ma

Our ensemble average has a smaller uncertainty between 1.5 and 5 Ma, where cooling
ages are available, and has larger uncertainty before 5 Ma and after 1.5 Ma. It is natural to
question how well constrained the erosion rates are before 5 Ma and after 1.5 Ma. To address
this question, we compare two models, Models A and A' (Series 1 and 71* in Table 3), with
very similar Gt values and erosion histories, except for the erosion rate at 6-7 Ma, to gauge the
effect of early erosion. Model A has a constant erosion rate, starting from 6 Ma. Model A" has

an earlier onset of erosion at 7 Ma. Its erosion rate starts from 0 and reaches a value similar to
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that of Model A at 6 Ma (Fig. 7b). Model A" has a 2% lower Rayg and Gt but higher total
exhumation than Model A. It has slightly younger ZFT ages (pink line in Fig. 7d) and a higher
misfit than Model A. The earlier onset of erosion of Model A' increases the near-surface
geothermal gradient and results in a younger cooling age. This indicates that erosion before 5
Ma would change the later temperature and affect the cooling ages. Similarly, erosion after 1
Ma changes the total amount of exhumation. Higher total exhumation would result in younger
cooling ages. Therefore, we conclude that the erosion rates before 5 Ma and after 1.5 Ma are
constrained by the integrated total exhumation.

6.6 Relative motion in the profile plane

In our thermal models, we assume that the material is uplifted at a uniform velocity for
simplicity (Fig. 4). This assumption might not be consistent with the regional tectonics, where
relative motion within the profile plane might exist. The relative motion can be decomposed
into three components: displacement in the plane, displacement out of the plane, and vertical
stretching. The A-A’ profile is parallel to the major tectonic lineation, which suggests that
displacement in the plane is insignificant. We discuss the importance of the other two

components individually, as well as their effects on our results.

Some studies (Suppe, 1981; Carena et al., 2002; Huang et al., 2015) indicate that there
is a detachment beneath the HR (Hung et al., 1999; Shyu and Sieh, 2005; Yue et al., 2005).
Materials pass through the profile plane below the detachment and may be underplated. The
thermal effect of this deformation is extra cooling at the detachment. This suggests that the
erosion rate in the mid-HR might be underestimated in our model. However, this effect should
be small. The major deformation mechanism in the mid-HR is folding with the coaxial strain
(Liu and Kao, 2011) rather than shearing, which indicates that the surface strata in the mid-HR
are not directly disturbed by the deformation at the detachment. The former detachment or

underplated material is still buried and yet to be exhumed.

Subvertical elongation does occur in the HR (Clark et al., 1993; Tillman and Byrne,
1995). The shortening strain is approximately 0.3 in the HR (Kidder et al., 2012). Conversely,
the vertical stretching is approximately 1/(1-0.3)=1.4 times the original thickness. Stretching
affects the thermal structure by homogenously decreasing the geothermal gradient. Therefore,
the initial geothermal gradient of the best-fit model might be underestimated.
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6.7 Erosion and climate feedback

Erosional processes can shape the topographic relief of the orogenic belt. The
regionally high altitude would impact the local climate, and the precipitation variability could
change erosional exhumation (Barnes et al., 2012; Champagnac et al., 2012; Carretier et al.,
2013). Unlike the nonlinear increase in the Andes (Barnes et al., 2012; Carretier et al., 2013),
we do not observe any sudden change in the erosion rate over time. The erosion history does

not show a nonlinear increase during the Taiwan Orogeny.

7 Conclusions

New ZFT and ZHe ages from high elevations in the mid-HR are used to construct AERs
with a time-dependent thermal model that incorporates erosion. In general, the ensemble
average of lower misfit models has a steady increase in the exhumation rate, while models with
a late rapid increase in the exhumation rate have larger misfits. All models demonstrate that
the region has experienced rapid cooling since 2 Ma, regardless of the exhumation rate history,
which indicates that the observations of rapid cooling in the last 2 Ma do not require enhanced
exhumation in the same time span. Our results suggest that the mid-HR has undergone
progressive crustal thickening, which progressively increases the topographic relief and

erosion rate since the onset of the collision.
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Figure 1. Geological formations and structural framework (Liu and Kao, 2010) of the study
area. The inset shows the location of Taiwan and the study area (red rectangle) in the mid-HR
range. The A-A’ profile is located along the Kuangmingchiao (Kmc) Anticlinorium. The
cooling ages from this study (red circles) are shown along with data from previous studies
(Tsao, 1996; Liu et al., 2001; Fuller et al., 2006; Lee et al., 2006; Beyssac et al., 2007; Lan,
2009; Liang, 2011; Lee et al., 2015).
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892  Figure 2. Cooling ages (upper panel) and topography (lower panel) along the A-A’ profile are
893  shown in Figure 1. The three high-elevation samples (red circles) were dated by the ZFT and
894  ZHe methods in this study (Table 1). Ten samples (open circles) from previous studies (Table

895  2) are shown.
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Figure 3. ZFT and ZHe cooling ages vs. elevation of samples from along the A-A’ profile.
Red symbols are from this study, and open symbols are from previous studies (Table 2). The
linear regressions (blue lines) of the data show the apparent exhumation rates. The temporal

change in the cooling rate is indicated in yellow.
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Figure 4. Schematic diagram of exhumation in the 2D thermal models. The tectonic uplift

elevates the rock while the surface is eroded, which exhumes the rock to the surface.
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Figure 5. Two evolution scenarios, where a) the erosion rate stays constant and b) the erosion
rate has a time-varying increase (or decrease). The thick black lines are the spatially averaged
erosion rates, R(t). The thin black lines above and below are the erosion rates at the valley and
hill, respectively. ty is the duration of the first stage, and ts is the duration of the simulation (6
or 7 Myr). Rt is the value of R(t) at the end of the simulation. Rn is the value of R(t) at tm.
rm=Rm/Rs is the ratio between the rates at the end of the first stage and the second stage. Rayg iS
the time-averaged erosion rate. The integration over the shaded area is the topographic relief

between the valley and hill.
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Figure 6. Misfits of the a) constant-erosion scenario (Series 1 in Table 3) and b) best-fit series
in the time-varying scenario (Series 6 in Table 3). Within each series, the initial geothermal
gradient (Gt) and the time-averaged erosion rate (Ravg) are varied. Black circles are the
minimum misfit of each series. Dark gray indicates the models with unreset ZHe and ZFT
values at the surface. Light gray indicates the models with unreset ZHe values at the surface.
Insets are the relative erosion rate history of each series.
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Figure 7. Erosion rate, cooling rates, and AER of the model results. a) Relative erosion rate,
R(t)/Ry, which is color-coded with model misfits. Labels A-D indicate the four representative
models in the main text. b) Erosion rate, R(t), which is color-coded with misfits and
exhumation/erosion rates estimated by different methods. ¢) Cooling rate, which is color-coded
with model misfits. d) Modeled AERs of the four representative models. Dashed lines indicate
modeled ZFT ages. Solid lines indicate modeled ZHe ages. Red/open symbols are ages from
this/previous studies. Model A' is used for comparison with Model A, which has similar values

of Gt and a constant erosion rate after 6 Ma but has an earlier onset of erosion rate from 0

km/Myr at 7 Ma. A detailed discussion is provided in Section 6.5.
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938  Figure 8. Thermal evolution of Model B. The erosion rate, geotherm, cooling rate, and closure
939  depth at a) 5.0 Ma, b) 2.5 Ma, and c) present. S1-S3 are samples for the model AER. d)
940  Geothermal profiles at S2 at different times. Numbers indicate the depths of S2 and closure
941  depths of ZFT and ZHe.

942
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944  Figure 9. The exposure history of reset ZHe/ZFT ages and the maximum burial temperature

945 in Model B.
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Table 1. New ZFT and ZHe ages in this study.

ZFT
Location Altitude Rhog Rho; Rhoy . Pooled age  Central age
Sample TooCRY LateN) (m)  (em?) M em?) M (emmy N ORNS Qi Ma) (10, Ma)

SPO1  120.994 24.259 2093  123.815E+5 1071 20.347E+5 176 11.0E+5 26 10 0.1599.6 (¥22.2) 100.0 (+x23.2)
AMO02 121.021 24.274 2581 58.233E+5 1664 24.217E+5 692 11.0E+5 26 22 0.28 39.6 (+8.4) 34.4(x8.4)
BGO1® 121.109 24.203 3348 9.596E+5 730 40.670E+5 3094 12.2E+5 4798 31 048 4.3(x0.3) 4.3(x0.4)
BG02" 121.111 24.198 3189 1688E+5 774 5.850E+5 2683 12.2E+5 4798 28 0.73 53(x0.4) 5.3(x0.5)
DCO1" 121.122 24.223 1711 6.190E+5 462 34.203E+5 2259 12.2E+5 4798 17 052 3.7(#0.3) 3.8(x0.4)

ZHe
Dimensions Radius Term. 8y 2T *He Raw Age Corrected Age
sample Rep. Ft
Xpm) Yum) Zum) (um) (#) (ng) (ng) (nem?) (Ma) (£10,Ma)
BGO1 A 220 85 80 92 1 3.474 2.224 0.91 0.72 1.87 2.60 (£0.13)
B 200 100 75 100 2 1.073 1.563 0.34 0.75 1.95 2.60 (+0.13)
C 190 125 120 113 2 5.317 4.226 1.69 0.79 2.20 2.80 (+0.14)
D 210 90 80 95 2 3.318 7.043 1.10 0.73 181 2.48 (+0.12)
mean 2.62 (+0.13)
BG02 A 230 100 75 105 2 5.737 4.299 1.52 0.76 1.86 2.45 (+0.12)
B 200 80 80 86 15 2.244 0.721 0.57 0.70 1.94 2.77 (x0.14)
C 200 90 80 93 2 1.278 1.930 0.39 0.73 1.87 2.56 (£0.13)
mean 2.60 (+0.16)
DC01 A 240 140 100 133 1 3.412 3.575 0.84 0.82 1.62 1.98 (£0.10)
B 350 240 170 214 2 13.335 5.359 2.99 0.89 1.68 1.90 (£0.09)
c* 190 110 100 105 2 0.249 0.273 0.33 0.77 8.55 11.17 (+0.56)
mean 1.94 (x0.10)

Location: In the WGS84 system, Rho is the density of spontaneous tracks, N is the number
of spontaneous tracks, Rho; is the density of induced tracks, N; is the number of induced tracks,
Rhoy is the density of dosimeter tracks, N, is the number of dosimeter tracks, Q is the y?
probability, Rep. is the replicate, Term. is the termination, and Ft is the Ft correction.

“: These samples are also dated by the ZHe method.

*: Grain DCO01-C is not used in the later analysis since its age is older than the Taiwan Orogeny.
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957  Table 2. Additional published ZFT and ZHe ages used in this study.

sample Location Altitude Age (+10)
Lon (°E) Lat (°N) (m) (Ma)

ZHe
C02-41° 121.154 24.250 1487 1.46 (+0.10)
C04-03¢ 121.115 24.253 1308 1.49 (x0.14)
C04-18° 121.091 24.252 1039 1.51 (+0.02)
ZFT
CH-308¢ 121.132 24.251 1445 2.9 (x0.5)
Beikou_23" 121.130 24.195 2820 4.1 (x0.3)
Beikoi_24" 121.124 24.196 3037 3.9 (x0.3)
Beikou_28" 121.140 24.195 2806 3.6 (0.5)
Beikou_Mt' 121.109 24.203 3310 4.8 (x0.4)
TCO12" 121.104 24.240 1100 2.6 (0.2)
TCO014" 121.095 24.242 1000 2.8 (£0.2)

958 = Beyssac et al. (2007), &: Liu et al. (2001), and *: Lee (2015).
959
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960  Table 3. Parameters of the thermal models.

Series tm tf I'm R¢ Lowest-misfit model
# (Myr) (Myr) (Rn/Ry) (km/Myr) Rt (km/Myr) AR Ravg (Km/Myr) G; (°C/km) S
1(A)S - 6 - 1.00-3.50 3.30 0.0606 33 13.66 5.042
2 - 7 - 1.00-3.50 1.90 0.0902 1.9 33.45 5.835
3 1 6 0.1 2.14-7.50 2.79 0.1538 13 33.45 4.758
4 1 6 0.2 1.94-6.77 2.90 0.1333 15 28.97 2.781
5 1 6 0.3 1.76-6.18 3.53 0.1000 2.0 20.49 1.780
6(B)*f 1 6 0.4 1.62-5.68 3.73 0.0870 2.3 17.47 1.428
7 1 6 0.5 1.50-5.25 4.05 0.0741 2.7 14.49 1.518
8 1 6 0.6 1.40-4.88 4.19 0.0667 3.0 12.96 1.793
9 1 6 0.7 1.30-4.57 391 0.0667 3.0 13.29 2.340
10 1 6 0.8 1.22-4.29 3.92 0.0625 3.2 12.64 2.886
11 1 6 0.9 1.15-4.04 381 0.0606 33 12.35 3.378
12 1 6 1.0 1.09-3.82 3.60 0.0606 33 12.64 4.161
13 2 6 0.1 2.61-9.13 417 0.1250 1.6 25.91 43.84
14 2 6 0.2 2.31-8.08 3.00 0.1538 1.3 33.45 8.927
15 2 6 0.3 2.07-7.24 331 0.1250 1.6 25.91 4.400
16 2 6 0.4 1.88-6.56 412 0.0909 2.2 17.47 3.089
17 2 6 0.5 1.71-6.00 3.60 0.0952 21 19.31 1.480
18 2 6 0.6 1.58-5.53 3.63 0.0870 2.3 17.47 1.515
19 2 6 0.7 1.46-5.12 4.10 0.0714 2.8 13.66 1.702
20 2 6 0.8 1.36-4.77 3.95 0.0690 29 13.29 2.036
21 2 6 0.9 1.28-4.47 3.70 0.0690 2.9 13.66 2.710
22 2 6 1.0 1.20-4.20 3.48 0.0690 2.9 14.05 3.318
23 2 6 11 1.13-3.96 3.40 0.0667 3.0 13.66 3.861
24 2 6 1.2 1.07-3.75 343 0.0625 3.2 12.64 4.388
25 2 6 13 1.02-3.56 3.36 0.0606 33 12.35 4.935
26 2 6 14 0.97-3.39 3.19 0.0606 33 12.64 5.449
27 3 6 0.1 3.33-11.7 3.33 0.2000 1.0 57.94 96.24
28 3 6 0.2 2.86-10.0 457 0.1250 1.6 2591 63.59
29 3 6 0.3 2.50-8.75 3.25 0.1538 1.3 33.45 16.53
30 3 6 0.4 2.22-7.78 2.89 0.1538 13 33.45 5.988s
31 3 6 0.5 2.00-7.00 3.20 0.1250 1.6 2591 3.203
32 3 6 0.6 1.82-6.36 4.00 0.0909 2.2 17.47 2.694
33 3 6 0.7 1.67-5.83 3.50 0.0952 21 19.31 1.534
34 3 6 0.8 1.54-5.38 3.85 0.0800 25 15.49 1.649
35 3 6 0.9 1.43-5.00 371 0.0769 2.6 14.96 1.830
36 3 6 1.0 1.33-4.67 3.73 0.0714 2.8 13.66 2.036
37 3 6 11 1.25-4.38 3.62 0.0690 29 13.29 2.478
38 3 6 1.2 1.18-4.12 3.65 0.0645 31 12.35 2.962
39 3 6 1.3 1.11-3.89 3.44 0.0645 31 12.35 3.585
40 3 6 14 1.05-3.68 3.26 0.0645 31 12.64 4.084
41(D)* 4 6 0.3 3.16-11.1 3.16 0.2000 1.0 57.94 62.44
42 4 6 0.4 2.73-9.55 3.55 0.1538 13 33.45 20.77
43 4 6 0.5 2.40-8.40 312 0.1538 1.3 33.45 7.984
44 4 6 0.6 2.14-7.50 343 0.1250 1.6 2591 4.126
45 4 6 0.7 1.94-6.77 2.90 0.1333 15 28.97 2.837
46 4 6 0.8 1.76-6.18 247 0.1429 14 33.45 2.505
47 4 6 0.9 1.62-5.68 3.57 0.0909 2.2 17.47 1.914
48 4 6 1.0 1.50-5.25 3.15 0.0952 2.1 19.31 1.630
49 4 6 11 1.40-4.88 3.35 0.0833 24 16.07 1.755
50 4 6 1.2 1.30-4.57 3.26 0.0800 25 15.49 1.969
51 4 6 13 1.22-4.29 331 0.0741 2.7 14.05 2.100
52 4 6 14 1.15-4.04 3.12 0.0741 2.7 14.05 2.218
53 5 6 0.4 3.53-124 5.65 0.1250 1.6 25.91 34.76
54 5 6 0.5 3.00-10.5 3.90 0.1538 1.3 33.45 9.553
55 5 6 0.6 2.61-9.13 3.39 0.1538 1.3 33.45 6.027
56 5 6 0.7 2.31-8.08 3.69 0.1250 1.6 25.91 4.687
57 5 6 0.9 1.88-6.56 2.81 0.1333 15 28.97 2.737
58 5 6 1.0 1.71-6.00 2.57 0.1333 15 28.97 2.539
59 5 6 11 1.58-5.53 2.37 0.1333 15 28.97 2.686
60 5 6 1.2 1.46-5.12 2.05 0.1429 14 33.45 2.465
61 5 6 13 1.36-4.77 3.00 0.0909 2.2 17.47 2.551

961  For all series, Ravg Values are 1.0-3.5 km/Myr, the initial thermal ages are 5-110 Ma, and Gt
962  values are 12.35-57.84°C/km. ¢: The misfits of these series, with varying Gt and Ravg Values,

963 are shown in Fig. 6. T: The lowest-misfit models of these series are labeled in Fig. 7.
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Series tm tf I'm R¢ Lowest-misfit model
# (Myr) (Myr) (Rn/Ry) (km/Myr) Rt (km/Myr) AR Ravg (km/Myr) G (°C/km) S
62 1 7 0.1 2.09-7.31 3.76 0.0952 1.8 19.31 2.089
63 1 7 0.2 1.89-6.62 341 0.0952 1.8 20.49 1.639
64 1 7 0.3 1.73-6.05 4.15 0.0714 24 14.49 1.517
65 1 7 0.4 1.59-5.57 4.30 0.0635 2.7 12.64 1.772
66 1 7 0.5 1.47-5.16 413 0.0612 2.8 12.64 2.181
67 1 7 0.6 1.37-4.80 3.57 0.0659 2.6 14.49 3.063
68 1 7 0.7 1.28-4.50 3.85 0.0571 3.0 12.35 3.588
69 1 7 0.8 1.21-4.22 3.38 0.0612 2.8 14.05 4.241
70 1 7 0.9 1.14-3.98 3.07 0.0635 2.7 15.49 4.987
71 1 7 1.0 1.08-3.77 3.34 0.0553 31 12.96 5.526
T1(AY) 1 7 1.0 3.23 3.23 0.0571 3.0 13.66 5.751
72 2 7 0.1 2.46-8.60 2.95 0.1429 1.2 33.45 6.161
73 2 7 0.2 2.19-7.66 3.72 0.1008 1.7 20.49 2.913
74 2 7 0.4 1.79-6.28 3.59 0.0857 2.0 18.32 1.513
75 2 7 0.5 1.65-5.76 3.95 0.0714 24 14.49 1.804
76 2 7 0.6 1.52-5.33 3.96 0.0659 2.6 13.66 2.071
77 2 7 0.7 1.41-4.95 3.96 0.0612 2.8 12.64 2.626
78 2 7 0.8 1.32-4.62 3.83 0.0591 2.9 12.35 3.405
79 2 7 0.9 1.24-4.34 3.59 0.0591 2.9 12.96 4.258
80 2 7 1.0 1.17-4.08 3.38 0.0591 29 13.29 4.874
81 2 7 11 1.10-3.86 342 0.0553 31 12.35 5.461
82 3 7 0.2 2.59-9.07 2.59 0.1714 1.0 40.97 7.816
83 3 7 0.3 2.30-8.03 3.67 0.1071 1.6 21.90 4.050
84 3 7 0.4 2.06-7.21 3.09 0.1143 15 25.91 2.086
85 3 7 0.5 1.87-6.53 411 0.0779 2.2 15.49 1.543
86 3 7 0.6 1.71-5.98 3.76 0.0779 2.2 16.07 1.537
87 3 7 0.7 1.57-5.51 4.25 0.0635 2.7 12.35 1.934
88 3 7 0.8 1.46-5.10 3.79 0.0659 2.6 13.66 2.564
89 3 7 0.9 1.36-4.76 381 0.0612 2.8 12.64 3.213
90 3 7 1.0 1.27-4.45 4.25 0.0591 2.7 12.35 3.950
91 3 7 11 1.20-4.19 347 0.0591 29 12.64 4.624
92 3 7 1.2 1.13-3.95 3.27 0.0591 29 12.96 5.365
93 3 7 13 1.07-3.74 321 0.0571 3.0 12.64 5.960
94 35 7 0.5 2.00-7.00 3.40 0.1008 1.7 21.90 1.708
95 4 7 0.3 2.75-9.61 2.75 0.1714 1.0 40.97 10.37
96 4 7 0.4 2.41-8.45 2.90 0.1429 1.2 33.45 4.617
97 4 7 0.5 2.15-7.54 3.88 0.0952 1.8 19.31 2.758
98 4 7 0.6 1.94-6.81 3.89 0.0857 2.0 17.47 1.704
99 4 7 0.7 1.77-6.20 3.72 0.0816 21 16.73 1.538
100 4 7 0.8 1.63-5.70 3.74 0.0745 2.3 14.96 1.938
101 4 7 0.9 1.51-5.27 391 0.0659 2.6 12.96 2.166
102 4 7 1.0 1.40-4.90 3.64 0.0659 2.6 13.29 2.729
103 4 7 11 1.31-4.58 3.66 0.0612 2.8 12.35 3.380
104 4 7 1.2 1.23-4.30 3.44 0.0612 2.8 12.64 4.133
105 4 7 1.3 1.16-4.05 3.24 0.0612 2.8 12.96 4.999
106 4 7 14 1.09-3.83 3.17 0.0591 29 12.35 5.312
107 5 7 0.5 2.55-8.91 3.82 0.1143 15 23.65 5.310
108 5 7 0.6 2.26-7.90 4.06 0.0952 1.8 19.31 3.328
109 5 7 0.8 1.84-6.45 3.68 0.0857 2.0 17.47 1.487
110 5 7 0.9 1.69-5.90 3.54 0.0816 21 16.73 1.603
111 5 7 1.0 1.56-5.44 3.73 0.0714 24 14.05 1.757
112 5 7 11 1.44-5.05 3.75 0.0659 2.6 12.64 2.157
113 5 7 1.2 1.35-4.71 3.50 0.0659 2.6 12.96 2.304
114 5 7 1.3 1.26-4.41 3.41 0.0635 2.7 12.35 2.723
115 6 7 0.6 2.69-9.42 4.58 0.1008 1.7 20.49 3.359
116 6 7 0.7 2.37-8.31 4.27 0.0952 1.8 19.31 2.389
117 6 7 0.8 2.12-7.42 3.39 0.1071 1.6 23.65 1.957
118 6 7 0.9 1.92-6.71 3.64 0.0902 1.9 18.32 1.776
119 6 7 1.0 1.75-6.12 3.15 0.0952 1.8 20.49 1.558
120(C)" 6 7 11 1.61-5.63 3.22 0.0857 2.0 17.47 1.532
121 6 7 1.2 1.49-5.21 3.28 0.0779 2.2 15.49 1.592
122 6 7 13 1.39-4.85 291 0.0816 21 16.73 1.548
123 6 7 14 1.30-4.54 2.72 0.0816 21 16.73 1.559
124 6 7 15 1.22-4.26 2.56 0.0816 2.1 16.73 1.662

“: This model in Series 71 (Model A) is for the comparison with Model A, which has the

same Gt and 2% lower Rt than that of Model A.



