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Figure 1. Generalized geologic map of Taiwan with new apatite
fission-track ages (black), new zircon fission-track ages (gray, un-
derlined), and zircon fission-track data from Liu et al. (2001) (gray).
Apatite ages are pooled ages (in Ma). New zircon ages are pooled
ages (in Ma) except 2.9 Ma, which is minimum age. Details of new
ages are given in Tables DR-1 and DR-2 (see footnote 1 in text).
Southern extent of reset zircon age zone is indicated by gray dotted
line (ZRZ); southern extent of reset apatite age zone is indicated by
black dotted line (ARZ). Inset shows plate configuration for collision
between Luzon arc on the Philippine Sea plate (PSP) and Asian pas-
sive margin on Eurasian plate (EUP). Position of Luzon arc with pro-
gressive time is indicated.

ABSTRACT
New apatite and zircon fission-track ages and previously pub-

lished thermochronometric data are used to evaluate erosion rates
and particle paths within the active Taiwan arc-continent collision.
We present 20 new apatite fission-track ages and 6 new zircon
fission-track ages. Apatite and zircon ages are all reset in the north-
ern and eastern parts of Taiwan, although the region of reset ap-
atite ages is larger. We interpret this pattern as resulting from
crustal accretion at the western margin of the orogenic wedge com-
bined with southward propagation of the collision zone. A one-
dimensional thermal model including erosion provides prediction
of the fission-track ages. The distribution of reset ages is best ex-
plained with an erosion rate of 4–6 mm/yr. Given a propagation
velocity of 60 mm/yr, this erosion rate implies that nearly 25 km
of material has been eroded from northern Taiwan. The lack of
reset 40Ar/39Ar ages from muscovite and biotite suggests that rock-
particle paths have a large horizontal component, a result consis-
tent with an eroding orogenic-wedge model.
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flow.

INTRODUCTION
The Taiwan mountain belt has long been recognized as a classic

example of arc-continent collision with high erosion rates (Suppe,
1981, 1984). The active collision of the Luzon arc with the passive
margin of the Asian mainland has produced a collision zone with wide-
spread seismicity (Wu, 1970), deformation (Suppe, 1980; Fisher et al.,
2002), surface uplift (Hsieh and Knuepfer, 2001; Liew et al., 1990;
Liew and Lin, 1987), and exhumation (Liu, 1982; Liu et al., 2000,
2001). Taiwan is noted for high erosion rates: the young mountain belt
is located at subtropical latitudes and receives heavy monsoonal rains
and frequent typhoons; mean annual precipitation in the mountainous
regions of Taiwan can exceed 6 m annually. These high rates of erosion
have resulted in high relief and deeply incised topography. Moreover,
erosion has exposed metamorphic rocks with late Tertiary greenschist-
facies metamorphism in the Central Range (Liou and Ernst, 1984; Stan-
ley et al., 1981; Wang et al., 1998). Thus, collision and erosion have
resulted in deformation, metamorphism, and significant exhumation
within a few million years.

The obliquity in orientation between the colliding Asian conti-
nental margin and the Luzon arc results in systematic southward prop-
agation of the Taiwan collision zone at a rate of 55–90 mm/yr (Suppe,
1984; Byrne and Liu, 2002) (Fig. 1). Thus, although northern Taiwan
has undergone collision since at least 4 Ma, collision is in early stages
in southern Taiwan, and the southern, offshore continuation of the plate
boundary is still an oceanic subduction margin with only incipient
involvement of continental crust in the collision. Taiwan thus provides
an opportunity to study the evolution of deformation, mountain growth,
and erosion through substitution of space for time.

The evolution of rates of erosion and exhumation is of particular
interest. It has been proposed that erosion rates currently balance tec-

tonic uplift rates, or more precisely, the erosional flux out of the orogen
balances the accretionary flux into the orogen, leading to a topographic
steady state at the scale of the mountain belt (Deffontaines et al., 1994;
Suppe, 1981; Willett and Brandon, 2002). The rates and time of de-
velopment toward such a steady state and the erosion rates through
this evolution are thus important in evaluating the mass balance of the
system.

Low-temperature thermochronometry provides a means for deter-
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mining these rates. Cooling rates estimated from thermochronometry
provide constraints on the rates of erosional exhumation throughout
the mountain belt. In addition, the progressive depth of exhumation
seen from south to north in Taiwan should expose rocks whose isotopic
systems have been reset at progressively higher temperatures. We ex-
ploit this relationship in this paper by reporting new apatite and zircon
fission-track ages (Tables DR-1 and DR-21) from a north-south transect
along the eastern Central Range of Taiwan that, together with existing
zircon fission-track data (Liu et al., 2001) and 40Ar/39Ar data from
hornblende, biotite, muscovite, and K-feldspar (Lo and Onstott, 1995),
provide a direct measurement of cooling rates in Taiwan through the
process of orogeny and erosion. Combined with thermal models, we
also provide an estimate of the erosional exhumation rate and test the
models of southward propagation of the Taiwan collision zone.

TECTONIC SETTING—A SOUTHWARD-PROPAGATING
COLLISION

The Luzon arc on the Philippine Sea plate is currently converging
with Asia in a northwest direction (;3058–3108) at a velocity of ;82
km/m.y. (Yu et al., 1997) (Fig. 1, inset). The oceanic crust of the South
China Sea has been consumed by subduction at the Manila Trench (Wu,
1970), so that the continental margin of Asia is currently colliding with
the Luzon arc in Taiwan. To the south, the remaining South China Sea
is closing by a southward ‘‘zippering’’ of this collision zone (Fig. 1,
inset). From west to east across northern Taiwan, there is a progressive
increase in metamorphic grade and exposed tectonostratigraphic level
from the unmetamorphosed Tertiary sedimentary rocks of the Western
Foothills thrust belt, through the slates of the Hsuehshan and western
Central Ranges, to the pre-Tertiary greenschist-grade schists, gneisses,
and marbles of the eastern Central Range. From north to south, the
eastern Central Range shows a similar pattern: the pre-Tertiary meta-
morphic belt is exposed in the north, Eocene slates crop out in southern
Taiwan, and weakly cleaved sedimentary rocks form the surface of
southernmost Taiwan. These observations suggest a systematically
younger system to the south.

THERMOCHRONOMETRY
Low-temperature thermochronometry provides evidence of pro-

gressive exhumation from south to north. The Cretaceous metagranite
intrusive complex in northern Taiwan represents the highest grade of
metamorphism associated with late Tertiary orogeny (Lo and Onstott,
1995), where microcline 40Ar/39Ar ages vary from 5 to 2 Ma, reflecting
rapid recent exhumation. Biotite and muscovite both appear to have
undergone minor resetting, indicating that some parts of the complex
may have been subjected to temperatures near or even over the closure
temperature for biotite (300–350 8C) and muscovite (400 8C).

More extensive spatial coverage is provided by zircon fission-
track data. Liu et al. (2000, 2001) found that zircon fission-track ages
from Eocene to Miocene sedimentary rocks in the Central Range were
largely reset with minimum ages of 0.9–2.0 Ma. In contrast, zircon
fission-track ages from the Western Foothills and southern Taiwan are
consistently older than the stratigraphic age of the formation from
which they were taken, and thus reflect the age of their predepositional
source area. Young minimum ages reflect resetting of the least retentive
component of zircons, but more retentive zircons may remain unreset.
Most of the samples from the Central Range contain such older zircons.
Thus, even these reset ages reflect maximum temperatures of ,300 8C
(Garver and Kamp, 2002). However, reset minimum ages reflect tem-

1GSA Data Repository item 2003142, Table DR-1 (apatite fission-track
age data) and Table DR-2 (zircon fission-track age data), is available online at
www.geosociety.org/pubs/ft2003.htm, or on request from editing@geosociety.
org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301–9140,
USA.

peratures of at least 180 8C (Garver et al., 1999), and probably .240
8C (Brandon et al., 1998).

The restricted spatial extent of reset minimum zircon fission-track
ages indicates limited exhumation of the Western Foothills belt and
rocks of southern Taiwan. This interpretation is consistent with the
southward propagation of the collision zone that predicts that southern
Taiwan would have only recently emerged above sea level and thus
become subject to erosion. The Foothills belt represents material most
recently accreted into the orogenic wedge and thus has also not been
subjected to enough erosional exhumation to expose reset zircons.

The southern extent of the reset-age zone was not well defined by
published data, so we obtained and report here six new zircon fission-
track ages (Fig. 1; Table DR-2 [see footnote 1]) across the north-south
transition. The two northernmost ages are completely reset: no indi-
vidual grain ages are older than the stratigraphic age and pooled ages
are 2.3 and 0.8 Ma. The three southernmost ages are unreset: mean
ages are much older than their Miocene stratigraphic age. The remain-
ing sample appears to be partially reset—only two grain ages are youn-
ger than 5 Ma—so we have used the mean of these two grain ages
(2.9 Ma) as a minimum age, although we recognize that this age re-
flects only the most easily annealed grains. These data constrain the
southern limit of reset zircon fission-track ages to be ;100–120 km
north of the southern tip of Taiwan.

Apatite fission-track ages should show a similar pattern of reset
ages, although the propagating-wedge model predicts that the reset-age
zone should be larger and therefore extend farther south than for zircon
(Willett and Brandon, 2002). We report 17 new apatite fission-track
ages (Table DR-1; see footnote 1) in order to test this prediction, with
a focus on southern Taiwan (Fig. 1). Apatite was obtained from Tertiary
sandstones or the equivalent metasandstones of the slate belt. Apatite
yield was generally good; dating was conducted by Donelick Analyt-
ical or Dalhousie University (see footnote 1).

Apatite fission-track ages younger than 1 Ma are clearly reset and
reflect erosional cooling (Fig. 1). Samples with ages greater than their
stratigraphic age are interpreted as unreset. There is an additional group
of samples from southern Taiwan with ages between 1.2 and 5.5 Ma.
These ages are younger than the corresponding stratigraphic ages, but
appear to be too old to reflect exhumation cooling associated with the
modern collision. The ages are all from sediments that were likely to
have been deposited on young, hot oceanic crust (Chi, 1995), and thus
may have been reset by a high geothermal gradient during burial. For
the purposes of estimating erosional cooling, these ages are thus treated
as effectively unreset and the first reset apatite fission-track ages are
found 75 km north of the southern tip of the island. We note, however,
that we cannot exclude the possibility that these ages reflect exhuma-
tion cooling that initiated at 2–3 Ma.

THERMAL MODEL
The appearance of reset ages in progressively higher temperature

thermochronometers from south to north in the eastern Central Range
presumably reflects the increase in exhumation, which in turn reflects
the duration of erosion. If the collision zone is propagating southward
at 60 mm/yr (Byrne and Liu, 2002), northern Taiwan has been eroding
for nearly 5 m.y., whereas southern Taiwan has been subjected to very
little erosion. We can quantify this process by constructing a thermal
model that includes erosion and use this model to predict fission-track
ages. The propagation velocity (np) provides a transformation from
space (x) to time (t), x 5 npt, so that a one-dimensional, time-dependent
model of heat transfer can be compared to observations distributed in
space in the orogen-parallel direction.

As a simple analysis of the effects of erosion, we consider an
initial steady-state geotherm that is perturbed by erosion at a constant
rate, initiated at time zero. Neglecting heat production, the initial geo-
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Figure 2. A: Apatite fission-track (FT) ages as function of
distance from south end of Taiwan. Reset ages are found
north of gray band. Thermal model predicted ages with
(dT/dz)i 5 25 8C/km, np 5 60 mm/yr, and erosion rates as
indicated (see text for model details). B: Zircon fission-
track ages as function of distance from south end of Tai-
wan. Reset ages are found north of gray band. Model pre-
dicted zircon ages as described for A.

therm is linear with a geothermal gradient of (dT/dz)i, where T 5
temperature and z 5 depth. Assuming a surface temperature of 10 8C,
a thermal diffusivity of 106 m2/s, and a constant heat flux at the base
of the lithosphere, the only free parameters in this model are the ero-
sion rate, ė, and the initial gradient (dT/dz)i. Solution of the diffusion
equation using a one-dimensional finite-element method provides a
prediction of temperature with depth and time. By tracking material
paths upward through this temperature field, we obtain temperature
histories for rocks reaching the surface as a function of time. These
temperature histories are used to predict fission-track ages for apatite
and zircon by using the annealing models from Willett (1997) and
Brandon et al. (1998), respectively. Transforming the time variable to
space gives the results shown in Figure 2.

The model provides no meaningful prediction of age prior to ex-
humation of reset ages, but it does predict a sharp transition from
preorogenic ages to young (,2 Ma) reset ages. Predicted reset ages
become progressively younger with time or, equivalently, with distance
to the north, reflecting the northward increase of the geothermal gra-
dient by upward heat advection. Reset ages younger than 2 Ma require
erosion rates of .2 mm/yr, but uncertainty in these ages as well as
local thermal effects such as conduction with high-relief topography
prohibit determining a stricter constraint on erosion rate directly from
the cooling ages. However, the position of the transition from unreset
to reset ages is very sensitive to erosion rate. The locations of the reset
zone boundaries for apatite and zircon fission-track ages are predicted

well by models with erosion rates of 4–5 mm/yr and 5–6 mm/yr, re-
spectively (Fig. 2).

DISCUSSION
Modeling the progressive exhumation and fission-track ages pro-

vides the opportunity to estimate erosion rates for the eastern Central
Range and southern Taiwan. An erosion rate of 5 mm/yr is consistent
with both apatite and zircon fission-track ages (Fig. 2). However, this
result depends strongly on two other model parameters, the initial geo-
thermal gradient and the collision-zone propagation velocity. The in-
ferred erosion rate scales almost linearly with these parameters. For-
tunately, these parameters can be constrained independently. The
unperturbed geothermal gradient along the continental margin to the
east (Lee and Cheng, 1986) is between 20 and 25 8C/km. To the south,
the oceanic crust and accretionary wedge have higher geothermal gra-
dients of 40–45 8C/km (Chi, 1995). If the initial gradient is as low as
20 8C/km, our estimate of erosion rate increases to 6.5 mm/yr. If the
initial gradient is 40 8C/km, the zircon and apatite data are no longer
internally consistent, but the inferred erosion rate is between 2 and 3
mm/yr. With the exception of southernmost Taiwan, the lower gradient
of the margin is a more appropriate initial condition.

The collision-zone propagation velocity can be estimated by var-
ious means. Suppe (1984) and Byrne and Liu (2002) estimated the
propagation velocity from geometric relationships as 90 mm/yr and 60
mm/yr, respectively. Dorsey and Lundberg (1988) noted the progres-
sive subsidence and uplift of basins in the Coast Range and interpreted
these motions in terms of uplift of the Central Range at 4 Ma in central
Taiwan, consistent with the 60 mm/yr propagation velocity used in
Figure 2. Deformation in northern Taiwan is estimated to have begun
between 7 and 5 Ma (Liu et al., 2000; Suppe, 1984; Teng, 1992), giving
a propagation velocity of between 50 and 70 mm/yr, respectively. If
the propagation velocity in our model is as high as 90 mm/yr, the
inferred erosion rate is 7–8 mm/yr.

We can compare thermochronometers in northern Taiwan to this
thermal and erosion model (Fig. 3). Our preferred parameter values,
including an erosion rate of 5 mm/yr, predict that northern Taiwan
should have been subject to 20–25 km of erosion. Assuming one-
dimensional uplift of a rock column, this amount corresponds to a
depth where the initial temperature was 500–600 8C (Fig. 3). However,
thermochronometric ages in northern Taiwan contradict these high tem-
peratures. Unreset hornblende and muscovite 40Ar/39Ar ages and par-
tially reset biotite 40Ar/39Ar ages indicate maximum temperatures of
350–400 8C, a range that is consistent with the greenschist-grade meta-
morphic conditions that affected the metamorphic pre-Tertiary base-
ment rocks of Taiwan (Liou and Ernst, 1984), but not consistent with
20–25 km of exhumation. One explanation for this discrepancy is that
rock motion is not one-dimensional. If material is accreted into the toe
of the orogenic wedge in the Western Foothills and moves eastward to
be eroded from the Central Range, it is possible to remove 25 km of
rock without exposing that material to high-temperature conditions.
With large horizontal motion, rock particles travel along shallow tra-
jectories through the orogenic wedge, undergoing only low depths of
burial and low peak temperatures (Barr et al., 1991; Carena et al., 2002;
Willett and Brandon, 2002; Batt and Brandon, 2002).

CONCLUSIONS
Fission-track ages of ca. 1 Ma from Taiwan suggest exhumation

rates of a few millimeters per year, but consideration of the spatial
pattern of those ages provides a better-resolved estimate of 4–6 mm/
yr. This result provides an important observation of rates of surface
erosion in active orogens, but also serves to illustrate the importance
of considering the spatial pattern of thermochronometric ages in the
context of orogen kinematics. The southward propagation of the arc-
continent collision in Taiwan provides the basis for the erosion rate
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Figure 3. Thermochronometric (apatite and zircon fission track
[AFT, ZFT]) ages as function of distance from south end of Tai-
wan. Plot includes apatite and zircon fission-track data of this
paper, apatite fission-track ages of Liu (1982), zircon fission-
track data of Liu et al. (2001), and 40Ar/39Ar data for hornblende
(Hb), muscovite (Mus), biotite (Biot), and microcline (Mcl) from
Lo and Onstott (1995). Solid and dashed curves are predicted
fission-track ages from thermal model with erosion rate (ė) of
5 mm/yr. Shaded region represents reset ages based on collision-
zone propagation velocity of 60 mm/yr. Vertical lines indicate
distance north from south end of Taiwan for which model pre-
dicts exhumation of reset ages of specified closure tempera-
ture. Note that 40Ar/39Ar ages are not reset, contradicting pre-
diction of thermal model.

determination. Consideration of the internal kinematics of the orogenic
wedge, including lateral motion of rock, provides a simple explanation
for the apparently paradoxical observation that 25 km of erosion has
resulted in ,10 km of exhumation in northern Taiwan.
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