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[1] Deformation in western Taiwan is characterized by variable depth-frequency
distribution of crustal earthquakes which are closely connected with along-strike
variations of tectonic styles (thin or thick skinned) around the Peikang High, a major
inherited feature of the Chinese margin. To fit the calculated high crustal geotherm and
the observed distribution of the crustal seismic activity, a Qz-diorite and granulite
composition for the upper and the lower crust is proposed. We then model the plate
flexure, through T, estimates, using brittle-elastic-ductile plate rheology. Flexure modeling
shows that the best fit combination of 7,-boundary condition is for thrust loads acting at
the belt front. The calculated 7, vary in the range of ~15-20 km. These values are
primarily a reflection of the thermal state of the rifted Chinese margin inherited from the
Oligocene spreading in the South China Sea. However, other mechanical properties such
as the degree of crust/mantle coupling and the thickness of the mechanically competent

crust and mantle are considered. South of the Peikang High, flexure modeling reveals
lower T, associated with thinner mechanically strong layers. Variable stress/strain
distribution associated with a higher degree of crust/mantle decoupling is examined to
explain plate weakening. We first show that plate curvature cannot easily explain strength
reduction and observed seismic activity. Additional plate-boundary forces arising from the
strong coupling induced by more frontal subduction of a buoyant crustal asperity, i.e.,
the Peikang High, with the overriding plate are required. Favorably oriented inherited
features in the adjacent Tainan basin produce acceleration of strain rates in the upper crust
and hence facilitate the crust/mantle decoupling as attested by high seismic activity and
thick-skinned deformation. The relative weakening of the lower crust and mantle then
leads to weaken the lithosphere. By contrast, to the north, more oblique collision and the
lack of inherited features keep the lithosphere stronger. This study suggests that when
the Eurasian plate enters the Taiwan collision, tectonic inheritance of the continental
margin exerts a strong control on the plate deformation by modifying its

strength.
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1. Introduction

[2] Two end-member hypotheses attempt to explain how
mountain ranges are supported and evolve over geological
times depending on the rheological model used. For
instance, the classical critical wedge model considers that
the topography of the orogenic belt reflects the balance
between body forces arising from the deformation of
homogeneous brittle wedge and the presence of basal
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shear stresses induced by underthrusting beneath the
wedge [Davis et al., 1983; Beaumont et al., 1994; Willett,
1999]. However, the critical wedge model assumes uni-
form plasticity throughout the whole lithosphere, which
may be an oversimplification of its mechanical behavior.
The continental lithosphere is, in fact, rheologically strat-
ified such that its strength varies with depth, as shown by
experimental studies [Brace and Kohlstedt, 1980] and
suggested by depth distribution of intraplate seismicity
[Chen and Molnar, 1983; Dévercheére et al., 2001]. For
example, using a vertically stratified rheology for the
lithosphere, Harry et al. [1995] showed that major decolle-
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Figure 1. Plate tectonic setting at the Eurasian/Philippines
Sea boundary and the arc-continent collision at Taiwan.
Owing to collision obliquity the successive stages of
orogenic growth are observable from southward subduction
to northern postorogenic collapse. Note the presence of an
inherited central high (PH) and adjacent basin (TB) in the
foreland of Taiwan orogen. WF, Western Foothills; HR,
Hsuehshan Range; ECR, eastern Central Range; CR,
Coastal Range; TB, Tainan basin; PH, Peikang High;
LVF, longitudinal valley fault; OCT, ocean-continent
transition.

ments are expected in orogenic belts at midcrustal and
lower crustal levels. More recently, numerical experiments
of the subduction of a layered rheology continental litho-
sphere have emphasized how the deformation of highly
contrasted rheological layers like the upper brittle crust and
lower crustal ductile flow can modify the shape and
long-term stability of orogens [Burov et al., 2001].

[3] In agreement with critical wedge models, the Taiwan
fold-and-thrust belt (Figure 1) is usually interpreted as a
result of the thin-skinned tectonic wedging of Eurasian
sediments deforming over a stable Eurasian lithosphere
[Suppe, 1980, 1981; Davis et al., 1983; Dahlen et al.,
1984]. According to the thin-skinned hypothesis, the thickest
part of the Taiwan wedge should be about 20 km. However,
recent works including analyses of earthquake distribution
or gravity modeling have argued that the deformation within
the Taiwan orogen involved the whole crust and the upper
mantle [e.g., Ellwood et al., 1996; Wu et al., 1997]. These
studies also point out the lack of evidence supporting
subduction of continental lithosphere under central Taiwan;
however, the authors recognize that their conclusions may be
revised as our understanding of deep orogenic processes
beneath the Central Range is improved. Further constraints
on the deep tectonic processes were recently described by
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Lin and Watts [2002], who emphasized that additional buried
loads beneath the Central Range are required to fit the
observed flexure in the west foreland basin. In agreement
with the model of Wu et al. [1997] and Yen et al. [1998], they
proposed that the lower crust in the Central Range is over-
thrusting the upper crust. The departure from the initial thin-
skinned model is based on observations in the Central
Range, and the question of the existence and nature of a
basal decollement beneath the Western Foothills (WF) is
addressed. A decollement at the transition between sedimen-
tary cover and pre-Neogene basement was initially adopted.
However, recent sections across the belt front, based on
interpretation of new subsurface data, have outlined that in
the vicinity of inherited basement highs, the deformation
involved the pre-Neogene basement [Chang et al., 1996;
Hung et al., 1999; Mouthereau et al., 2001, 2002; Yang et
al., 2001; Lacombe and Mouthereau, 2002]. To accommo-
date such “thick-skinned” deformation, a basal decollement
defined by a zone of mechanical weakness should exist in
the crust probably at the brittle/ductile transition in the crust.
However, while the question of the rheology and strength of
the Eurasian plate thus appears essential, very few works
have focused on this issue. Recently, flexure modeling
carried out in western Taiwan [Lin and Watts, 2002] indi-
cated 7, values of 13 km for the Eurasian lithosphere. They
proposed that this value is inherited from the flexural
properties of the rifted Chinese margin. Unfortunately, they
did not discuss how this estimate relates to the rheological
layering of the Eurasian lithosphere. On the other hand, they
initiated a discussion on the relations between structure,
seismicity, and along-strike differences in the flexural
behavior in the western foreland. Because they focused on
the outer part of the basin, the problem of the link between
the observed variable deformation at the belt front and plate
strength was not addressed. These questions hence are still
open.

[4] Our objective is to examine the layered rheology and
the integrated strength of the Eurasian continental litho-
sphere and to discuss their relative control on variable
tectonic styles and prediction of intracrustal decoupling in
western Taiwan. To this purpose, we use (1) constraints
from the analysis of depth distribution of earthquakes with
continental geotherm and petrological data to determine the
multilayered rheology of the Eurasian continental litho-
sphere and (2) estimates of effective elastic thickness (7,)
using an inelastic model of the deflection of the lithosphere
that reflects the long-term integrated strength of the plate.

2. General Setting
2.1. Geology of Taiwan

[s] Taiwan orogen developed in response to Mio-Plio-
cene oblique arc-continent collision along the Eurasian and
Philippine Sea plate boundary between the northern Luzon
arc and Chinese continental margin (Figure 1) [Ho, 1976;
Suppe, 1981]. East of the Longitudinal Valley Fault (LVF),
regarded as the plate boundary, the Coastal Range (CR)
represents the accreted part of Luzon arc (Figure 1). The
interior of the Taiwan mountain ranges (Figure 2) comprise
the exhumed Eurasian Paleozoic to Mesozoic metamorphic
basement within the eastern Central Range (ECR) and
Neogene to Paleogene slate belts in the Backbone Range
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Figure 2. Main tectonic units of the Taiwan collision belt.
The Paleozoic/Mesozoic metamorphic basement is exposed
in the eastern Central Range. The basement is limited from
the overlying slate belt of the Backbone Range (BR) by a
mylonitic zone shown as white dashed line. Black dashed
lines in the western foreland of Taiwan present the
contoured topography of the pre-Neogene basement issued
from data compiled by Mouthereau et al. [2002]. The
position of the foreland bulge is deduced from seismic
reflection data [Yu and Chou, 2001].

(BR) and the Hsuehshan Range (HR). Further westward, a
typical foreland fold-and-thrust belt, namely the WF, is
built with west verging thrust sheets of Neogene deposits.
The Coastal Plain (CP) where most of the active faults
concentrate makes the transition between outermost thrust
sheets and adjacent foredeep. Owing to the oblique con-
vergence between the collided continental margin oriented
N60°E and the Luzon arc striking N10°E, the collision
migrates southward along the Eurasian margin [Suppe,
1984]. Consequently, the successive stages of deformation
from oceanic subduction (or incipient collision) in southern
Taiwan to postcollision stage in the Okinawa trough are
recognized along the strike of Taiwan where the collision
culminates today (Figure 1). This progression is accompa-
nied by the flipping of the Philippine Sea plate subduction;
the oceanic plate overrides the Eurasian continental litho-
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sphere at the latitude of Taiwan and is underthrusted
beneath the Ryukyu arc northward (Figure 1). In order to
avoid misinterpretations on the rheology and strength of the
Eurasian continental plate due to lateral variations of
the tectonic settings, our study will focus on a portion of
the belt front located between latitudes 23°N and 24.5°N,
where plate flexure and deformation at belt front are
undoubtedly collision-related processes.

2.2. The Western Foredeep

[6] The Western flexural foreland basin of Taiwan is an
isostatic response to Plio-Pleistocene emplaced thrust loads.
Its geometry is constrained by the depth of the oldest
sedimentary strata that form the base of the actual foredeep
basin. The top of the pre-Neogene basement (a proxy of the
true crystalline basement) presented in Figure 2 illustrates
(1) the deflection of the basin toward the orogenic load and
(2) the presence of a central high, namely the Peikang High,
an oblique feature parallel to the trend of the Chinese
margin. The westward extent of the foreland basin is given
by the bulge position [Yu and Chou, 2001], which is found
in close geographical correlation with the Penghu Islands of
the Taiwan Strait (Figure 2). Also, it delineates a remarkable
curved-shape feature concave toward the orogen, similar to
the northern curvature of the orogenic front, hence outlining
the relations between migrating thrust loads and the outer
edge of the basin. The structure of the foreland basement is
characterized by numerous half-grabens inherited from
Paleogene syn-rift extensional tectonics (Figure 3). The
syn-rift sediments are unconformably overlain by the Mio-
cene postrift sedimentation. Then following the onset of the
collision a prograding sequence of Plio-Pleistocene synoro-
genic materials was deposited unconformably onto the
Miocene deposits.

2.3. Variable Structural Styles at Deformation Front

[7] Structural characteristics at the belt front are presented
through three new geological balanced sections located
north and south of the Peikang High (Figure 4). These
sections have been balanced and restored in their precolli-
sional situation, i.e., with respect to the Miocene layer.
Irrespective of their location, restored sections clearly indi-
cate that major thrusts originated from the inversion of
inherited Paleogene normal faults of the Chinese margin.
For southern sections (sections 2 and 3), subsurface data
indicate that the outermost anticlines (Hsiaomei and Meilin)
developed above a foreland basement uplift resulting from
structural inversion of a small graben. The Meilin anticline
is accounted for by a combination of thrusting within the
cover and the basement. Yet northward (section 1) the
frontal deformation is mostly thin skinned. If we assume
that basement thickening in the upper crust is absorbed at
depth within a midcrustal weak layer, the variations in the
degree of basement involvement could reflect different
boundary conditions at belt front, such as changes of the
mechanical properties of the decoupling. Moreover, esti-
mate of the amount of shortening gives about 20—22 km
equivalent to 35-36% of shortening south of the Peikang
High. Northward, where thin-skinned deformation prevails,
shortening is 25% (11 km). These cross sections reveal that
variations of tectonic styles are correlated with higher
neogene strains and more basement deformation south of
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Figure 3. Cross section in the outer western foreland of Taiwan based on the interpretation of seismic
reflection profile [Yu and Chou, 2001]. Prograding synorogenic sequences with coarsening upward strata
are typically wedge shaped. Note that some Paleogene normal faults have been reactivated as normal

faults in this compressional setting.

the Peikang High, possibly related to modifications of the
rheology and strength of the Eurasian plate.

3. Rheology and Strength of the Eurasian
Continental Lithosphere

3.1. Constraints From Seismicity and Earthquake
Focal Depths Distribution

[s] Because the western foreland of Taiwan developed at
an active frontal deforming zone and above a flexed conti-
nental lithosphere, seismicity can have various origins.
Hence it is necessary to distinguish large earthquakes trig-
gered by active thrust faulting at plate boundaries (interplate
seismicity) from those belonging to the more long-term
background record (intraplate and flexurally driven seismic-
ity), which are more representative of the average brittle
strength of the lithosphere. An example of the incidence of
major frictional instabilities at the plate boundary is given by
the Chichi earthquake (M; = 7.6) which reactivated on
21 September 1999 a large fault rupture (Chelungpu fault)
at the orogenic front. The moderate aftershocks and triggered
earthquakes generated an increase by 100% of the number of
earthquakes in 1999 and 2000.

[0] Seismicity data used in this study are issued from
Central Weather Bureau Seismic Network (CWBSN), which
monitors about 15,000 earthquakes each year with magnitude
My > 1 (Figures 5a and 5b). Uncertainties in depth location of
seismic foci are ~5 km, small enough for determination of
the thickness of brittle layers. To avoid effects of large events
at plate boundary we investigate a short period (1998—2001)
from which the main contribution of the Chichi earthquakes
(1999-2000) was extracted. The remaining records of years
1998 and 2001 (Figures 5a and 5b, respectively) are consid-
ered as representative of the secular background intraplate
and interplate seismicity. The depth-frequency distribution
of seismicity in the foreland is presented along a series of
70-km-long parallel profiles (Figures 5a and 5b) spaced
every ~20 km and extending down to 50-km depth in the
lithospheric mantle.

[10] We first distinguish in the center of the foreland a
region of low seismic activity found in good correlation with
the position of the Peikang basement high. By contrast, the
surrounding areas of the Western Foothills and Coastal Plain
exhibit high seismic activity. This indicates that the foreland
basement promontory behaves as a stronger crustal portion of
the Eurasian continental lithosphere, which is hardly sub-
ducting beneath the Western Foothills. Given a crustal
thickness of ~30 km in the foreland [Rau and Wu, 1995;
Ma and Song, 1997; Yen et al., 1998], Figures 5a and 5b
indicate that earthquake focal depths are essentially confined
to the upper 15—20 km of the crust, with a significant peak
near 10 km. Given a maximum sediment thickness of 7 km in
the foreland, this suggests that the upper crustal earthquakes
fall in the metamorphic basement, in agreement with base-
ment-involved thrusting.

[11] Independently from the period considered, the total
number of earthquakes per year and their frequency distri-
bution with depth allow us to distinguish two regional
subsets, one to the north (sections A and B) and the other
to the south (sections C and D), where seismicity is about
three times higher. One may further notice that the amount
of seismicity in 2001 to the north is about twice that of
1998. Hence 2 years after the disastrous Chichi earthquake,
seismicity has not returned to a “normal” background
value. Moreover, the along-strike distribution of earth-
quakes in the upper crust relative to the total seismicity
(Figure 6) shows that southward earthquakes shallower
than 20 km represent up to 97%, while to the north this
category falls in the range of 70—80%. In the lower crust
the frequency of earthquakes diminishes down to the Moho
depth, the mantle being essentially aseismic. This decrease
is more important in southern regions, where the lower
crust is almost aseismic below 20 km. By contrast, to the
north, foci form a double seismogenic layer, in the upper
and the lower crust separated by a thin (~5 km) nearly
aseismic layer. Where thick-skinned tectonics prevails,
earthquakes are limited in the upper crust; whereas north-
ward, where it is more thin-skinned tectonics, earthquakes
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Figure 4. Balanced and restored sections across the thrust front in the western foreland thrust belt.
Structural styles (thin or thick skinned) at belt front depend on the position with regard to the Peikang
High. Accommodation of basement-involved deformation south of the basement high is believed to be
accommodated within a midcrustal detachment defined by the less competent crustal layer.

occur throughout the crust. These observations reveal that 3.2. Continental Geotherm

the crustal seismicity is neither distributed homogeneously [12] In this section, a preliminary temperature-depth
nor randomly in Eurasian plate but rather follows the profile of the continental lithosphere is calculated using a
spatial variations of tectonic styles in the vicinity of the plate cooling model (Figure 7 and Table 1). We assume
Peikang High. that the thermal structure of the Eurasian lithosphere in
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¢ High

Depth-frequency distribution of the 1998 yearly record of earthquakes (magnitudes M; > 1)

within the Eurasian crust of the western Taiwan foreland. Data are issued from the CWBSN catalog. Four
70-km-long seismic profiles (A—D) are investigated through (left) depth distribution of earthquakes and
(right) depth-frequency distribution of seismic events. The amount of earthquakes selected are shown at
the bottom of each histogram. Note the concentration of shallow seismicity in sections C and D south of
the Peikang High (PH) in association with higher topography. Note also that the lower bound of the
crustal earthquakes delineates a plane deepening 5° toward the interior of the mountain range, fitting with

the Moho deflection.

foreland area can be approximated by a steady state model.
The thermal age is defined as the point from which the
lithosphere has initiated its cooling. In the case of the
Chinese continental margin, the last thermal event which
has led to a complete thermal resetting coincides with the
initiation of oceanic spreading in the South China Sea
during the late Oligocene, i.e., ~32 Ma [e.g., Lee and
Lawver, 1995]. Unfortunately, the thickness of the Eur-
asian lithosphere remains unconstrained in western Tai-
wan, we hence consider an average thickness of ~120 km.
Additional control on the consistency of our results is
given by the generally high 80—100 mW m > heat flow in
the western foreland, constrained by geothermal logs
penetrating to Tertiary sediments in several oil fields
[Suppe and Wittke, 1977; Barr and Dahlen, 1990]. We
compare the observed heat flow and the values of heat

flow predicted by the model. We assume homogeneous
thermal conductivity and diffusivity for the whole litho-
sphere (Table 1). The surface temperature 7j is fixed to
0°C, and T, at the base of continental lithosphere (1330°C
for dry peridotite at upper mantle pressure) is fixed.

[13] Without any other heat sources we compute surface
heat flow of ~80 mW m 2. The consistency of our results
with the measured heat flow indicates that other contribu-
tions to the total heat flow should be minor. However, it is
well known that for continental crust, radiogenic heat
production is a major contribution to surface heat flow. To
this respect, a maximum contribution of 20 mW m 2 is
able to fit the upper bound of the observed heat flow.
Computations reveal that heat production of an average
dioritic crust can fit the observed heat flow while more
classical Qz-dominated crust cannot. From above, other
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Figure 5b. Same study as for Figure 5a but for the 2001 yearly record. The small star beneath the Western
Foothills corresponds to the approximate focal depth of the 21 September 1999 Chichi earthquake.

effects, such as thermal blanketing, able to considerably
reduce the strength of continental plate [Ziegler et al., 1998]
are here attenuated because of limited syn-rift and postrift
sediments accumulation (~2-3 km) on the margin.

[14] The resulting geotherm (Figure 7) indicates temper-
atures of 400°C at 15 km and pressures of ~0.4 GPa for a
lithostatic pressure of about 27 MPa km ™" (for an average
density for crust and sediments of 2,7). At the Moho,
temperature reaches ~800°C and pressure is approximately
0.8 GPa. Such P-T conditions predict greenschists facies for
middle crust and granulite-type metamorphism for lower
crustal material with intermediate (dioritic) or more mafic
(gabbroic) bulk composition. Such HT/LP gradient with
crustal geotherm of 30°C km ™' is significantly higher than
the “normal geotherm” of 20°~25°C km ™', This geotherm
indicates a hot Eurasian continental crust with mafic
characteristics.

3.3. Strength Profile

[15] In this section we aim to compute synthetic yield
stress envelopes for the Eurasian lithosphere that best

Peikang High Tainan Basin
N » S
100 ' R —
/,.’/‘& Section D
90 /7" Ssection C
Section A QQ'\/T,—'
W o
% 80 - 0-——_‘,____“_*::/,- )
i i ——tf’
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50 T T T T
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Figure 6. Percentage of earthquakes in the upper crust
<20 km along strike of orogen as a function of position
(latitude). Data used are the same as in Figures 5a and 5b.
Note the slight increase of seismicity between 1998 and
2001 northward induced by the Chichi earthquake.
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Figure 7. Geotherm within the Eurasian continental
lithosphere. A plate cooling model is used (see Table 1).

account for the thickness and location of seismogenic layers
and geotherm and petrological data. This profile is believed
to represent the averaged layered rheology of the Eurasian
lithosphere in the central portion of the Taiwan foreland
where collision occurs.

[16] Drillings in the Peikang Plain have revealed the
presence, within the pre-Neogene basement, of Eocene to
Cretaceous arkoses, with local HT/LP paragenesis indicat-
ing the presence of plutonic intrusion [Chiu, 1973] that is
correlated offshore in the Penghu Islands with Miocene
intraplate basaltic volcanism. Consequently, the upper crust
in the foreland appears to be a combination of quartz-rich
metasediments and mafic metamorphic intrusive rocks
corresponding to a granodiorite-type composition.

[17] The conditions for brittle failure in the lithosphere
are independent of rock type and temperature but are
strongly controlled by pressure [Byerlee, 1978]. The brittle
strength can be approximated by the Sibson’s formulation
[Sibson, 1974] for which the coefficients of friction and
cohesion for prefractured rocks are equal to internal friction
and cohesion for intact samples: o; — o3 = Bpgz(1 — N),
where 0, — o3 is the differential stress, z is the depth, p is
the average density of the overburden, g is the acceleration
of gravity, 3 is a coefficient which depends on the type of
faulting, and X\ is the pore fluid ratio. For hydrostatic
pressure, A is 0.36, and it is 0 and 0.7 for dry and wet
conditions, respectively. Even though this formulation con-
stitutes a lower bound for the failure of most rocks, in situ
stress measurements made in deep boreholes have indicated
that the strength of continental crust is essentially limited by
the friction on favorably oriented preexisting fractures with
nearly hydrostatic pore pressure gradient [Zoback and
Healy, 1992; Brudy et al., 1996]. For comparison, a high
fluid pressure ratio X of 0.65 has been estimated from
geophysical logging of wells near the Taiwan deformation
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Table 1. Physical Parameters Used for Modeling the Continental
Geotherm of Figure 7

Symbol Definition Value
T lithosphere thickness 120 km
T. crust thickness 30 km
K thermal diffusivity 0.83 x 10 m’s™!
K thermal conductivity 25 Wm 'K!
pH, heat production for Diorite 0.5 % 107® Wm™*
t thermal age 32 x 10° an
To surface temperature 0°C
T asthenospheric temperature 1330°C

front [Suppe and Wittke, 1977]. Such overpressured domain
is confined to the upper sedimentary level, i.e., <2—3 km,
where lithostatic pressure is low and cannot be considered
as relevant for the whole crust. Consequently, we adopt
more reliable hydrostatic conditions for the brittle profile.

[18] When deviatoric stresses and temperature are high
enough the rocks may fail by ductile creep flow. Laboratory
experiments have indicated that the flow for most rocks and
minerals of the lithosphere results from a thermally activated
dislocation creep process [e.g., Brace and Kohlstedt, 1980].
The deviatoric stresses for dislocation creep follow a power
law given by Ao = (/4%)"" exp(H/nRT), where n is the
stress component, 4* is a material constant, / is activation
enthalpy, R =8.314 I mol ' K™ is the gas constant, and T'is
the temperature in Kelvin (Table 2) [Goetze, 1978; Hansen
and Carter, 1982; Wilks and Carter, 1990].

[19] The distribution of focal depths of earthquakes in the
western foreland can be interpreted in the light of mechanical
strength profiles determined from rock mechanics experi-
ments. Seismicity in continental areas is frequently asso-
ciated with the upper crust, while the lower crust is usually
too weak to have remarkable brittle strength [Chen and
Molnar, 1983]. The transition between brittle and ductile
regimes in the crust predicted by the strength profile
(Figure 8) is expected at 12—15 km, values agreeing with
the observed cutoff depth of crustal seismicity (Figures 5a
and 5b). Despite local discrepancies in the density of earth-
quakes in the lower crust it appears that, more regionally,
below 12—15 km the crust can remain seismogenic. The
seismicity in the lower crust can be explained [Cloetingh
and Burov, 1996] by (1) a change in the crustal composition
with a more “basic” (diabase, diorite) composition at depth
with a high temperature of creep activation; (2) localized
strain rate acceleration along deeply penetrating faults,
which can keep the Qz-controlled material brittle [e.g.,
Déverchere et al., 1993]; and (3) changes in water content
[Maggi et al., 2000].

[20] The classical Qz-dominated composition of the crust
here fails to account for the seismicity observed down to
depths of 15 km. On the basis of petrological observations
and a continental geotherm, a granodioritic composition

Table 2. Parameters of Dislocation Creep for Lithospheric Rocks
and Minerals Adopted for Computation of Yield Stress Envelops®

Layer Rheology A, Pa"s' Hklmol' n
Upper crust quartz-diorite (dry) 12 x 107" 212 2.4
Lower crust ~mafic granulite (dry) 8.8 x 1022 445 4.2
Mantle olivine (dry) 7 x 107" 520 3

See references [Goetze, 1978; Hansen and Carter, 1982; Wilks and
Carter, 1990].
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Figure 8. Yield-stress profiles within the Eurasian plate
for strain rates from 10~ "3 to 10~'° s~'. Crustal composi-
tion adopted is Qz-diorite in the upper crust, mafic granulite
in the lower crust, and olivine for the mantle. Solid circles
correspond to depths of mechanically strong layers inferred
from the strength profile. The range of brittle deformation is
deduced from the analysis of depth distribution of earth-
quake foci (Figures 5a and 5b).

approximated by Qz-diorite rheology with higher tempera-
ture of creep activation more reliably represents the upper
crust (Figure 8). Considering the present-day convergence
rate at Taiwan of 7 cm yr ' from NUVEL-1 [Seno et al.,
1993] or 8 cm yr71 deduced from GPS data [Yu et al., 1997]
the average strain rate across the mountain belt is about 3—
5 x 10715 s, These values are consistent with geological
strain rates of 2.5-3.5 x 107> s~! since 5 Ma at the belt
front derived from balanced cross sections (Figure 4). In the
following, plastic failure curves are computed for strain
rates ranging from 10~"% to 107'° s~ providing lower and
upper bounds for calculation of creep laws of rocks and
minerals.

[21] The most common lithologies for the lower crust
(diabase or Qz-diorite) here failed to reproduce, even for
high strain rates, sufficient brittle strength to explain earth-
quakes. The best solution is for a granulitic composition
allowing high deviatoric stresses to be sustained below 12—
15 km, hence explaining part of the seismicity observed
along northern profiles (Figures 5a and 5b). The mantle is
dominantly olivine. The resulting profile predicts long-term
strength for the upper Eurasian mantle. However, the
seismicity distribution in the foreland reveals that the upper
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mantle is nearly aseismic for both the northern and southern
profiles. An explanation is the lack of sufficiently high
stress [Watts and Burov, 2003] to produce fracture of mantle
material, i.e., in the Taiwan case ~1.5 GPa (compression).
Furthermore, in order to exceed this stress the required force
should be an order of magnitude higher than any plate
dynamic forces for the whole lithosphere.

4. Lithosphere Flexure and 7, Estimate

[22] In this study we used gravity data from the work of
Hsu et al. [1998], who compiled data from shipboard [Liu et
al., 1992], onland [Yen et al., 1990], and satellite-derived
data [Sandwell and Smith, 1997]. Sediment-corrected Bou-
guer anomalies are deduced from free-air anomalies by
extracting density contributions of topography, sediments,
and water. The final grid resolution is about 1’-1" (Figure 9).
The Bouguer gravity data reveal a regional positive anom-
aly of +20 mGal in the bulge area, west of the foreland
basin, probably enhanced by magmatic crustal underplating,
as suggested by the existence of intraplate magmatism.
Before modeling of the basin flexure, in terms of calculated
Bouguer anomalies of the deflected Moho, and in order to
compare with calculated Bouguer anomalies of the Airy
model, we have subtracted 20 mGal from the observed
Bouguer anomalies.

[23] Spatial distributions of Bouguer anomalies (Figure 9)
outline the general pattern of the Taiwan arc-continent
collision. To the east, the highest positive anomalies of
+200 mGal correspond to denser oceanic crust of the
Philippine Sea plate and contiguous Luzon volcanic arc.
In western foreland, anomaly lows related to the downward
deflection of the lithosphere and the Neogene sedimentary
infill trend more or less parallel to the orogen and mimic the
base of the pre-Neogene basement (Figure 2). A central
gravity high in the foreland corresponding to the Peikang
basement high is flanked northward and southward by two
gravity lows showing two Neogene foredeeps.

[24] To determine 7, we use a semianalytical approach
developed [e.g., Burov and Diament, 1995] to model the
deflection of a lithosphere caused by distributed loads
(topography) and horizontal and vertical forces acting at a
plate boundary. During loading, deflection of an inelastic
plate is modeled as deflection of an equivalent elastic
plate with variable 7,. The lithosphere material behaves
elastically as long as the imposed stresses do not reach the
yield strength. If the bending stresses within the plate, due
to the bending of a plate, exceed the yielding limits,
inelastic (brittle or ductile) deformation occurs. Because
of nonlinearity, 7, varies in space as a function of increasing
plate curvature. 7, will be more reduced at the edge where
the effect of plate interaction is the maximum. The calcu-
lated 7, also largely depends on the position of rheological
interfaces within the rheologically layered plate, which is
not taken into account in more classical flexure modeling
that assumes elastic behavior for the plate. 7, of a layered
plate is estimated through a nonlinear function [Burov and
Diament, 1995] T, = T, (®) such that

2 D@®) _ —M{®)Ry (D) (Ow(®)’ -
e D() o Do B Do 6x2 ’
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Figure 9. Bouguer anomaly map (1’-1" grid) of Taiwan after data compiled by Hsu et al. [1998] and
location of profiles used for the flexure modeling. Foreland gravity lows and highs in western Taiwan
well correlate with the occurrences of flexural basins (Taichung and Pingtung basins) and a basement
topographic high in the Penghu Islands, the Peikang High.

where Dy = E[12(1 — v*)]" is the initial rigidity, R,, ~
—(w")" ! is the radius of plate curvature, w(x) is the vertical
deflection of the plate, and M, is the bending moment.
[25] The nonlinear feedback between local strength and
plate structure is solved by an iterative numerical approach.
The plate rheology is simply described by three parameters
which reflect the brittle-elastic-ductile plate rheology used
and correspond to the base of competent layers, H1 (depth of
brittle/ductile transition in the crust), 7. (Moho depth), and
H2 (bottom of the mechanical lithosphere). These values are
defined as the depths at which the yielding strength does not
exceed 1—-5% of the lithostatic pressure. The input thickness
of competent layers corresponds to those best accounted for
by the yield stress profiles shown in Figure 8. Accordingly,
one initially sets 7., H1, and H2 to 30, 20, and 50 km,
respectively, for Eurasian lithosphere. We then slightly
modified the depths of these interfaces in order to better
adjust the lithospheric deflection to observed gravity data.
[26] Forward flexure modeling, in terms of Moho gravity
output, was carried out for two 300-km-long profiles located
in the central portion of the foreland (Figure 10). The
density contrast used to compute Bouguer anomalies only
refers to crust and mantle (Table 3). Profiles are taken
parallel to the average convergence direction, ~340°N,
and perpendicular to the trend of main topographic and
thrust loads. We do not attempt here to reproduce gravity
anomalies in the Central Range but rather focus on the
foreland flexure. For each profile, we first computed the
theoretical Bouguer gravity resulting from a local, Airy-type
compensation of the topographic load. Then 7, estimates are
made by fitting the gravity signal output from the deflected
Moho to the observed gravity data. Plate deflection is
produced by applying on the edge of the plate both the
effect of topographic load and bending moments represent-

ing the cumulative effects of buried loading and horizontal
forces. Several tests have been performed for both profiles
using different applied bending moments and different
positions for the loads. Because 7, is variable, i.e., maxi-
mum at the bulge and then decreasing as the curvature
increases, solutions for 7, are given as upper and lower
bounds (Figure 10 and Table 4).

[27] On the basis of geological arguments and tomogra-
phy data, break off or delamination of the continental
lithosphere is usually invoked to explain the flipping
of subduction from south to north [Teng et al., 2000;
Chemenda et al., 2001; Lallemand et al., 2001; Malavieille
et al., 2002]. Moreover, because of the lack of geophysical
evidence for continental subduction, at least in central
Taiwan [Wu et al., 1997], the continuity of the plate flexure
beneath the Central Range is questionable. Lin and Watts
[2002] also demonstrated that the hypothesis of a continu-
ous plate is unable to explain the observed flexure. A 2-D
broken plate model hence appears more representative of
the collision setting. The position of the plate break is
however much more problematic. Lin and Watts [2002]
argued that the most likely position for a plate break is along
the Longitudinal Valley, which is the plate suture in between
Eurasia and the Philippine Sea plates. However, from
arguments listed above, there are major restrictions for this
possibility, at least in central Taiwan. Another major restric-
tion concerns the relative displacement along the plate
suture. The Central Range is presently uplifted at higher
rates than the Coastal Range [e.g., Chen, 1984]. This
implies a normal motion along the plate suture and not
reverse as would be expected. Consequently, in the collision
domain, the deformation and flexure within the Eurasian
lithosphere cannot be easily related with thrust loads of the
Philippines Sea plate. An alternative is to hypothesize that
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Figure 10. Comparison of observed (black solid line) and
calculated Bouguer gravity anomalies (gray dashed lines)
along two profiles north (top) and south (bottom) across
Taiwan (location in Figure 9). The anomaly calculated
assuming local Airy isostasy is also presented. Spacing
between lines is about 35 km. Flexure models (in terms of
gravity signal output) are based on a broken plate model,
with a rheology defined in Figure 8. Estimations of 7, use
an inelastic model [Burov and Diament, 1995]. The T,
profiles obtained for both northern and southern profiles are
plotted below corresponding flexure modeling. The plate is
subject to topographic load and different additional bending
moments.

the plate flexure is a result of a combination of vertical and
horizontal loads acting at the eastern edge of the observed
foreland basin, i.e., beneath the Western Foothills. An
argument supporting this hypothesis is the density of crustal
seismic activity and compressional mechanisms observed in
the Western Foothills and Coastal Plain which likely repre-
sents intracrustal thrust loads at the edge of the plate
(Figures 5a and 5b). We hence decided to test in the flexure
modeling a plate break located at the belt front. An
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advantage of this choice is that the basement flexure is
modeled only where it is observed and the flexure is not
extrapolated beneath the Central Range where tectonic
processes are unconstrained.

[28] To the north (profile 1) in central Taiwan the positive
Bouguer anomalies are higher than predicted by the Airy
model (Figure 10). This was interpreted as due to the
presence of buried loading beneath the Central Range [Lin
and Watts, 2002]. By contrast, in the western foreland, the
Airy Moho is higher than the observed Bouguer anomalies.
This classical gravity “low” in the Taichung basin, filled
with synorogenic sedimentation (Figure 2), reflects flexural
compensation on the side of the orogen. Southward (profile
2), a similar discrepancy between Airy and observed Bou-
guer anomalies is observed in the Central Range, indicating
under compensated topography. Westward, the relative
better agreement between the Airy model and the observed
Bouguer anomalies with respect to northward is probably
explained by the presence of the Peikang basement high.

[20] For both profiles, the flexure model reveals that the
best position for plate break is located in the vicinity of the
thrust front. One further observes that the westward advance
of the point of application of the load for profile 1 with
respect to profile 2 is correlated with a nearly similar
displacement of the bulge into the foreland. This evolution
is best accounted for by vertical buried loads and/or
horizontal forces arising from plates interaction. Estimation
of T, reveals similar values for both profiles (~10 km) in the
backbulge domain, whereas eastward, in the foredeep
domain, where curvature increases, different estimates of
T, are obtained (Figure 10 and Table 4). Along the northern
profile (profile 1), 7, range from 17 km at the leading edge
to 25 km at the bulge, whereas southward (profile 2) lower
values ranging in between 13 and 16 km are obtained.

[30] The estimated 7, values of ~15—20 km are consis-
tent with other flexure modeling using elastic plate model
with constant 7, [Lin and Watts, 2002]. However, the use of
a realistic brittle-elastic-ductile plate rheology enables the
observed flexure to be accounted for by loads acting near
the deformation front. These values can be first interpreted
as indicative of the thermal state of the rifted Chinese
margin inherited from the Oligocene spreading in the South
China Sea. However, other mechanical properties such as
the degree of crust/mantle coupling and the stress/strain
distribution can also be invoked. The obtained 7, values
predict decoupling between crust and mantle, with reduction
of 50% from a coupled one for which 7, should be about
40-50 km. The inferred depth of rheological interfaces H1
and H2 (Table 4) indicates that the thickness of the
competent crust (~15-20 km) is comparable or greater
than the thickness of the competent mantle lithosphere
(~10-20 km). This indicates that the integrated strength

Table 3. Parameters Used in the Flexural Modeling

Symbol Definition Value
Pm mantle density 3300 kg m~*
Pe crustal density 2670 kg m
g gravitational acceleration 9.81 ms>
G gravitational constant 6.67 x 107" m* kg s
E Young modulus 65 x 10° Pa
v Poisson’s ratio 0.25
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Table 4. Mechanical Parameters Deduced From Flexural Modeling®

Parameters Name Profile 1 Profile 2
T, effective elastic thickness 17-25 km 13—-16 km
D rigidity 43 x 102-14 x 10° Nm™! 2-3.6 x 10> Nm™!
M, bending moment 7.5-9 x 10" Nm m™' 5-8 x 10" Nm m™!
T. crustal thickness 30 km 30 km
H1 base of the MSC 20 km 15 km
H2 base of the MSL 50 km 40 km

“Values of 7, and rigidity obtained along gravity profiles 1 and 2 (Figure 9) are shown with applied bending moments and
position of rheological interfaces. MSC, mechanically strong crust; MSL, mechanically strong lithosphere.

of the lithosphere is essentially controlled by the strength of
the crust and not by the mantle.

5. Discussion

[31] Apart from the observations of regionally similar
flexural properties of the Chinese margin we, nevertheless,
show that lower 7, values southward indicate a reduction of
plate rigidity. Also, flexure modeling indicates that lower 7,
is correlated with a reduced thickness of the mechanically
strong crust and mantle (Table 4). Assuming that the
thermal state and lithospheric rheology are similar for both
profiles, the most likely possibility for the reduction of the
plate strength is that the plate preferentially yields south of
the basement promontory. This could be explained by
higher plate curvature, which is related to bending stresses
and/or additional in-plane tectonic stresses at the plate
boundary. Hereafter, we examine these two possibilities.

[32] The average dip angle defined by the observed
basement deflection (Figure 2) leads to estimate a plate
curvature of ~1.2 x 10~ ® m™', equivalent to a radius of
~841-864 km, slightly increasing southward. Using these
values we deduce nearly similar bending stresses of
~80 MPa km ™" for both profiles within the elastic portions
of the yield stress envelops (Figure 11). The convex upward
bending of the layered continental lithosphere leads to
brittle extensional failure in the upper 10 km of the crust,
in agreement with evidences of Plio-Pleistocene normal
faulting in the outer foreland (Figure 3) and occurrences
of extensional focal mechanism of earthquakes offshore in
the Taiwan Strait [e.g., Kao and Wu, 1996]. At the base of
the crust, the plate bending leads to compressional ductile
flow, providing an explanation of the crust/mantle decou-
pling within the lower crust as predicted by 7, estimates.
However, the bending stresses are still elastically supported
at depths of ~10—15 km, which contradict the observation
of active brittle faulting at such depths (Figures 5a and 5b).
Moreover, focal mechanisms in this area reveal a combina-
tion of right-lateral strike-slip and reverse faulting compat-
ible with N120°E compression [Rau and Wu, 1995; Wu et
al., 1997], which is indicated by high-angle thrust faults
along balanced geological sections (Figure 4). However,
while the bending stresses can explain part of the structural
observations in the outer foreland, they fail to reproduce the
along-strike variations and reduction in 7, as well as the
observed distribution of seismicity and compressive mech-
anisms in regions close to the deformation front.

[33] We now examine the implications of additional
in-plane stresses across the plate boundary. Estimates of
Neogene differential stresses of ~60—145 MPa in the
vicinity of the thrust front [Lacombe, 2001] indicate that

even shallow (<2 km) compressional stresses are high
enough to overprint flexurally controlled extension in the
upper crust (Figure 11). More realistic lithospheric-scale
tectonic stresses equal to ~500—700 MPa arising from plate
coupling are able to cause compressional brittle deformation
down to 12 km in the upper crust (Figure 11). This level of
stress can be locally higher, e.g., because of locally more
frontal collision, and hence explain part of the observed
variations of the seismicity. However, it is still unable to
predict brittle faulting deeper in the lower crust where high
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Figure 11. Distribution of bending stresses within the

Eurasian continental using similar plate rheology of
Figure 8. Elastic portions appear in gray. Concave upward
bending of the lithosphere leads to extensional faulting in
the upper crust, as seen in Figure 3, and upper mantle. In the
lower crust, stresses lead to ductile flow and decoupling of
crust and mantle. Compressional in-plane stresses at plate
boundary on the order of 500—700 MPa can eliminate the
extensional faulting in the upper crust and explain crustal
seismicity down to 12 km.
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Figure 12. Three-dimensional bloc diagrams of the Taiwan foreland showing relationships between
variations of structural styles (thin or thick skinned) and the strength of the deflected Eurasian plate.
Depth-distribution of earthquakes for both regions reveals different mechanical behavior in the crust
related to the distribution of brittle stresses and strain rates. Black arrows on histograms represent
expected positions of crustal decoupling. The size of the arrows is proportional to their relative
importance. This figure resumes the role of enhanced midcrustal decoupling in reducing the integrated

strength of the Eurasian lithosphere.

stresses of ~1 GPa are required. Other mechanisms, such as
local acceleration of strain rates along deep inherited faults,
are required.

[34] Hereafter, we propose a scenario that mechanically
explains the observed variations of plate strength, structural
styles, and seismicity distribution using the stress/strain
distribution (Figure 12). The Peikang basement high can
be viewed as a strong and buoyant crustal asperity in the
foreland which is hardly subducting beneath the Taiwan
orogen. Owing to more frontal convergence on its southern
flank, the expected level of compressional stresses arising
from plate interaction is also higher. This is not dependent
on the plate curvature. In this context, the presence of
favorably oriented Paleogene normal faults south, in the
Tainan basin, should contribute to a release of those stresses
at higher strain rates. This contribution is consistent with
the relative high level of seismicity south of the basement
high (Figures 5a and 5b), indicating that the upper crust is
closer to failure with regard to northward. A relative
acceleration of strain rates in the upper crust implies a
higher degree of crust/mantle decoupling. This explains
why thick-skinned deformation is preferentially observed
southward. Because of such a strain/stress distribution, the
lower crust and lithospheric mantle become weaker by
shifting the mechanically strong crust and mechanically
strong lithosphere toward shallower depths (Figure 12). By
contrast, northward, due to more oblique collision, strain
rates are more homogeneously distributed in the crust (or
higher in the lower crust), as it is illustrated by the
pervasive distribution of the seismicity (Figures 5a and

5b); the lithosphere thus remains elastic and stronger.
Crustal decouplings predicted at midcrust and at the base
of the crust are less efficient; deformation at the belt front is
thus transferred to shallower depth as suggested by thin-
skinned deformation (Figure 12).

[35] Correlation between spatial variations of the flexural
rigidity of the lithosphere and the nature and amount of
foreland deformation has been also suggested for the Andes
fold-and-thrust belt [Watts et al., 1995]. Similarly, they
observed that regions with low 7, correlate with thick-
skinned deformation whereas regions with high 7, correlate
with thin-skinned deformation. They proposed that a strong
lithosphere is less easily deformed and the shortening can
concentrate in a narrow zone at shallow depth. On the other
hand, a weak lithosphere enables decoupling of the brittle
crust and shortening. This study suggests how the local
increase of plate coupling and inhomogeneities in a pre-
fractured margin can affect the rigidity of a layered conti-
nental lithosphere and how its strength can be mechanically
related to the structural style.

6. Conclusions

[36] The main conclusions can be summarized as follows:

[37] 1. Deformation in western Taiwan is characterized by
a variable depth-frequency distribution of crustal earth-
quakes which is closely connected with along-strike varia-
tions of tectonic styles (thin or thick skinned) around the
Peikang High, a major inherited feature of the Chinese
margin.
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[38] 2. The observed high surface heat flow and thermal
age inherited from Paleogene rifting of the Chinese margin
leads to a hot continental geotherm in the Eurasian conti-
nental lithosphere. Constraints on the brittle strength of the
lithosphere from depth-frequency distribution of crustal
carthquakes lead us to propose a Qz-diorite and granulite
rheology for the upper and the lower crust. The Eurasian
lithosphere appears to be more mafic and with higher
strength than would be expected from more classical Qz-
dominated rheology.

[39] 3. Flexural modeling reveals that the foreland basin
can be explained by migration of thrust loads acting near the
western deformation front. Using brittle-elastic-ductile plate
rheology, the lithospheric flexure is modeled by 7, values of
~15-20 km. These values can be attributed to different
properties of the plate such as its thermal state, lithosphere
rheology, and stress/strain distribution. Flexure modeling
predicts that the crust is decoupled from the mantle, thus
providing a mechanical explanation of how the basement-
involved shortening is accommodated at depth.

[40] 4. Flexural modeling indicates a decrease of plate
rigidity southward. An explanation is that the plate yields
more easily southward because of plate curvature related to
bending stresses and/or additional in-plane tectonic stresses
at the plate boundary. First, the reduction of plate strength to
the south of the Peikang High is not easily explained by
the plate curvature. However, while bending stresses can
explain extensional faulting in the outer foreland, they are
unable to reproduce the distribution of seismic activity and
compressive mechanisms closer to the deformation front.
On the other hand, horizontal compressional stresses of
500—-700 MPa are able to cause compressional brittle
deformation in the upper crust throughout and are high
enough to overprint flexurally controlled extension.

[41] 5. The Peikang basement high, which can be viewed
as a strong and buoyant crustal asperity in the foreland,
is hardly subducting beneath the Taiwan orogen. More
frontal convergence on its southern flank and the presence
of favorably oriented Paleogene normal faults south in
the Tainan basin contribute to release stresses at higher
strain rates in the upper crust. This is indicated by the
relatively high level of seismicity south of the basement
high. Because of this strain/stress distribution, the lower
crust and lithospheric mantle appear weaker by shifting the
mechanically strong crust and mechanically strong litho-
sphere toward shallower depths. By contrast, northward,
due to more oblique collision, the lithosphere remains
elastic and stronger.

[42] 6. This study suggests that when the Eurasian plate
enters the Taiwan collision, tectonic inheritance of the
continental margin can exert a strong control on the plate
deformation by modifying its strength. One thus expects
that in the past, inherited Paleogene basins and highs might
have strongly influenced the growth and stability of the
Taiwan mountain range by episodic accretion of weak/
strong portions of the lithosphere.
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